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Abstract

The Cook-Levin theorem states that deciding the satisfiability of Boolean formulas in conjunctive normal
form is N’P-complete. This entry formalizes a proof of this theorem based on the textbook Computational
Complexity: A Modern Approach by Arora and Barak. It contains definitions of deterministic multi-
tape Turing machines, the complexity classes P and A'P, polynomial-time many-one reduction, and the
decision problem SAT. For the A“P-hardness of SAT, the proof first shows that every polynomial-time
computation can be performed by a two-tape oblivious Turing machine. An NP problem can then
be reduced to SAT by a polynomial-time Turing machine that encodes computations of the problem’s
oblivious two-tape verifier Turing machine as formulas in conjunctive normal form.
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Chapter 1

Introduction

The Cook-Levin theorem states that the problem SAT of deciding the satisfiability of Boolean formulas
in conjunctive normal form is N"P-complete [4, 10]. This article formalizes a proof of this theorem based
on the textbook Computational Complexity: A Modern Approach by Arora and Barak [2].

1.1 Outline

We start out in Chapter 2 with a definition of multi-tape Turing machines (TMs) slightly modified from
Arora and Barak’s definition. The remainder of the chapter is devoted to constructing ever more complex
machines for arithmetic on binary numbers, evaluating polynomials, and performing basic operations on
lists of numbers and even lists of lists of numbers.

Specifying Turing machines and proving their correctness and running time is laborious at the best of
times. We slightly alleviate the seemingly inevitable tedium of this by defining elementary reusable
Turing machines and introducing ways of composing them sequentially as well as in if-then-else branches
and while loops. Together with the representation of natural numbers and lists, we thus get something
faintly resembling a structured programming language of sorts.

In Chapter 3 we introduce some basic concepts of complexity theory, such as P, NP, and polynomial-
time many-one reduction. Following Arora and Barak the complexity class NP is defined via verifier
Turing machines rather than nondeterministic machines, and so the deterministic TMs introduced in the
previous chapter suffice for all definitions. To flesh out the chapter a little we formalize obvious proofs
of P C NP and the transitivity of the reducibility relation, although neither result is needed for proving
the Cook-Levin theorem.

Chapter 4 introduces the problem SAT as a language over bit strings. Boolean formulas in conjunctive
normal form (CNF) are represented as lists of clauses, each consisting of a list of literals encoded in binary
numbers. The list of lists of numbers “data type” defined in Chapter 2 will come in handy at this point.

The proof of the Cook-Levin theorem has two parts: Showing that SAT is in AP and showing that SAT
is N"P-hard, that is, that every language in NP can be reduced to SAT in polynomial time. The first
part, also proved in Chapter 4, is fairly easy: For a satisfiable CNF formula, a satisfying assignment can
be given in roughly the size of the formula, because only the variables in the formula need be assigned a
truth value. Moreover whether an assignment satisfies a CNF formula can be verified easily.

The hard part is showing the NP-hardness of SAT. The first step (Chapter 5) is to show that every
polynomial-time computation on a multi-tape TM can be performed in polynomial time on a two-tape
oblivious TM. Oblivious means that the sequence of positions of the Turing machine’s tape heads depends
only on the length of the input. Thus any language in AP has a polynomial-time two-tape oblivious
verifier TM. In Chapter 6 the proof goes on to show how the computations of such a machine can be
mapped to CNF formulas such that a CNF formula is satisfiable if and only if the underlying computation
was for a string in the language SAT paired with a certificate. Finally in Chapter 7 and Chapter 8 we
construct a Turing machine that carries out the reduction in polynomial time.



1.2 Related work

The Cook-Levin theorem has been formalized before. Gamboa and Cowles [8] present a formalization in
ACL2 [3]. They formalize NP and reducibility in terms of Turing machines, but analyze the running
time of the reduction from NP-languages to SAT in a different, somewhat ad-hoc, model of computation
that they call “the major weakness” of their formalization.

Employing Coq [13], Gaher and Kunze [7] define NP and reducibility in the computational model “call-
by-value A-calculus L” introduced by Forster and Smolka [6]. They show the NP-completeness of SAT
in this framework. Turing machines appear in an intermediate problem in the chain of reductions from
NP languages to SAT, but are not used to show the polynomiality of the reduction. Nevertheless, this
is likely the first formalization of the Cook-Levin theorem where both the complexity theoretic concepts
and the proof of the polynomiality of the reduction use the same model of computation.

With regards to Isabelle, Xu et al. [15] provide a formalization of single-tape Turing machines with
a fixed binary alphabet in the computability theory setting and construct a universal TM. While I
was putting the finishing touches on this article, Dalvit and Thiemann [5] published a formalization of
(deterministic and nondeterministic) multi-tape and single-tape Turing machines and showed how to
simulate the former on the latter with quadratic slowdown. Moreover, Thiemann and Schmidinger [14]
prove the N'P-completeness of the Multiset Ordering problem, without, however, proving the polynomial-
time computability of the reduction.

This article uses Turing machines as model of computation for both the complexity theoretic concepts
and the running time analysis of the reduction. It is thus most similar to Gdher and Kunze’s work, but
has a more elementary, if not brute-force, flavor to it.

1.3 The core concepts

The proof of the Cook-Levin theorem awaits us in Section 8.4 on the very last page of this article. The way
there is filled with definitions of Turing machines, correctness proofs for Turing machines, and running
time-bound proofs for Turing machines, all of which can easily drown out the more relevant concepts. For
instance, for verifying that the theorem on the last page really is the Cook-Levin theorem, only a small
fraction of this article is relevant, namely the definitions of NP-completeness and of SAT. Recursively
breaking down these definitions yields:

o N'P-completeness: Section 3.1

— languages: Section 3.1
— NP-hard: Section 3.1
* N'P: Section 3.1
- Turing machines: Section 2.1.1
computing a function: Section 2.1.2
pairing strings: Section 2.1.3
Big-Oh, polynomial: Section 2.1.4
* polynomial-time many-one reduction: Section 3.1

e SAT: Section 4.1.3

— literal, clause, CNF formula, assignment, satisfiability: Section 4.1.1
— representing CNF formulas as strings: Section 4.1.3
* string: Section 2.1.1
* CNF formula: Section 4.1.1
* mapping between symbols and strings: Section 2.1.2
* mapping between binary and quaternary alphabets: Section 2.10.1
x lists of lists of natural numbers: Section 2.9.1
binary representation of natural numbers: Section 2.7.1
lists of natural numbers: Section 2.8.1

In other words the Sections 2.1, 2.7.1, 2.8.1, 2.9.1, 2.10.1, 3.1, 4.1.1, and 4.1.3 cover all definitions for
formalizing the statement “SAT is N'P-complete”.



Chapter 2

Turing machines

This chapter introduces Turing machines as a model of computing functions within a running-time bound.
Despite being quite intuitive, Turing machines are notoriously tedious to work with. And so most of the
rest of the chapter is devoted to making this a little easier by providing means of combining TMs and a
library of reusable TMs for common tasks.

The basic idea (Sections 2.1 and 2.2) is to treat Turing machines as a kind of GOTO programming
language. A state of a TM corresponds to a line of code executing a rather complex command that,
depending on the symbols read, can write symbols, move tape heads, and jump to another state (that is,
line of code). States are identified by line numbers. This makes it easy to execute TMs in sequence by
concatenating two TM “programs”. On top of the GOTO implicit in all commands, we then define IF
and WHILE in the traditional way (Section 2.3). This makes TMs more composable.

The interpretation of states as line numbers deprives TMs of the ability to memorize values “in states”,
for example, the carry bit during a binary addition. In Section 2.5 we recover some of this flexibility.
Being able to combine TMs is helpful, but we also need TMs to combine. This takes up most of the
remainder of the chapter. We start with simple operations, such as moving a tape head to the next blank
symbol or copying symbols between tapes (Section 2.4). Extending our programming language analogy
for more complex TMs, we identify tapes with variables, so that a tape contains a value of a specific type,
such as a number or a list of numbers. In the remaining Sections 2.7 to 2.12 we define these “data types”
and devise TMs for operations over them.

It would be an exaggeration to say all this makes working with Turing machines easy or fun. But at
least it makes TMs somewhat more feasible to use for complexity theory, as witnessed by the subsequent
chapters.

2.1 Basic definitions

theory Basics
imports Main
begin

While Turing machines are fairly simple, there are still a few parts to define, especially if one allows
multiple tapes and an arbitrary alphabet: states, tapes (read-only or read-write), cells, tape heads, head
movements, symbols, and configurations. Beyond these are more semantic aspects like executing one or
many steps of a Turing machine, its running time, and what it means for a TM to “compute a function”.
Our approach at formalizing all this must look rather crude compared to Dalvit and Thiemann’s [5], but
still it does get the job done.

For lack of a better place, this section also introduces a minimal version of Big-Oh, polynomials, and a
pairing function for strings.

2.1.1 Multi-tape Turing machines

Arora and Barak [2, p. 11] define multi-tape Turing machines with these features:

e There are k > 2 infinite one-directional tapes, and each has one head.



e The first tape is the input tape and read-only; the other & — 1 tapes can be written to.

e The tape alphabet is a finite set I" containing at least the blank symbol [J, the start symbol >, and
the symbols 0 and 1.

e There is a finite set Q) of states with start state and halting state qsiart, Qraie € Q-

« The behavior is described by a transition function §: Q x I'* — @Q x I'*=! x {L, S, R}*. If the
TM is in a state ¢ and the symbols gi,..., g are under the k tape heads and 6(q, (g1,...,9%)) =
(¢, (gh,---.9%),(d1,...,dx)), then the TM writes g5, ..., g} to the writable tapes, moves the tape
heads in the direction (Left, Stay, or Right) indicated by the di, ..., d) and switches to state ¢'.

Syntax

An obvious data type for the direction a tape head can move:

datatype direction = Left | Stay | Right

We simplify the definition a bit in that we identify both symbols and states with natural numbers:

e Weset I' = {0,1,...,G — 1} for some G > 4 and represent the symbols O, >, 0, and 1 by the
numbers 0, 1, 2, and 3, respectively. We represent an alphabet I by its size G.

o We let the set of states be of the form {0,1,...,Q} for some @ € N and set the start state gszare = 0
and halting state gpq: = Q.

The last item presents a fundamental difference to the textbook definition, because it requires that
Turing machines with gstart = qraiz have exactly one state, whereas the textbook definition allows them
arbitrarily many states. However, if ¢siort = qrer then the TM starts in the halting state and thus
does not actually do anything. But then it does not matter if there are other states besides that one
start/halting state. Our simplified definition therefore does not restrict the expressive power of TMs. It
does, however, simplify composing them.

The type nat is used for symbols and for states.

type-synonym state = nat
type-synonym symbol = nat

It is confusing to have the numbers 2 and 3 represent the symbols 0 and 1. The next abbreviations try
to hide this somewhat. The glyphs for symbols number 4 and 5 are chosen arbitrarily. While we will
encounter Turing machines with huge alphabets, only the following symbols will be used literally:

abbreviation (input) blank-symbol :: nat (<0)) where O =
abbreviation (input) start-symbol :: nat («>>) where > =
abbreviation (input) zero-symbol :: nat («0>) where 0 =
abbreviation (input) one-symbol :: nat (<1>)  where 1

abbreviation (input) bar-symbol :: nat («|) where |
abbreviation (input) sharp-symbol :: nat (<§») where §

unbundle no abs-syntax

Tapes are infinite in one direction, so each cell can be addressed by a natural number. Likewise the
position of a tape head is a natural number. The contents of a tape are represented by a mapping from
cell numbers to symbols. A tape is a pair of tape contents and head position:

type-synonym tape = (nat = symbol) X nat

Our formalization of Turing machines begins with a data type representing a more general concept,
which we call machine, and later adds a predicate to define which machines are Turing machines. In
this generalization the number %k of tapes is arbitrary, although machines with zero tapes are of little
interest. Also, all tapes are writable and the alphabet is not limited, that is, ' = N. The transition
function becomes §: {0,...,Q} x N¥ — {0,...,Q} x N¥ x {L, S, R}* or, saving us one occurrence of k,
§: {0,...,Qy x N¥ = {0,...,Q} x (Nx {L,S,R})*.



The transition function ¢ has a fixed behavior in the state grqor = @ (namely making the machine do
nothing). Hence J needs to be specified only for the @ states 0,...,@Q — 1 and thus can be given as a
sequence do, . .., dg—1 where each J, is a function

60 NF = {0,...,Q} x (Nx {L,S,R})". (2.1)

Going one step further we allow the machine to jump to any state in N, and we will treat any state ¢ > @
as a halting state. The J, are then

6g: NF - Nx (Nx {L,S, R})". (2.2)
Finally we allow inputs and outputs of arbitrary length, turning the ¢, into

0g: N* - Nx (Nx{L,S,R})".
Such a ¢, will be called a command, and the elements of N x {L, S, R} will be called actions. An action

consists of writing a symbol to a tape at the current tape head position and then moving the tape head.

type-synonym action = symbol x direction

A command maps the list of symbols read from the tapes to a follow-up state and a list of actions. It
represents the machine’s behavior in one state.

type-synonym command = symbol list = state X action list

Machines are then simply lists of commands. The g-th element of the list represents the machine’s
behavior in state g. The halting state of a machine M is length M, but there is obviously no such element
in the list.

type-synonym machine = command list

Commands in this general form are too amorphous. We call a command well-formed for k tapes and
the state space @ if on reading k symbols it performs k actions and jumps to a state in {0,...,Q}. A
well-formed command corresponds to (2.1).

definition wf-command :: nat = nat = command = bool where
wf-command k Q cmd =V gs. length gs = k —> length (snd (c¢cmd gs)) = k A fst (cmd gs) < Q

A well-formed command is a Turing command for k tapes and alphabet G if it writes only symbols from
G when reading symbols from G and does not write to tape 0; that is, it writes to tape 0 the symbol it
read from tape 0.

definition turing-command :: nat = nat = nat = command = bool where
turing-command k Q G cmd =
wf-command k Q cmd N
(V gs. length gs = k —
(Vi<k. gs i < G) — (Vi<k. fst (snd (cmd gs) ! i) < G)) A
(k>0 — fst (snd (cmd gs) ! 0) = gs ! 0))

A Turing machine is a machine with at least two tapes and four symbols and only Turing commands.

definition turing-machine :: nat = nat = machine = bool where
turing-machine k G M =k > 2 AN G > 4 N (Y emdeset M. turing-command k (length M) G c¢md)

Semantics

Next we define the semantics of machines. The state and the list of tapes make up the configuration of
a machine. The semantics are given as functions mapping configurations to follow-up configurations.

type-synonym config = state X tape list

We start with the semantics of a single command. An action affects a tape in the following way. For the
head movements we imagine the tapes having cell 0 at the left and the cell indices growing rightward.

fun act :: action = tape = tape where
act (w, m) tp =
((fst tp)(snd tp:=w),
case m of Left = snd tp — 1 | Stay = snd tp | Right = snd tp + 1)



Reading symbols from one tape, from all tapes, and from configurations:

abbreviation tape-read :: tape = symbol (¢|.|>) where
|.] tp = fst tp (snd tp)

definition read :: tape list = symbol list where
read tps = map tape-read tps

abbreviation config-read :: config = symbol list where
config-read cfg = read (snd cfg)

The semantics of a command:

definition sem :: command = config = config where
sem cmd cfg =
let (newstate, actions) = cmd (config-read cfg)
in (newstate, map (A(a, tp). act a tp) (zip actions (snd cfg)))

The semantics of one step of a machine consist in the semantics of the command corresponding to the
state the machine is in. The following definition ensures that the configuration does not change when it
is in a halting state.

definition exe :: machine = config = config where
exe M cfg = if fst ¢fg < length M then sem (M ! (fst cfg)) cfg else cfg

Executing a machine M for multiple steps:

fun ezecute :: machine = config = nat = config where
execute M cfg 0 = cfg |
exzecute M cfg (Suc t) = exe M (execute M cfg t)

We have defined the semantics for arbitrary machines, but most lemmas we are going to prove about eze,
ezecute, etc. will require the commands to be somewhat well-behaved, more precisely to map lists of k
symbols to lists of k actions, as shown in (2.2). We will call such commands proper.

abbreviation proper-command :: nat = command = bool where
proper-command k cmd =V gs. length gs = k — length (snd (cmd gs)) = length gs

Being proper is a weaker condition than being well-formed. Since exe treats the state () and the states
q > @ the same, we do not need the Q-closure property of well-formedness for most lemmas about
semantics.

Next we introduce a number of abbreviations for components of a machine and aspects of its behavior. In
general, symbols between bars | - | represent operations on tapes, inside angle brackets < - > operations
on configurations, between colons : - : operations on lists of tapes, and inside brackets [-] operations on
state/action-list pairs. As for the symbol inside the delimiters, a dot (.) refers to a tape symbol, a colon (:)
to the entire tape contents, and a hash (#) to a head position; an equals sign (=) means some component
of the left-hand side is changed. An exclamation mark (!) accesses an element in a list on the left-hand
side term.

abbreviation config-length :: config = nat (¢||-|]>) where
config-length cfg = length (snd cfg)

abbreviation tape-move-right :: tape = nat = tape (infixl <|4+|> 60) where
tp |+| n = (fst tp, snd tp + n)

abbreviation tape-move-left :: tape = nat = tape (infixl <|—|> 60) where
tp |—| n = (fst tp, snd tp — n)

abbreviation tape-move-to :: tape = nat = tape (infixl <|#=|> 60) where
tp [#=| n = (fst tp, n)

abbreviation tape-write :: tape = symbol = tape (infixl ¢|:=|> 60) where
tp |:=| h = ((fst tp) (snd tp := h), snd tp)

abbreviation config-tape-by-no :: config = nat = tape (infix <<!>» 90) where



cfg <!> j=sndcfg!j

abbreviation config-contents-by-no :: config = nat = (nat = symbol) (infix <<:>» 100) where
cfg <> j = fst (cfg <!> j)

abbreviation config-pos-by-no :: config = nat = nat (infix <<#>) 100) where
cfg <#> j = snd (cfg <!> j)

abbreviation config-symbol-read :: config = nat = symbol (infix (<.>» 100) where
cofg <> j = (cfg <:>j) (cfg <#>j)

abbreviation config-update-state :: config = nat = config (infix «(<+=>) 90) where
cfg <+=> q = (fst ¢fg + ¢, snd cfy)

abbreviation tapes-contents-by-no :: tape list = nat = (nat = symbol) (infix «::» 100) where
tps it § = fst (tps ! 7)

abbreviation tapes-pos-by-no :: tape list = nat = nat (infix <#: 100) where
tps :#: j = snd (tps! §)

abbreviation tapes-symbol-read :: tape list = nat = symbol (infix <:.:» 100) where
tps i § = (tps =i §) (tps #: j)

abbreviation jump-by-no :: state X action list = state (<[*] -» [90]) where
[*] sas = fst sas

abbreviation actions-of-cmd :: state x action list = action list (<[!!] -» [100] 100) where
'] sas = snd sas

abbreviation action-by-no :: state X action list = nat = action (infix ([!]> 90) where
sas [!] j = snd sas ! j

abbreviation write-by-no :: state X action list = nat = symbol (infix «[.]» 90) where
sas [.] 7 = fst (sas [!] §)

abbreviation direction-by-no :: state X action list = nat = direction (infix <[~]> 100) where
sas [7] § = snd (sas [!] j)

Symbol sequences consisting of symbols from an alphabet G:

abbreviation symbols-lt :: nat = symbol list = bool where
symbols-lt G rs = Vi<length rs. rs ! i < G

We will frequently have to show that commands are proper or Turing commands.

lemma turing-commandl [intro]:
assumes Ags. length gs = k = length ([!!] ¢cmd gs) = length gs
and Ags. length gs = k = (A\i. i < length gs = gs ! i < G) = (\j. j < length gs = cmd gs [.] j < G)
and Ags. length gs =k =k > 0 = cmdgs[] 0 =gs! 0
and Ags. length gs = k = [¥] (emd gs) < Q
shows turing-command k Q G cmd
(proof)

lemma turing-commandD:
assumes turing-command k Q G cmd and length gs = k
shows length ([!!] ¢cmd gs) = length gs
and (Ai. i < length gs = gs ! i < G) = (\j. j < length gs = cmd gs [.] 1 < G)
and k> 0= cmdgs|[] 0 =gs!0
and Ags. length gs = k = [¥] (emd gs) < Q
(proof)

lemma turing-command-mono:
assumes turing-command k Q G cmd and Q < Q'
shows turing-command k Q' G cmd

{proof)
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lemma proper-command-length:
assumes proper-command k cmd and length gs = k
shows length ([!!] cmd gs) = length gs
(proof)

abbreviation proper-machine :: nat = machine = bool where
proper-machine k M = V i<length M. proper-command k (M ! i)

lemma prop-list-append:
assumes YV i<length M1. P (M1 ! )
and Vi<length M2. P (M2 ! i)
shows Vi<length (M1 @ M2). P (M1 @ M2) ! %)
(proof)

The empty Turing machine [] is the one Turing machine where the start state is the halting state, that
iS, Gstart = qrar = @ = 0. It is a Turing machine for every k£ > 2 and G > 4:

lemma Nil-tm: G > 4 = k > 2 = turing-machine k G []
(proof)

lemma turing-machinel [intro]:
assumes k > 2
and G > /4
and Ai. i < length M = turing-command k (length M) G (M ! i)
shows turing-machine k G M
(proof)

lemma turing-machineD:
assumes turing-machine k G M
shows k£ > 2
and G > 4
and Ai. ¢ < length M = turing-command k (length M) G (M ! i)
(proof)

A few lemmas about act, read, and sem:

lemma act: act a tp =

((fst tp)(snd tp := fst a),
case snd a of Left = snd tp — 1 | Stay = snd tp | Right = snd tp + 1)

{proof)

lemma act-Stay: j < length tps = act (read tps ! j, Stay) (tps ! j) = tps!j
(proof)

lemma act-Right: j < length tps = act (read tps | j, Right) (tps!j) = tps ! j |+| 1
(proof)

lemma act-Left: j < length tps => act (read tps ! j, Left) (tps!j) = tps ! j|—| 1
(proof)

lemma act-Stay’: act (h, Stay) (tps ! j) = tps ! j |:=| h
(proof)

lemma act-Right”: act (h, Right) (tps!j) = tps!j|:=| h |+]| 1
{proof)

lemma act-Left”: act (h, Left) (tps ! j) = tps ! j |:=| h |—| 1
{proof)

lemma act-pos-le-Suc: snd (act a (tps ! j)) < Suc (snd (tps! 7))
(proof)

lemma act-changes-at-most-pos:
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assumes ¢ # snd tp
shows fst (act (h, mv) tp) i = fst tp @
(proof)

lemma act-changes-at-most-pos’:
assumes i # snd tp
shows fst (act a tp) i = fst tp i
(proof)

lemma read-length: length (read tps) = length tps
(proof)

lemma tapes-at-read: j < length tps = (q, tps) <.> j = read tps ! j
(proof)

lemma tapes-at-read”: j < length tps = tps :.: j = read tps ! j
(proof)

lemma read-abbrev: j < ||cfg|| = read (snd cfg) ! j = cfg <.> j
(proof)

lemma sem:
sem cmd cfg =
(let rs = read (snd cfg)
in (fst (emd rs), map (A(a, tp). act a tp) (zip (snd (cmd rs)) (snd cfg))))
{proof)

lemma sem”:
sem cmd cfg =

< (fstf(>cmd (read (snd cfg))), map (A(a, tp). act a tp) (zip (snd (cmd (read (snd cfg)))) (snd cfg)))
proo,

lemma sem’”:
sem cmd (g, tps) =
(fst (emd (read tps)), map (A(a, tp). act a tp) (zip (snd (cmd (read tps))) tps))
(proof)

lemma sem-num-tapes-raw: proper-command k cmd = k = ||cfg]| = k = ||sem cmd cfy||
(proof)

lemma sem-num-tapes2: turing-command k Q@ G cmd = k = ||cfg|| = k = ||sem cmd cfy]|
(proof)

corollary sem-num-tapes2’: turing-command ||cfg|] @ G cmd = ||cfg|| = ||sem cmd cfg]]
(proof)

corollary sem-num-tapes3: turing-command ||cfg]| @ G emd = ||cfg]| = ||sem emd cfy]|
{proof)

lemma sem-fst:
assumes cfg’ = sem cmd cfg and rs = read (snd cfg)
shows fst cfg’ = fst (cmd rs)

(proof)

lemma sem-snd:
assumes proper-command k cmd
and ||cfgl| = k
and rs = read (snd cfg)
and j < k
shows sem c¢cmd cfg <!> j = act (snd (¢cmd rs) ! ) (snd cfg ! j)
(proof)

lemma snd-semli:
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assumes proper-command k cmd

and length tps = k

and length tps’ = k

and Aj. j < k = act (cmd (read tps) [!] §) (tps!j) = tps’ ! j
shows snd (sem cmd (q, tps)) = snd (q', tps’)
(proof)

lemma sem-snd-tm:
assumes turing-machine k G M
and length tps = k
and rs = read tps
and j < k
and ¢ < length M
shows sem (M ! q) (g, tps) <!> j = act (snd (M ! q) rs) ! j) (tps!j)
(proof)

lemma seml:
assumes proper-command k cmd
and length tps = k
and length tps’ = k
and fst (cmd (read tps)) = q’
and A\j. j < k = act (cmd (read tps) [!] §) (tps!j) = tps’ ! j
shows sem cmd (q, tps) = (¢, tps’)
(proof)

Commands ignore the state element of the configuration they are applied to.

lemma sem-state-indep:
assumes snd cfgl = snd cfg2
shows sem cmd cfgl = sem cmd cfg2

(proof )
A few lemmas about eze and ezecute:

lemma eze-lt-length: fst cfg < length M = exe M cfg = sem (M ! (fst cfg)) cfg
(proof)

lemma exe-ge-length: fst cfg > length M — exe M cfg = cfyg
(proof)

lemma eze-num-tapes:

assumes turing-machine k G M and k = ||cfy||
shows k = ||exe M cfg||
(proof)

lemma exe-num-tapes-proper:

assumes proper-machine k M and k = ||cfq||
shows k = ||eze M cfy||
(proof)

lemma execute-num-tapes-proper:

assumes proper-machine k M and k = ||cfg||
shows k = ||ezecute M cfg t||
{proof)

lemma ezecute-num-tapes:

assumes turing-machine k G M and k = ||cfg]|
shows k = ||exzecute M cfg t||
{proof)

lemma ezxecute-after-halting:
assumes fst (ezecute M cfg0 t) = length M
shows ezecute M cfg0 (t + n) = execute M cfg0 t

{proof)
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lemma ezecute-after-halting’:
assumes fst (ezecute M cfg0 t) > length M
shows ezecute M cfg0 (t + n) = execute M cfg0 t

{proof)

corollary ezxecute-after-halting-ge:
assumes fst (execute M cfg0 t) = length M and t < t’
shows execute M cfg0 t' = execute M cfg0 t

{proof)

corollary ezecute-after-halting-ge’:
assumes fst (evecute M cfg0 t) > length M and t < t’
shows execute M cfg0 t' = execute M cfg0 t

{proof)

lemma ezxecute-additive:
assumes execute M cfgl t1 = cfg2 and execute M cfg2 t2 = cfg3
shows ezecute M cfgl (t1 + t2) = cfg3

{proof)

lemma turing-machine-execute-states:
assumes turing-machine k G M and fst c¢fg < length M and ||cfg|| = k
shows fst (execute M cfg t) < length M

(proof )

While running times are important, usually upper bounds for them suffice. The next predicate expresses
that a machine transits from one configuration to another one in at most a certain number of steps.

definition transits :: machine = config = nat = config = bool where
transits M cfgl t cfg2 = Ft'<t. execute M cfgl t' = cfg2

lemma transits-monotone:
assumes t < t’ and transits M cfgl t cfg2
shows transits M cfgl t' cfg2

{proof)

lemma transits-additive:
assumes transits M cfgl t1 cfg2 and transits M cfg2 t2 cfg3
shows transits M cfgl (t1 + t2) cfg3

(proof)

lemma transitsl:
assumes execute M cfgl t' = cfg2 and t' < t
shows transits M cfgl t cfg2

{proof)

lemma execute-imp-transits:
assumes execute M cfgl t = cfg2
shows transits M cfgl t cfg2

{proof)

In the vast majority of cases we are only interested in transitions from the start state to the halting state.
One way to look at it is the machine transforms a list of tapes to another list of tapes within a certain
number of steps.

definition transforms :: machine = tape list = nat = tape list = bool where
transforms M tps t tps' = transits M (0, tps) t (length M, tps’)

The previous predicate will be the standard way in which we express the behavior of a (Turing) machine.
Consider, for example, the empty machine:

lemma transforms-Nil: transforms [| tps 0 tps
(proof)

lemma transforms-monotone:
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assumes transforms M tps t tps’ and t < t’
shows transforms M tps t’ tps’

(proof)
Most often the tapes will have a start symbol in the first cell followed by a finite sequence of symbols.

definition contents :: symbol list = (nat = symbol) (<|-|») where
lzs| @ = if i = 0 then > else if i < length xs then zs ! (i — 1) else O

lemma contents-at-0 [simp]: |zs| 0 = >
(proof)

lemma contents-inbounds [simpl: i > 0 = i < length zs = |zs] i = zs ! (i — 1)
(proof)

lemma contents-outofbounds [simp]: i > length zs = |zs| i = O
(proof)

When Turing machines are used to compute functions, they are started in a specific configuration where
all tapes have the format just defined and the first tape contains the input. This is called the start
configuration [2, p. 13].

definition start-config :: nat = symbol list = config where
start-config k xs = (0, (lzs|, 0) # replicate (k — 1) ([]], 0))

lemma start-config-length: k > 0 = ||start-config k zs|| = k
(proof)

lemma start-configl:
assumes cfg = start-config k zs and 0 < jand j < kand i > 0
shows (cfg <:> j) i =0
(proof)

lemma start-config?2:
assumes cfg = start-config k s and j < k
shows (cfg <:> j) 0 =1
(proof)

lemma start-config3:
assumes cfg = start-config k xs and i > 0 and i < length zs
shows (cfg <:> 0)i=as! (i — 1)
(proof)

lemma start-config/:
assumes 0 < jand j < k
shows snd (start-config k zs) | j = (Xi. if ¢ = 0 then > else O, 0)
(proof)

lemma start-config-pos: j < k = start-config k zs <#> j =0

(proof)
We call a symbol proper if it is neither the blank symbol nor the start symbol.
abbreviation proper-symbols :: symbol list = bool where

proper-symbols s = Y i<length xs. zs ! i > Suc 0

lemma proper-symbols-append:
assumes proper-symbols xs and proper-symbols ys
shows proper-symbols (zs @ ys)
(proof)

lemma proper-symbols-ne0: proper-symbols xs = V i<length zs. zs ! © # O
(proof)

lemma proper-symbols-nel: proper-symbols s = Vi<length xs. s ! i # >
(proof)
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We call the symbols 0 and 1 bit symbols.

abbreviation bit-symbols :: nat list = bool where
bit-symbols xs = Vi<length zs. zs1 i =0V zs!i=1

lemma bit-symbols-append:
assumes bit-symbols xs and bit-symbols ys
shows bit-symbols (zs Q ys)

{proof)

Basic facts about Turing machines

A Turing machine with alphabet G started on a symbol sequence over G will only ever have symbols
from G on any of its tapes.

lemma tape-alphabet:
assumes turing-machine k G M and symbols-lt G zs and j < k
shows ((ezecute M (start-config k zs) t) <:> j) i < G
(proof)

corollary read-alphabet:
assumes turing-machine k G M and symbols-lt G zs
shows Vi<k. config-read (execute M (start-config k zs) t) ! i < G

{proof)

corollary read-alphabet’:
assumes turing-machine k G M and symbols-lt G zs
shows symbols-it G (config-read (execute M (start-config k zs) t))

{proof)

corollary read-alphabet-set:
assumes turing-machine k G M and symbols-lt G zs
shows V heset (config-read (execute M (start-config k zs) t)). h < G
(proof)

The contents of the input tape never change.

lemma input-tape-constant:

assumes turing-machine k G M and k = ||cfg]|
shows ezecute M cfg t <:> 0 = execute M cfg 0 <:> 0
(proof )

A head position cannot be greater than the number of steps the machine has been running.

lemma head-pos-le-time:
assumes turing-machine k G M and j < k
shows ezecute M (start-config k zs) t <#> j < t

(proof )

lemma head-pos-le-halting-time:
assumes turing-machine k G M
and fst (execute M (start-config k zs) T) = length M
and j < k
shows ezecute M (start-config k zs) t <#>j < T
(proof)

A tape cannot contain non-blank symbols at a position larger than the number of steps the Turing
machine has been running, except on the input tape.

lemma blank-after-time:
assumes ¢ > t and j < k and 0 < j and turing-machine k G M
shows (ezecute M (start-config k zs) t <:> j) i =0
(proof)
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2.1.2 Computing a function

Turing machines are supposed to compute functions. The functions in question map bit strings to bit
strings. We model such strings as lists of Booleans and denote the bits by O and I.

type-synonym string = bool list
notation False («0>) and True (<I>)

This keeps the more abstract level of computable functions separate from the level of concrete implemen-
tations as Turing machines, which can use an arbitrary alphabet. We use the term “string” only for bit
strings, on which functions operate, and the terms “symbol sequence” or “symbols” for the things written
on the tapes of Turing machines. We translate between the two levels in a straightforward way:

abbreviation string-to-symbols :: string = symbol list where
string-to-symbols © = map (Ab. if b then 1 else 0) z

abbreviation symbols-to-string :: symbol list = string where
symbols-to-string zs = map (Az. z = 1) zs

proposition
string-to-symbols [0, 1] = [0, 1]
symbols-to-string [0, 1] = [0, I]
(proof)

lemma bit-symbols-to-symbols:
assumes bit-symbols zs
shows string-to-symbols (symbols-to-string zs) = zs
(proof)

lemma symbols-to-string-to-symbols: symbols-to-string (string-to-symbols ) = x
(proof)

lemma proper-symbols-to-symbols: proper-symbols (string-to-symbols zs)
(proof)

abbreviation string-to-contents :: string = (nat = symbol) where
string-to-contents x =
Ai. if i = 0 then > else if i < length x then (if x ! (i — 1) then 1 else 0) else O

lemma contents-string-to-contents: string-to-contents xs = | string-to-symbols xs|
(proof)

lemma bit-symbols-to-contents:
assumes bit-symbols ns
shows |ns| = string-to-contents (symbols-to-string ns)
(proof)

Definition 1.3 in the textbook [2] says that for a Turing machine M to compute a function f: {O,I}* —
{0, 1}* on input z, “it halts with f(z) written on its output tape.” My initial interpretation of this phrase,
and the one formalized below, was that the output is written after the start symbol > in the same fashion
as the input is given on the input tape. However after inspecting the Turing machine in Example 1.1, I
now believe the more likely meaning is that the output overwrites the start symbol, although Example 1.1
precedes Definition 1.3 and might not be subject to it.

One advantage of the interpretation with start symbol intact is that the output tape can then be used
unchanged as the input of another Turing machine, a property we exploit in Section 2.6. Otherwise one
would have to find the start cell of the output tape and either copy the contents to another tape with
start symbol or shift the string to the right and restore the start symbol. One way to find the start cell
is to move the tape head left while “marking” the cells until one reaches an already marked cell, which
can only happen when the head is in the start cell, where “moving left” does not actually move the head.
This process will take time linear in the length of the output and thus will not change the asymptotic
running time of the machine. Therefore the choice of interpretation is purely one of convenience.
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definition halts :: machine = config = bool where
halts M cfg = 3t. fst (execute M cfg t) = length M

lemma halts-impl-le-length:
assumes halts M cfg
shows fst (ezecute M cfg t) < length M

{proof)

definition running-time :: machine = config = nat where
running-time M cfg = LEAST t. fst (execute M cfg t) = length M

lemma running-timeD:
assumes running-time M cfg = t and halts M cfg
shows fst (execute M cfg t) = length M
and At t' < t = fst (ewecute M cfg t') # length M

{proof)

definition halting-config :: machine = config = config where
halting-config M cfg = execute M cfg (running-time M cfg)

abbreviation start-config-string :: nat = string = config where
start-config-string k © = start-config k (string-to-symbols )

Another, inconsequential, difference to the textbook definition is that we designate the second tape, rather
than the last tape, as the output tape. This means that the indices for the input and output tape are
fixed at 0 and 1, respectively, regardless of the total number of tapes. Next is our definition of a k-tape
Turing machine M computing a function f in T-time:

definition computes-in-time :: nat = machine = (string = string) = (nat = nat) = bool where
computes-in-time k M f T =V x.
halts M (start-config-string k x) A
running-time M (start-config-string k x)
halting-config M (start-config-string k x)

< T (length z) A
<:> 1 = string-to-contents (f )
lemma computes-in-time-mono:

assumes computes-in-time k M f T and An. Tn < T'n

shows computes-in-time k M f T’

{proof)

The definition of computes-in-time can be expressed with transforms as well, which will be more conve-
nient for us.

lemma halting-config-execute:
assumes fst (execute M cfg t) = length M
shows halting-config M cfg = execute M cfg t

(proof)

lemma transforms-halting-config:
assumes transforms M tps t tps’
shows halting-config M (0, tps) = (length M, tps’)
(proof)
lemma computes-in-time-execute:
assumes computes-in-time k M f T

shows ezecute M (start-config-string k z) (T (length ©)) <:> 1 = string-to-contents (f z)
(proof)

lemma transforms-running-time:
assumes transforms M tps t tps’
shows running-time M (0, tps) < ¢
(proof)

This is the alternative characterization of computes-in-time:

lemma computes-in-time-alt:
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computes-in-time k M f T =
(V. Iips.
tps i 1 = string-to-contents (f ) A
transforms M (snd (start-config-string k z)) (T (length x)) tps)
(is ?lhs = ?rhs)
(proof)

lemma computes-in-timeD:
fixes z
assumes computes-in-time k M f T
shows T ips. tps ::: 1 = string-to-contents (f z) A
transforms M (snd (start-config k (string-to-symbols x))) (T (length x)) tps
(proof)

lemma computes-in-timel [intro]:
assumes Az. I ips. tps 2 1 = string-to-contents (f ) A
transforms M (snd (start-config k (string-to-symbols z))) (T (length z)) tps
shows computes-in-time k M f T

{proof)

As an example, the function mapping every string to the empty string is computable within any time
bound by the empty Turing machine.

lemma computes-Nil-empty:
assumes k > 2
shows computes-in-time k [| (A\z. []) T

(proof)

2.1.3 Pairing strings

In order to define the computability of functions with two arguments, we need a way to encode a pair
of strings as one string. The idea is to write the two strings with a separator, for example, OIOO#IIIO
and then encode every symbol O,I,# by two bits from {O,1}. We slightly deviate from Arora and
Barak’s encoding [2, p. 2] and map O to OO, I to OI, and # to II, the idea being that the first bit
signals whether the second bit is to be taken literally or as a special character. Our example turns into
OOO0IOOOOIIOIOIOINO.

abbreviation bitenc :: string = string where
bitenc © = concat (map (Ah. [0, h]) z)

definition string-pair :: string = string = string (<(-, -)>) where
(z, y) = bitenc z Q [I, I] Q bitenc y

Our example:

proposition ([0, 1,0, O], [, I, I,0]) =[0,0,0,1,0,0,0,0,1, 1,0, I, O, I, O, I, O, O]
(proof)

lemma length-string-pair: length (z, y) = 2 * length © + 2 * length y + 2
(proof)

lemma length-bitenc: length (bitenc z) = 2 * length z
(proof)

lemma bitenc-nth:
assumes ¢ < length zs
shows bitenc zs ! (2 x i) = O
and bitenc zs ! (2 x i+ 1) =zs!i

(proof)

lemma string-pair-first-nth:
assumes ¢ < length x
shows (z, y) ! (2 x i) =0
and (z, y) ! (2xi+ 1)=z!%
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(proof )

lemma string-pair-sep-nth:
shows (z, y) ! (2 * length z) =1
and (z, y) ! (2 x lengthz + 1) =1
(proof)

lemma string-pair-second-nth:
assumes | < length y
shows (z, y) ! (2 x lengthz + 2 + 2 i) = O
and (z, y) ! (2 xlengthx + 2 + 2 xi+ 1) =y !
(proof)

lemma string-pair-ing:
assumes (21, y1) = (22, y2)
shows z1 = 22 A y1 = y2
(proof)

Turing machines have to deal with pairs of symbol sequences rather than strings.

abbreviation pair :: string = string = symbol list (<(-; -)») where
(z; y) = string-to-symbols (x, y)

lemma symbols-lt-pair: symbols-lt 4 (z; y)
(proof)

lemma length-pair: length (z; y) = 2 * length & + 2 x length y + 2
(proof)

lemma pair-ing:
assumes (z1; y1) = (z2; y2)
shows z1 = 22 A yl = y2
(proof)

2.1.4 Big-Oh and polynomials

The Big-Oh notation is standard [2, Definition 0.2]. It can be defined with ¢ ranging over real or natural
numbers. We choose natural numbers for simplicity.

definition big-oh :: (nat = nat) = (nat = nat) = bool where
big-oh g f =3Jcm. Vn>m.gn < cx* fn

Some examples:

proposition big-oh (An. n) (An. n)
(proof)

proposition big-oh (An. n) (An. n * n)
(proof)

proposition big-oh (An. 42 % n) (An. n * n)
(proof)

proposition — big-oh (An. n * n) (An. n) (is — big-oh %9 ?f)
(proof)

Some lemmas helping with polynomial upper bounds.

lemma pow-mono:
fixes n d1 d2 :: nat
assumes dI < d2 and n > 0
shows n ~di < n ~d2

{proof)

lemma pow-mono”:
fixes n d1 d2 :: nat
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assumes dI < d2 and 0 < dI
shows n ~dl <n ~d2

{proof)

lemma linear-le-pow:
fixes n d1 :: nat
assumes (0 < dI
shows n < n ~ dI

{proof)

The next definition formalizes the phrase “polynomially bounded” and the term “polynomial” in “poly-
nomial running-time”. This is often written “f(n) = n®1” (for example, Arora and Barak [2, Example
0.3]).

definition big-oh-poly :: (nat = nat) = bool where
big-oh-poly f = 3 d. big-oh f (An. n ~ d)

lemma big-oh-poly: big-oh-poly f +— (3d ¢ no. Vn>ng. fn<cx*xn " d)
(proof)

lemma big-oh-polyl:
assumes An.n > no = fn<cxn d
shows big-oh-poly f
(proof)

lemma big-oh-poly-const: big-oh-poly (An. c)
(proof)

lemma big-oh-poly-poly: big-oh-poly (An. n ~ d)
(proof)

lemma big-oh-poly-id: big-oh-poly (An. n)
(proof)

lemma big-oh-poly-le:
assumes big-oh-poly f and An. gn < fn
shows big-oh-poly g
(proof)

lemma big-oh-poly-sum:
assumes big-oh-poly f1 and big-oh-poly f2
shows big-oh-poly (An. fI n + f2 n)
(proof)

lemma big-oh-poly-prod:
assumes big-oh-poly f1 and big-oh-poly f2
shows big-oh-poly (An. f1 n * f2n)
(proof)

lemma big-oh-poly-offset:

assumes big-oh-poly f

shows 3bcd. d>0AN(Vn. fn<b+cxn " d)
(proof )

lemma big-oh-poly-composition:
assumes big-oh-poly f1 and big-oh-poly f2
shows big-oh-poly (f2 o fI)

(proof)

lemma big-oh-poly-pow:
fixes f :: nat = nat and d :: nat
assumes big-oh-poly f
shows big-oh-poly (An. fn ~ d)
(proof)
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The textbook does not give an explicit definition of polynomials. It treats them as functions between
natural numbers. So assuming the coefficients are natural numbers too, seems natural. We justify this
choice when defining A"P in Section 3.1.

definition polynomial :: (nat = nat) = bool where
polynomial f = Fes. Vn. fn = (3 i« [0..<length cs]. cs | i x n " q)

lemma const-polynomial: polynomial (A-. c)

(proof)

lemma polynomial-id: polynomial id

(proof)

lemma big-oh-poly-polynomial:
fixes f :: nat = nat
assumes polynomial f
shows big-oh-poly f

(proof)

2.2 Increasing the alphabet or the number of tapes

For technical reasons it is sometimes necessary to add tapes to a machine or to formally enlarge its
alphabet such that it matches another machine’s tape number or alphabet size without changing the
behavior of the machine. The primary use of this is when composing machines with unequal alphabets
or tape numbers (see Section 2.6).

2.2.1 Enlarging the alphabet

A Turing machine over alphabet G is not necessarily a Turing machine over a larger alphabet G' > G
because reading a symbol in {G,...,G" — 1} the TM may write a symbol > G’. This is easy to remedy
by modifying the TM to do nothing when it reads a symbol > G. It then formally satisfies the alphabet
restriction property of Turing commands. This is rather crude, because the new TM loops infinitely on
encountering a “forbidden” symbol, but it is good enough for our purposes.

The next function performs this transformation on a TM M over alphabet G. The resulting machine is
a Turing machine for every alphabet size G’ > G.

definition enlarged :: nat = machine = machine where
enlarged G M = map (Aemd rs. if symbols-lt G rs then cmd rs else (0, map (Ar. (r, Stay)) rs)) M

lemma length-enlarged: length (enlarged G M) = length M
(proof)

lemma enlarged-nth:
assumes symbols-lt G gs and i < length M
shows (M ! i) gs = (enlarged G M ! i) gs
(proof)

lemma enlarged-write:
assumes length gs = k and ¢ < length M and turing-machine k G M
shows length (snd (M ! i) gs)) = length (snd ((enlarged G M ! i) gs))
(proof)

lemma turing-machine-enlarged:
assumes turing-machine k G M and G’ > G
shows turing-machine k G’ (enlarged G M)

(proof )

The enlarged machine has the same behavior as the original machine when started on symbols over the
original alphabet G.

lemma execute-enlarged:
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assumes turing-machine k G M and symbols-lt G zs
shows ezecute (enlarged G M) (start-config k zs) t = execute M (start-config k zs) t

(proof)

lemma transforms-enlarged:
assumes turing-machine k G M
and symbols-lt G zs
and transforms M (snd (start-config k zs)) t tpsl
shows transforms (enlarged G M) (snd (start-config k zs)) t tpsi
(proof)

2.2.2 Increasing the number of tapes

We can add tapes to a Turing machine in such a way that on the additional tapes the machine does
nothing. While the new tapes could go anywhere, we only consider appending them at the end or
inserting them at the beginning.

Appending tapes at the end

The next function turns a k-tape Turing machine into a k’-tape Turing machine (for ¥ > k) by appending
k' — k tapes at the end.

definition append-tapes :: nat = nat = machine = machine where
append-tapes k k' M =
map (Aemd rs. (fst (cmd (take k rs)), snd (cmd (take k rs)) @ (map (M. (rs ! i, Stay)) [k..<k"))) M

lemma length-append-tapes: length (append-tapes k k' M) = length M
(proof)

lemma append-tapes-nth:
assumes i < length M and length gs = k’
shows (append-tapes k k' M ! §) gs =
(fst (M ! 4) (take k gs)), snd (M ! i) (take k gs)) @ (map (Nj. (gs ! j, Stay)) [k..<k']))
(proof)

lemma append-tapes-tm:
assumes turing-machine k G M and k' > k
shows turing-machine k' G (append-tapes k k' M)
(proof)

lemma execute-append-tapes:
assumes turing-machine k G M and k' > k and length tps = k'
shows erecute (append-tapes k k' M) (q, tps) t =
(fst (execute M (q, take k tps) t), snd (execute M (q, take k tps) t) @ drop k tps)
(proof)

lemma ezecute-append-tapes’:
assumes turing-machine k G M and length tps = k
shows execute (append-tapes k (k + length tps") M) (q, tps @ tps') t =
(fst (execute M (q, tps) t), snd (execute M (g, tps) t) @ tps’)
(proof)

lemma transforms-append-tapes:
assumes turing-machine k G M
and length tpsO = k
and transforms M tps0 t tpsl
shows transforms (append-tapes k (k + length tps’) M) (tpsO Q@ tps’) t (tpsl @ tps’)
(is transforms ¢M - - -)

(proof )
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Inserting tapes at the beginning

The next function turns a k-tape Turing machine into a (k 4+ d)-tape Turing machine by inserting d tapes
at the beginning.

definition prepend-tapes :: nat = machine = machine where
prepend-tapes d M =
map (Aemd rs. (fst (ecmd (drop d rs)), map (Ah. (h, Stay)) (take d rs) @ snd (cmd (drop d rs)))) M

lemma prepend-tapes-at:
assumes ¢ < length M
shows (prepend-tapes d M ! i) gs =
(fst (M !4) (drop d gs)), map (Ah. (h, Stay)) (take d gs) @ snd ((M ! %) (drop d gs)))
(proof)

lemma prepend-tapes-tm:

assumes turing-machine k G M

shows turing-machine (d + k) G (prepend-tapes d M)
(proof)

definition shift-cfg :: tape list = config = config where
shift-cfg tps cfg = (fst cfg, tps @ snd cfg)

lemma execute-prepend-tapes:

assumes turing-machine k G M and length tps = d and ||cfg0|| = k

shows ezecute (prepend-tapes d M) (shift-cfg tps cfg0) t = shift-cfg tps (execute M cfg0 t)
(proof)

lemma transforms-prepend-tapes:
assumes turing-machine k G M
and length tps = d
and length tpsO = k
and transforms M tps0 t tpsl
shows transforms (prepend-tapes d M) (tps Q tps0) ¢ (tps @ tpsl)
(proof)

end

2.3 Combining Turing machines

theory Combinations
imports Basics HOL— Eisbach. Fisbach
begin

This section describes how we can combine Turing machines in the way of traditional control structures
found in structured programming, namely sequences, branching, and iterating. This allows us to build
complex Turing machines from simpler ones and analyze their behavior and running time. Thanks to
some syntactic sugar the result may even look like a programming language, but it is really more like a
“construction kit” than a “true” programming language with small and big step semantics or Hoare rules.
Instead we will merely have some lemmas for proving transforms statements for the combined machines.

The remaining sections of this chapter will provide us with concrete Turing machines to combine.

2.3.1 Relocated machines

If we use a Turing machine M as part of another TM and there are ¢ commands before M, then M’s
target states will be off by ¢. This can be fixed by adding ¢ to all target states of all commands in M,
an operation we call relocation.

definition relocate-cmd :: nat = command = command where
relocate-cmd q emd rs = (fst (emd rs) + q, snd (cmd 7s))

lemma relocate-cmd-head: relocate-cmd q emd rs [~] j = emd rs [~] j
{proof)
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lemma sem-relocate-cmd: sem (relocate-cmd q emd) cfg = (sem emd cfg) <+=> ¢

(proof)

definition relocate :: nat = machine = machine where
relocate ¢ M = map (relocate-cmd q) M

lemma relocate:
assumes M’ = relocate ¢ M and i < length M
shows (M'!i) r = (fst (M !i)r)+ q, snd (M!1i)r))
(proof)

lemma sem-relocate:
assumes M’ = relocate ¢ M and i < length M
shows sem (M'! i) cfg = sem (M i) cfg <+=> ¢
(proof)

lemma turing-command-relocate-cmd:
assumes turing-command k Q G cmd
shows turing-command k (Q + q) G (relocate-cmd q cmd)

{proof)

lemma turing-command-relocate:
assumes M’ = relocate ¢ M and turing-machine k G M and i < length M
shows turing-command k (length M + q) G (M'! )

(proof)

lemma length-relocate: length (relocate ¢ M) = length M
(proof)

lemma relocate-jump-targets:
assumes turing-machine k G M
and M’ = relocate ¢ M
and ¢ < length M
and length rs = k
shows fst (M'! i) rs) < length M + q
(proof)

lemma relocate-zero: relocate 0 M = M
(proof )

2.3.2 Sequences

To execute two Turing machines sequentially we concatenate the two machines, relocating the second one
by the length of the first one. In this way the halting state of the first machine becomes the start state
of the second machine.

definition turing-machine-sequential :: machine = machine = machine (infixl ;) 55) where
M1 ;; M2 = M1 Q (relocate (length M1) M2)

If the number of tapes and the alphabet size match, the concatenation of two Turing machines is again
a Turing machine.
lemma turing-machine-sequential-turing-machine [intro, simpl:
assumes turing-machine k G M1 and turing-machine k G M2
shows turing-machine k G (M1 ;; M2) (is turing-machine k G M)
(proof)

lemma turing-machine-sequential-empty: turing-machine-sequential [| M = M
(proof)

lemma turing-machine-sequential-nth:

assumes M = M1 ;; M2 and p < length M2
shows M ! (p + length M1) = relocate-cmd (length M1) (M2 ! p)
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(proof )

lemma turing-machine-sequential-nth':
assumes M = M1 ;; M2 and length M1 < g and q < length M
shows M | ¢ = relocate-cmd (length M1) (M2 ! (¢ — length M1))

{proof)

lemma length-turing-machine-sequential:
length (turing-machine-sequential M1 M2) = length M1 + length M2

{proof)

lemma eze-relocate:
exe (M1 ;; M2) (cfg <+=> length M1) = (exe M2 cfg) <+=> length M1
(proof)

lemma execute-pre-append:
assumes halts M1 cfg and fst cfg = 0 and t < running-time M1 cfg
shows ezecute (MO ;; M1) @ M2) (cfg <4+=> length M0) t = (execute M1 cfg t) <+=> length MO

{proof)

lemma transits-pre-append’:

assumes transforms M1 tps t tps’

shows transits (MO ;; M1) @ M2) (length MO, tps) t (length MO + length M1, tps')
(proof )

corollary transits-prepend:
assumes transforms M1 tps t tps’
shows transits (M0 ;; M1) (length M0, tps) t (length MO + length M1, tps’)
(proof)

corollary transits-append:
assumes transforms M1 tps t tps’
shows transits (M1 @ M2) (0, tps) t (length M1, tps’)
(proof)

corollary execute-append:
assumes fst c¢cfg = 0 and halts M1 cfg and t < running-time M1 cfg
shows ezecute (M1 @ M2) cfg t = execute M1 cfg ¢

{proof)

lemma ezecute-sequential:
assumes execute M1 cfgl t1 = cfgl’
and fst cfg1 = 0
and t! = running-time M1 cfgl
and ezecute M2 cfg2 t2 = cfg2’
and cfgl’ = cfg2 <+=> length M1
and halts M1 cfgl
shows execute (M1 ;; M2) cfgl (t1 + t2) = cfg2’ <+=> length M1
(proof)

The semantics and running time of the ;; operator:

lemma transforms-turing-machine-sequential:
assumes transforms M1 tpsl t1 tps2 and transforms M2 tps2 t2 tps3
shows transforms (M1 ;; M2) tpsl (t1 + t2) tps3

(proof )

corollary transforms-tm-sequentiall:
assumes transforms M1 tps1 t1 tps2 and transforms M2 tps2 t2 tps3 and t12 = t1 + t2
shows transforms (M1 ;; M2) tpsl t12 tps3

{proof)
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2.3.3 Branches

A branching Turing machine consists of a condition and two Turing machines, one for each of the branches.
The condition can be any predicate over the list of symbols read from the tapes. The branching TM thus
needs to perform conditional jumps, for which we will have the following command:

definition cmd-jump :: (symbol list = bool) = state = state = command where
cmd-jump cond ql ¢2 rs = (if cond rs then ql else ¢2, map (Ar. (r, Stay)) rs)

lemma turing-command-jump-1:
assumes ¢! < ¢2 and k > 0
shows turing-command k ¢2 G (cmd-jump cond q1 ¢2)

{proof)

lemma turing-command-jump-2:
assumes ¢2 < ¢qf and k > 0
shows turing-command k g1 G (cmd-jump cond q1 ¢2)

{proof)

lemma sem-jump-snd: snd (sem (ecmd-jump cond q1 q2) cfg) = snd cfg

(proof)

lemma sem-jump-fst1:
assumes cond (read (snd cfg))
shows fst (sem (cmd-jump cond q1 ¢2) cfg) = ql
(proof)

lemma sem-jump-fst2:
assumes - cond (read (snd cfg))
shows fst (sem (cmd-jump cond q1 ¢2) cfg) = ¢2
(proof)

lemma sem-jump:
sem (cmd-jump cond q1 q2) cfg = (if cond (config-read cfg) then ql else q2, snd cfg)
(proof)

lemma transits-jump:
transits [cmd-jump cond g1 q2] (0, tps) 1 (if cond (read tps) then ql else g2, tps)
(proof)

definition turing-machine-branch :: (symbol list = bool) = machine = machine = machine
(<(IF - THEN - ELSE - ENDIF» 60)
where
IF cond THEN M1 ELSE M2 ENDIF =
[emd-jump cond 1 (length M1 + 2)] @
(relocate 1 M1) @
[emd-jump (A-. True) (length M1 + length M2 + 2) 0] @
(relocate (length M1 + 2) M2)

lemma turing-machine-branch-len:
length (IF cond THEN M1 ELSE M2 ENDIF) = length M1 + length M2 + 2

(proof)
If the Turing machines for both branches have the same number of tapes and the same alphabet size, the
branching machine is a Turing machine, too.

lemma turing-machine-branch-turing-machine:
assumes turing-machine k G M1 and turing-machine k G M2
shows turing-machine k G (IF cond THEN M1 ELSE M2 ENDIF)
(is turing-machine - - ?M)
(proof)

If the condition is true, the branching TM executes M7 and requires two extra steps: one for evaluating
the condition and one for the unconditional jump to the halting state.

lemma transforms-branch-true:
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assumes transforms M1 tps t tps’ and cond (read tps)
shows transforms (IF cond THEN M1 ELSE M2 ENDIF) tps (t + 2) tps’
(is transforms ¢M - - -)

(proof )

If the condition is false, the branching TM executes M, and requires one extra step to evaluate the
condition.

lemma transforms-branch-false:
assumes transforms M2 tps t tps’ and — cond (read tps)
shows transforms (IF cond THEN M1 ELSE M2 ENDIF) tps (t + 1) tps’
(is transforms ?M - - -)

(proof)

The behavior and running time of the branching Turing machine:

lemma transforms-branch-full:
assumes ¢ = transforms M1 tps tT tpsT
and — ¢ = transforms M2 tps tF tpsF
and c = tT + 2 <t
and ~¢c= tF+ 1<t
and ¢ = cond (read tps)
and tps’ = (if c then tpsT else tpsF)
shows transforms (IF cond THEN M1 ELSE M2 ENDIF) tps t tps’
(proof)

corollary transforms-branchli:
assumes cond (read tps) = transforms M1 tps tT tpsT
and — cond (read tps) = transforms M2 tps tF tpsF
and cond (read tps) = tT + 2 < 't
and — cond (read tps) = tF + 1 <t
and cond (read tps) = tps' = tpsT
and - cond (read tps) = tps’ = tpsF
shows transforms (IF cond THEN M1 ELSE M2 ENDIF) tps t tps’
(proof)

2.3.4 Loops

The loops are while loops consisting of a head and a body. The body is a Turing machine that is executed
in every iteration as long as the condition in the head of the loop evaluates to true. The condition is of
the same form as in branching TMs, namely a predicate over the symbols read from the tapes. Sometimes
this is not expressive enough, and so we allow a Turing machine as part of the loop head that is run prior
to evaluating the condition. In most cases, however, this TM is empty.

definition turing-machine-loop :: machine = (symbol list = bool) = machine = machine
(«WHILE - ; - DO - DONE)» 60)
where
WHILE M1 ; cond DO M2 DONE =
M1 @
[emd-jump cond (length M1 + 1) (length M1 + length M2 + 2)] @
(relocate (length M1 + 1) M2) @
[emd-jump (A-. True) 0 0]

Intuitively the Turing machine WHILE M1 ; cond DO M2 DONE first executes M1 and then checks the
condition cond. If it is true, it executes M2 and jumps back to the start state; otherwise it jumps to the
halting state.
lemma turing-machine-loop-len:

length (WHILE M1 ; cond DO M2 DONE) = length M1 + length M2 + 2

(proof)

If both Turing machines have the same number of tapes and alphabet size, then so does the looping
Turing machine.

lemma turing-machine-loop-turing-machine:
assumes turing-machine k G M1 and turing-machine k G M2
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shows turing-machine k G (WHILE M1 ; cond DO M2 DONE)
(is turing-machine - - ?M)
(proof)

lemma transits-turing-machine-loop-cond-false:

assumes transforms M1 tps t1 tps’ and — cond (read tps’)

shows transits
(WHILE M1 ; cond DO M2 DONE)
(0, tps)
(t1 + 1)
(length M1 + length M2 + 2, tps')

(is transits ?M - - -)

(proof )

lemma transits-turing-machine-loop-cond-true:
assumes transforms M1 tps t1 tps’
and transforms M2 tps’ t2 tps'’
and cond (read tps’)

shows transits
(WHILE M1 ; cond DO M2 DONE)

(0, tps)
(t1 + 12 + 2)
(0, tps")

(is transits ?M - - -)

(proof )

In this article we will only encounter while loops that are in fact for loops, that is, where the number of
iterations is known beforehand. Moreover, using the same time bound for every iteration will lead to a
good enough upper bound for the entire loop.

The transforms rule for a loop with m iterations where the running time of both TMs is bounded by a
constant:

lemma transforms-loop-for:
fixes m t1 t2 :: nat
and M1 M2 :: machine
and tps :: nat = tape list
and tps’ :: nat = tape list
assumes Ai. i < m = transforms M1 (tps i) t1 (tps’ i)
assumes Ai. i < m = transforms M2 (tps' ©) t2 (tps (Suc 7))
and Ai. i < m = cond (read (tps’ 7))
and - cond (read (tps’ m))
assumes ¢t > m x (t1 + 2 + 2) + ¢t1 + 1
shows transforms
(WHILE M1 ; cond DO M2 DONE)
(tps 0)
ttt
(tps’ m)
(proof)
The rule becomes even simpler in the common case in which the Turing machine in the loop head is
empty.

lemma transforms-loop-simple:
fixes m t :: nat
and M :: machine
and tps :: nat = tape list
assumes Ai. i < m = transforms M (tps i) t (tps (Suc 7))
and Ai. i < m = cond (read (tps 7))
and — cond (read (tps m))
assumes ttt > m x (t + 2) + 1
shows transforms
(WHILE [] ; cond DO M DONE)
(tps 0)
ttt

(tps m)
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{proof)

2.3.5 A proof method

Statements about the behavior and running time of Turing machines, expressed via the predicate trans-
forms, are the most common ones we are going to prove. The following proof method applies introduction
rules for this predicate. These rules are either the ones we proved for the control structures (sequence,
branching, loop) or the ones describing the semantics of concrete Turing machines. The rules of the
second kind are collected in the attribute transforms-intros.

Applying such a rule usually leaves three kinds of goals: some simple ones requiring only instantiation of
schematic variables; one for the equality of two tape lists; and one for the time bound. For the last two
goals the proof method offers parameters tps and time, respectively.

I have to admit that most of the details of the proof method were determined by trial and error.

named-theorems transforms-intros
declare transforms-Nil [transforms-intros]

method tform uses tps time declares transforms-intros =
(
((rule transforms-tm-sequentiall )+
| rule transforms-branchl
| rule transforms-loop-simple
| rule transforms-loop-for
| rule transforms-intros)
rule transforms-intros) ?
stmp only:; fail)?
(use tps in simp; fail) | (use time in simp; fail))?
match conclusion in left = right for left right :: tape list
= ((fastforce simp add: tps list-update-swap; fail)))?
; (match conclusion in left = right for left right :: nat
= «(use time in simp; fail)?)?
)

These lemmas are sometimes helpful for proving the equality of tape lists:

)
)

)

o~ —~ —

)

lemma list-update-swap-less: i’ < i = ys[i := z, i’ := 3] = ys[i’ := 2/, i := 1]

{proof)

lemma nth-list-update-neq” j # i = as[i == z] ! j=as!j
(proof)

end

2.4 Elementary Turing machines

theory Elementary
imports Combinations
begin

In this section we devise some simple yet useful Turing machines. We have already fully analyzed
the empty TM, where start and halting state coincide, in the lemmas computes-Nil-empty, Nil-tm, and
transforms-Nil. The next more complex TMs are those with exactly one command. They represent TMs
with two states: the halting state and the start state where the action happens. This action might last for
one step only, or the TM may stay in this state for longer; for example, it can move a tape head rightward
to the next blank symbol. We will also start using the ;; operator to combine some of the one-command
TMs.

Most Turing machines we are going to construct throughout this section and indeed the entire article are
really families of Turing machines that usually are parameterized by tape indices.

type-synonym tapeidx = nat
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Throughout this article, names of commands are prefixed with ¢md- and names of Turing machines with
tm-. Usually for a TM named tm-foo there is a lemma tm-foo-tm stating that it really is a Turing machine
and a lemma transforms-tm-fool describing its semantics and running time. The lemma usually receives
a transforms-intros attribute for use with our proof method.

If tm-foo comprises more than two TMs we will typically analyze the semantics and running time in a
locale named turing-machine-foo. The first example of this is ¢tm-equals in Section 2.4.10.

When it comes to running times, we will have almost no scruples simplifying upper bounds to have the
form a + b - n® for some constants a, b, ¢, even if this means, for example, bounding nlogn by n2.

2.4.1 Clean tapes

Most of our Turing machines will not change the start symbol in the first cell of a tape nor will they
write the start symbol anywhere else. The only exceptions are machines that simulate arbitrary other
machines. We call tapes that have the start symbol only in the first cell clean tapes.

definition clean-tape :: tape = bool where
clean-tape tp = Vi. fsttpi =00 +— i =0

lemma clean-tapel:
assumes \i. fsttp i = > «— i =0
shows clean-tape tp
(proof)

lemma clean-tapel":
assumes fst tp 0 = > and Ni. i > 0 = fsttp i # >
shows clean-tape tp
(proof)

A clean configuration is one with only clean tapes.

definition clean-config :: config = bool where
clean-config cfg = (Vji<||cfgl|. Vi. (¢fg <> j) i => +— i = 0)

lemma clean-config-tapes: clean-config cfg = (V tp€set (snd cfg). clean-tape tp)
(proof)

lemma clean-configl:
assumes Aji. j < length tps = fst (tps ! j) i=p>+— i =10
shows clean-config (g, tps)
(proof)

lemma clean-configl ":
assumes N\ip i. tp € set tps = fstipi=><+— i =10
shows clean-config (g, tps)
(proof)

lemma clean-configl"":
assumes Aitp. tp € set tps => (fst tp 0 = > A (Vi>0. fst tp i # 1))
shows clean-config (g, tps)
(proof)

lemma clean-configh:
assumes clean-config (g, tps)
shows Aji. j < length tps = fst (tps!j)i=p>+— i=0
(proof)

lemma clean-configE":
assumes clean-config (q, tps)
shows Atp i. tp € set tps = fsttpi => +— i =0
(proof )

lemma clean-contents-proper [simpl: proper-symbols zs = clean-tape (| zs], q)
(proof)
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lemma contents-clean-tape’: proper-symbols zs = fst tp = |2s| = clean-tape tp
(proof)

Some more lemmas about contents:

lemma contents-append-blanks: |ys Q replicate m O] = |ys]|

(proof )

lemma contents-append-update:

assumes length ys = m

shows |[ys @ [v] @ zs|(Suc m = w) = [ys Q [w] @ zs|
(proof)

lemma contents-snoc: |ys|(Suc (length ys) == w) = |ys @ [w]]
(proof)

definition config-update-pos :: config = nat = nat = config where
config-update-pos cfg j p = (fst cfg, (snd cfg)lj:=(cfg <:> j, p)])

lemma config-update-pos-0: config-update-pos cfg j (cfg <#> j) = cfg
(proof)

definition config-update-fwd :: config = nat = nat = config where
config-update-fwd cfg j d = (fst cfg, (snd cfg)[j:=(cfg <:> j, cfg <#>j + d)])

lemma config-update-fwd-0: config-update-fwd cfg j 0 = cfg
(proof)

lemma config-update-fwd-additive:
config-update-fwd (config-update-fwd cfg j d1) j d2 = (config-update-fwd cfg j (d1 + d2))
(proof)

2.4.2 Moving tape heads

Among the most simple things a Turing machine can do is moving one of its tape heads.

Moving left

The next command makes a TM move its head on tape j one cell to the left unless, of course, it is in the
leftmost cell already.

definition cmd-left :: tapeide = command where
cmd-left j = Ars. (1, map (Ai. (rs! i, if i = j then Left else Stay)) [0..<length rs])

lemma turing-command-left: turing-command k 1 G (cmd-left j)
(proof)

lemma cmd-left”: [*] (cmd-left j rs) = 1
{proof)

lemma cmd-left’": j < length rs = (cmd-left j rs) [!] j = (rs ! j, Left)
(proof)

111,

lemma cmd-left””: i < length rs => i # j = (cmd-left j rs) [!] i = (rs ! 4, Stay)

{proof)

lemma tape-list-eq:
assumes length tps’ = length tps
and Ai. i < length tps => i # j = tps' ! i = tps | q
and tps' ! j ==z
shows tps’ = tps[j := 1]
(proof)
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lemma sem-cmd-left:

assumes j < length tps

shows sem (cmd-left j) (0, tps) = (1, tps[j:=(fst (tps ! j), snd (tps!j) — 1)])
(proof)

definition tm-left :: tapeidz = machine where
tm-left j = [cmd-left j]

lemma tm-left-tm: k > 2 = G > J = turing-machine k G (tm-left j)
(proof)

lemma ezxe-tm-left:
assumes j < length tps
shows eze (tm-left j) (0, tps) = (1, tps[j := tps ! j |—| 1])
(proof)

lemma execute-tm-left:
assumes j < length tps
shows ezecute (tm-left j) (0, tps) (Suc 0) = (1, tps[j := tps ! j |—| 1])
(proof)

lemma transits-tm-left:
assumes j < length tps
shows transits (tm-left j) (0, tps) (Suc 0) (1, tps[j := tps ! j |—| 1])
(proof)

lemma transforms-tm-left:
assumes j < length tps
shows transforms (tm-left j) tps (Suc 0) (tps[j := tps ! j |—| 1])
(proof)

lemma transforms-tm-leftl [transforms-intros]:
assumes j < length tps
and t = 1
and tps’ = tps[j := tps ! j || 1]
shows transforms (tm-left j) tps t tps’
(proof)

Moving right

The next command makes the head on tape j move one cell to the right.

definition cmd-right :: tapeidx = command where
emd-right j = Ars. (1, map (Ai. (rs ! i, if ¢ = j then Right else Stay)) [0..<length rs])

lemma turing-command-right: turing-command k 1 G (cmd-right j)
{proof)

lemma cmd-right”: [¥] (cmd-right j rs) = 1
(proof)

lemma cmd-right'": j < length rs = (cmd-right j rs) [!] j = (rs ! j, Right)
(proof)

"1,

lemma cmd-right’"": i < length rs = i # j = (cmd-right j rs) [!] i = (rs ! i, Stay)

{proof)

lemma sem-cmd-right:

assumes j < length tps

shows sem (cmd-right 7) (0, tps) = (1, tps[j:=(fst (tps! j), snd (tps ! j) + 1)])
(proof)

definition tm-right :: tapeidx = machine where
tm-right j = [cmd-right j]
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lemma tm-right-tm: k > 2 = G > 4 = turing-machine k G (tm-right j)
(proof)

lemma exe-tm-right:
assumes j < length tps
shows eze (tm-right j) (0, tps) = (1, tps[j:=(fst (tps ! j), snd (tps! ) + 1)])
(proof)

lemma execute-tm-right:
assumes j < length tps
shows ezecute (tm-right j) (0, tps) (Suc 0) = (1, tps[j:=(fst (tps ! j), snd (tps!j) + 1)])
(proof)

lemma transits-tm-right:
assumes j < length tps
shows transits (tm-right 7) (0, tps) (Suc 0) (1, tps[j:=(fst (tps ! j), snd (tps!j) + 1)])
(proof)

lemma transforms-tm-right:
assumes j < length tps
shows transforms (tm-right ) tps (Suc 0) (tps[j := tps ! j |+| 1])
(proof)

lemma transforms-tm-rightl [transforms-intros:
assumes j < length tps
and t = Suc 0
and tps’ = tps[j := tps ! j |+| 1]
shows transforms (tm-right j) tps t tps’
(proof)

Moving right on several tapes

The next command makes the heads on all tapes from a set J of tapes move one cell to the right.

definition cmd-right-many :: tapeidz set = command where
emd-right-many J = Ars. (1, map (Ai. (rs ! i, if i € J then Right else Stay)) [0..<length rs])

lemma turing-command-right-many: turing-command k 1 G (cmd-right-many J)
(proof)

lemma sem-cmd-right-many:
sem (cmd-right-many J) (0, tps) = (1, map (N\j. if j € J then tps | j |+]| 1 else tps ! j) [0..<length tps])
(proof )

definition tm-right-many :: tapeidr set = machine where
tm-right-many J = [emd-right-many J|

lemma tm-right-many-tm: k > 2 = G > J = turing-machine k G (tm-right-many J)
(proof)

lemma transforms-tm-right-manyl [transforms-intros]:
assumes t = Suc 0
and tps' = map (N\j. if j € J then tps ! j |+| 1 else tps ! §) [0..<length tps]
shows transforms (tm-right-many J) tps t tps’

(proof )

2.4.3 Copying and translating tape contents

The Turing machines in this section scan a tape j; and copy the symbols to another tape j;. Scanning
can be performed in either direction, and “copying” may include mapping the symbols.
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Copying and translating from one tape to another

The next predicate is true iff. on the given tape the next symbol from the set H of symbols is exactly n
cells to the right from the current head position. Thus, a command that moves the tape head right until
it finds a symbol from H takes n steps and moves the head n cells right.

definition rneigh :: tape = symbol set = nat = bool where
rneigh tp Hn = fst tp (snd tp + n) € HA (Vn' < n. fst tp (snd tp + n’) ¢ H)

lemma rneighl:
assumes fst tp (snd tp + n) € Hand An'. n' < n = fstitp (sndtp + n') ¢ H
shows rneigh tp H n
(proof)

The analogous predicate for moving to the left:

definition Ineigh :: tape = symbol set = nat = bool where
Ineigh tp Hn = fst tp (snd tp — n) € HA (Vn' < n. fsttp (sndtp — n') ¢ H)

lemma Ineighl:
assumes fst tp (snd tp — n) € Hand An". n' < n = fsttp (sndtp — n') ¢ H
shows Ineigh tp H n
(proof)

The next command scans tape j; rightward until it reaches a symbol from the set H. While doing so it
copies the symbols, after applying a mapping f, to tape jo.

definition cmd-trans-until :: tapeidz = tapeidz = symbol set = (symbol = symbol) = command where
cmd-trans-until j1 j2 H f = Ars.
ifrs!jl € H
then (1, map (Ar. (r, Stay)) rs)
else (0, map (Ni. (if i = j2 then f (rs ! j1) else rs | i, if i = j1 V i = j2 then Right else Stay)) [0..<length rs])

The analogous command for moving to the left:

definition cmd-ltrans-until :: tapeidz = tapeidz = symbol set = (symbol = symbol) = command where
cmd-ltrans-until j1 j2 H f = Ars.
ifrs!j1 € H
then (1, map (Ar. (r, Stay)) rs)
else (0, map (Ai. (if i = j2 then f (rs ! j1) else rs ! 4, if i = j1 V i = j2 then Left else Stay)) [0..<length rs])

lemma proper-cmd-trans-until: proper-command k (cmd-trans-until j1 j2 H f)
(proof)

lemma proper-cmd-ltrans-until: proper-command k (cmd-ltrans-until j1 j2 H f)
(proof)

lemma sem-cmd-trans-until-1:
assumes jI < k and length tps = k and (0, tps) <.> jl € H
shows sem (cmd-trans-until j1 j2 H f) (0, tps) = (1, tps)
(proof)

lemma sem-cmd-ltrans-until-1:
assumes jI < k and length tps = k and (0, tps) <.> jl € H
shows sem (cmd-ltrans-until j1 j2 H f) (0, tps) = (1, tps)
(proof)

lemma sem-cmd-trans-until-2:
assumes j! < k and length tps = k and (0, tps) <.> jl ¢ H
shows sem (cmd-trans-until j1 j2 H f) (0, tps) =
(0, tps[jl = tps ! j1 |+| 1, j2 := tps ! j2 |:=| (f (tps :.: j1)) |+] 1])
(proof)

lemma sem-cmd-ltrans-until-2:

assumes j! < k and length tps = k and (0, tps) <.> j1 ¢ H
shows sem (emd-ltrans-until j1 j2 H f) (0, tps) =
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(0, tps[j1 = tps ! j1 |—| 1,42 := tps ! j2 |:=| (f (tps :.: j1)) |—| 1])
(proof )

definition tm-trans-until :: tapeidec = tapeidr = symbol set = (symbol = symbol) = machine where
tm-trans-until j1 j2 H f = [cmd-trans-until j1 j2 H f]

definition tm-ltrans-until :: tapeide = tapeidc = symbol set = (symbol = symbol) = machine where
tm-ltrans-until j1 j2 H f = [emd-ltrans-until j1 j2 H f]

lemma tm-trans-until-tm:
assumes 0 < j2 and jI < kand j2 < kand Vh<G. fh < Gand k > 2 and G > J
shows turing-machine k G (tm-trans-until j1 j2 H f)

{proof)

lemma tm-ltrans-until-tm:
assumes 0 < j2 and jI < kand j2 < kand Vh<G. fh < Gand k > 2 and G > J
shows turing-machine k G (tm-ltrans-until j1 j2 H f)
(proof)

lemma eze-tm-trans-until-1:
assumes jI < k and length tps = k and (0, tps) <.> jl € H
shows eze (tm-trans-until j1 j2 H f) (0, tps) = (1, tps)
(proof)

lemma ezxe-tm-ltrans-until-1:
assumes jI < k and length tps = k and (0, tps) <.> jl € H
shows eze (tm-ltrans-until j1 j2 H f) (0, tps) = (1, tps)
(proof)

lemma exe-tm-trans-until-2:
assumes jI < k and length tps = k and (0, tps) <.> jl ¢ H
shows eze (tm-trans-until j1 j2 H f) (0, tps) =
(0, tps[jl = tps ! j1 |+]| 1,32 = tps ! j2 |:=| (f (tps :.: j1)) |+]| 1])
(proof)

lemma exe-tm-ltrans-until-2:
assumes jI < k and length tps = k and (0, tps) <.> jl ¢ H
shows eze (tm-ltrans-until j1 j2 H f) (0, tps) =
(0, tps[j1 = tps ! j1 |—| 1, 32 = tps ! j2 |:=| (f (tps :: j1)) |—]| 1])
{proof)

Let tp; and tpy be two tapes with head positions 71 and io, respectively. The next function describes the
result of overwriting the symbols at positions is,...,i2 +n — 1 on tape tps by the symbols at positions
i1,...,41 +n — 1 on tape tp; after applying a symbol map f.
definition transplant :: tape = tape = (symbol = symbol)= nat = tape where
transplant tpl tp2 fn =
(Ni. if snd tp2 < i N i < snd tp2 + n then f (fst tpl (snd tpl + i — snd tp2)) else fst tp2 i,
snd tp2 + n)

The analogous function for moving to the left while copying:

definition ltransplant :: tape = tape = (symbol = symbol)= nat = tape where
ltransplant tpl tp2 fn =
(Ni. if snd tp2 — n < i AN i < snd tp2 then f (fst tpl (snd tpl + i — snd tp2)) else fst tp2 i,
snd tp2 — n)

lemma transplant-0: transplant tp1 tp2 f 0 = tp2
(proof)

lemma ltransplant-0: ltransplant tpl tp2 f 0 = tp2
(proof)

lemma transplant-upd: transplant tpl tp2 fn |:=| (f (|.| (tp? |+| n))) |+]| 1 = transplant tpl tp2 f (Suc n)
(proof)
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lemma ltransplant-upd:
assumes n < snd tp2
shows ltransplant tp1 tp2 fn |:=| (f (|.| (tp? |—| n))) |—| I = lransplant tp1 tp2 f (Suc n)
{proof)

lemma tapes-ltransplant-upd:
assumes t < tps :#: j2 and t < tps :#: j1 and jI < k and j2 < k and length tps = k
and tps’ = tps[jl = tps | j1 |—| t, j2 := ltransplant (tps ! j1) (tps ! j2) f ]
shows ips'[jI = tps’ ! j1 |—| 1, j2 := tps’ ! j2 |:=| (f (tps':.: j1)) || 1] =
tps[jl = tps ! j1 |—| Suc t, j2 := ltransplant (tps! j1) (tps ! j2) f (Suc t)]
(is ?lhs = ?rhs)
{proof)

lemma ezxecute-tm-trans-until-less:
assumes jI < k and j2 < k and length tps = k and rneigh (tps ! j1) Hnand t < n
shows ezecute (tm-trans-until j1 j2 H f) (0, tps) t =
(0, tpsljl = tps ! j1 |+| t, j2 := transplant (tps ! j1) (tps ! j2) ft])
(proof)

lemma execute-tm-ltrans-until-less:
assumes jI < k and j2 < k and length tps = k
and Ineigh (tps ! j1) Hn
and t < n
and n < tps :#: j1
and n < tps :#: j2
shows ezecute (tm-ltrans-until j1 j2 H f) (0, tps) t =
(0, tps[j1 = tps ! j1 |—| t, j2 := ltransplant (tps ! j1) (tps! j2) ft])
(proof)

lemma ezxecute-tm-trans-until:
assumes jI < k and j2 < k and length tps = k and rneigh (tps ! j1) Hn
shows ezecute (tm-trans-until j1 j2 H f) (0, tps) (Suc n) =
(1, tps[j1 = tps ! j1 |+| m, j2 := transplant (tps! j1) (tps! j2) fn])
(proof)

lemma ezxecute-tm-ltrans-until:
assumes j! < k and j2 < k and length tps = k
and Ineigh (tps! j1) Hn
and n < tps :#: j1
and n < tps :#: j2
shows ezecute (tm-ltrans-until j1 j2 H f) (0, tps) (Suc n) =
(1, tps[j1 = tps ! j1 |—| m, j2 := ltransplant (tps ! j1) (tps! j2) fn])
(proof)

lemma transits-tm-trans-until:
assumes jI < k and j2 < k and length tps = k and rneigh (itps ! j1) Hn
shows transits (tm-trans-until j1 j2 H f)
(0, tps)
(Suc n)
(1, tps[j1 = tps ! j1 |+| n, j2 := transplant (tps ! j1) (tps ! j2) fn])
(proof)

lemma transits-tm-ltrans-until:
assumes jI < k and j2 < k and length tps = k
and Ineigh (tps ! j1) Hn
and n < tps :#: j1
and n < tps :#: j2
shows transits (tm-ltrans-until j1 j2 H f)
(0, tps)
(Suc n)
(1, tps[j1 = tps ! j1 |—| n, j2 := ltransplant (tps ! j1) (tps ! j2) [ n])
(proof)
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lemma transforms-tm-trans-until:
assumes jI < k and j2 < k and length tps = k and rneigh (ips ! j1) Hn
shows transforms (tm-trans-until j1 j2 H f)
tps
(Suc n)
(tps[jl = tps ! j1 |+| n, j2 := transplant (tps ! j1) (tps ! j2) f n])
(proof)

lemma transforms-tm-ltrans-until:
assumes j! < k and j2 < k and length tps = k
and Ineigh (tps ! j1) Hn
and n < tps :#: j1
and n < tps :#: j2
shows transforms (tm-ltrans-until j1 j2 H f)
tps
(Suc n)
(tps[jl = tps ! j1 |—| n, j2 := ltransplant (tps! j1) (tps ! j2) fn])
(proof)

corollary transforms-tm-trans-untill [transforms-intros]:
assumes jI < k and j2 < k and length tps = k
and rneigh (tps! j1) Hn
and t = Suc n
and tps’ = tps[jl = tps ! jI |+| n, j2 := transplant (tps ! j1) (tps ! j2) f n]
shows transforms (tm-trans-until j1 j2 H f) tps t tps’
(proof)

corollary transforms-tm-ltrans-untill [transforms-intros):
assumes j! < k and j2 < k and length tps = k
and Ineigh (tps ! j1) Hn
and n < tps #: jl
and n < tps :#: j2
and t = Suc n
and tps’ = tps[j1 := tps ! j1 |—| n, j2 := ltransplant (tps ! j1) (tps ! j2) fn]
shows transforms (tm-ltrans-until j1 j2 H f) tps t tps’
(proof)

Copying one tape to another

If we set the symbol map f in tm-trans-until to the identity function, we get a Turing machine that
simply makes a copy.

definition tm-cp-until :: tapeidr = tapeids = symbol set = machine where
tm-cp-until j1 72 H = tm-trans-until j1 j2 H id

lemma id-symbol: ¥V h<G. (id :: symbol = symbol) h < G
(proof)

lemma tm-cp-until-tm:
assumes 0 < j2 and jI < kand j2 < kand G > J
shows turing-machine k G (tm-cp-until j1 j2 H)
(proof)

abbreviation implant :: tape = tape = nat = tape where
implant tp1 tp2 n = transplant tpl tp2 id n

lemma implant: implant tpl tp2 n =
(Ni. if snd tp2 < i N i < snd tp2 + n then fst tpl (snd tpl + i — snd tp2) else fst tp2 i,
snd tp2 + n)
(proof)

lemma implantl:
assumes tp’ =
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(Ni. if snd tp2 < i N i < snd tp2 + n then fst tpl (snd tpl + i — snd tp2) else fst tp2 i,
snd tp2 + n)

shows implant tpl tp2 n = tp’

(proof)

lemma fst-snd-pair: fst t = a = sndt = b = t = (a, b)
(proof)

lemma implant]
assumes fst tp’ =
(Ni. if snd tp2 < i N i < snd tp2 + n then fst tpl (snd tpl + i — snd tp2) else fst tp2 1)
and snd tp’ = snd tp2 + n
shows implant tpl tp2 n = tp’
(proof)

lemma implantl’"
assumes Ai. snd tp2 < i A i < snd tp2 + n = fst tp’ i = fst tpl (snd tpl + i — snd tp2)
and A\i. i < snd tp2 = fst tp’ i = fst tp2 i
and A\i. snd tp2 + n < i = fsttp’' i = fst tp2 i
assumes snd tp’ = snd tp2 + n
shows implant tpl tp2 n = tp’
(proof)

lemma implantl'"":
assumes N\i. 12 < i A< i2+n= ysi=ysl (il +1i— i2)
and \i. i < i2 = ys i = ys21
and A\i. i2 + n<i= ysi=ys21i
assumes ¢ = 2 + n
shows implant (ys1, i1) (ys2, i2) n = (ys, 7)
(proof)

lemma implant-self: implant tp tp n = tp |+| n
(proof)

lemma transforms-tm-cp-untill [transforms-intros]:
assumes j! < k and j2 < k and length tps = k
and rneigh (tps! jl1) Hn
and t = Suc n
and tps’ = tps[j1 := tps ! j1 |+| n, j2 = implant (tps ! j1) (tps! j2) n]
shows transforms (tm-cp-until j1 j2 H) tps t tps’
(proof)

lemma implant-contents:
assumes i > 0 and n + (i — 1) < length zs
shows implant (|zs], ©) (|ys|, Suc (length ys)) n =
(lys @ (take n (drop (i — 1) xs))], Suc (length ys) + n)
(is ?lhs = ?rhs)

(proof )

Moving to the next specific symbol

Copying a tape to itself means just moving to the right.
definition tm-right-until :: tapeide = symbol set = machine where
tm-right-until j H = tm-cp-until j j H
Copying a tape to itself does not change the tape. So this is a Turing machine even for the input tape

7 = 0, unlike tm-cp-until where the target tape cannot, in general, be the input tape.

lemma tm-right-until-tm:
assumes j < kand k> 2 and G > 4
shows turing-machine k G (tm-right-until j H)
(proof)

lemma transforms-tm-right-untill [transforms-intros|:
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assumes j < length tps

and rneigh (tps! j) Hn

and t = Suc n

and tps' = (tps[j := tps ! j |+]| n])
shows transforms (tm-right-until j H) tps t tps’
(proof)

Translating to a constant symbol

Another way to specialize tm-trans-until and tm-ltrans-until is to have a constant function f.

definition tm-const-until :: tapeide = tapeide = symbol set = symbol = machine where
tm-const-until j1 j2 H h = tm-trans-until j1 j2 H (A-. h)

lemma tm-const-until-tm:
assumes 0 < j2 and jI < kand j2 < kand h < Gand k > 2 and G > /
shows turing-machine k G (tm-const-until j1 72 H h)
(proof)

Continuing with our fantasy names ending in -plant, we name the operation constplant.

abbreviation constplant :: tape = symbol = nat = tape where
constplant tp2 h n = transplant (A-. 0, 0) tp2 (A-. h) n

lemma constplant-transplant: constplant tp2 h n = transplant tp1 tp2 (A-. h) n
(proof)

lemma constplant: constplant tp2 h n =
(Ai. if snd tp2 < i A i < snd tp2 + n then h else fst tp2 i,
snd tp2 + n)
(proof)

lemma transforms-tm-const-untill [transforms-intros]:
assumes jI < k and j2 < k and length tps = k
and rneigh (tps! j1) Hn
and t = Suc n
and tps’ = tps[jl = tps ! j1 |+| n, j2 := constplant (tps ! j2) h n]
shows transforms (tm-const-until j1 j2 H h) tps t tps’
(proof)

definition tm-lconst-until :: tapeide = tapeidr = symbol set = symbol = machine where
tm-lconst-until j1 j2 H h = tm-ltrans-until j1 j2 H (A-. h)

lemma tm-lconst-until-tm:
assumes 0 < j2 and jI < kand j2 < kand h < Gand k> 2 and G > 4
shows turing-machine k G (tm-lconst-until j1 j2 H h)

{proof)

abbreviation lconstplant :: tape = symbol = nat = tape where
leonstplant tp2 h n = ltransplant (A-. 0, 0) tp2 (A-. h) n

lemma lconstplant-ltransplant: lconstplant tp2 h n = ltransplant tpl tp2 (A-. h) n
(proof)

lemma lconstplant: lconstplant tp2 h n =
(M. if snd tp2 — n < i A i < snd tp2 then h else fst tp2 1,
snd tp2 — n)
(proof)

lemma transforms-tm-lconst-untill [transforms-intros]:
assumes 0 < j2 and jI < k and j2 < k and length tps = k
and Ineigh (tps ! j1) Hn
and n < tps :#: j1
and n < tps :#: j2
and t = Suc n
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and tps’ = tps[jl = tps ! j1 |—| n, j2 := Ilconstplant (tps ! j2) h n]
shows transforms (tm-lconst-until j1 j2 H h) tps t tps’
(proof)

2.4.4 Writing single symbols

The next command writes a fixed symbol h to tape j. It does not move a tape head.

definition cmd-write :: tapeide = symbol = command where
cmd-write j h rs = (1, map (Ai. (if ¢ = j then h else rs | i, Stay)) [0..<length rs])

lemma sem-cmd-write: sem (cmd-write j h) (0, tps) = (1, tps[j := tps ! j |:=| h])
{proof)

definition tm-write :: tapeide = symbol = machine where
tm-write j h = [cmd-write j h)

lemma tm-write-tm:
assumes 0 < jand j < kand h < G and G > /
shows turing-machine k G (tm-write j h)
(proof)

lemma transforms-tm-writel [transforms-intros):
assumes tps’ = tps[j := tps | j |:==| h]
shows transforms (tm-write j h) tps 1 tps’
(proof)

The next command writes the symbol to tape jo that results from applying a function f to the symbol
read from tape j;. It does not move any tape heads.

definition cmd-trans?2 :: tapeidz = tapeidz = (symbol = symbol) = command where
cmd-trans2 j1 j2 frs = (1, map (Ni. (if ¢ = j2 then f (rs ! j1) else rs ! i, Stay)) [0..<length rs])

lemma sem-cmd-trans2:
assumes jI < length tps
shows sem (cmd-trans2 j1 j2 f) (0, tps) = (1, tps[j2 := tps ! j2 |:=| (f (tps :.: 51))])
(proof)

definition tm-trans2 :: tapeidz = tapeidz = (symbol = symbol) = machine where
tm-trans2 j1 j2 f = [emd-trans2 j1 j2 f]

lemma tm-trans2-tm:
assumes j! < kand 0 < j2and j2 < kandVh< G. fh < Gand k> 2 and G > 4
shows turing-machine k G (tm-trans2 j1 j2 f)
(proof )

lemma eze-tm-trans2:
assumes jI < length tps
shows eze (tm-trans2 j1 j2 f) (0, tps) = (1, tps[j2 = tps ! j2 |:=| (f (tps :.: j1))])
(proof)

lemma execute-tm-trans2:
assumes jI < length tps
shows ezecute (tm-trans2 j1 j2 f) (0, tps) 1 = (1, tps[j2 := tps ! j2 |:=| (f (¢ps :.: j1))])
(proof)

lemma transits-tm-trans2:
assumes jI < length tps
shows transits (tm-trans2 j1 j2 f) (0, tps) 1 (1, tps[j2 := tps ! j2 |:==| (f (tps :.: j1))])
(proof)

lemma transforms-tm-trans2:
assumes jI < length tps
shows transforms (tm-trans2 j1 j2 f) tps 1 (tps[j2 := tps ! j2 |:==| (f (tps :.: j1))])
(proof)
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lemma transforms-tm-trans2l [transforms-intros|:

assumes jI < length tps and tps' = tps[j2 = tps ! j2 |:=| (f (tps :.: §1))]
shows transforms (tm-trans2 j1 j2 f) tps 1 tps’
(proof)

Equating the two tapes in tm-trans2, we can map a symbol in-place.

definition tm-trans :: tapeide = (symbol = symbol) = machine where
tm-trans j f = tm-trans2j j f

lemma tm-trans-tm:
assumes (0 < jand j< kand VA < G. fh < G and G > 4
shows turing-machine k G (tm-trans j f)
(proof)

lemma transforms-tm-transl [transforms-intros]:
assumes j < length tps and tps’ = tps[j := tps | j |:=| (f (tps :.: j))]
shows transforms (tm-trans j f) tps 1 tps’

{proof)

The next command is like the previous one, except it also moves the tape head to the right.

definition cmd-rtrans :: tapeidz = (symbol = symbol) = command where
cmd-rtrans j f rs = (1, map (A\i. (if ¢ = j then f (rs ! i) else rs | 4, if i = j then Right else Stay)) [0..<length
rs])

lemma sem-cmd-rtrans:
assumes j < length tps
shows sem (cmd-rtrans j f) (0, tps) = (1, tps[j := tps ! j |:==| (f (tps :.: §)) |+| 1])
(proof)

definition tm-rtrans :: tapeide = (symbol = symbol) = machine where
tm-rtrans j f = [emd-rtrans j f]

lemma tm-rtrans-tm:
assumes 0 < jand j < kand VA<G. fh < Gand k> 2 and G > 4
shows turing-machine k G (tm-rtrans j f)
(proof)

lemma eze-tm-rtrans:
assumes j < length tps
shows exe (tm-rtrans j f) (0, tps) = (1, tps[j := tps ! j |:=| (f (tps :: j)) |+] 1])
(proof )

lemma ezxecute-tm-rtrans:
assumes j < length tps
shows ezecute (tm-rtrans j f) (0, tps) 1 = (1, tps[j := tps ! j |:==| (f (tps :.: §)) |+ 1])
(proof)

lemma transits-tm-rtrans:
assumes j < length tps
shows transits (tm-rtrans j f) (0, tps) 1 (1, tps[j:= tps ! j |:=| (f (tps :.: 7)) |+] 1])
(proof)

lemma transforms-tm-rtrans:
assumes j < length tps
shows transforms (tm-rtrans j f) tps 1 (tps[j := tps ! j |:=| (f (tps :.: §)) |+| 1])
(proof)

lemma transforms-tm-rtransl [transforms-intros]:
assumes j < length tps and tps’ = tps[j := tps ! § |:=| (f (tps :.: j)) |+] 1]
shows transforms (tm-rtrans j f) tps 1 tps’
{proof)

The next command writes a fixed symbol h to all tapes in the set J.
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definition cmd-write-many :: tapeidz set = symbol = command where
cmd-write-many J h rs = (1, map (Ai. (if © € J then h else rs | i, Stay)) [0..<length rs])

lemma proper-cmd-write-many: proper-command k (cmd-write-many J h)
(proof)

lemma sem-cmd-write-many:
shows sem (cmd-write-many J h) (0, tps) =
(1, map (N\j. if j € J then tps ! j |:==| h else tps ! j) [0..<length tps])
(proof)

definition tm-write-many :: tapeidr set = symbol = machine where
tm-write-many J h = [cmd-write-many J h)

lemma tm-write-many-tm:
assumes 0 ¢ Jand VjeJ. j< kand h < Gand k> 2 and G >
shows turing-machine k G (tm-write-many J h)

{proof)

lemma eze-tm-write-many: exe (tm-write-many J h) (0, tps) =
(1, map (N\j. if j € J then tps ! j |:==| h else tps ! j) [0..<length tps])
(proof)

lemma ezecute-tm-write-many: execute (tm-write-many J h) (0, tps) 1 =
(1, map (N\j. if j € J then tps ! j |:==| h else tps ! j) [0..<length tps])
{proof)

lemma transforms-tm-write-many:
transforms (tm-write-many J h) tps 1 (map (Aj. if j € J then tps ! j |:=| h else tps | §) [0..<length tps])
(proof)

lemma transforms-tm-write-manyl [transforms-intros]:
assumes VjcJ. j < k
and length tps = k
and length tps’ = k
and \j.jeJ = tps' ' j=tps!j|=|h
and \j.j<k=j¢J = tps'!j=tps!j
shows transforms (tm-write-many J h) tps 1 tps’

(proof )

2.4.5 Writing a symbol multiple times

In this section we devise a Turing machine that writes the symbol sequence A" with a hard-coded symbol
h and number m to a tape. The resulting tape is defined by the next operation:

definition overwrite :: tape = symbol = nat = tape where
overwrite tp h m = (Ai. if snd tp < i A i < snd tp + m then h else fst tp i, snd tp + m)

lemma overwrite-0: overwrite tp h 0 = tp

(proof)

lemma overwrite-upd: (overwrite tp h t) |:=| h |+| 1 = overwrite tp h (Suc t)
{proof)

lemma overwrite-upd':
assumes j < length tps and tps’ = tps[j := overwrite (tps ! j) h t
shows (tps[j := overwrite (tps ! j) h t])[j := tps' ! j |:'=| h |+| 1] =
tps[j := overwrite (tps ! j) h (Suc t)]
(proof)

The next command writes the symbol /h to the tape j and moves the tape head to the right.

definition cmd-char :: tapeide = symbol = command where
cmd-char j z = cmd-rtrans j (A-. z)
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lemma turing-command-char:
assumes 0 < jand j < kand h < G
shows turing-command k 1 G (¢cmd-char j h)

{proof)

definition ¢tm-char :: tapeide = symbol = machine where
tm-char j z = [emd-char j 2]

lemma tm-char-tm:
assumes 0 < jand j < kand G > 4 and z < G
shows turing-machine k G (tm-char j z)

{proof)

lemma transforms-tm-charl [transforms-intros]:

assumes j < length tps and tps’ = tps[j := tps ! j |:=| 2z |+] 1]
shows transforms (tm-char j 2) tps 1 tps’
(proof)

lemma sem-cmd-char:
assumes j < length tps
shows sem (cmd-char j h) (0, tps) = (1, tps[j := tps ! j |:=| h |+]| 1])
(proof)

The next TM is a sequence of m cmd-char commands properly relocated. It writes a sequence of m times
the symbol A to tape j.

definition tm-write-repeat :: tapeidz = symbol = nat = machine where
tm-write-repeat j h m = map (Ai. relocate-cmd i (cmd-char j h)) [0..<m)]

lemma tm-write-repeat-tm:
assumes 0 < jand j < kand h < Gand k£ > 2 and G >
shows turing-machine k G (tm-write-repeat j h m)

(proof)

Y
N

lemma exe-tm-write-repeat:
assumes j < length tps and ¢ < m
shows eze (tm-write-repeat j h m) (g, tps) = (Suc gq, tps[j := tps ! j |:=| h |+| 1])
(proof)

lemma execute-tm-write-repeat:
assumes j < length tps and t < m
shows ezecute (tm-write-repeat j h m) (0, tps) t = (t, tps[j := overwrite (tps ! j) h t])
{proof)

lemma transforms-tm-write-repeatl [transforms-intros|:
assumes j < length tps and tps’ = tps[j := overwrite (tps ! j) h m]
shows transforms (tm-write-repeat j h m) tps m tps’
(proof)

2.4.6 Moving to the start of the tape

The next command moves the head on tape j to the left until it reaches a symbol from the set H:

definition cmd-left-until :: symbol set = tapeide = command where
cmd-left-until H j rs =
ifrslje H
then (1, map (Ar. (r, Stay)) rs)
else (0, map (Xi. (rs ! i, if i = j then Left else Stay)) [0..<length rs])

lemma sem-cmd-left-until-1:
assumes j < k and length tps = k and (0, tps) <.> j € H
shows sem (cmd-left-until H j) (0, tps) = (1, tps)
(proof)

lemma sem-cmd-left-until-2:
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assumes j < k and length tps = k and (0, tps) <.> j ¢ H
shows sem (cmd-left-until H j) (0, tps) = (0, tps[j := tps ! j |—| 1])
(proof)

definition tm-left-until :: symbol set = tapeidz = machine where
tm-left-until H j = [cemd-left-until H j]

lemma tm-left-until-tm:
assumes k > 2 and G > 4
shows turing-machine k G (tm-left-until H j)

{proof)

A begin tape for a set of symbols has one of these symbols only in cell zero. It generalizes the concept of
clean tapes, where the set of symbols is {>}.

definition begin-tape :: symbol set = tape = bool where
begin-tape H tp =Vi. fsttpi € H+— i =0

lemma begin-tapel:
assumes fsttp 0 € Hand A\i. i > 0 = fstipi ¢ H
shows begin-tape H tp
(proof)

lemma ezxe-tm-left-until-1:
assumes j < length tps and (0, tps) <.> j € H
shows eze (tm-left-until H 7) (0, tps) = (1, tps)
(proof)

lemma exe-tm-left-until-2:
assumes j < length tps and (0, tps) <.> j ¢ H
shows eze (tm-left-until H j) (0, tps) = (0, tp
(proof)

slj = tps 1 j [=] 1])

We do not show the semantics of tm-left-until for the general case, but only for when applied to begin
tapes.

lemma execute-tm-left-until-less:
assumes j < length tps and begin-tape H (tps ! j) and t < tps :#: j
shows ezecute (tm-left-until H j) (0, tps) t = (0, tps[j := tps ! j || t])
(proof)

lemma execute-tm-left-until:
assumes j < length tps and begin-tape H (tps! j)
shows ezecute (tm-left-until H j) (0, tps) (Suc (tps :#: 7)) = (1, tps[j := tps ! j |#=| 0])
(proof)

lemma transits-tm-left-until:
assumes j < length tps and begin-tape H (tps! j)
shows transits (tm-left-until H 7) (0, tps) (Suc (tps :#: 7)) (1, tps[j := tps ! j |#=| 0])
(proof)

lemma transforms-tm-left-until:
assumes j < length tps and begin-tape H (tps ! j)
shows transforms (tm-left-until H j) tps (Suc (tps :#: 7)) (tps[j := tps | j |#=] 0])
(proof)

The most common case is H = {>}, which means the Turing machine moves the tape head left to the
closest start symbol. On clean tapes it moves the tape head to the leftmost cell of the tape.

definition tm-start :: tapeidz = machine where
tm-start = tm-left-until {1}

lemma tm-start-tm:
assumes k > 2 and G > 4
shows turing-machine k G (tm-start j)

{proof)
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lemma transforms-tm-start:
assumes j < length tps and clean-tape (tps! j)
shows transforms (tm-start j) tps (Suc (tps :#: j)) (tps[j = tps | j |#=| 0])
(proof)

lemma transforms-tm-startl [transforms-intros):
assumes j < length tps and clean-tape (tps! j)
and t = Suc (tps #: j)
and tps’ = tps[j := tps ! j |#=| 0]
shows transforms (tm-start j) tps t tps’
(proof)

The next Turing machine is the first instance in which we use the ;; operator with concrete Turing
machines. It is also the first time we use the proof method tform for transforms. The TM performs a
“carriage return” on a clean tape, that is, it moves to the first non-start symbol.

definition ¢tm-cr :: tapeide = machine where
tm-cr j = tm-start j ;; tm-right j

lemma tm-cr-tm: k > 2 = G > 4 = turing-machine k G (tm-cr j)
{proof)

lemma transforms-tm-crl [transforms-intros):
assumes j < length tps
and clean-tape (tps! j)
and t = tps :#: j + 2
and tps' = tps[j := tps ! j |#=| 1]
shows transforms (tm-cr j) tps t tps’
(proof)

2.4.7 FErasing a tape

The next Turing machine overwrites all but the start symbol with blanks. It first performs a carriage
return and then writes blanks until it reaches a blank. This only works as intended if there are no gaps,
that is, blanks between non-blank symbols.

definition tm-erase :: tapeidr = machine where
tm-erase j = tm-cr j ;; tm-const-until j 7 {O} O

lemma tm-erase-tm: G > 4 = 0 < j = j < k = turing-machine k G (tm-erase j)
{proof)

lemma transforms-tm-erasel [transforms-intros|:

assumes j < length tps

and proper-symbols zs

and ips 1 j = |zs]

and t = tps :#: j + length zs + 3

and tps’ = tps[j := ([[]], Suc (length zs))]
shows transforms (tm-erase j) tps t tps’
(proof)

The next TM returns to the leftmost blank symbol after erasing the tape.

definition tm-erase-cr :: tapeide = machine where
tm-erase-cr j = tm-erase j ;; tm-cr j

lemma tm-erase-cr-tm:
assumes G > 4 and 0 < jand j < k
shows turing-machine k G (tm-erase-cr j)
(proof)

lemma transforms-tm-erase-crl [transforms-intros]:

assumes j < length tps
and proper-symbols zs

46



and tps 1 j = | 28]
and t = tps :#: j + 2 x length zs + 6
and tps’ = tps[j := ([[]], 1)]

shows transforms (tm-erase-cr j) tps t tps’

{proof)

2.4.8 Writing a symbol sequence

The Turing machine in this section writes a hard-coded symbol sequence to a tape. It is like tm-write-repeat
except with an arbitrary symbol sequence.

fun tm-print :: tapeide = symbol list = machine where
tmeprint j [| = [ |
tm-print j (z # zs) = tm-char j z ;; tm-print j zs

lemma tm-print-tm:
assumes 0 < jand j < kand G > 4 and Vi<length zs. zs ! i < G
shows turing-machine k G (tm-print j zs)

(proof)
The result of writing the symbols zs to a tape tp:

definition inscribe :: tape = symbol list = tape where
inscribe tp zs =
(Ni. if snd tp < i A i < snd tp + length zs then zs | (i — snd tp) else fst tp i,
snd tp + length zs)

lemma inscribe-Nil: inscribe tp [| = tp

(proof)

lemma inscribe-Cons: inscribe ((fst tp)(snd tp := z), Suc (snd tp)) zs = inscribe tp (z # zs)
(proof)

lemma inscribe-contents: inscribe (|ys|, Suc (length ys)) zs = (|ys Q zs|, Suc (length ys + length zs))
(is ?lhs = ?rhs)
(proof)

lemma inscribe-contents-Nil: inscribe ([[]], Suc 0) zs = (|zs], Suc (length zs))
(proof)

lemma transforms-tm-print:
assumes j < length tps
shows transforms (tm-print j zs) tps (length zs) (tps[j := inscribe (tps ! j) zs])
{proof)

lemma transforms-tm-printl [transforms-intros:
assumes j < length tps and tps’ = (tps[j := inscribe (tps! j) zs])
shows transforms (tm-print j zs) tps (length zs) tps’
(proof)

2.4.9 Setting the tape contents to a symbol sequence

The following Turing machine erases the tape, then prints a hard-coded symbol sequence, and then
performs a carriage return. It thus sets the tape contents to the symbol sequence.

definition tm-set :: tapeide = symbol list = machine where
tm-set j zs = tm-erase-cr j ;; tm-print j zs ;; tm-cr j

lemma tm-set-tm:
assumes 0 < jand j < kand G > 4/ and Vi<length zs. zs ! i < G
shows turing-machine k G (tm-set j zs)

{proof)

lemma transforms-tm-setl [transforms-intros]:
assumes j < length tps
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and clean-tape (tps ! j)
and proper-symbols ys
and proper-symbols zs
and tps 1 j = |ys]
and t = 8 + tps :#: j + 2 x length ys + Suc (2 * length zs)
and tps’ = tps[j := (|zs], 1)]
shows transforms (tm-set j zs) tps t tps’

{proof)

2.4.10 Comparing two tapes

The next Turing machine compares the contents of two tapes j; and jo and writes to tape j3 either a 1
or a [J depending on whether the tapes are equal or not. The next command does all the work. It scans
both tapes left to right and halts if it encounters a blank on both tapes, which means the tapes are equal,
or two different symbols, which means the tapes are unequal. It only works for contents without blanks.

definition cmd-cmp :: tapeidz = tapeidrz = tapeidz = command where
cmd-cmp j1 j2 j8 rs =
ifrs 1 j1 # rs!j2
then (1, map (Ai. (if i = j3 then O else rs | i, Stay)) [0..<length rs])
elseifrs!' j1 =0V rs!j2 =0
then (1, map (Ai. (if i = j3 then 1 else rs ! i, Stay)) [0..<length rs])
else (0, map (Xi. (rs i, if i = j1 V i = j2 then Right else Stay)) [0..<length rs])

lemma sem-cmd-cmp1:
assumes length tps = k
and jI < kand j2 < k and j8 < k
and tps :.: j1 # tps :.: j2
shows sem (cmd-cmp j1 j2 43) (0, tps) = (1, tps[j8 = tps! j8 |:=| O])
(proof)

lemma sem-cmd-cmp2:
assumes length tps = k
and jI < kand j2 < kand j3 < k
and tps :.: j1 = tps:.: j2 and tps:.: j1 =0V tps:: j2 =0
shows sem (cmd-cmp j1 j2 33) (0, tps) = (1, tps[j3 := tps! 33 |:=| 1])
(proof)

lemma sem-cmd-cmp3:
assumes length tps = k
and j2 # j8 and jI # j8 and jlI < k and j2 < k and j3 < k
and tps :.: j1 = tps :.: j2 and tps i j1 # O A tps .0 j2 # O
shows sem (ecmd-cmp j1 j2 33) (0, tps) = (0, tps[jl := tps ! j1 |+]| 1, j2 := tps ! j2 |+]| 1])
(proof)

definition tm-cmp :: tapeide = tapeidz = tapeidc = machine where
tm-cmp j1 j2 j8 = [emd-cmp j1 j2 j3)

lemma tm-cmp-tm:
assumes k£ > 2 and j3 > 0 and G > J
shows turing-machine k G (tm-cmp j1 j2 j3)
(proof)

lemma exe-cmd-cmpl:
assumes length tps = k
and jI < kand j2 < kand j3 < k
and tps :.: j1 # tps .0 j2
shows eze (tm-cmp j1 j2 33) (0, tps) = (1, tps[j3 := tps ! 33 |:=| O])
(proof)

lemma exe-cmd-cmp?2:
assumes length tps = k
and jI < kand j2 < k and j3 < k
and tps :.: j1 = tps :.: j2 and tps :.: j1 =0V tps :.: j2 = 0O
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shows eze (tm-cmp j1 j2 33) (0, tps) = (1, tps[j3 := tps ! j3 |:=| 1])
(proof)

lemma ezxe-cmd-cmp3:
assumes length tps = k
and j2 # j3 and jI # j3 and jI < k and j2 < k and j3 < k
and tps :.: j1 = tps ;.. j2 and tps ;.. j1 # O A tps :.: j2 # 0O
shows eze (tm-cmp j1 j2 j3) (0, tps) = (0, tps[jl := tps ! j1 |+| 1, j2 := tps ! j2 |+]| 1])
(proof)

lemma execute-tm-cmp-eq:
fixes tps :: tape list
assumes length tps = k
and j2 # j8 and jI # j8 and jI < k and j2 < k and j3 < k
and proper-symbols s
and tps! j1 = (|zs], 1)
and tps! j2 = (|zs], 1)
shows ezecute (tm-cmp j1 j2 j3) (0, tps) (Suc (length zs)) =
(1, tps[j1 = tps ! j1 |+| length zs, j2 := tps ! j2 |+| length zs, j8 := tps ! j3 |:=| 1])
(proof)

lemma ex-contents-neq:
assumes proper-symbols xs and proper-symbols ys and xs # ys
shows I3m. m < Suc (min (length zs) (length ys)) A |zs| m # |ys] m
(proof)

lemma execute-tm-cmp-neq:
fixes tps :: tape list
assumes length tps = k
and jI # j2 and j2 # j3 and jI # j3 and jI < k and j2 < k and j3 < k
and proper-symbols xs
and proper-symbols ys
and zs # ys
and tps! j1 = (|zs], 1)
and tps ! j2 = (|ys], 1)
and m = (LEAST m. m < Suc (min (length zs) (length ys)) A |zs] m # |ys| m)
shows ezecute (tm-cmp j1 j2 j3) (0, tps) m =
(1, tps[j1 = tps ! j1 |+| (m — 1), 72 :=tps ! 32 |[+| (m — 1), j3 := tps ! j3 |:=| O)])
(proof )

lemma transforms-tm-cmpl [transforms-intros):
fixes tps :: tape list
assumes length tps = k
and j! # j2 and j2 # j3 and jI # j% and jI < k and j2 < k and j3 < k
and proper-symbols zs
and proper-symbols ys
and tps ! jI = (|zs], 1)
and tps ! j2 = (|ys], 1)
and t = Suc (min (length zs) (length ys))
and b = (if s = ys then 1 else O)
and m =
(if zs = ys
then Suc (length zs)
else (LEAST m. m < Suc (min (length zs) (length ys)) A |zs] m # |ys| m))
and tps’ = tps[jl = (|=s], m), j2 := (lys], m), j& = tps ! j3 |:=| b]
shows transforms (tm-cmp j1 j2 j3) tps t tps’
(proof)

The next Turing machine extends tm-cmp by a carriage return on tapes j; and jo, ensuring that the next
command finds the tape heads in a well-specified position. This makes the TM easier to reuse.

definition tm-equals :: tapeide = tapeidr = tapeidr = machine where
tm-equals j1 j2 j8 = tm-cmp j1 j2 j3 ;; tm-cr j1 ;; tm-cr j2
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lemma tm-equals-tm:
assumes k£ > 2 and j3 > 0 and G > J
shows turing-machine k G (tm-equals j1 j2 j3)
(proof)

We analyze the behavior of tm-equals inside a locale. This is how we will typically proceed for Turing
machines that are composed of more than two TMs. The locale is parameterized by the TM’s parameters,
which in the present case means the three tape indices ji, jo, and j3. Inside the locale the TM is
decomposed such that proofs of transforms only involve two TMs combined by one of the three control
structures (sequence, branch, loop). In the current example we have three TMs named tm1, tm2, tms3,
where tm& is just tm-equals. Furthermore there will be lemmas tm1, tm2, tm3 describing, in terms of
transforms, the behavior of the respective TMs. For this we define three tape lists tpsi, tps2, tps3.

This naming scheme creates many name clashes for things that only have a single use. That is the reason
for the encapsulation in a locale.

Afterwards this locale is interpreted, just once in lemma transforms-tm-equalsl, to prove the semantics
and running time of tm-equals.

locale turing-machine-equals =
fixes j1 j2 j8 :: tapeidx
begin

definition tm!1 = tm-cmp j1 j2 j3
definition tm2 = tm1 ;; tm-cr j1
definition tm& = tm2 ;; tm-cr j2

lemma tm3-eq-tm-equals: tm3 = tm-equals j1 j2 j3
(proof)

context
fixes tps0 :: tape list and k t b :: nat and zs ys :: symbol list
assumes jk [simp]: length tps0 = k j1 # j2j2 # j3j1 # j3j1 < kj2 < kj3 <k
and proper: proper-symbols zs proper-symbols ys
and ¢: t = Suc (min (length zs) (length ys))
and b: b = (if zs = ys then 3 else 0)
assumes tps0:
tps0 ! j1 = (|zs], 1)
tps0 ! j2 = (Lys], 1)
begin

definition m =

(if zs = ys
then Suc (length zs)
else (LEAST m. m < Suc (min (length zs) (length ys)) A |zs] m # |ys| m))

lemma m-gr-0: m > 0

(proof)

lemma m-le-t: m < ¢t

(proof)
definition tps! = tps0[j1 := (lzs], m), j2 := (lys], m), j3 = tps0 ! j8 |:=| b]

lemma tm1 [transforms-intros|: transforms tm1 tps0 ¢ tpsl
{proof)

definition tps2 = tps0[jl = (|zs], 1), j2 = (lys], m), j& = tps0 ! j& |:=| b]

lemma tm2:
assumes ttt =t + m + 2
shows transforms tm2 tps0 ttt tps2

{proof)
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lemma tm2’ [transforms-intros|: transforms tm2 tps0 (2 = t + 2) tps2
(proof)

definition tps3 = tps0[jl = (|zs], 1), j2 = (lys], 1), j3 := tpsO ! j3 |:=| b]

lemma tm3:
assumes tit = 2 x t + m + 4
shows transforms tm3 tps0 tit tps3

(proof)
definition tps3’ = tps0[j3 := tps0 ! j3 |:=| b]

lemma tm3": transforms tm3 tps0 (8 * min (length xs) (length ys) + 7) tps3’
(proof)

end
end

lemma transforms-tm-equalsl [transforms-intros]:
fixes j1 j2 j3 :: tapeidz
fixes tps tps’ :: tape list and k :: nat and zs ys :: symbol list and b :: symbol
assumes length tps = k j1 # j2 72 # j8j1 #j3j1 < kj2 < kj8 < k
and proper-symbols xs proper-symbols ys
and b = (if s = ys then 1 else 0)
assumes
tps | j1 = (|zs], 1)
tps 132 = (lys), 1)
assumes ttt = 8 x min (length zs) (length ys) + 7
assumes tps’ = tps
[j8 = tps ! j3 |:=]| ¥]
shows transforms (tm-equals j1 j2 j3) tps ttt tps’
(proof)

2.4.11 Computing the identity function

In order to compute the identity function, a Turing machine can just copy the input tape to the output
tape:

definition tm-id :: machine where
tm-id = tm-cp-until 0 1 {O}

lemma tm-id-tm:
assumes | < kand G > 4
shows turing-machine k G tm-id

(proof)

lemma transforms-tm-idl:
fixes zs :: symbol list and k :: nat and tps :: tape list
assumes 1 < k
and proper-symbols zs
and tps = snd (start-config k zs)
and tps’ = tps[0 := (| 2s], (Suc (length 25))), 1 = (|zs], (Suc (length zs)))]
shows transforms tm-id tps (Suc (Suc (length zs))) tps’
(proof)

The identity function is computable with a time bound of n + 2.

lemma computes-id: computes-in-time 2 tm-id id (An. Suc (Suc n))
(proof)

end

51



2.5 Memorizing in states

theory Memorizing
imports Elementary
begin

Some Turing machines are best described by allowing them to memorize values in their states. For
example, a TM that adds two binary numbers could memorize the carry bit in states. In the textbook
definition of TMs, with arbitrary state space, this can be represented by a state space of the form
Q@ x {0,1}, where 0 and 1 represent the memorized values. In our simplified definition of TMs, where the
state space is an interval of natural numbers, this does not work. However, there is a workaround. Since
we can have arbitrarily many tapes, we can make the TM store this value on an additional tape. Such
a memorization tape could be used to write/read a symbol representing the memorized value. The tape
head would never move on such a tape. The behavior of the TM can then depend on the memorized
value.

By adding several such tapes we can even have more than one value stored simultaneously as well.
However, this method increases the number of tapes, and one part of the proof of the Cook-Levin theorem
is showing that every TM can be simulated on a two-tape TM (see Chapter 5.3). How to remove such
memorization tapes again without changing the behavior of the TM is the subject of this section.

The straightforward idea is to multiply the states by the number of possible values. So if the original TM
has @ non-halting states and memorizes G different values, the new TM has @ - G non-halting states. It
would be natural to map a pair (g, g) of state and memorized value to ¢- G + g or to g - Q + ¢q. However,
there is a small technical problem.

The memorization tape is initialized, like all tapes in a start configuration, with the head on the leftmost
cell, which contains the start symbol. Thus the initially memorized value is the number 1 representing .
The new TM must start in the start state, which we have fixed at 0. Thus the state-value pair (0, 1)
must be mapped to 0, which neither of the two natural mappings does. Our workaround is to use the
mapping (¢,g) — ((¢9 —1) mod G) - @ +gq.

The following function maps a Turing machine M that memorizes one value from {0,...,G — 1} on its
last tape to a TM that has one tape less, has G times the number of non-halting states, and behaves just
like M. The name “cartesian” for this function is just a funny term I made up.

definition cartesian :: machine = nat = machine where
cartesian M G =
concat
(map (Ah. map (Aq 7s.
let (¢, as) = (M ! q) (rs @ [(h + 1) mod G])
in (if ¢’ = length M then G * length M else (fst (last as) + G — 1) mod G * length M + q’,
butlast as))
[0..<length M])
[0..<G])

lemma length-concat-const:
assumes Ah. length (fh) = ¢
shows length (concat (map f [0..<G])) = G * ¢
(proof)

lemma length-cartesian: length (cartesian M G) = G * length M
(proof)

lemma concat-nth:
assumes Ah. length (fh) = ¢
and zs = concat (map f [0..<G])
and h < G
and ¢ < ¢
shows zs ! (hxc+ q) =fh!lq
(proof)

lemma cartesian-at:
assumes M’ = cartesian M b and h < b and ¢ < length M
shows (M’ ! (h * length M + q)) rs =
(let (q', as) = (M ! q) (rs @ [(h + 1) mod b))
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in (if ¢’ = length M then b x length M else (fst (last as) + b — 1) mod b * length M + ¢/,
butlast as))
(proof )

lemma concat-nth-ex:
assumes Ah. length (fh) = ¢
and zs = concat (map f [0..<G])
and j < G x ¢
shows Jih. i< cAh< GAxs!lj=fhli
(proof)

The cartesian TM has one tape less than the original TM.

lemma cartesian-num-tapes:
assumes turing-machine (Suc k) G M
and M’ = cartesian M b
and length rs = k
and ¢’ < length M’
shows length (snd (M’ ¢') rs)) = k
(proof)

The cartesian TM of a TM with alphabet G also has the alphabet G provided it memorizes at most G
values.

lemma cartesian-tm:
assumes turing-machine (Suc k) G M
and M’ = cartesian M b
and k > 2
and b < G
and b > 0
shows turing-machine k G M’

(proof)

A special case of the previous lemma is b = G:

corollary cartesian-tm":
assumes turing-machine (Suc k) G M
and M’ = cartesian M G
and k > 2
shows turing-machine k G M’
(proof)

A cartesian TM assumes essentially the same configurations the original machine does, except that it
has one tape less and the states have a greater number. We call these configurations “squished”, another
fancy made-up term alluding to the removal of one tape.

definition squish :: nat = nat = config = config where
squish G Q cfg =
let (q, tps) = cfg
in (if ¢ > Q then G x Q else ( |.| (last tps) + G — 1) mod G * Q + q, butlast tps)

lemma squish:
squish G @ cfg =
(if fst cfg > Q then G * Q else (|.| (last (snd cfg)) + G — 1) mod G x Q + fst cfg, butlast (snd cfg))
(proof)

lemma squish-head-pos:
assumes ||cfg|| > 2
shows squish G Q cfg <#> 0 = cfg <#> 0
and squish G Q cfg <#> 1 = cfg <#> 1
(proof)

lemma mod-less:

fixes ¢ Q h G :: nat
assumes ¢ < Qand 0 < G
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shows h mod G * Q + g < G * Q
(proof )

lemma squish-halt-state:

assumes G > 0 and fst cfg < @

shows fst (squish G Q cfg) = G x Q +— fst ¢fg = Q
(proof )

lemma butlast-replicate: butlast (replicate k x) = replicate (k — Suc 0)
(proof)

lemma squish-start-config: G > 4 = k > 2 = squish G Q (start-config (Suc k) zs) = start-config k zs
(proof)

The cartesian Turing machine only works properly if the original TM never moves its head on the last
tape. We call a tape of a TM M immobile if M never moves the head on the tape.

definition immobile :: machine = nat = nat = bool where
immobile M j k =V qrs. ¢ < length M — length rs = k — (M ! q) rs [7] j = Stay

lemma immobilel [intro]:
assumes Aq rs. ¢ < length M = length rs = k = (M ! q) rs [7] j = Stay
shows immobile M j k
(proof)

If the head never moves on tape k, the head will stay in position 0.

lemma immobile-head-pos-proper:
assumes proper-machine (Suc k) M
and immobile M k (Suc k)
and ||cfg|| = Suc k
shows ezecute M cfg t <#> k = cfg <#> k
(proof )

lemma immobile-head-pos:
assumes turing-machine (Suc k) G M
and immobile M k (Suc k)
and ||cfg|| = Suc k
shows execute M cfg t <#> k = cfg <#> k
(proof)

Sequentially combining two Turing machines with an immobile tape yields a Turing machine with the
same immobile tape.

lemma immobile-sequential:
assumes turing-machine k G M1
and turing-machine k G M2
and immobile M1 j k
and immobile M2 j k
shows immobile (M1 ;; M2) j k
(proof)

A loop also keeps a tape immobile.

lemma immobile-loop:
assumes turing-machine k G M1
and turing-machine k G M2
and immobile M1 j k
and immobile M2 j k
and j < k
shows immobile (WHILE M1 ; cond DO M2 DONE) j k
(proof)

An immobile tape stays immobile when further tapes are appended. We only need this for the special
case of two-tape Turing machines.

lemma immobile-append-tapes:
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assumes j < k and j > 1 and k£ > 2 and turing-machine 2 G M
shows immobile (append-tapes 2 k M) j k

(proof)

For the elementary Turing machines we introduced in Section 2.4 all tapes are immobile but the ones
given as parameters.

lemma immobile-tm-trans-until:
assumes j # jI and j # j2 and j < k
shows immobile (tm-trans-until j1 j2 H f) j k
(proof)

lemma immobile-tm-ltrans-until:
assumes j # jl and j # j2 and j < k
shows immobile (tm-ltrans-until j1 j2 H f) j k
(proof)

lemma immobile-tm-left-until:
assumes j # j and j < k
shows immobile (tm-left-until H j') j k
(proof)

lemma immobile-tm-start:
assumes j # j'and j < k
shows immobile (tm-start j') j k

{proof)

lemma immobile-tm-write:
assumes j < k
shows immobile (tm-write j' h) j k
(proof)

lemma immobile-tm-write-many:
assumes j < k
shows immobile (tm-write-many J h) j k

{proof)

lemma immobile-tm-right:
assumes j # j'and j < k
shows immobile (tm-right j') j k
(proof)

lemma immobile-tm-rtrans:
assumes j # j'and j < k
shows immobile (tm-rtrans j' f) j k
(proof )

lemma immobile-tm-left:
assumes j # j and j < k
shows immobile (tm-left j) j k

{proof)

lemma mod-inc-dec: (h:nat) < G = ((h + G — 1) mod G + 1) mod G = h
(proof)

lemma last-length: length xs = Suc k = last zs = zs | k
(proof)

The tapes used for memorizing the values have blank symbols in every cell but possibly for the leftmost
cell. In keeping with funny names, we call such tapes onesie tapes.

definition onesie :: symbol = tape (<[-]>) where
[h] = (Az. if x = 0 then h else O, 0)

lemma onesie-1: [>] = (|[]], 0)

55



{proof)

lemma onesie-read [simp]: |.| [K] = h
(proof)

lemma onesie-write: [z] |:=| y = [y]
(proof)

lemma act-onesie: act (h, Stay) [z] = [h]
(proof)

We now consider the semantics of cartesian Turing machines. Roughly speaking, a cartesian TM assumes
the squished configurations of the original TM. A crucial assumption here is that the original TM only
ever memorizes a symbol from a certain range of symbols, with one relaxation: when switching to the
halting state, any symbol may be written to the memorization tape. The reason is that there is only
one halting state even for the cartesian TM, and thus the halting state is not subject to the mapping of
states implemented by the cartesian operation.

In the following lemma, [>] is the memorization tape. It has the start symbol because in the start
configuration all tapes have the start symbol in the leftmost cell.

lemma cartesian-ezecute:
assumes turing-machine (Suc k) G M
and immobile M k (Suc k)
and k£ > 2
and b > 0
and length tps = k
and At. execute M (0, tps Q [[>]]) t <.> k < bV fst (execute M (0, tps Q [[>]]) t) = length M
shows ezecute (cartesian M b) (0, tps) t =
squish b (length M) (execute M (0, tps Q [[>]]) t)
(proof)

One assumption of the previous lemma is that the memorization tape can only contain a symbol from
a certain range (except in the halting state). One way to achieve this is for the Turing machine to only
ever write a symbol from that range to the memorization tape (or switch to the halting state). Formally:

definition bounded-write :: machine = nat = nat = bool where
bounded-write M k b =
Vgrs. q<length M — length rs = Suck — (M ! q) rs [ k< bV fst (M ! q) rs) = length M

The advantage of bounded-write is that it is a relatively easy to prove property of a Turing machine. With
bounded-write the previous lemma, cartesian-execute, turns into the following one, where the assumption
b > 0 becomes b > 1 because initially the memorization tape has the start symbol, represented by the
number 1.

lemma cartesian-ezecute-onesie:

assumes turing-machine (Suc k) G M
and immobile M k (Suc k)
and k > 2
and b > 1
and length tps = k
and bounded-write M k b

shows ezecute (cartesian M b) (0, tps) t = squish b (length M) (execute M (0, tps Q [[>]]) t)

(proof)

In the following lemma, the term [c] reflects the fact that in the halting state the memorized symbol can
be anything.

lemma cartesian-transforms-onesie:
assumes turing-machine (Suc k) G M
and immobile M k (Suc k)
and k£ > 2
and b > 1
and bounded-write M k b
and length tps = k
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and transforms M (tps @ [[>]]) t (tps’ @ [[c]])
shows transforms (cartesian M b) tps t tps’

(proof)

A Turing machine with alphabet G, when started on a symbol sequence over G, is guaranteed to only write
symbols from G to any of its tapes, including any memorization tapes. Therefore the last assumption of
lemma cartesian-execute is satisfied. So in the case of the start configuration we do not need any extra
assumptions such as bounded-write. This is formalized in the next lemma. The downside is that it can
only be applied to “finished” TMs but not to reusable TMs, because these do not usually start in the
start state.

lemma cartesian-ezecute-start-config:
assumes turing-machine (Suc k) G M
and immobile M k (Suc k)
and k > 2
and Vi<length zs. zs | i < G
shows ezecute (cartesian M G) (start-config k zs) t =
squish G (length M) (exzecute M (start-config (Suc k) zs) t)

(proof)

So far we have only considered single memorization tapes. But of course we can have more than one by
iterating the cartesian function. Applying this functions once removes the final memorization tape, but
leaves others intact, that is, it maintains immobile tapes:

lemma cartesian-immobile:
assumes turing-machine (Suc k) G M
and j < k
and immobile M j (Suc k)
and M’ = cartesian M G
shows immobile M’ j k

(proof )

With the next function, icartesian, we can strip several memorization tapes off.

fun icartesian :: nat = machine = nat = machine where
icartesian 0 M G = M |
icartesian (Suc k) M G = icartesian k (cartesian M G) G

Applying icartesian maintains the property of being a Turing machine. We show that only for the special
case that all tapes but the input and output tapes are memorization tapes. In this case, we end up with
a two-tape machine.

lemma icartesian-tm:
assumes turing-machine (k + 2) G M
and Aj. j < k = immobile M (j + 2) (k + 2)
shows turing-machine 2 G (icartesian k M Q)

{proof)

At this point we ought to prove something about the semantics of icartesian. However, we will only need
one specific result, which we can only express at the end of Section 5.1 after we have introduced oblivious
Turing machines.

end

2.6 Composing functions

theory Composing
imports Elementary
begin

For a Turing machine M; computing f; in time 77 and a TM M, computing fo in time T5 there is a
TM M computing fo o f1 in time O(T1(n) + max,, <7, (n) T2(m)). If T1 is monotone the time bound is
O(Ty + Ty 0Ty); if Ty and Tb are polynomially bounded the running-time of M is polynomially bounded,
too.

The Turing machines M; and Ms can have both a different alphabet and number of tapes, so generally
they cannot be composed by the ;; operator. To get around this we enlarge the alphabet and prepend
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and append tapes, so M has as many tapes as My and My combined. The following function returns the
combined Turing machine M.

definition compose-machines k1 G1 M1 k2 G2 M2 =
enlarged G1 (append-tapes k1 (k1 + k2) M1) ;;
tm-start 1 3;
tm-cp-until 1 k1 {O} ;;
tm-erase-cr 1 ;;
tm-start k1 ;;
prepend-tapes k1 (enlarged G2 M2) ;;
tm-cr (k1 + 1) 33
tm-cp-until (k1 + 1) 1 {O}

locale compose =
fixes kI k2 G1 G2 :: nat
and M1 M2 :: machine
and T1 T2 :: nat = nat
and f1 f2 :: string = string
assumes tm-M1: turing-machine k1 G1 M1
and tm-M2: turing-machine k2 G2 M2
and computesl: computes-in-time k1 M1 f1 T1
and computes?2: computes-in-time k2 M2 f2 T2
begin

definition tm! = enlarged G1 (append-tapes k1 (k1 + k2) M1)
definition tm2 = tm1 ;; tm-start 1

definition tm3 = tm2 ;; tm-cp-until 1 k1 {O}

definition tm4 = tm3 ;; tm-erase-cr 1

definition tm5 = tm4 ;; tm-start k1

definition tm56 = prepend-tapes k1 (enlarged G2 M2)
definition tm6 = tmd ;; tmb6

definition tm7 = tm6 ;; tm-cr (k1 + 1)

definition tm8 = tm7 ;; tm-cp-until (k1 + 1) 1 {O}

definition G :: nat where
G = max G1 G2

lemma GI1: G1 < G and G2: G2 < G
(proof )

lemma k-ge: k1 > 2k2 > 2
(proof )

lemma tm1-tm: turing-machine (k1 + k2) G tm1
{proof)

lemma tm2-tm: turing-machine (k1 + k2) G tm2
{proof)

lemma tm3-tm: turing-machine (k1 + k2) G tm3
{proof)

lemma tmj-tm: turing-machine (k1 + k2) G tm4
(proof)

lemma tmb-tm: turing-machine (k1 + k2) G tmb
{proof)

lemma tm6-tm: turing-machine (k1 + k2) G tm6
{proof)

lemma tm7-tm: turing-machine (kI + k2) G tm7
(proof)
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lemma tm8-tm: turing-machine (k1 + k2) G tm8
{proof)

context
fixes x :: string
begin

definition zs = string-to-symbols z

lemma bit-symbols-zs: bit-symbols zs
(proof)

abbreviation n = length x

lemma length-zs [simp]: length zs = n
(proof)

definition ¢ps0 = snd (start-config (k1 + k2) zs)

definition tpsia :: tape list where
tpsla = SOME tps. tps ::: 1 = string-to-contents (f1 z) A
transforms M1 (snd (start-config k1 (string-to-symbols z))) (T1 n) tps

lemma tpsla-aux:
tpsla ::: 1 = string-to-contents (fI x)
transforms M1 (snd (start-config k1 (string-to-symbols x))) (T1 n) tpsla
(proof)

lemma tpsia:
tpsla ::: 1 = string-to-contents (fI x)
transforms M1 (snd (start-config k1 zs)) (T1 n) tpsla
(proof)

lemma length-tpsla [simp]: length tpsla = k1
(proof)

definition tpsib :: tape list where
tps1b = replicate k2 (|[]], 0)

definition tpsi :: tape list where
tpsl = tpsla @ tpsib

lemma tpsi-at-1: tpsi ! 1 = tpsla ! 1
(proof)

lemma tpsi-at-1": tpsl ::: 1 = string-to-contents (f1 x)
(proof)

lemma tpsi-pos-le: tpsl #: 1 < Tl n
(proof)

lemma length-f1-z: length (f1 ) < T1n
(proof)

lemma start-config-append:
start-config (k1 + k2) zs = (0, snd (start-config k1 zs) Q tpsib)
(proof)

lemma tm1 [transforms-intros|: transforms tm1 tps0 (T1 n) tpsi

(proof)

lemma clean-string-to-contents: clean-tape (string-to-contents s, )
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{proof)

definition tps2 :: tape list where
tps2 = tpsl [1 = tpsi | 1 |#=]| 0]

lemma length-tps2 [simp]: length tps2 = k1 + k2
(proof )

lemma tm2:
assumes ¢ = Suc (T1 n + tpsl :#: Suc 0)
shows transforms tm2 tps0 t tps2
(proof)

corollary tm2’ [transforms-intros|:
assumes ¢ = Suc (2 * T1 n)
shows transforms tm2 tps0 t tps2

{proof)

definition tps3 :: tape list where
tps3 = tps2 [1 := tps2 ! 1 |#=| (Suc (length (f1 z))), kI := tps2 ! 1 |#=| (Suc (length (fI z)))]

lemma tm3:
assumes ¢t = Suc (Suc (2 * T1 n + Suc (length (fI z))))
shows transforms tm3 tps0 t tps3

{proof)

definition #ps3’ = tpsia
[1 := (string-to-contents (f1 z), Suc (length (fI z)))] @
((string-to-contents (f1 z), Suc (length (fI z))) #
replicate (k2 — 1) (|[]], 0))

lemma tps3”: tps3 = tps3’
(proof)

lemma tm3’ [transforms-intros]:
assumes ¢ = Suc (Suc (Suc (3 * T1 n)))
shows transforms tm3 tps0 t tps3’

(proof)

definition tps/ =

tpsta [1:= (([l], 1)] @
((string-to-contents (f1 z), Suc (length (fI z))) #

replicate (k2 — 1) (|[]], 0))

lemma tm4:
assumes t = 9 + (3 x T1 n + (Suc (3 * length (string-to-symbols (fI z)))))
shows transforms tm4 tps0 t tps4
(proof)

lemma tmJ’ [transforms-intros]:
assumes ¢t = 10 + (6 * T1 n)
shows transforms tm4 tps0 t tps/

(proof)

definition tpss =

tpsta [1:= (([l], 1)] @

((string-to-contents (f1 ), 0) #
replicate (k2 — 1) (|[]], 0))

lemma tm5:
assumes t = 11 + (6 « T1 n + tpsf :#: k1)
shows transforms tmb tps0 t tpss
(proof)
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abbreviation ys = string-to-symbols (f1 z)
abbreviation m = length (f1 z)

definition tps5’ =
tpsla [1 := ([[]], 1)] @
snd (start-config k2 ys)

lemma tps5”: tps5 = tps5’
(proof)

lemma tm5’ [transforms-intros]:
assumes t = 12 + 7 x Tl n
shows transforms tméb tps0 t tps5’
(proof)

definition tps6b :: tape list where
tps6b = SOME tps. tps ::: 1 = string-to-contents (f2 (fI x)) A
transforms M2 (snd (start-config k2 ys)) (T2 m) tps

lemma tps6b:
tps6b ::: 1 = string-to-contents (f2 (f1 x))
transforms M2 (snd (start-config k2 ys)) (T2 m) tps6b
(proof)

lemma tps6b-pos-le: tps6b :#: 1 < T2 m
(proof )

lemma length-tps6b: length tps6b = k2
(proof)

lemma length-f2-f1-z: length (f2 (f1 z)) < T2 m
(proof)

lemma enlarged-M2: transforms (enlarged G2 M2) (snd (start-config k2 ys)) (T2 m) tps6b
(proof)

lemma enlarged-M2-tm: turing-machine k2 G (enlarged G2 M2)
(proof)

definition tps6 = tpsia[l = (|[]], 1)] @ tps6d

lemma tmb6 [transforms-intros): transforms tm&6 tps5' (T2 m) tps6
(proof)

lemma tps6-at-Suc-k1: tps6 ::: (kI + 1) = string-to-contents (f2 (fI z))
and tps6-pos-le: tps6 #: (k1 + 1) < T2 m
(proof)

lemma tm6 [transforms-intros|:
assumes t = 12 + 7« T1n+ T2m
shows transforms tm6 tps0 t tps6

(proof)
definition tps7 =
tpsia[l = ([[l], 1)] @
tps6b[1 = (string-to-contents (f2 (f1 x)), 1)]

lemma tps7-at-Suc-k1: tps7 | (k1 + 1) = (string-to-contents (f2 (f1 z)), 1)
(proof)

lemma tm7:
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assumes ¢t = 1/ + (7 %« T1 n + (T2 m + tps6 :#: Suc k1))
shows transforms tm7 tps0 t tps7

{proof)

corollary tm7’ [transforms-intros|:
assumes t = 14 + 7+« TIn+ 2 x T2m
shows transforms tm7 tps0 t tps7

(proof)

definition tps8 =
tpsla[l := (string-to-contents (f2 (f1 z)), Suc (length (f2 (f1 z))))] @
tps6b[1 := (string-to-contents (f2 (f1 z)), Suc (length (f2 (f1 z))))]

lemma tps8-at-1: tps8 ::: 1 = string-to-contents (f2 (fI x))
(proof)

lemma tm$:
assumes t = 15 + 7« T1 n + 2 x* T2 m + length (f2 (fI z))
shows transforms tm8 tps0 t tps8
(proof)

lemma tm8"
assumes t = 15 + 7+« TIn+ 8 x T2m
shows transforms tm8 tps0 t tps8

{proof)

lemma tm8’-mono:
assumes mono T2
and t =154+ 7% Tin+ 3% T2 (T1n)
shows transforms tm8 tps0 t tps8
(proof)

end

lemma computes-composed-mono:
assumes mono T2 and T = (An. 15 + 7+ TI n+ 3 x T2 (T1 n))
shows computes-in-time (k1 + k2) tm8 (f2 o f1) T

(proof)

end

lemma computes-composed-poly:
assumes tm-M1: turing-machine k1 G1 M1
and tm-M2: turing-machine k2 G2 M2
and computesl: computes-in-time k1 M1 f1 T1
and computes?2: computes-in-time k2 M2 2 T2
assumes big-oh-poly T1 and big-oh-poly T2
shows 3T k G M. big-oh-poly T A turing-machine k G M A computes-in-time k M (f2 o f1) T

(proof)

end

2.7 Arithmetic

theory Arithmetic
imports Memorizing
begin

In this section we define a representation of natural numbers and some reusable Turing machines for
elementary arithmetical operations. All Turing machines implementing the operations assume that the
tape heads on the tapes containing the operands and the result(s) contain one natural number each.
In programming language terms we could say that such a tape corresponds to a variable of type nat.
Furthermore, initially the tape heads are on cell number 1, that is, one to the right of the start symbol.
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The Turing machines will halt with the tape heads in that position as well. In that way operations can
be concatenated seamlessly.

2.7.1 Binary numbers

We represent binary numbers as sequences of the symbols 0 and 1. Slightly unusually the least significant
bit will be on the left. While every sequence over these symbols represents a natural number, the
representation is not unique due to leading (or rather, trailing) zeros. The canonical representation is
unique and has no trailing zeros, not even for the number zero, which is thus represented by the empty
symbol sequence. As a side effect empty tapes can be thought of as being initialized with zero.
Naturally the binary digits 0 and 1 are represented by the symbols 0 and 1, respectively. For example,
the decimal number 14, conventionally written 11002 in binary, is represented by the symbol sequence
0011. The next two functions map between symbols and binary digits:

abbreviation (input) tosym :: nat = symbol where
tosym z = z + 2

abbreviation todigit :: symbol = nat where
todigit z = if z = 1 then 1 else 0

The numerical value of a symbol sequence:

definition num :: symbol list = nat where
num xs = Yy i[0..<length xs]. todigit (xs ! i) x 2 "4

The i-th digit of a symbol sequence, where digits out of bounds are considered trailing zeros:

definition digit :: symbol list = nat = nat where
digit xzs i = if i < length xs then xs ! i else 0

Some properties of num:

lemma num-ge-pow:
assumes ¢ < length zs and zs ! i =1
shows num zs > 2 ~ i

(proof)

lemma num-trailing-zero:
assumes todigit z = 0
shows num zs = num (zs Q [2])

(proof )

lemma num-Cons: num (z # zs) = todigit x + 2 * num s

(proof )

lemma num-append: num (xs @ ys) = num zs + 2 ~ length zs * num ys

(proof )

lemma num-drop: num (drop t zs) = todigit (digit zs t) + 2 * num (drop (Suc t) zs)
(proof)

lemma num-take-Suc: num (take (Suc t) zs) = num (take ¢ zs) + 2 ¢ = todigit (digit zs t)

(proof )

A symbol sequence is a canonical representation of a natural number if the sequence contains only the
symbols 0 and 1 and is either empty or ends in 1.

definition canonical :: symbol list = bool where
canonical s = bit-symbols zs N (zs = [| V last zs = 1)

lemma canonical-Cons:
assumes canonical zs and zs # [Jand z =0V z =1
shows canonical (z # s)

{proof)
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lemma canonical-Cons-3: canonical xs = canonical (1 # zs)
(proof)

lemma canonical-tl: canonical (z # xzs) = canonical s
(proof)

lemma prepend-2-even: z = 0 = even (num (z # xs))
{proof)

lemma prepend-3-odd: © = 1 => odd (num (z # xs))
(proof)
Every number has exactly one canonical representation.

lemma canonical-exl:
fixes n :: nat
shows d!zs. num s = n A canonical xs

(proof)

The canonical representation of a natural number as symbol sequence:
definition canrepr :: nat = symbol list where

canrepr n = THE xs. num s = n A canonical xs

lemma canrepr-inj: inj canrepr
(proof)

lemma canonical-canrepr: canonical (canrepr n)
(proof)

lemma canrepr: num (canrepr n) = n
(proof)

lemma bit-symbols-canrepr: bit-symbols (canrepr n)
(proof)

lemma proper-symbols-canrepr: proper-symbols (canrepr n)
(proof)

lemma canreprl: num xs = n = canonical s => canrepr n = s
{proof)

lemma canrepr-0: canrepr 0 = ||
(proof)

lemma canrepr-1: canrepr 1 = [1]

(proof)
The length of the canonical representation of a number n:
abbreviation nlength :: nat = nat where

nlength n = length (canrepr n)

lemma nlength-0: nlength n = 0 «— n = 0
(proof)

corollary nlength-0-simp [simp]: nlength 0 = 0
(proof)

~ .

lemma num-replicate2-eq-pow: num (replicate j 0 Q [1]) = 2 ~j

(proof)

lemma num-replicate3-eq-pow-minus-1: num (replicate j 1) = 2 ~j — 1

(proof)

lemma nlength-pow2: nlength (2 ~ j) = Suc j
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(proof )

corollary nlength-1-simp [simp]: nlength 1 = 1
(proof)

corollary nlength-2: nlength 2 = 2
(proof)

lemma nlength-pow-minus-1: nlength (2 ~j — 1) =j

(proof )

corollary nlength-3: nlength 3 = 2
(proof)

When handling natural numbers, Turing machines will usually have tape contents of the following form:

abbreviation ncontents :: nat = (nat = symbol) (<|-|n>) where
|n]n = |canrepr n|

lemma ncontents-0: |0|n = |[]]
(proof)

lemma clean-tape-ncontents: clean-tape (|z|n, ©)
{proof)

lemma ncontents-1-blank-iff-zero: |n|y 1 =0 ¢— n =0
{proof)

Every bit symbol sequence can be turned into a canonical representation of some number by stripping
trailing zeros. The length of the prefix without trailing zeros is given by the next function:

definition canlen :: symbol list = nat where
canlen zs = LEAST m. Vi<length zs. i > m — 25! i =10

lemma canlen-at-ge: ¥V i<length zs. i > canlen zs — 2zs ! ¢ =0

(proof)

lemma canlen-eql:
assumes Vi<length zs. 1 > m — 2zs ! 1 =0
and Ay. Vi<length zs. i >y — 2s!i=0= m < y
shows canlen zs = m

(proof)

lemma canlen-le-length: canlen zs < length zs

(proof)

lemma canlen-le:
assumes Vi<length zs. 1 > m — 2zs ! 1 =0
shows m > canlen zs
(proof)

lemma canlen-one:
assumes bit-symbols zs and canlen zs > 0
shows zs ! (canlen zs — 1) = 1

(proof )

lemma canonical-take-canlen:
assumes bit-symbols zs
shows canonical (take (canlen zs) zs)

(proof)

lemma num-take-canlen-eq: num (take (canlen zs) zs) = num zs

(proof)

lemma canrepr-take-canlen:
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assumes num zs = n and bit-symbols zs
shows canrepr n = take (canlen zs) zs

{proof)

lemma length-canrepr-canlen:
assumes num zs = n and bit-symbols zs
shows nlength n = canlen zs

{proof)

lemma nlength-ge-pow:
assumes nlength n = Suc j
shows n > 2 7j

(proof )

lemma nlength-less-pow: n < 2 ~ (nlength n)

(proof )

lemma pow-nlength:
assumes 2 “j < nandn < 2" (Sucj)
shows nlength n = Suc j

(proof )

lemma nlength-le-n: nlength n < n

(proof )

lemma nlength-Suc-le: nlength n < nlength (Suc n)

(proof )

lemma nlength-mono:
assumes nl < n2
shows nlength n1 < nlength n2

(proof)

lemma nlength-even-le: n > 0 == nlength (2 * n) = Suc (nlength n)

(proof)

lemma nlength-prod: nlength (n1 * n2) < nlength nl + nlength n2
(proof)

In the following lemma Suc is needed because n® = 1.

lemma nlength-pow: nlength (n ~ d) < Suc (d * nlength n)
(proof)

lemma nlength-sum: nlength (n1 + n2) < Suc (maz (nlength n1) (nlength n2))
(proof)

lemma nlength-Suc: nlength (Suc n) < Suc (nlength n)
{proof)

lemma nlength-less-n: n > 8 = nlength n < n

(proof)

Comparing two numbers

In order to compare two numbers in canonical representation, we can use the Turing machine tm-equals,
which works for arbitrary proper symbol sequences.

lemma min-nlength: min (nlength n1) (nlength n2) = nlength (min nl n2)

{proof)

lemma maz-nlength: maz (nlength n1) (nlength n2) = nlength (mazx nl n2)
(proof)
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lemma contents-blank-0: [[O]] = [[]]
{proof)

definition tm-equalsn :: tapeidx = tapeidx = tapeidx = machine where
tm-equalsn = tm-equals

lemma tm-equalsn-tm:
assumes k > 2 and G > 4 and 0 < j8
shows turing-machine k G (tm-equalsn j1 j2 j3)
(proof)

lemma transforms-tm-equalsnl [transforms-intros|:
fixes j1 j2 j3 :: tapeidx
fixes tps tps’ :: tape list and k b n1 n2 :: nat
assumes length tps = k j1 # j2j2 # j3j1 # j3j1 < kj2 < kj3 <k
and b < 1
assumes
tps ! j1 = (|nl]n, 1)
tps ! j2 = (|n2]nN, 1)
tps 1 j3 = ([b]n, 1)
assumes ttt = (3 * nlength (min nl n2) + 7)
assumes tps’ = tps
[j8 := (|if n1 = n2 then 1 else 0N, 1)]
shows transforms (tm-equalsn j1 j2 j3) tps ttt tps’
(proof)

Copying a number between tapes

The next Turing machine overwrites the contents of tape jo with the contents of tape j; and performs a
carriage return on both tapes.

definition tm-copyn :: tapeide = tapeidr = machine where
tm-copyn j1 j2 =
tm-erase-cr j2 ;;
tm-cp-until j1 j2 {O} 55
tm-cr j1 3;
tm-cr j2

lemma tm-copyn-tm:
assumes k > 2 and G > 4 and jI < kj2 < kjl # j20 < j2
shows turing-machine k G (tm-copyn j1 j2)
(proof)

locale turing-machine-move =
fixes j1 j2 :: tapeidx
begin

definition tm!1 = tm-erase-cr j2
definition tm2 = tm1 ;; tm-cp-until j1 j2 {0}
definition tm3 = tm?2 ;; tm-cr j1
definition tm4 = tm38 ;; tm-cr j2

lemma tmj-eq-tm-copyn: tm4 = tm-copyn j1 j2
(proof)

context
fixes z y :: nat and tps0 :: tape list
assumes j-less [simp]: j1 < length tps0 j2 < length tps0
assumes j [simp]: j1 # j2
and tps-j1 [simp]: tps0 ! j1 = (|z|n, 1)
and tps-j2 [simp]: tps0 ! j2 = (ly|n, 1)
begin

definition tps1 = tps0
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[z = (L), 1)]

lemma tm1 [transforms-intros]:
assumes t = 7 + 2 x nlength y
shows transforms tm1 tps0 t tpsl!

{proof)

definition tps2 = tps0O
[i1 := (|z|~, Suc (nlength z)),
j2 = (lz]n, Suc (nlength z))]

lemma tm2 [transforms-intros|:
assumes t = 8 + (2 * nlength y + nlength x)
shows transforms tm2 tps0 t tps2
(proof)

definition tps3 = tps0[j2 := (|z]n~, Suc (nlength z))]

lemma tm3 [transforms-intros|:
assumes ¢t = 11 4+ (2 * nlength y + 2 * nlength x)
shows transforms tm3 tps0 t tps3
(proof)

definition tps/ = tps0[j2 := (|z|n, 1)]

lemma tm4:
assumes ¢t = 14 + (3 = nlength z + 2 * nlength y)
shows transforms tmj tps0 t tps/
(proof)

lemma tmj":
assumes ¢t = 14 + 3 * (nlength x + nlength y)
shows transforms tm4 tps0 t tps4
(proof)

end
end

lemma transforms-tm-copynl [transforms-intros|:

fixes j1 j2 :: tapeidx
fixes tps tps’ :: tape list and k z y :: nat
assumes jI # j2 j1 < length tps j2 < length tps
assumes

tps ! j1 = (|z]|n, 1)

tps 1 32 = ([y)n, 1)
assumes ttt = 14 + 3 * (nlength T + nlength vy)
assumes tps’ = tps

2 == (lz]n, 1)]
shows transforms (tm-copyn j1 j2) tps ttt tps’
(proof)

Setting the tape contents to a number

The Turing machine in this section writes a hard-coded number to a tape.

definition tm-setn :: tapeidx = nat = machine where
tm-setn j n = tm-set j (canrepr n)

lemma tm-setn-tm:
assumes k£ > 2 and G > 4 and j < kand 0 < j
shows turing-machine k G (tm-setn j n)

(proof)
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lemma transforms-tm-setnl [transforms-intros]:
fixes j :: tapeidz
fixes tps tps’ :: tape list and z k n :: nat
assumes j < length tps
assumes tps ! j = (|z]n, 1)
assumes t = 10 4+ 2 * nlength x + 2 * nlength n
assumes tps’ = tps[j := (|n|w~, 1)]
shows transforms (tm-setn j n) tps t tps’
(proof)

2.7.2 Incrementing

In this section we devise a Turing machine that increments a number. The next function describes how
the symbol sequence of the incremented number looks like. Basically one has to flip all 1 symbols starting
at the least significant digit until one reaches a 0, which is then replaced by a 1. If there is no 0, a 1 is
appended. Here we exploit that the most significant digit is to the right.

definition nincr :: symbol list = symbol list where
niner z2s =
if Ji<length zs. zs ! i =10
then replicate (LEAST i. i < length zs A zs ! i = 0) 0 Q [1] @ drop (Suc (LEAST i. i < length zs A zs ! {
=0)) zs
else replicate (length zs) 0 Q [1]

lemma canonical-nincr:
assumes canonical zs
shows canonical (nincr zs)

(proof )

lemma nincr:
assumes bit-symbols zs
shows num (nincr zs) = Suc (num zs)

(proof)

lemma nincr-canrepr: nincr (canrepr n) = canrepr (Suc n)
{proof)

The next Turing machine performs the incrementing. Starting from the left of the symbol sequence on
tape j, it writes the symbol 0 until it reaches a blank or the symbol 1. Then it writes a 1 and returns
the tape head to the beginning.

definition ¢m-incr :: tapeidr = machine where
tm-incr j = tm-const-until j j {O, 0} 0 ;; tm-write j 1 ;5; tm-cr j

lemma tm-incr-tm:
assumes G > Jand k> 2and j < kand j > 0
shows turing-machine k G (tm-incr j)
(proof)

locale turing-machine-incr =
fixes j :: tapeidz
begin

definition tm! = tm-const-until j j {0, 0} O
definition tm2 = tm1 ;; tm-write j 1
definition tm3 = tm2 ;; tm-cr j

lemma tm3-eq-tm-incr: tm3 = tm-incr j
(proof)

context
fixes z k :: nat and tps :: tape list
assumes jk [simp]: j < k length tps = k
and tps0 [simp]: tps ! j = (|z]n, 1)
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begin

lemma tm1 [transforms-intros]:
assumes i) = (LEAST i. i < nlength z A |z]n (Suc ©) € {0, 0})
and tps’ = tps[j := constplant (tps ! j) 0 i0]
shows transforms tm1 tps (Suc i0) tps’
(proof)

lemma tm2 [transforms-intros]:
assumes i) = (LEAST i. i < nlength ¢ A |z]n (Suc 7) € {0, 0})
and ttt = Suc (Suc i0)
and tps’ = tps[j := (| Suc z]n, Suc i0)]
shows transforms tm2 tps ttt tps’
(proof)

lemma tm3:
assumes 0 = (LEAST i. i < nlength z A |z]~ (Suc ©) € {0, 0})
and ttt = 5 + 2 x i0
and tps’ = tps[j := (| Suc x| N, Suc 0)]
shows transforms tm3 tps ttt tps’
(proof)

lemma tm3"
assumes ttt = 5 + 2 * nlength x
and tps’ = tps[j := (| Suc x| N, Suc 0)]
shows transforms tm3 tps ttt tps’

(proof )

end
end

lemma transforms-tm-incrl [transforms-intros:
assumes j < k
and length tps = k
and tps!j= (|z|n, 1)
and ttt = 5 + 2 * nlength x
and tps’ = tps[j := (| Suc z|n, 1)]
shows transforms (tm-incr j) tps ttt tps’

(proof)

Incrementing multiple times

Adding a constant by iteratively incrementing is not exactly efficient, but it still only takes constant time
and thus does not endanger any time bounds.

fun tm-plus-const :: nat = tapeidr = machine where
tm-plus-const 0§ = [ |
tm-plus-const (Suc ¢) j = tm-plus-const ¢ j ;; tm-incr j

lemma tm-plus-const-tm:
assumes k> 2and G > j and 0 < jand j < k
shows turing-machine k G (tm-plus-const c j)

{proof)

lemma transforms-tm-plus-constl [transforms-intros]:
fixes c :: nat
assumes j < k
and j > 0
and length tps = k
and tps!j= (|z]n, 1)
and ¢ttt = ¢ * (5 + 2 * nlength (z + ¢))
and tps’ = tps[j := (|z + c|n, 1)]
shows transforms (tm-plus-const c j) tps ttt tps’
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{proof)

2.7.3 Decrementing

Decrementing a number is almost like incrementing but with the symbols 0 and 1 swapped. One difference
is that in order to get a canonical symbol sequence, a trailing zero must be removed, whereas incrementing
cannot result in a trailing zero. Another difference is that decrementing the number zero yields zero.

The next function returns the leftmost symbol 1, that is, the one that needs to be flipped.

definition first1 :: symbol list = nat where
firstl zs = LEAST i. i < length zs N\ zs ! i = 1

lemma canonical-ex-3:
assumes canonical zs and zs # ||
shows Ji<length zs. zs ! i =1

{proof)

lemma canonical-first!:
assumes canonical zs and zs # ||
shows firstl zs < length zs A\ zs ! firstl zs = 1

{proof)

lemma canonical-first1-less:
assumes canonical zs and zs # ||
shows Vi<first! zs. zs1i =10

(proof)

The next function describes how the canonical representation of the decremented symbol sequence looks
like. It has special cases for the empty sequence and for sequences whose only 1 is the most significant
digit.
definition ndecr :: symbol list = symbol list where
ndecr zs =
if zs =[] then ||
else if firstl zs = length zs — 1

then replicate (first! zs) 1
else replicate (firstl zs) 1 @ [0] @Q drop (Suc (first! zs)) zs

lemma canonical-ndecr:
assumes canonical zs
shows canonical (ndecr zs)

(proof)

lemma ndecr:
assumes canonical zs
shows num (ndecr zs) = num zs — 1

(proof)

The next Turing machine implements the function ndecr. It does nothing on the empty input, which
represents zero. On other inputs it writes symbols 1 going right until it reaches a 1 symbol, which is
guaranteed to happen for non-empty canonical representations. It then overwrites this 1 with 0. If there
is a blank symbol to the right of this 0, the 0 is removed again.

definition ¢m-decr :: tapeide = machine where
tm-decr j =
IF Ars. rs! j =0 THEN
[
ELSE
tm-const-until j j {1} 1 ;;
tm-rtrans j (A-. 0) ;;
IF Ars. rs! j = 0O THEN
tm-left j ;;
tm-write j O
ELSE
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I
ENDIF 3

tm-cr j
ENDIF

lemma tm-decr-tm:
assumes G > Jand k> 2and j< kand 0 < j
shows turing-machine k G (tm-decr j)

{proof)

locale turing-machine-decr =
fixes j :: tapeidx
begin

definition tm1 = tm-const-until j j {1} 1

definition tm2 = tm1 ;; tm-rtrans j (A-. 0)

definition tm23 = tm-left j

definition tm24 = tm23 ;; tm-write j O

definition tm25 = IF Ars. rs | j = O THEN tm24 ELSE [| ENDIF
definition tm5 = tm2 ;; tm25

definition tm6 = tm5 ;; tm-cr j

definition tm7 = IF Ars. rs | j = O THEN [] ELSE tm6 ENDIF

lemma tm7-eg-tm-decr: tm7 = tm-decr j
(proof)

context
fixes tps0 :: tape list and zs :: symbol list and k :: nat
assumes jk: length tpsO0 = kj < k
and can: canonical s
and tps0: tps0 ! j = (|as], 1)
begin

lemma bs: bit-symbols zs
(proof)

context
assumes read-tps0: read tps0 ! j = O
begin

lemma zs-Nil: zs = ||
(proof)

lemma transforms-Nill:
assumes tit = 0
and tps’ = tps0[j := (| ndecr zs|, 1)]
shows transforms [] tps0 ttt tps’
{proof)

end

context
assumes read-tps0”: read tps0 ! j # O
begin

lemma zs: zs # ||
{proof)

lemma firstl: first1 zs < length xs xs ! firstl xs = 1 Vi<first] zs. zs ! i =0
(proof)

definition tps! = tps0O
[7 := (| replicate (first! zs) 1 @ [1] @ (drop (Suc (firstl zs)) xs)|, Suc (firstl zs))]
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lemma tm1 [transforms-intros|:
assumes ttt = Suc (first! xs)
shows transforms tm1 tps0 ttt tpsi

{proof)

definition tps2 = tpsO
[j := (| replicate (first! xzs) 1 @ [0] @ drop (Suc (first! zs)) xs|, Suc (Suc (first! zs)))]

lemma tm2 [transforms-intros|:
assumes tit = firstl s + 2
shows transforms tm2 tps0 tit tps2

{proof)

definition tps5 = tps0O
[7 := (|ndecr zs], if read tps2 | j = O then Suc (firstl xs) else Suc (Suc (firstl zs)))]

context
assumes read-tps2: read tps2 | j = 0O
begin

lemma proper-contents-outofbounds:
assumes proper-symbols zs and |zs| i = 0O
shows ¢ > length zs

{proof)

lemma firsti-eq: first! xs = length s — 1
(proof)

lemma drop-zs-Nil: drop (Suc (firstl zs)) zs = ||
{proof)

lemma tps2-eq: tps2 = tpsO[j := (|replicate (firstl zs) 1 @ [0]], Suc (Suc (first! zs)))]
{proof)

definition tps23 = tpsO
[ := (|replicate (first! zs) 1 @Q [0]], Suc (first! zs))]

lemma tm23 [transforms-intros):
assumes tit = 1
shows transforms tm23 tps2 ttt tps23

{proof)

definition tps24 = tps0
[7 := (| replicate (firstl xzs) 1], Suc (first! zs))]

lemma tm24:
assumes tit = 2
shows transforms tm24 tps2 ttt tps2/

(proof)
corollary tm2/' [transforms-intros|:

assumes tit = 2 and tps’ = tps0[j := (| ndecr zs|, Suc (first1 xs))]
shows transforms tm24 tps2 ttt tps’

(proof)
end
context
assumes read-tps2”: read tps2 ! j # O
begin

lemma firsti-neq: firstl xs # length xs — 1
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(proof )

lemma tps2: tps2 = tpsO[j := (| ndecr xs|, Suc (Suc (firstl xs)))]
(proof)

end

lemma tm25 [transforms-intros):
assumes ttt = (if read tps2 ! j = O then 4 else 1)
shows transforms tm25 tps2 tit tpsh
(proof)

lemma tm5 [transforms-intros|:
assumes ttt = first! zs + 2 + (if read tps2 | j = O then 4 else 1)
shows transforms tms tps0 tit tpsd
(proof)

definition tps6 = tpsO
[ := (|ndecr zs], 1)]

lemma tmé6:
assumes ttt = first! xs + 2 + (if read tps2 ! j = O then 4 else 1) + (tpsd #: j + 2)
shows transforms tm6 tps0 tit tps6
(proof)

lemma tm6' [transforms-intros|:
assumes ttt = 2 * first! zs + 9
shows transforms tmé6 tps0 ttt tps6

(proof)

end
definition tps7 = tps0[j := (| ndecr zs]|, 1)]

lemma tm7:
assumes ttt = 8 + 2 * length zs
shows transforms tm7 tps0 tit tps7

(proof )
end
end

lemma transforms-tm-decrl [transforms-intros]:
fixes tps tps’ :: tape list and n :: nat and k tit :: nat
assumes j < k length tps = k
assumes tps ! j = (|n|n, 1)
assumes ttt = 8 + 2 * nlength n
assumes tps’ = tps[j := (|n — 1w, 1)]
shows transforms (tm-decr j) tps ttt tps’

(proof )

2.7.4 Addition

In this section we construct a Turing machine that adds two numbers in canonical representation each
given on a separate tape and overwrites the second number with the sum. The TM implements the
common algorithm with carry starting from the least significant digit.

Given two symbol sequences zs and ys representing numbers, the next function computes the carry bit
that occurs in the i-th position. For the least significant position, 0, there is no carry (that is, it is 0);
for position ¢ + 1 the carry is the sum of the bits of zs and ys in position 7 and the carry for position i.
The function gives the carry as symbol 0 or 1, except for position 0, where it is the start symbol >. The
start symbol represents the same bit as the symbol 0 as defined by todigit. The reason for this special
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treatment is that the TM will store the carry on a memorization tape (see Section 2.5), which initially
contains the start symbol.

fun carry :: symbol list = symbol list = nat = symbol where
carry xs ys 0 = 1 |
carry xs ys (Suc i) = tosym ((todigit (digit xs i) + todigit (digit ys i) + todigit (carry zs ys 1)) div 2)

The next function specifies the i-th digit of the sum.

definition sumdigit :: symbol list = symbol list = nat = symbol where
sumdigit xs ys i = tosym ((todigit (digit xs i) + todigit (digit ys i) + todigit (carry zs ys ©)) mod 2)

lemma carry-sumdigit: todigit (sumdigit zs ys ©) + 2 * (todigit (carry zs ys (Suc ©))) =
todigit (carry xs ys i) + todigit (digit zs i) + todigit (digit ys i)
(proof)

lemma carry-sumdigit-eq-sum:

num xs + num ys =

num (map (sumdigit zs ys) [0..<t]) + 2 ~t * todigit (carry zs ys t) + 2 ~ t * num (drop t xs) + 2 ~ ¢ * num
(drop t ys)
(proof)

lemma carry-le:
assumes symbols-lt 4 xs and symbols-lt 4 ys
shows carry zs ys t < 1

(proof)

lemma num-sumdigit-eq-sum:
assumes length xs < n
and length ys < n
and symbols-lt 4 xs
and symbols-lt 4 ys
shows num zs + num ys = num (map (sumdigit zs ys) [0..<Suc n])

(proof)

lemma num-sumdigit-eq-sum”:
assumes symbols-lt 4 xs and symbols-It 4 ys
shows num zs + num ys = num (map (sumdigit zs ys) [0..<Suc (maz (length zs) (length ys))])
(proof)

lemma num-sumdigit-eq-sum’":

assumes bit-symbols xs and bit-symbols ys
shows num zs + num ys = num (map (sumdigit zs ys) [0..<Suc (maz (length zs) (length ys))])

(proof)

lemma sumdigit-bit-symbols: bit-symbols (map (sumdigit zs ys) [0..<t])
(proof)

The core of the addition Turing machine is the following command. It scans the symbols on tape j; and
J2 in lockstep until it reaches blanks on both tapes. In every step it adds the symbols on both tapes and
the symbol on the last tape, which is a memorization tape storing the carry bit. The sum of these three
bits modulo 2 is written to tape jo and the new carry to the memorization tape.

definition cmd-plus :: tapeidx = tapeidx = command where
cmd-plus j1 j2 rs =

(if rs 1 j1 =0 A rs! j2 =0 then 1 else 0,

(map (V.
if j = j1 then (rs! j, Right)
else if j = j2 then (tosym ((todigit (rs ! j1) + todigit (rs ! j2) + todigit (last rs)) mod 2), Right)
else if j = length rs — 1 then (tosym ((todigit (rs ! j1) + todigit (rs! j2) + todigit (last rs)) div 2), Stay)
else (rs ! j, Stay)) [0..<length rs]))

lemma sem-cmd-plus:

assumes jl # j2
and j1 < k — 1
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and j2 < k — 1
and j2 > 0
and length tps = k
and bit-symbols xs
and bit-symbols ys
and tps! j1 = (|=zs], Suc t)
and tps ! j2 = (|map (sumdigit zs ys) [0..<t] Q drop ¢t ys], Suc t)
and last tps = [carry s ys t|
and rs = read tps
and tps’ = tps
[t = tpstjit |+ 1,
j2 = tpsj2 |:=| sumdigit xs ys t |+| 1,
length tps — 1 := [carry zs ys (Suc t)]]
shows sem (cmd-plus j1 j2) (0, tps) = (if t < maz (length zs) (length ys) then 0 else 1, tps')
(proof )

lemma contents-map-append-drop:
|map f [0..<t] Q drop t zs|(Suc t :== ft) = |map f [0..<Suc t] Q drop (Suc t) zs]

(proof )

corollary sem-cmd-plus'”:
assumes jI # j2
and jI <k — 1
and j2 < k — 1
and j2 > 0
and length tps = k
and bit-symbols xs
and bit-symbols ys
and tps ! jI = (|zs], Suc t)
and tps ! j2 = (|map (sumdigit zs ys) [0..<t] Q drop ¢ ys], Suc t)
and last tps = [carry zs ys t]
and tps’ = tps
[j1 = (|zs], Suc (Suc t)),
j2 = (|map (sumdigit zs ys) [0..<Suc t] @ drop (Suc t) ys|, Suc (Suc t)),
length tps — 1 := [carry zs ys (Suc t)]]
shows sem (cmd-plus j1 j2) (0, tps) = (if Suc t < max (length xs) (length ys) then 0 else 1, tps’)
(proof)

The next Turing machine comprises just the command cmd-plus. It overwrites tape jo with the sum of
the numbers on tape j; and jo. The carry bit is maintained on the last tape.

definition tm-plus :: tapeide = tapeidz = machine where
tm-plus j1 j2 = [emd-plus j1 j2]

lemma tm-plus-tm:
assumes j2 > 0 and k > 2 and G > J
shows turing-machine k G (tm-plus j1 j2)
(proof)

lemma tm-plus-immobile:

fixes k :: nat

assumes j! < k and j2 < k

shows immobile (tm-plus j1 j2) k (Suc k)
(proof)

lemma execute-tm-plus:

assumes jI # j2
and jI < k — 1
and j2 < k — 1
and j2 > 0
and length tps = k
and bit-symbols xs
and bit-symbols ys
and t < Suc (maz (length xs) (length ys))
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and tps! j1 = (|zs], 1)
and tps! j2 = (lys], 1)
and last tps = [1>]
shows ezecute (tm-plus j1 j2) (0, tps) t =
(if t < maz (length zs) (length ys) then 0 else 1, tps
[j1 = (lzs], Suc t),
j2 = (|map (sumdigit zs ys) [0..<t] Q drop t ys|, Suc t),
length tps — 1 := [carry zs ys t|])
(proof)

lemma tm-plus-bounded-write:
assumes jI < k — 1
shows bounded-write (tm-plus j1 j2) (k — 1) 4
(proof)

lemma carry-max-length:
assumes bit-symbols xs and bit-symbols ys
shows carry xzs ys (Suc (maz (length xs) (length ys))) = 0

(proof )

corollary execute-tm-plus-halt:
assumes jI # j2
and jI <k — 1
and j2 < k — 1
and j2 > 0
and length tps = k
and bit-symbols xs
and bit-symbols ys
and ¢ = Suc (maz (length xs) (length ys))
and tps! j1 = (|zs], 1)
and tps ! j2 = (|ys], 1)
and last tps = [>]
shows ezecute (tm-plus j1 j2) (0, tps) t =
(1, tps
[j1 := (|zs], Suc t),
j2 = (|map (sumdigit zs ys) [0..<t]|, Suc t),
length tps — 1 := [0]])
(proof)

lemma transforms-tm-plusli:
assumes jl # j2
and jI <k — 1
and j2 < k — 1
and j2 > 0
and length tps = k
and bit-symbols xs
and bit-symbols ys
and ¢ = Suc (maz (length xs) (length ys))
and tps! jl = (|zs], 1)
and tps ! j2 = (|ys], 1)
and last tps = [>]
and tps’ = tps
[j1 := (|zs], Suc t),
j2 = (|map (sumdigit zs ys) [0..<t]|, Suc t),
length tps — 1 := [0]]
shows transforms (tm-plus j1 j2) tps t tps’
(proof)

The next Turing machine removes the memorization tape from tm-plus.

definition tm-plus’ :: tapeidz = tapeide = machine where
tm-plus’ j1 j2 = cartesian (tm-plus j1 j2) 4

lemma tm-plus’-tm:
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assumes j2 > 0 and k > 2 and G > J
shows turing-machine k G (tm-plus’ j1 j2)
(proof)

lemma transforms-tm-plus'l [transforms-intros|:
fixes k t :: nat and 51 j2 :: tapeidr and tps tps’ :: tape list and xs zs :: symbol list
assumes jI # j2
and jI < k
and j2 < k
and j2 > 0
and length tps = k
and bit-symbols xs
and bit-symbols ys
and ¢ = Suc (maz (length xs) (length ys))
and tps ! jI = (|zs], 1)
and tps ! j2 = (|ys], 1)
and tps’ = tps
[j1 = (|zs], Suc t),
j2 = (|map (sumdigit zs ys) [0..<t]|, Suc t)]
shows transforms (tm-plus’ j1 j2) tps t tps’
(proof)

The next Turing machine is the one we actually use to add two numbers. After computing the sum by
running tm-plus’, it removes trailing zeros and performs a carriage return on the tapes j; and js.

definition tm-add :: tapeidr = tapeidr = machine where
tm-add j1 j2 =
tm-plus’ j1 §2 3;
tm-lconst-until j2 j2 {h. h 20 AN h £ 0O} O ;;
tm-cr j1 3
tm-cr j2

lemma tm-add-tm:
assumes j2 > 0 and k > 2 and G > / and j2 < k
shows turing-machine k G (tm-add j1 j2)
(proof)

locale turing-machine-add =
fixes j1 j2 :: tapeidx
begin

definition tmi1 = tm-plus’ j1 j2

definition tm2 = tm1 ;; tm-lconst-until j2 j2 {h. h # 0 A h # O} O
definition tm3 = tm?2 ;; tm-cr j1

definition tm4 = tm38 ;; tm-cr j2

lemma tmj-eq-tm-add: tm4 = tm-add j1 j2
(proof)

context
fixes z y k :: nat and tps0 :: tape list
assumes jk: j1 # j2j1 < kj2 < kj2 > 0k = length tps0
assumes tps0:
tps0 ! j1 = (| canrepr z|, 1)
tps0 ! j2 = (| canrepr y|, 1)
begin

abbreviation zs = canrepr
abbreviation ys = canrepr y

lemma zs: bit-symbols xs
(proof)
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lemma ys: bit-symbols ys
(proof)

abbreviation n = Suc (maz (length xs) (length ys))
abbreviation m = length (canrepr (num zs + num ys))

definition tps! = tps0O
[j1 == (|zs], Suc n),
j2 = (|map (sumdigit zs ys) [0..<n]|, Suc n)]

lemma tm1 [transforms-intros]:
assumes ttt = n
shows transforms tm1 tps0 tit tpst

{proof)

definition tps2 = tps0O
[j1 := (|zs], Suc n),
j2 = (lcanrepr (num xs + num ys)|, m)]

lemma contents-canlen:
assumes bit-symbols zs
shows |zs| (canlen zs) € {h. h # 0 A O < h}
(proof)

lemma tm2 [transforms-intros|:
assumes it = n + Suc (Suc n — canlen (map (sumdigit zs ys) [0..<n]))
shows transforms tm2 tps0 ttt tps2

{proof)

definition tps3 = tps0

[j1 = (l=s], 1),

j2 = (lcanrepr (num xs + num ys)|, m)]

lemma tm3 [transforms-intros]:
assumes it = n + Suc (Suc n — canlen (map (sumdigit zs ys) [0..<n])) + Sucn + 2
shows transforms tm3 tps0 ttt tps3
{proof)

definition tps/ = tps0O

[i1 == (las], 1),

j2 = (lcanrepr (num xs + num ys)|, 1)]

lemma tmj:
assumes it = n + Suc (Suc n — canlen (map (sumdigit zs ys) [0..<n])) + Sucn + 2 + m + 2
shows transforms tm4 tps0 tit tps/
(proof)

lemma tmj":
assumes ttt = 3 * max (length zs) (length ys) + 10
shows transforms tm4 tps0 ttt tps4

(proof)

definition tps)’ = tps0
[i2 .= (lz + ylw, 1)]

lemma tm4 "
assumes ttt = 3 x max (nlength x) (nlength y) + 10
shows transforms tm4 tps0 ttt tps4’

(proof )

end
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end

lemma transforms-tm-addl [transforms-intros|:
fixes j1 j2 :: tapeidx
fixes z y k ttt :: nat and tps tps’ :: tape list
assumes j1 # j2j1 < kj2 < kj2 > 0 k = length tps
assumes
tps ! j1 = (|canrepr x|, 1)
tps | j2 = (| canrepr y|, 1)
assumes ttt = 3 x max (nlength x) (nlength y) + 10
assumes tps’ = tps
2 == (l= + yln, 1)]
shows transforms (tm-add j1 j2) tps ttt tps’
(proof)

2.7.5 Multiplication

In this section we construct a Turing machine that multiplies two numbers, each on its own tape, and
writes the result to another tape. It employs the common algorithm for multiplication, which for binary
numbers requires only doubling a number and adding two numbers. For the latter we already have a
TM,; for the former we are going to construct one.

The common algorithm

For two numbers given as symbol sequences zs and ys, the common algorithm maintains an intermediate
result, initialized with 0, and scans xs starting from the most significant digit. In each step the inter-
mediate result is multiplied by two, and if the current digit of zs is 1, the value of ys is added to the
intermediate result.

fun prod :: symbol list = symbol list = nat = nat where
prod xs ys 0 = 0 |
prod zs ys (Suc i) = 2 % prod zs ys i + (if xs ! (length xs — 1 — i) = 3 then num ys else 0)

After i steps of the algorithm, the intermediate result is the product of ys and the ¢ most significant bits
of zs.

lemma prod:
assumes ¢ < length zs
shows prod zs ys i = num (drop (length xs — i) zs) * num ys
(proof)

After length xs steps, the intermediate result is the final result:

corollary prod-eg-prod: prod xs ys (length xs) = num zs * num ys
(proof)

definition prod’ :: nat = nat = nat = nat where
prod’ z y i = prod (canrepr z) (canrepr y) i

lemma prod”: prod’ z y (nlength ) = T * y
(proof)

Multiplying by two

Since we represent numbers with the least significant bit at the left, a multiplication by two is a right
shift with a 0 inserted as the least significant digit. The next command implements the right shift. It
scans the tape j and memorizes the current symbol on the last tape. It only writes the symbols 0 and 1.

definition cmd-double :: tapeidr = command where
cmd-double j rs =
(if rs 1 5 = 0O then 1 else 0,
(map (Ai.
if i = j then
if last rs = > A rs ! j =0 then (rs ! i, Right)
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else (tosym (todigit (last rs)), Right)
else if i = length rs — 1 then (tosym (todigit (rs ! j)), Stay)
else (rs | i, Stay)) [0..<length rs]))

lemma turing-command-double:
assumes k> 2and G > jand j > 0and j < k — 1
shows turing-command k 1 G (c¢md-double j)

(proof)

lemma sem-cmd-double-0:
assumes j < k
and bit-symbols xs
and 7 < length zs
and i > 0
and length tps = Suc k
and tps ! j = (|zs], 7)
and tps ! k = [7]
and tps’ = tps [j := tps | j |:=| tosym (todigit z) |+| 1, k := [zs ! (i — 1)]]
shows sem (cmd-double j) (0, tps) = (0, tps’)
(proof)

lemma sem-cmd-double-1:
assumes j < k
and bit-symbols xs
and ¢ > length zs
and length tps = Suc k
and tps! j = (|zs], 7)
and tps ! k = [z]
and tps’ = tps
[§:= tps ! j |:=| (if z = > then O else tosym (todigit z)) |+| 1,

k:= [0]]
shows sem (cmd-double j) (0, tps) = (1, tps’)
(proof)

The next Turing machine consists just of the command cmd-double.

definition tm-double :: tapeidx = machine where
tm-double j = [emd-double j]

lemma tm-double-tm:
assumes k> 2and G > jandj>0and j < k — 1
shows turing-machine k G (tm-double j)
(proof)

lemma ezecute-tm-double-0:
assumes j < k
and bit-symbols xs
and length xs > 0
and length tps = Suc k
and tps!j = (|zs], 1)
and tps ! k = [>]
and t > 1
and t < length zs
shows ezecute (tm-double j) (0, tps) t =
(0, tps [j == (|0 # take (t — 1) zs Q drop t zs], Suc t), k:= [zs! (¢t — 1)]])
(proof)

lemma ezxecute-tm-double-1:
assumes j < k
and bit-symbols s
and length zs > 0
and length tps = Suc k
and tps ! j = (lzs], 1)
and tps ! k = [>]
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shows ezecute (tm-double j) (0, tps) (Suc (length zs)) =
(1, tps [j := (|0 # zs], length zs + 2), k := [0]])
(proof)

lemma execute-tm-double-Nil:
assumes j < k
and length tps = Suc k
and tps ! j = ([[]], 1)
and tps ! k = [p]
shows ezecute (tm-double j) (0, tps) (Suc 0) =
(1, tps [j == (L[], 2), k == [O]])
(proof )

lemma ezecute-tm-double:
assumes j < k
and length tps = Suc k
and tps ! j = (|canrepr n], 1)
and tps ! k = [p]
shows ezecute (tm-double j) (0, tps) (Suc (length (canrepr n)))
(1, tps [j := (Lcanrepr (2 x n)], length (canrepr n) + 2), k :=
(proof)

To1)

lemma ezxecute-tm-double-app:
assumes j < k
and length tps = k
and tps ! j = (|canrepr n], 1)
shows ezecute (tm-double ) (0, tps @Q [[>]]) (Suc (length (canrepr n))) =
(1, tps [j := (L canrepr (2 % n)], length (canrepr n) + 2)] @ [[0]])
(proof)

lemma transforms-tm-double:
assumes j < k
and length tps = k
and tps ! j = (| canrepr n|, 1)
shows transforms (tm-double )
(tps @ [[>]))
(Suc (length (canrepr n)))
(tps [j := (Lcanrepr (2 % n)|, length (canrepr n) + 2)] @ [[0]])
(proof)

lemma tm-double-immobile:
fixes k :: nat
assumes j > 0 and j < k
shows immobile (tm-double j) k (Suc k)

(proof )

lemma tm-double-bounded-write:
assumes j < k — 1
shows bounded-write (tm-double 7) (k — 1) 4

(proof)
The next Turing machine removes the memorization tape.

definition tm-double’ :: nat = machine where
tm-double’ j = cartesian (tm-double j) 4

lemma tm-double’-tm:
assumes j > 0 and k> 2and G > 4/ and j < k
shows turing-machine k G (tm-double’ j)
(proof )

lemma transforms-tm-double’l [transforms-intros):

assumes j > 0 and j < k
and length tps = k
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and tps ! j = (| canrepr n|, 1)

and t = (Suc (length (canrepr n)))

and tps’ = tps [j := (| canrepr (2 * n)], length (canrepr n) + 2)]
shows transforms (tm-double’ j) tps t tps’
(proof)

The next Turing machine is the one we actually use to double a number. It runs ¢tm-double’ and performs
a carriage return.

definition tm-times2 :: tapeidr = machine where
tm-times2 j = tm-double’ j ;; tm-cr j

lemma tm-times2-tm:
assumes k> 2and j > 0 and j < kand G > J
shows turing-machine k G (tm-times2 j)
(proof)

lemma transforms-tm-times2I [transforms-intros|:

assumes j > 0 and j < k

and length tps = k

and tps!j = (|n|n, 1)

and t = 5 + 2 x nlength n

and tps’ = tps [j := (|2 * n|w, 1)]
shows transforms (tm-times2 j) tps t tps’
(proof)

Multiplying arbitrary numbers

Before we can multiply arbitrary numbers we need just a few more lemmas.

lemma num-drop-le-nu: num (drop j zs) < num xs

(proof)

lemma nlength-prod-le-prod:
assumes | < length s
shows nlength (prod zs ys i) < nlength (num zs * num ys)
(proof)

corollary nlength-prod’-le-prod:
assumes i < nlength z
shows nlength (prod’ z y i) < nlength (z * y)
(proof)

lemma two-times-prod:
assumes ¢ < length xs
shows 2 x prod xs ys i < num s * num ys

(proof)

corollary two-times-prod’:
assumes ¢ < nlength z
shows 2 x prod' zyi <z *y
(proof)

The next Turing machine multiplies the numbers on tapes j; and jo and writes the result to tape js. It
iterates over the binary digits on j; starting from the most significant digit. In each iteration it doubles
the intermediate result on js. If the current digit is 1, the number on jy is added to js.

definition tm-mult :: tapeide = tapeidz = tapeidz = machine where
tm-mult j1 j2 j3 =
tm-right-until 51 {O} ;;
tm-left j1 ;;
WHILE || ; Ars. rs | j1 # > DO
tm-times2 j3 ;;
IF Ars. rs!1 j1l =1 THEN
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tm-add j2 j3
ELSE
[
ENDIF ;
tm-left j1
DONE ;;
tm-right j1

lemma tm-mult-tm:
assumes jI # j2 j2 # j8j3 # j1 and j3 > 0
assumes k > 2
and G > 4
and j1 < kj2 < kj3 <k
shows turing-machine k G (tm-mult j1 j2 j3)
(proof)

locale turing-machine-mult =
fixes j1 j2 j3 :: tapeidz
begin

definition tm1 = tm-right-until j1 {O}

definition tm2 = tm1 ;; tm-left j1

definition tmIf = IF Ars. rs | j1 = 1 THEN tm-add j2 j3 ELSE || ENDIF
definition tmBodyl = tm-times?2 j3 ;; tmlif

definition tmBody = tmBodyl ;; tm-left j1

definition tmWhile = WHILE [ ; Ars. rs | j1 # > DO tmBody DONE
definition tm3& = tm2 ;; tmWhile

definition tm4 = tm38 ;; tm-right j1

lemma tmj-eq-tm-mult: tm4 = tm-mult j1 j2 j3
(proof)

context
fixes z y k :: nat and tps0 :: tape list
assumes jk: j1 # j2 j2 # j3 43 # j1 j8 > 0j1 < k j2 < k j3 < k length tpsO = k
assumes tps0:
tps0 ! j1 = (|z|w~, 1)
tps0 1 2 = (|ylw, 1)
tps0 ! j3 = (|0]w, 1)
begin

definition tps! = tps0 [j1 := (|z]~, Suc (nlength z))]

lemma tm1 [transforms-intros]:
assumes ¢ = Suc (nlength z)
shows transforms tm1 tps0 t tpsl

(proof)
definition tps2 = tps0 [j1 := (|z]~, nlength )]

lemma tm2 [transforms-intros|:
assumes t = Suc (Suc (nlength x)) and tps’ = tps2
shows transforms tm2 tps0 t tps’

{proof)

definition tpsL t = tpsO
[1 := (|z]|n~, nlength z — t),
38 == (lprod" z y t|n, 1)]

definition tpsL1 t = tps0

i1 := (|z|n~, nlength z — t),
§3 = (|2 * prod’ z y t|n, 1))
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definition tpsL2 t = tps0
[i1 := (|z]|w~, nlength z — t),
33 := (lprod" z y (Suc t)|n, 1)]

definition tpsL3 t = tps0
[j1 := (|z|n~, nlength z — t — 1),
73 = (Lprod’ = y (Suc )], 1)]

lemma tmlIf [transforms-intros):
assumes ¢t < nlength ¢ and ttt = 12 + 3 * nlength (z * y)
shows transforms tmlIf (tpsL1 t) ttt (tpsL2 t)

{proof)

lemma tmBodyl [transforms-intros|:
assumes t < nlength x
and ttt = 17 + 2 * nlength (Arithmetic.prod’ z y t) + 8 * nlength (z * y)
shows transforms tmBodyl (tpsL t) ttt (tpsL2 t)
(proof)

lemma tmBody:
assumes t < nlength z
and ttt = 6 + 2 * nlength (prod’ Ty t) + (12 + 8 x nlength (z * y))
shows transforms tmBody (tpsL t) tit (tpsL (Suc t))
(proof)

lemma tmBody' [transforms-intros):
assumes ¢ < nlength  and tit = 18 + 5 * nlength (z * y)
shows transforms tmBody (tpsL t) tit (tpsL (Suc t))

(proof)

lemma read-contents:
fixes tps :: tape list and j :: tapeidr and zs :: symbol list
assumes tps | j = (|zs], ¢) and ¢ > 0 and ¢ < length zs and j < length tps
shows read tps ! j = zs! (i — 1)
(proof)

lemma tmWhile [transforms-intros]:
assumes ttt = 1 + 25 * (nlength z + nlength y) * (nlength = + nlength y)
shows transforms tmWhile (tpsL 0) ttt (tpsL (nlength z))
(proof)

lemma tm3:
assumes ttt = Suc (Suc (nlength z)) +
Suc ((25 % nlength x + 25 * nlength y) = (nlength © + nlength y))
shows transforms tm3 tps0 ttt (tpsL (nlength x))
(proof)

definition tps3 = tpsO
[i1 := (lz|~, 0),
j8 = (lz * y|n, 1)]

lemma tm3’ [transforms-intros|:
assumes ttt = 3 + 26 * (nlength © + nlength y) * (nlength = + nlength y)
shows transforms tm3 tps0 tit tps3

(proof)

definition tps4 = tps0
[ == (L= * yln, 1)]

lemma tm4:
assumes tit = 4 + 26 x (nlength  + nlength y) = (nlength = + nlength y)
shows transforms tm4 tps0 tit tps)

{proof)
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end
end

lemma transforms-tm-mult [transforms-intros]:
fixes j1 j2 j3 :: tapeidr and z y k ttt :: nat and tps tps’ :: tape list
assumes jI # j2j2 # j3j8 # j13 > 0
assumes length tps = k
and jI < kj2 < kj3 < k
and tps! jl = (|z|n, 1)
and tps!j2 = (lyln, 1)
and tps! j3 = (|0]n~, 1)
and ¢ttt = 4 + 26 * (nlength z + nlength y) * (nlength  + nlength y)
and tps’ = tps [j8 == (|z * y|~, 1)]
shows transforms (tm-mult j1 j2 j3) tps ttt tps’
(proof)

2.7.6 Powers

In this section we construct for every d € N a Turing machine that computes n¢. The following TMs
expect a number n on tape j; and output n? on tape j3. Another tape, js, is used as scratch space to
hold intermediate values. The TMs initialize tape j3 with 1 and then multiply this value by n for d times
using the TM tm-mult.

fun tm-pow :: nat = tapeidr = tapeide = tapeidr = machine where
tm-pow 0 j1 j2 j3 = tm-setn j3 1 |
tm-pow (Suc d) j1 j2 j3 =
tm-pow d j1 j2 j3 ;; (tm-copyn j3 j2 ;; tm-setn j3 0 ;; tm-mult j1 j2 j3 ;; tm-setn j2 0)

lemma tm-pow-tm:
assumes jl # j2 j2 # j8 j3 # jl
and 0 < j2 0 < j30 < j1
assumes jI < kj2 < kj3 <k
and k > 2
and G > 4
shows turing-machine k G (tm-pow d j1 j2 j3)
(proof)

locale turing-machine-pow =
fixes j1 j2 j3 :: tapeidz
begin

definition tm1 = tm-copyn j3 j2 ;; tm-setn j3 0
definition tm2 = tm1 ;; tm-mult j1 j2 j3
definition tm8 = tm2 ;; tm-setn j2 0

fun tm4 :: nat = machine where
tm4 0 = tm-setn j3 1 |
tm4 (Suc d) = tm4 d ;; tm3

lemma tm/-eq-tm-pow: tm4 d = tm-pow d j1 j2 j3
(proof)

context
fixes z y k :: nat and tps0 :: tape list
assumes jk: k = length tps0 j1 < kj2 < kj3 < k
J1 # 22 # j343 # j1
0<j20<3j30<ij1
assumes tps0:
tps0 ! j1 = (|z|n, 1)
tps0 ! j2 = (|0]w, 1)
tps0 ! j3 = (lyln, 1)
begin
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definition tps! = tps0O
[]2 = (LyJN7 1)7 ]3 = (LOJ]\U ])]

lemma tm1 [transforms-intros]:
assumes ttt = 24 + 5 x nlength y
shows transforms tm1 tps0 ttt tpsi

{proof)

definition tps2 = tpsO
2 == (lylw~, 1),
33 = (lz * yln, 1)]

lemma tm2 [transforms-intros|:
assumes it = 28 + 5 * nlength y + (26 * nlength x + 26 * nlength y) * (nlength = + nlength y)
shows transforms tm2 tps0 ttt tps2
(proof)

definition tps3 = tpsO
(3 == (L= = yl~, 1)]

lemma tm3:
assumes it = 38 + 7 * nlength y + (26 * nlength x + 26 * nlength y) = (nlength © + nlength y)
shows transforms tm3 tps0 tit tps3
(proof)

lemma tm3"
assumes ttt = 38 + 33 x (nlength © + nlength y) ~ 2
shows transforms tm3 tps0 tit tps3

(proof )

end

lemma tm3" [transforms-intros|:
fixes z d k :: nat and tps0 :: tape list
assumes k = length tps0
and jI < kj2 < kj3 < k
assumes j-neq [simp|: j1 # j2j2 # j8 j3 # jl
and j-gt [simp]: 0 < j2 0 < j3 0 < j1
and tps0 ! j1 = (|z]n, 1)
and tps0 ! j2 = (|0]n, 1)
and tps0 ! j8 = (|z ~d|n, 1)
and ttt = 71 + 99 * (Suc d) ~ 2 = (nlength ) ~ 2
and tps’ = tps0 [j8 := (|z ~ Suc d]n, 1)]
shows transforms tm3 tps0 ttt tps’

(proof)

context
fixes z k :: nat and tps0 :: tape list
assumes jk: j1 < kj2 < kj3 < kjl #7242 #j3j8 #j1 0 < j20 < j8 0 < jl k = length tps0
assumes tps0:
tps0 ! j1 = (|z|wn, 1)
tps0 ! j2 = (|0]n, 1)
tps0 ! j3 = (|0]w, 1)
begin

lemma tm4:
fixes d :: nat
assumes tps’ = tps0 [j8 := (|z ~d|n, 1)]
and ttt = 12 + 71 * d + 99 * d ~ 8 * (nlength z) ~ 2
shows transforms (tm4 d) tps0 ttt tps’
(proof)
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end
end

lemma transforms-tm-pow [transforms-intros|:
fixes d :: nat
assumes jI1 # j272 # j3j3 #j1 0 < j20 < j30 < jljl <k j2 <kj3 <kk = length tps
assumes
tps ! j1 = (|z]~, 1)
tps ! j2 = ([0]n, 1)
tps1j3 = ([0]n, 1)
assumes ttt = 12 + 71 x d + 99 x d ~ 3 * (nlength z) ~ 2
assumes {ps’ = tps [j3 = (|z " d]n, 1)]
shows transforms (tm-pow d j1 j2 j3) tps ttt tps’
(proof )

2.7.7 Monomials

A monomial is a power multiplied by a constant coefficient. The following Turing machines have param-
eters ¢ and d and expect a number 2 on tape j. They output ¢ - z¢ on tape j + 3. The tapes j + 1 and
j + 2 are scratch space for use by tm-pow and tm-mult.

definition tm-monomial :: nat = nat = tapeidc = machine where
tm-monomial ¢ d j =
tm-pow dj (j+ 1) (j + 2) 3;
tm-setn (j + 1) ¢ 3;
tm-mult (5 + 1) G+ 2) (5 + 3);;
tm-setn (j + 1) 0 3;
tm-setn (j + 2) 0

lemma tm-monomial-tm:
assumes k> 2and G > Jand j+ 3 < kand 0 < j
shows turing-machine k G (tm-monomial c d j)

{proof)

locale turing-machine-monomial =
fixes ¢ d :: nat and j :: tapeidz
begin

definition tm1
definition tm2
definition tm3
definition tmy4
definition tmd

tm-powdj(j+ 1) G+ 2)

tml ;; tm-setn (j + 1) ¢

tm2 55 tm-mult (j+ 1) (G + 2) (G + 3)
tm3 ;; tm-setn (j + 1) 0

tm4 ;; tm-setn (j + 2) 0

lemma tmb-eq-tm-monomial: tmb5 = tm-monomial c d j
(proof)

context
fixes z k :: nat and tps0 :: tape list
assumes jk: k = length tpsO0j + 3 < k0 < j
assumes tps0:
tps0 ! j = (lz|n, 1)
tps0 ! (j+ 1) = (|0]n, 1)
tpsO ! (j+ 2) = (|0]w, 1)
tps0 ! (j + 8) = (|0]n, 1)
begin

definition tps! = tps0 [(j + 2) := (lz ~ d]n, 1)]
lemma tm1 [transforms-intros]:

assumes ¢ttt = 12 + 71 * d + 99 x d ~ 3 x (nlength z) ~ 2
shows transforms tm1 tps0 tit tpst

{proof)

88



definition tps2 = tps0O
[J + 2 = (LI AdJNa 1)7
j+ 1= (le)n, 1)]

lemma tm2 [transforms-intros|:
assumes ttt = 22 + 71 * d + 99 * d " 8 * (nlength x)*> + 2 x nlength c
shows transforms tm2 tps0 tit tps2
(proof)

definition tps3 = tps0O
U+ 2:=(z "dn, 1),
i+ 1:=(leJn, 1),
j+ 3:=(lc*xz " dln, 1)

lemma tm3 [transforms-intros|:
assumes {tt = 26 + 71 * d + 99 * d "3 * (nlength z)® 4+ 2 x nlength ¢ +
26 x (nlength ¢ + nlength (z ~d)) ~ 2
shows transforms tm3 tps0 ttt tps3
{proof)

definition tps/ = tps0O
U + 2:= (I_x AdJN7 1)7
j+ 8= (lexadln, 1)]

lemma tmj [transforms-intros]:
assumes it = 36 + 71 * d + 99 * d " 3 * (nlength 2)> + 4 * nlength ¢ +
26 * (nlength ¢ + nlength (z ~ d))?
shows transforms tm4 tps0 tit tps)
(proof)

definition tps5 = tps0O
i+ 8:=(lc*xz " d]n, 1)]

lemma tmb:
assumes ttt = 46 + 71 * d + 99 * d 3 * (nlength ©)*> + 4 * nlength ¢ +
26 * (nlength ¢ + nlength (z ~d))? +
(2 * nlength (z ~ d))
shows transforms tms tps0 tit tpsd
(proof)

lemma tm5"

assumes ttt = 46 + 71 * d + 99 x d " 3 * (nlength x)® + 32 * (nlength ¢ + nlength (z

shows transforms tms tps0 tit tpss
(proof)

end
end
lemma transforms-tm-monomiall [transforms-intros]:

fixes ttt x k :: nat and tps tps’ :: tape list and j :: tapeidz
assumes j > 0 and j + 3 < k and k = length tps

tps ! j = (lz]n, 1)

tps ! (j + 1) = ([0]n, 1)
tps ' (j + 2) = (L0]w, 1)
tps ! (j + 3) = (L0]w, 1)

assumes it = 46 + 71 xd+ 99 % d "3 x (nlength z)? + 32 * (nlength ¢ + nlength (z

assumes tps’ = tps[j + 3 := (l[c x z " d]w, 1)]
shows transforms (tm-monomial ¢ d j) tps tit tps’

(proof)
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2.7.8 Polynomials

A polynomial is a sum of monomials. In this section we construct for every polynomial function p a
Turing machine that on input = € N outputs p(x).

According to our definition of polynomials (see Section 2.1.4), we can represent each polynomial by a
list of coefficients. The value of such a polynomial with coefficient list ¢s on input x is given by the
next function. In the following definition, the coefficients of the polynomial are in reverse order, which
simplifies the Turing machine later.

definition polyvalue :: nat list = nat = nat where
polyvalue cs © = (> i«+[0..<length cs]. rev es | i * ™ 1)

lemma polyvalue-Nil: polyvalue [| z = 0
(proof)

lemma sum-upt-snoc: (> i<[0..<length (zs Q [2])]. (zs @ [2]) ! i *x & ~4) =
(O i«[0..<length zs]. zs ! i x ¢ " i) + z x z ~ (length zs)
(proof)

lemma polyvalue-Cons: polyvalue (¢ # cs) x = ¢ x  ~ (length cs) + polyvalue cs x

(proof)

lemma polyvalue-Cons-ge: polyvalue (¢ # cs) x > polyvalue cs
(proof)

lemma polyvalue-Cons-ge2: polyvalue (¢ # cs) © > ¢ * x ~ (length cs)
(proof)

lemma sum-list-const: (Y -<—ns. ¢) = ¢ * length ns
{proof)

lemma polyvalue-le: polyvalue cs © < Maz (set cs) * length cs * Suc x ~ length cs

(proof)

lemma nlength-polyvalue:
nlength (polyvalue cs x) < nlength (Maz (set cs)) + nlength (length cs) + Suc (length cs x nlength (Suc x))

(proof)

The following Turing machines compute polynomials given as lists of coefficients. If the polynomial is
given by coefficients cs, the TM tm-polycoef cs j expect a number n on tape j and writes p(n) to tape
j+4. The tapes j+ 1, j + 2, and j + 3 are auxiliary tapes for use by tm-monomial.

fun tm-polycoef :: nat list = tapeidc = machine where
tm-polycoef [ j = [| |
tm-polycoef (¢ # cs) j =
tm-polycoef cs j 3;
(tm-monomial ¢ (length cs) j ;;
tm-add (j + 3) (j + 4) 3;
tm-setn (j + 8) 0)

lemma tm-polycoef-tm:
assumes k> 2and G > Jand j+ 4 <kand 0 <j
shows turing-machine k G (tm-polycoef cs j)

(proof)

locale turing-machine-polycoef =
fixes j :: tapeidz
begin

definition ¢tm1 c cs
definition tm2 c cs
definition tm3 c cs

tm-monomial ¢ (length cs) j
tml1 c cs;; tm-add (5 + 8) (j + 4)
tm2 c cs ;; tm-setn (j + 3) 0

fun tm4 :: nat list = machine where
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tmg [ =1 |
tm4 (¢ # cs) = tm4 cs ;; tm8 ¢ cs

lemma tm/-eq-tm-polycoef: tm4 zs = tm-polycoef zs j

(proof)

context
fixes z y k :: nat and tps0 :: tape list
fixes ¢ :: nat and cs :: nat list
assumes jk: 0 < jj+ 4 < k k = length tps0
assumes tps0:
tps0 ' j = (lz]|w~, 1)

tpsO0 ! (j+ 1) = (|0]n, 1)

tps0 ! (j + 2) = ([0]~, 1)

tpsO ! (j+ 8) = (|0]w, 1)

tps0 ! (G + 4) = (lyln, 1)
begin

abbreviation d = length cs

definition tps! = tps0
[i+ 38 :=(lc*z~ (length cs)|n, 1)]

lemma tm1 [transforms-intros]:
assumes ttt = 46 + 71 * d + 99 * d " 8 * (nlength )* +
32 * (nlength ¢ + nlength (z = d))?
shows transforms (tm1 c cs) tps0 ittt tpsi
(proof)

definition tps2 = tpsO
[f+ 3 :=(lcx*z  (length cs)|n, 1),
j+ 4 :=(lc*x " (length cs) + y|n, 1)]

lemma tm2 [transforms-intros|:
assumes ttt = 46 + 71 * d + 99 * d " 3 * (nlength z)*> +
32 % (nlength ¢ + nlength (z ~d))* +
(3 x maz (nlength (¢ * z ~ d)) (nlength y) + 10)
shows transforms (tm2 c cs) tps0 tit tps2
(proof)

definition tps3 = tps0O
4+ 4:=(c*xz " d+yln, 1)]

lemma tm3:
assumes ttt = 66 + 71 * d + 99 * d 38 * (nlength )* +
32 * (nlength ¢ + nlength (z = d))* +
3 * maz (nlength (¢ * x ~d)) (nlength y) +
2 x nlength (¢ x z ~ d)
shows transforms (tm3 c cs) tps0 ttt tps3
(proof)

definition tps3’ = tps0
[j+ 4 :=(lc*xz " length cs + y|n, 1)]

lemma tm3"
assumes ttt = 66 + 71 * d + 99 * d " 3 * (nlength z)*> +
32 * (nlength ¢ + nlength (z ~d))? +
5 x max (nlength (¢ * x ~ d)) (nlength y)
shows transforms (tm3 c cs) tps0 ttt tps3’

(proof )

end
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lemma tm3" [transforms-intros|:
fixes c :: nat and cs :: nat list
fixes z k :: nat and tps0 tps’ :: tape list
assumes k = length tpsO and j + 4 < kand 0 < j
assumes
tps0 ' j = (lz]|w~, 1)
tpsO0 ! (j+ 1) = (|0]n, 1)
30! (j + 2) = ([0] . 1)
tpsO ! (j+ 8) = (|0]n, 1)
tps0 ! (j + 4) = (| polyvalue cs z|n, 1)
assumes ttt = 66 +
71 * (length cs) +
99 * (length cs) ™8 * (nlength z)* +
32 * (nlength ¢ + nlength (z = (length cs)))? +
5 x max (nlength (¢ * x ~ (length cs))) (nlength (polyvalue cs x))
assumes tps’ = tps0
i + 4 = (Lpolyvalue (c # cs) z|n, 1)]
shows transforms (tm3 c cs) tps0 ttt tps’
(proof)

lemma pow-le-pow-Suc:
fixes a b :: nat
shows a ~ b < Suc a ~ Suc b

(proof )

lemma tm4:
fixes z k :: nat and tps0 :: tape list
fixes cs :: nat list
assumes k = length tpsO and j + 4 < kand 0 < j

tps0 ! j = (|lz|n, 1)

tps0 ! (j + 1) = ([0]w, 1)

tpsO ! (j+ 2) = (|0]n, 1)

tps0 ! (G + 3) = (L0]~, 1)

tps0 ! (j + 4) = ([0]w, 1)
assumes ttt: ttt = length cs *

(66 +

71 % (length cs) +

99 * (length cs) ™8 * (nlength z)* +

32 % (Maz (set (map nlength cs)) + nlength (Suc z ~ length cs))? +

5 * nlength (polyvalue cs x))
shows transforms (tm4 cs) tps0 ttt (tps0[j + 4 = (| polyvalue cs z|n, 1)])
(proof)

end

The time bound in the previous lemma for tm-polycoef is a bit unwieldy. It depends not only on the
length of the input z but also on the list of coefficients of the polynomial p and on the value p(z). Next
we bound this time bound by a simpler expression of the form d + d - |z|> where d depends only on the
polynomial. This is accomplished by the next three lemmas.

lemma tm-polycoef-time-1: 3 d. ¥V x. nlength (polyvalue cs ) < d + d * nlength =
(proof)

lemma tm-polycoef-time-2: 3d. Vx. (Maz (set (map nlength cs)) + nlength (Suc x ~ length cs))® < d + d *
nlength © ~ 2

(proof )

lemma tm-polycoef-time-3:
3d. Vz. length cs *
(66 +
71 * length cs +
99 * length cs ~ 8 * (nlength )% +
32 * (Maz (set (map nlength cs)) + nlength (Suc z ~ length cs))? +
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5 x nlength (polyvalue cs z)) < d + d x nlength z ~ 2
(proof )

According to our definition of polynomial (see Section 2.1.4) every polynomial has a list of coefficients.
Therefore the next definition is well-defined for polynomials p.

definition coefficients :: (nat = nat) = nat list where
coefficients p = SOME cs. Y n. pn = (D i«[0..<length cs]. cs | i x n " 7)

The d in our upper bound of the form d + d - |z|? for the running time of tm-polycoef depends on the
polynomial. It is given by the next function:

definition d-polynomial :: (nat = nat) = nat where

d-polynomial p =

(let cs = rev (coefficients p)
in SOME d. ¥ z. length cs *
(66 +
71 * length cs +
99 x length cs ~ 3 * (nlength z)?
32 x (Maz (set (map nlength cs)) + nlength (Suc z ~ length cs))? +
5 x nlength (polyvalue cs z)) < d + d * nlength © ~ 2)

The Turing machine tm-polycoef has the coefficients of a polynomial as parameter. Next we devise a
similar Turing machine that has the polynomial, as a function N — N, as parameter.

definition ¢tm-polynomial :: (nat = nat) = tapeidz = machine where
tm-polynomial p j = tm-polycoef (rev (coefficients p)) j

lemma tm-polynomial-tm:
assumes k > 2and G > Jand 0 < jand j+ 4 <k
shows turing-machine k G (tm-polynomial p j)

(proof)

lemma transforms-tm-polynomiall [transforms-intros]:
fixes p :: nat = nat and j :: tapeidx
fixes k z :: nat and tps tps’ :: tape list
assumes (0 < j and k = length tps and j + 4 < k
and polynomial p

tps ! j = (lz|~, 1)

tps ! (j + 1) = ([0)n, 1)
tps ! (j + 2) = ([0]n, 1)
tps ! (j + 3) = ([0)n, 1)
tps ! (5 + 4) = ([0]n, 1)

assumes tit = d—polynomzal p + d-polynomial p * nlength © ~ 2
assumes tps’ = tps
i+ 4 = (lpz]n, 1)]
shows transforms (tm-polynomial p j) tps ttt tps’
(proof)

2.7.9 Division by two

In order to divide a number by two, a Turing machine can shift all symbols on the tape containing the
number to the left, of course without overwriting the start symbol.

The next command implements the left shift. It scans the tape j from right to left and memorizes the
current symbol on the last tape. It works very similar to emd-double only in the opposite direction. Upon
reaching the start symbol, it moves the head one cell to the right.

definition cmd-halve :: tapeidz = command where
cmd-halve j rs =
(if rs ! j = 1 then 1 else 0,
(map (Ai.
if i = j then
if rs ! j = then (rs ! i, Right)
else if last rs = > then (O, Left)
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else (tosym (todigit (last rs)), Left)
else if i = length rs — 1 then (tosym (todigit (rs ! j)), Stay)
else (rs | i, Stay)) [0..<length rs]))

lemma turing-command-halve:
assumes G > 4 and 0 < jand j < k
shows turing-command (Suc k) 1 G (cmd-halve j)

(proof)

lemma sem-cmd-halve-2:
assumes j < k
and bit-symbols xs
and length tps = Suc k
and ¢ < length zs
and i > 0
and z=0Vz=1
and tps ! j = (|zs], ©)
and tps ! k = [7]
and tps' = tps[j:=tps ! j|:==| 2 |—| 1, k= [zs! (i — 1)]]
shows sem (cmd-halve j) (0, tps) = (0, tps’)
(proof)

lemma sem-cmd-halve-1:
assumes j < k
and bit-symbols xs
and length tps = Suc k
and 0 < length zs
and tps ! j = (|zs], length xs)
and tps ! k = [>]
and tps’ = tps[j :=tps ! j |:=| O |-| 1, k := [xs ! (length zs — 1)]]
shows sem (cmd-halve j) (0, tps) = (0, tps’)
(proof)

lemma sem-cmd-halve-0:
assumes j < k
and length tps = Suc k
and tps ! j = (|zs], 0)
and tps! k = [7]
and tps’ = tps[j := tps ! j |+] 1, k := [0]]
shows sem (cmd-halve j) (0, tps) = (1, tps’)
(proof)

definition tm-halve :: tapeidz = machine where
tm-halve j = [cmd-halve j

lemma tm-halve-tm:
assumes k> 2and G > 4 and 0 < jand j < k
shows turing-machine (Suc k) G (tm-halve j7)

{proof)

lemma eze-cmd-halve-0:

assumes j < k

and length tps = Suc k

and tps ! j = (|zs], 0)

and tps ! k = [7]

and tps’ = tps[j := tps ! j |+| 1, k := [0]]
shows exe (tm-halve j) (0, tps) = (1, tps’)
(proof)

lemma execute-cmd-halve-0:
assumes j < k
and length tps = Suc k

and tps ! j = (], 0)
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and tps ! k = [p]

and tps' = tps[j:=tps ! j|+| 1, k := [0]]
shows execute (tm-halve 7) (0, tps) 1 = (1, tps’)
(proof)

definition shift :: tape = nat = tape where
shift tp y = (Az. if © < y then (fst tp) x else (fst tp) (Suc x), y)

lemma shift-update: y > 0 = shift tp y |:=| (fst tp) (Suc y) |—| 1 = shift tp (y — 1)
(proof)

lemma shift-contents-0:

assumes length xs > 0

shows shift (|zs|, length zs) 0 = (|t zs], 0)
(proof )

lemma proper-bit-symbols: bit-symbols ws = proper-symbols ws
(proof)

lemma bit-symbols-shift:
assumes t < length ws and bit-symbols ws
shows |.| (shift (|ws], length ws) (length ws — t)) # 1
(proof)

lemma eze-cmd-halve-1:
assumes j < k
and length tps = Suc k
and bit-symbols xs
and length zs > 0
and tps ! j = (|zs], length xs)
and tps ! k = [>]
and tps’ = tps[j := tps ' j |:=| O |—| 1, k := [zs ! (length zs — 1)]]
shows exe (tm-halve §) (0, tps) = (0, tps’)
(proof)

lemma shift-contents-eq-take-drop:
assumes length xs > 0
and ys = take i s @Q drop (Suc i) zs
and i > 0
and ¢ < length zs
shows shift (|zs|, length zs) i = (|ys], 7)
(proof)

lemma eze-cmd-halve-2:

assumes j < k

and bit-symbols xs

and length tps = Suc k

and ¢ < length zs

and i > 0

and z =0V z=1

and tps ! j = (|=zs], 7)

and tps ! k = [7]

and tps’ = tps[j :=tps ' j |:=| 2 |=| 1, k:= [as ! (i — 1)]]
shows exe (tm-halve j) (0, tps) = (0, tps’)
(proof)

lemma shift-contents-length-minus-1:
assumes length xs > 0
shows shift (|zs|, length zs) (length zs — 1) = (|s], length zs) |:=| O |—| 1
(proof)

lemma execute-tm-halve-1-less:
assumes j < k
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and length tps = Suc k
and bit-symbols xs
and length zs > 0
and tps ! j = (|zs], length xs)
and tps ! k = [>]
and t > 1
and t < length zs
shows ezecute (tm-halve j) (0, tps) t =
[7 := shift (tps ! j) (length zs — t),
k= [xs ! (length zs — t)]])
(proof)

(0, tps

lemma ezecute-tm-halve-1:
assumes j < k
and length tps = Suc k
and bit-symbols xs
and length zs > 0
and tps ! j = (|zs], length xs)
and tps ! k = [>]
and tps’ = tpslj := ([t zs], 1), k := [0]]
shows execute (tm-halve j) (0, tps) (Suc (length xs)) = (1, tps’)
(proof)

lemma ezecute-tm-halve:
assumes j < k
and length tps = Suc k
and bit-symbols xs
and tps ! j = (|zs], length xs)
and tps ! k = [>]
and tps’ = tpslj := (|t zs], 1), k := [0]]
shows ezecute (tm-halve j) (0, tps) (Suc (length xs)) = (1, tps’)
{proof)

lemma transforms-tm-halve:
assumes j < k
and length tps = Suc k
and bit-symbols xs
and tps ! j = (|xs], length zs)
and tps ! k = [p]
and tps’ = tpslj := ([t zs], 1), k := [0]]
shows transforms (tm-halve j) tps (Suc (length xs)) tps’
(proof)

lemma transforms-tm-halve2:
assumes j < k
and length tps = k
and bit-symbols s
and tps ! j = (|zs], length xs)
and tps’ = tps[j := ([t zs], 1)]
shows transforms (tm-halve j) (tps @ [[>]]) (Suc (length xs)) (tps’ @ [[0]])
(proof)

The next Turing machine removes the memorization tape from tm-halve.

definition tm-halve’ :: tapeidz = machine where
tm-halve’ j = cartesian (tm-halve j) 4

lemma bounded-write-tm-halve:
assumes j < k
shows bounded-write (tm-halve j) k 4

{proof)

lemma immobile-tm-halve:
assumes j < k
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shows immobile (tm-halve j) k (Suc k)
(proof)

lemma tm-halve’-tm:
assumes G > J and 0 < jand j < k
shows turing-machine k G (tm-halve’ j)
(proof)

lemma transforms-tm-halve’ [transforms-intros|:

assumes j > 0 and j < k

and length tps = k

and bit-symbols xs

and tps ! j = (|zs], length xs)

and tps' = tps[j := (|t zs], 1)]
shows transforms (tm-halve’ j) tps (Suc (length xs)) tps’
(proof)

lemma num-tl-div-2: num (tl zs) = num zs div 2

(proof )

lemma canrepr-div-2: canrepr (n div 2) = tl (canrepr n)
{proof)

corollary nlength-times2: nlength (2 * n) < Suc (nlength n)
{proof)

corollary nlength-times2plusi: nlength (2 * n + 1) < Suc (nlength n)
(proof)

The next Turing machine is the one we actually use to divide a number by two. First it moves to the
end of the symbol sequence representing the number, then it applies tm-halve’.

definition tm-div2 :: tapeidx = machine where
tm-div2 j = tm-right-until j {0} ;; tm-left j ;; tm-halve’ j

lemma tm-div2-tm:
assumes G > J and 0 < jand j < k
shows turing-machine k G (tm-div2 j)
(proof)

locale turing-machine-div2 =
fixes j :: tapeidz
begin

definition tm1 = tm-right-until j {O}
definition tm2 = tm1 ;; tm-left j
definition tm3 = tm2 ;; tm-halve’ j

lemma tm3-eq-tm-div2: tm3 = tm-div2 j
(proof)

context
fixes tps0 :: tape list and k n :: nat
assumes jk: 0 < jj < k length tpsO = k
and tps0: tpsO ! j = (|n]n, 1)
begin

definition tps! = tps0O
[7:= (|n]n~, Suc (nlength n))]

lemma tm1 [transforms-intros]:
assumes ¢ttt = Suc (nlength n)
shows transforms tm1 tps0 tit tpsl

(proof)
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definition tps2 = tps0O
[j == ([n), niength n)]

lemma tm2 [transforms-intros|:
assumes ttt = 2 + nlength n
shows transforms tm2 tps0 ttt tps2

{proof)

definition tps3 = tpsO
[j:= (|n div 2N, 1)]

lemma tms3:
assumes tit = 2 x nlength n + &
shows transforms tm3 tps0 tit tps3

{proof)

end
end

lemma transforms-tm-div2l [transforms-intros):
fixes tps tps’ :: tape list and ttt k n :: nat and j :: tapeidz
assumes 0 < jj < k
and length tps = k
and tps! j= (|n|~, 1)
assumes ttt = 2 * nlength n + 3
assumes tps’ = tps[j := (|n div 2|n, 1))
shows transforms (tm-div2 j) tps tit tps’
(proof)

2.7.10 Modulo two

In this section we construct a Turing machine that writes to tape jo the symbol 1 or J depending on
whether the number on tape j; is odd or even. If initially tape jo contained at most one symbol, it will
contain the numbers 1 or 0.

lemma canrepr-odd: odd n = canreprn! 0 =1

(proof)

lemma canrepr-even: even n => 0 < n => canreprn! 0 =0

(proof )
definition tm-mod2 j1 j2 = tm-trans2 j1 j2 (Az. if z = 1 then 1 else O)

lemma tm-mod2-tm:
assumes k > 2 and G > 4 and 0 < j2 and jI < k and j2 < k
shows turing-machine k G (tm-mod2 j1 j2)
(proof)

lemma transforms-tm-mod2I [transforms-intros|:
assumes jI < length tps and 0 < j2 and j2 < length tps
and b < 1
assumes tps ! j1 = (|n]n, 1)
and tps ! j2 = (|b]n, 1)
assumes tps’ = tps[j2 := (|n mod 2| N, 1)]
shows transforms (tm-mod2 j1 j2) tps 1 tps’
{proof)

2.7.11 Boolean operations

In order to support Boolean operations, we represent the value True by the number 1 and False by 0.

abbreviation bcontents :: bool = (nat = symbol) (<|-|B>) where
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blp = [if b then I else 0|n

A tape containing a number contains the number 0 iff. there is a blank in cell number 1.

lemma read-ncontents-eq-0:
assumes tps ! j = (|n]w~, 1) and j < length tps
shows (read tps) ! j=0+— n=10
(proof)

And

The next Turing machine, when given two numbers a,b € {0,1} on tapes j; and jo, writes to tape j; the
number 1 if a = b = 1; otherwise it writes the number 0. In other words, it overwrites tape j; with the
logical AND of the two tapes.

definition tm-and :: tapeidz = tapeidx = machine where
tm-and j1 j2 = IF Ars. rs ! j1 = 1 A rs! j2 = O THEN tm-write j1 O ELSE [| ENDIF

lemma tm-and-tm:
assumes k > 2 and G > 4 and 0 < jI and jI < k
shows turing-machine k G (tm-and j1 j2)
(proof)

locale turing-machine-and =
fixes j1 j2 :: tapeidx
begin

context
fixes tps0 :: tape list and k :: nat and a b :: nat
assumes ab: a < 2b < 2
assumes jk: j1 < kj2 < k j1 # j2 0 < j1 length tpsO0 = k
assumes tps0:
tps0 ! j1 = (la]n, 1)
tps0 ! j2 = (|b]w, 1)
begin

definition tps! = tps0O
il :==(la=1Ab=1]p, 1)]

lemma tm: transforms (tm-and j1 j2) tpsO 3 tpsl
(proof)

end
end

lemma transforms-tm-andl [transforms-intros]:
fixes j1 j2 :: tapeidx
fixes tps :: tape list and k :: nat and a b :: nat
assumes a < 2b < 2
assumes length tps = k
assumes jI < kj2 < kjl # j2 0 < j1
assumes
tps ! j1 = (la|n, 1)
tps ! j2 = (|b]n, 1)
assumes tps’ = tps
[jI:=(la=1Ab=1]g, 1)]
shows transforms (tm-and j1 j2) tps 3 tps’
(proof)

Not

The next Turing machine turns the number 1 into 0 and vice versa.

definition tm-not :: tapeidr = machine where
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tm-not j = IF Ars. rs | j = 0O THEN tm-write j 1 ELSE tm-write j O ENDIF

lemma tm-not-tm:
assumes k> 2and G > / and 0 < jand j < k
shows turing-machine k G (tm-not j)
(proof)

locale turing-machine-not =
fixes j :: tapeidz
begin

context
fixes tps0 :: tape list and k :: nat and a :: nat
assumes a: a < 2
assumes jk: j < k length tpsO = k
assumes tps0: tps0 ! j = (lal|n, 1)
begin

definition tps! = tps0
= (la # 1], 1)]

lemma tm: transforms (tm-not j) tps0 8 tpsl
(proof)

end
end

lemma transforms-tm-notl [transforms-intros:
fixes j :: tapeidz
fixes tps tps’ :: tape list and k :: nat and a :: nat
assumes j < k length tps = k
and a < 2
assumes tps ! j = (la|n, 1)
assumes tps’ = tps
[j = (la # 1]5, 1)]
shows transforms (tm-not j) tps 3 tps’

(proof)

end

2.8 Lists of numbers

theory Lists-Lists
imports Arithmetic
begin

In the previous section we defined a representation for numbers over the binary alphabet {0,1}. In this
section we first introduce a representation of lists of numbers as symbol sequences over the alphabet
{0,1,|}. Then we define Turing machines for some operations over such lists.

As with the arithmetic operations, Turing machines implementing the operations on lists usually expect
the tape heads of the operands to be in position 1 and guarantee to place the tape heads of the result in
position 1. The exception are Turing machines for iterating over lists; such TMs move the tape head to
the next list element.

A tape containing such representations corresponds to a variable of type nat list. A tape in the start
configuration corresponds to the empty list of numbers.

2.8.1 Representation as symbol sequence

The obvious idea for representing a list of numbers is to write them one after another separated by
a fresh symbol, such as |. However since we represent the number 0 by the empty symbol sequence,
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this would result in both the empty list and the list containing only the number 0 to be represented
by the same symbol sequence, namely the empty one. To prevent this we use the symbol | not as a
separator but as a terminator; that is, we append it to every number. Consequently the empty symbol
sequence represents the empty list, whereas the list [0] is represented by the symbol sequence |. As
another example, the list [14,0,0, 7] is represented by 0111|[|111|. As a side effect of using terminators
instead of separators, the representation of the concatenation of lists is just the concatenation of the
representations of the individual lists. Moreover the length of the representation is simply the sum of the
individual representation lengths. The number of | symbols equals the number of elements in the list.

This is how lists of numbers are represented as symbol sequences:

definition numlist :: nat list = symbol list where
numlist ns = concat (map (An. canrepr n Q [|]) ns)

lemma numlist-Nil: numlist || = ||
{proof)

proposition numlist [0] = [|]
(proof )

lemma numlist-234: set (numlist ns) C {0, 1, |}

(proof)

lemma symbols-lt-numlist: symbols-lt 5 (numlist ns)
{proof)

lemma bit-symbols-prefiz-eq:
assumes (z Q [|]) @ zs = (y Q [|]) @ ys and bit-symbols z and bit-symbols y
shows z = y

(proof)

lemma numlist-inj: numlist ns1 = numlist ns2 = nsl = ns2

(proof)

corollary proper-symbols-numlist: proper-symbols (numlist ns)
(proof)

The next property would not hold if we used separators between elements instead of terminators after
elements.

lemma numlist-append: numlist (zs Q ys) = numlist zs Q numlist ys
(proof)

Like nlength for numbers, we have nllength for the length of the representation of a list of numbers.

definition nllength :: nat list = nat where
nllength ns = length (numlist ns)

lemma nllength: nllength ns = (3 n<ns. Suc (nlength n))
{proof)

lemma nllength-Nil [simp]: nllength [| = 0
(proof)

lemma length-le-nllength: length ns < nllength ns
(proof)

lemma nllength-le-len-mult-max:
fixes N :: nat and ns :: nat list
assumes Vneset ns. n < N
shows nllength ns < Suc (nlength N) * length ns

(proof)

lemma nllength-upt-le-len-mult-mazx:
fixes a b :: nat
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shows nllength [a..<b] < Suc (nlength b) * (b — a)
{proof)

lemma nllength-le-len-mult-Maz: nllength ns < Suc (nlength (Maz (set ns))) * length ns
{proof)

lemma member-le-nllength: n € set ns => nlength n < nllength ns
(proof)

lemma member-le-nllength-1: n € set ns = nlength n < nllength ns — 1
(proof)

lemma nllength-gr-0: ns # [| = 0 < nllength ns
(proof)

lemma nlength-min-le-nllength: n € set ns = m € set ns = nlength (min n m) < nllength ns
(proof)

lemma take-drop-numlist:
assumes ¢ < length ns
shows take (Suc (nlength (ns!4))) (drop (nllength (take i ns)) (numlist ns)) = canrepr (ns! i) @ [|]

(proof )

corollary take-drop-numlist’:
assumes | < length ns
shows take (nlength (ns! 7)) (drop (nllength (take ¢ ns)) (numlist ns)) = canrepr (ns ! 7)

{proof)

corollary numlist-take-at-term:
assumes ¢ < length ns
shows numlist ns | (nllength (take i ns) + nlength (ns! i) = |

{proof)

lemma numlist-take-at:
assumes i < length ns and j < nlength (ns! 7)
shows numlist ns | (nllength (take i ns) + j) = canrepr (ns ! i) !j

(proof)

lemma nllength-take-Suc:

assumes | < length ns

shows nllength (take i ns) + Suc (nlength (ns ! i)) = nllength (take (Suc i) ns)
{proof)

lemma numlist-take-Suc-at-term:
assumes ¢ < length ns
shows numlist ns | (nllength (take (Suc 7) ns) — 1) = |

(proof)

lemma nllength-take:
assumes | < length ns
shows nllength (take i ns) + nlength (ns! i) < nllength ns

(proof)

The contents of a tape starting with the start symbol > followed by the symbol sequence representing a
list of numbers:

definition nicontents :: nat list = (nat = symbol) (<|-]n1>) where
|ns|nz = | numlist ns|

lemma clean-tape-nicontents: clean-tape (|ns|nr, ©)
(proof )

lemma nlcontents-Nil: |[||nz = [[]]
(proof)
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lemma nlcontents-rneigh-4:
assumes | < length ns
shows rneigh (|ns|nr, Suc (nllength (take i ns))) {|} (nlength (ns! 7))

(proof)

lemma nlcontents-rneigh-04:

assumes ¢ < length ns

shows rneigh (|ns|nr, Suc (nllength (take i ns))) {0, |} (nlength (ns! 7))
(proof )

A tape storing a list of numbers, with the tape head in the first blank cell after the symbols:

abbreviation nltape :: nat list = tape where
nltape ns = (| ns|nr, Suc (nllength ns))

A tape storing a list of numbers, with the tape head on the first symbol representing the i-th number,
unless the i-th number is zero, in which case the tape head is on the terminator symbol of this zero. If ¢
is out of bounds of the list, the tape head is at the first blank after the list.

abbreviation nltape’ :: nat list = nat = tape where
nltape’ ns i = (|ns|nr, Suc (nllength (take i ns)))

lemma nltape’-tape-read: |.| (nltape’ ns i) = O «+— i > length ns

(proof)

2.8.2 Moving to the next element

The next Turing machine provides a means to iterate over a list of numbers. If the TM starts in a
configuration where the tape j; contains a list of numbers and the tape head is on the first symbol of the
i-th element of this list, then after the TM has finished, the i-th element will be written on tape j, and
the tape head on j; will have advanced by one list element. If 7 is the last element of the list, the tape
head on j; will be on a blank symbol. One can execute this TM in a loop until the tape head reaches a
blank. The TM is generic over a parameter z representing the terminator symbol, so it can be used for
other kinds of lists, too (see Section 2.9).

definition tm-nextract :: symbol = tapeidr = tapeidx = machine where
tm-nextract z j1 j2 =
tm-erase-cr j2 ;;
tm-cp-until j1 j2 {z} ;;
tm-cr j2 3;
tm-right j1

lemma tm-nextract-tm:
assumes G > 4 and G > zand 0 < j2 and j2 < kand jI < kand k > 2
shows turing-machine k G (tm-nextract z j1 j2)
(proof)

The next locale is for the case z = |.

locale turing-machine-nextract-4 =
fixes j1 j2 :: tapeidx
begin
definition tm! = tm-erase-cr j2
definition tm2 = tm1 ;; tm-cp-until j1 j2 {|}
definition tm3 = tm2 ;; tm-cr j2

definition tm4 = tm3 ;; tm-right j1

lemma tmj-eg-tm-nextract: tm4 = tm-nextract | j1 j2
(proof)

context
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fixes tps0 :: tape list and k ide dummy :: nat and ns :: nat list
assumes jk: j1 < kj2 < k0 < j1 0 < j2j1 # j2 length tpsO = k
and idz: idr < length ns
and tps0:
tps0 ! j1 = nltape’ ns idz
tps0 ! j2 = (| dummy]|n, 1)
begin

definition tps! = tps0[j2 := (|0]n, 1)]

lemma tm1 [transforms-intros|:
assumes {tt = 7 + 2 * nlength dummy
shows transforms tm1 tps0 ttt tpsi

{proof)

definition tps2 = tpsO
[j1 := (|ns]~nr, nllength (take (Suc idz) ns)),
j2 = (|ns ! idz|n, Suc (nlength (ns! idz)))]

lemma tm2 [transforms-intros|:
assumes ttt = 7 + 2 * nlength dummy + Suc (nlength (ns ! idz))
shows transforms tm2 tps0 ttt tps2

{proof)

definition tps3 = tps0
[j1 := (|ns]~nr, nllength (take (Suc idz) ns)),
j2 = (|ns idz|n, 1)]

lemma tm3 [transforms-intros]:
assumes it = 11 + 2 * nlength dummy + 2 * (nlength (ns! idz))
shows transforms tm3 tps0 ttt tps3

{proof)

definition tps/ = tps0O
[j1 := nltape’ ns (Suc idz),
j2 = (|ns idz|n, 1)]

lemma tmj:
assumes ttt = 12 + 2 x nlength dummy + 2 * (nlength (ns ! idz))
shows transforms tm4 tps0 tit tps/

(proof )
end
end

lemma transforms-tm-nextract-41 [transforms-intros]:
fixes j1 j2 :: tapeidx
fixes tps tps’ :: tape list and k idx dummy :: nat and ns :: nat list
assumes jI < kj2 < k0 < jl 0 < j2j1 # j2 length tps = k
and idz < length ns
assumes
tps | j1 = nltape’ ns idx
tps ! j2 = (|dummy|n, 1)
assumes tit = 12 + 2 x nlength dummy + 2 * (nlength (ns! idz))
assumes tps’ = tps
[j1 := nltape’ ns (Suc idz),
j2 = (|ns ! idz|n, 1)]
shows transforms (tm-nextract | j1 j2) tps ttt tps’

(proof )
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2.8.3 Appending an element

The next Turing machine appends the number on tape js to the list of numbers on tape j;.

definition tm-append :: tapeidz = tapeidx = machine where
tm-append j1 j2 =
tm-right-until 51 {O} ;;
tm-cp-until j2 j1 {O} 3
tm-cr j2 3;
tm-char j1 |

lemma tm-append-tm:
assumes 0 < j1 and G > 5 and jI < kand j2 < k
shows turing-machine k G (tm-append j1 j2)
(proof)

locale turing-machine-append =
fixes j1 j2 :: tapeidx

begin

definition tm1 = tm-right-until j1 {O}

definition tm2 = tm1 ;; tm-cp-until j2 j1 {O}

definition tm3 = tm2 ;; tm-cr j2

definition tmj = tm3 ;; tm-char jI |

lemma tmj-eq-tm-append: tm4 = tm-append j1 j2
{proof)

context
fixes tps0 :: tape list and k i1 n :: nat and ns :: nat list
assumes jk: length tpsO = k j1 < kj2 < kjl # j2 0 < j1
and il: il < Suc (nllength ns)
and tps0:
tps0 ! j1 = (|ns|nL, i1)
tps0 ! j2 = (|n]N, 1)
begin

lemma k: kK > 2
(proof )

lemma tm1 [transforms-intros|:
assumes it = Suc (Suc (nllength ns) — il)
and tps’ = tpsO[jl := nltape ns
shows transforms tm1 tps0 ttt tps’
(proof)

lemma tm2 [transforms-intros|:
assumes tit = 3 + nllength ns — i1 + nlength n
and tps’ = tps0
[j1 := (| numlist ns @Q canrepr n], Suc (nllength ns) + nlength n),
j2 = (|n]n, Suc (nlength n))]
shows transforms tm2 tps0 ttt tps’
(proof)

definition tps3 = tps0O
[j1 := (|numlist ns @ canrepr n], Suc (nllength ns) + nlength n))

lemma tm3 [transforms-intros]:
assumes ttt = 6 + nllength ns — il + 2 * nlength n
shows transforms tm3 tps0 ttt tps3

{proof)

definition tps/ = tps0O
[j1 := (|numlist (ns Q [n])], Suc (nllength (ns @ [n])))]
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lemma tm4:
assumes tit = 7 + nllength ns — il + 2 * nlength n
shows transforms tmj tps0 ttt tps/
(proof)

end
end

lemma tm-append [transforms-intros]:
fixes j1 j2 :: tapeidx
fixes tps :: tape list and k il n :: nat and ns :: nat list
assumes 0 < j1
assumes length tps = k j1 < k j2 < k j1 # j2 il < Suc (nllength ns)
and tps! jl = (|ns|~nL, i)
and tps! j2 = (|n]w~, 1)
assumes ttt = 7 + nllength ns — il + 2 * nlength n
and tps’ = tps
[j1 := nltape (ns Q [n])]
shows transforms (tm-append j1 j2) tps ttt tps’
(proof)

2.8.4 Computing the length

The next Turing machine counts the number of terminator symbols z on tape j; and stores the result on
tape jo. Thus, if j; contains a list of numbers, tape jo will contain the length of the list.

definition tm-count :: tapeide = tapeide = symbol = machine where
tm-count j1 j2 z =
WHILE tm-right-until j1 {0, 2} ; Ars. rs ! j1 # 0O DO
tm-incr j2 ;;
tm-right j1
DONE
tm-cr jl1

lemma tm-count-tm:
assumes 0 < j2 and jI < k and j2 < k and jI # j2 and G > J
shows turing-machine k G (tm-count j1 j2 z)

{proof)

locale turing-machine-count =
fixes j1 j2 :: tapeidx
begin

definition tmC = tm-right-until j1 {OJ, |}

definition tmB1 = tm-incr j2

definition tmB2 = tmB1 ;; tm-right j1

definition tmL = WHILE tmC ; Ars. rs ! j1 # 0O DO tmB2 DONE
definition tm2 = tmlL ;; tm-cr j1

lemma tm2-eg-tm-count: tm2 = tm-count j1 j2 |
(proof)

context
fixes tps0 :: tape list and k :: nat and ns :: nat list
assumes jk: jI < kj2 < k 0 < j2 j1 # j2 length tps0 = k
and tps0:
tpsO ! j1 = (|ns|nL, 1)
tps0 ! j2 = (|0]n, 1)
begin

definition tpsL t = tps0O
[i1 := (|ns]~nr, Suc (nllength (take t ns))),
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i2 = (lt)~, 1))

definition tpsC t = tps0
[j1 :== (|ns]nr, if t < length ns then nllength (take (Suc t) ns) else Suc (nllength ns)),
2 = ()N, 1)]

lemma tmC:
assumes t < length ns
and tit = Suc (if t = length ns then 0 else nlength (ns ! t))
shows transforms tmC (tpsL t) tit (tpsC t)

{proof)

lemma tmC’ [transforms-intros|:
assumes t < length ns
shows transforms tmC (tpsL t) (Suc (nllength ns)) (tpsC' t)

(proof )

definition tpsB1 t = tps0
[j1 = (|ns]~r, nllength (take (Suc t) ns)),
j2 = ([ Suc t|n, 1)]

lemma tmB1 [transforms-intros):
assumes t < length ns and ttt = 5 + 2 * nlength t
shows transforms tmB1 (tpsC't) tit (tpsB1 t)

{proof)

definition tpsB2 t = tps0
[j1 = (|ns]~nr, Suc (nllength (take (Suc t) ns))),
j2 = ([ Suc t]n, 1)]

lemma tmB2:
assumes t < length ns and ttt = 6 + 2 * nlength t
shows transforms tmB2 (tpsC' t) tit (tpsB2 t)

{proof)

lemma tpsB2-eq-tpsL: tpsB2 t = tpsL (Suc t)
{proof)

lemma tmB2' [transforms-intros]:
assumes t < length ns
shows transforms tmB2 (tpsC't) (6 + 2 * nllength ns) (tpsL (Suc t))

(proof )

lemma tmL [transforms-intros]:
assumes {tt = 13 * nllength ns ~ 2 + 2
shows transforms tmL (tpsL 0) ttt (tpsC (length ns))

(proof)

definition tps2 = tps0O
[72 := (|length ns|n, 1)]

lemma tm2:
assumes tit = 13 x nllength ns ~ 2 + 5 + nllength ns
shows transforms tm2 (tpsL 0) tit tps2

(proof)

lemma tpsL-eq-tps0: tpsL 0 = tps0
(proof)

lemma tm2":
assumes tit = 14 * nllength ns ~ 2 + 5
shows transforms tm2 tps0 tit tps2

(proof )
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end
end

lemma transforms-tm-count-41 [transforms-intros]:
fixes j1 j2 :: tapeidx
fixes tps tps’ :: tape list and k :: nat and ns :: nat list
assumes jI < kj2 < k0 < j2jl # j2 length tps = k
assumes
tps ! j1 = (|ns|nr, 1)
tps 1 j2 = (|0]n, 1)
assumes tit = 14 * nllength ns ~ 2 + 5
assumes tps’ = tps[j2 := (|length ns|n, 1)]
shows transforms (tm-count j1 j2 |) tps ttt tps’
(proof)

2.8.5 Extracting the n-th element

The next Turing machine expects a list on tape j; and an index ¢ on jo and writes the i-th element of
the list to ja, overwriting ¢. The TM does not terminate for out-of-bounds access, which of course we
will never attempt. Again the parameter z is a generic terminator symbol.

definition ¢tm-nth-inplace :: tapeidr = tapeide = symbol = machine where
tm-nth-inplace j1 j2 z =
WHILE ] ; Ars. rs ! j2 # 0 DO
tm-decr j2 ;;
tm-right-until j1 {z} ;;
tm-right j1
DONE ;;
tm-cp-until j1 j2 {z} ;;
tm-cr j2 3
tm-cr j1

lemma tm-nth-inplace-tm:
assumes k > 2 and G > / and 0 < j2 and jI < kand j2 < k
shows turing-machine k G (tm-nth-inplace j1 j2 |)
(proof)

locale turing-machine-nth-inplace =
fixes j1 j2 :: tapeidx
begin

definition tmL1 = tm-decr j2

definition tmL2 = tmL1 ;; tm-right-until j1 {|}

definition tmL3 = tmL2 ;; tm-right j1

definition tmL = WHILE [] ; Ars. rs | j2 # O DO tmL3 DONE
definition tm2 = tmL ;; tm-cp-until j1 j2 {|}

definition tm& = tm2 ;; tm-cr j2

definition tm/ = tm3 ;; tm-cr j1

lemma tmj-eg-tm-nth-inplace: tm4 = tm-nth-inplace j1 j2 |
(proof)

context
fixes tps0 :: tape list and k idx :: nat and ns :: nat list
assumes jk: j1 < kj2 < k 0 < j2 j1 # j2 length tpsO0 = k
and idz: idx < length ns
and tps0:
tpsO ! j1 = (|ns|nr, 1)
tps0 ! j2 = (lidz] N, 1)
begin

definition tpsL t = tpsO
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[j1 == (|ns]~nr, Suc (nllength (take t ns))),
j2 = (lide — t], 1)]

definition tpsL1 t = tps0
[j1 := (|ns]~nr, Suc (nllength (take t ns))),
j2 = (lide — t — 1|n, 1)]

lemma tmL1 [transforms-intros|:
assumes it = 8 + 2 * nlength (idz — t)
shows transforms tmL1 (tpsL t) tit (tpsL1 t)
(proof)

definition tpsL2 t = tps0
[j1 := (|ns]~nr, nllength (take (Suc t) ns)),
j2 = (lide — t — 1|n, 1)]

lemma tmL2:
assumes ¢ < length ns and it = 8 + 2 * nlength (idz — t) + Suc (nlength (ns ! t))
shows transforms tmL2 (tpsL t) ttt (tpsL2 t)
{proof)

lemma tmL2’ [transforms-intros|:
assumes ¢ < length ns and ttt = 9 + 2 x nlength idz + nlength (Maz (set ns))
shows transforms tmL2 (tpsL t) ttt (tpsL2 t)

(proof )

definition tpsL3 t = tps0
[j1 = (|ns]~nr, Suc (nllength (take (Suc t) ns))),
j2 = (lide — t — 1|n, 1)]

lemma tmLS3:
assumes ¢ < length ns and ttt = 10 + 2 * nlength idz + nlength (Maz (set ns))
shows transforms tmL38 (tpsL t) ttt (tpsL3 t)

{proof)

lemma tpsL3-eq-tpsL: tpsL3 t = tpsL (Suc t)
{proof)

lemma tmL:
assumes ttt = idz * (12 + 2 * nlength idx + nlength (Maz (set ns))) + 1
shows transforms tmL (tpsL 0) ttt (tpsL idz)

{proof)

definition tps! = tps0O
[71 :== (|ns]~nz, Suc (nllength (take idz ns))),
32 = (0], 1)]

lemma tpsi-eq-tpsL: tpsl = tpsL idx
(proof)

lemma tps0-eq-tpsL: tpsO = tpsL 0
(proof)

lemma tmL’ [transforms-intros]:
assumes ttt = idz * (12 + 2 * nlength idx + nlength (Maz (set ns))) + 1
shows transforms tmL tps0 ttt tpsl

{proof)

definition tps2 = tps0O
[71 == (|ns]~nz, nllength (take (Suc idz) ns)),
j2 = (|ns ! idz|n, Suc (nlength (ns! idz)))]

lemma tm2 [transforms-intros|:
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assumes ttt = idz * (12 + 2 * nlength idx + nlength (Maz (set ns))) + 2 + nlength (ns ! idz)
shows transforms tm2 tps0 tit tps2
(proof)

definition tps3 = tps0O
[j1 := (|ns]~nr, nllength (take (Suc idz) ns)),
j2 = (|ns ! idz|n, 1)]

lemma tm3 [transforms-intros]:
assumes ttt = idz * (12 + 2 x nlength idx + nlength (Maz (set ns))) + 5 + 2 * nlength (ns ! idx)
shows transforms tm3 tps0 tit tps3

{proof)

definition tps/ = tps0O
[72 :== (|ns ! idz|N, 1)]

lemma tm4:

assumes tit = idx x (12 + 2 = nlength idz 4+ nlength (Max (set ns))) + 7 + 2 = nlength (ns ! idz) + nllength
(take (Suc idz) ns)

shows transforms tm4 tps0 tit tps)

(proof)

lemma tmJ "
assumes ttt = 18 * nllength ns ~ 2 + 12
shows transforms tmj tps0 ttt tps/

(proof)

end
end

lemma transforms-tm-nth-inplace-4I [transforms-intros]:
fixes j1 j2 :: tapeidx
fixes tps tps’ :: tape list and k idx :: nat and ns :: nat list
assumes jI < kj2 < k 0 < j2j1 # j2 length tps = k
and idz < length ns
assumes
tps ! j1 = (|ns|ni, 1)
tps ! j2 = (lidz] N, 1)
assumes tit = 18 * nllength ns ~ 2 + 12
assumes tps’ = tps
[j2 := (|ns ! idz|n, 1)]
shows transforms (tm-nth-inplace j1 j2 |) tps ttt tps’
(proof)

The next Turing machine expects a list on tape j; and an index ¢ on tape js. It writes the i-th element
of the list to tape j3. Like the previous TM, it will not terminate on out-of-bounds access, and z is a
parameter for the symbol that terminates the list elements.

definition ¢tm-nth :: tapeidx = tapeidx = tapeidx = symbol = machine where
tm-nth j1 j2 j3 z =
tm-copyn j2 i3 3;
tm-nth-inplace j1 j3 z

lemma tm-nth-tm:
assumes k> 2and G > Jand 0 < j20 < jljl <kj2<kO0<j3j3<kj2+#j3
shows turing-machine k G (tm-nth j1 j2 j3 |)
(proof)

lemma transforms-tm-nth-41 [transforms-intros|:
fixes j1 j2 j8 :: tapeidx
fixes tps tps’ :: tape list and k idz :: nat and ns :: nat list
assumes j1 < kj2 < kj8 < k0 <jl10 <j20 <j3jl #3232 # j341 # j3
and length tps = k
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and idz < length ns
assumes
tps ! j1 = (|ns|nr, 1)
tps ! j2 = (lidz] N, 1)
tps ! j8 = (|0]n~, 1)
assumes {tt = 21 x nllength ns ~ 2 + 26
assumes tps’ = tps
[j8 := (|ns ! idz|nN, 1)]
shows transforms (tm-nth j1 j2 j3 |) tps ttt tps’
(proof)

2.8.6 Finding the previous position of an element

The Turing machine in this section implements a slightly peculiar functionality, which we will start using
only in Section 6. Given a list of numbers and an index ¢ it determines the greatest index less than @
where the list contains the same element as in position 7. If no such element exists, it returns . Formally:

definition previous :: nat list = nat = nat where
previous ns idx =
if di<idx. ns! i = ns! ide
then GREATEST i. i < idx A ns! i = ns! idz
else idx

lemma previous-less:
assumes 3 i<idz. ns ! i = ns! idz
shows previous ns idz < idz A ns ! (previous ns idz) = ns ! ide

(proof)

lemma previous-eq: previous ns idx = idx <— — (Fi<idz. ns! i = ns ! idz)
(proof)

lemma previous-le: previous ns idr < idz
(proof)

The following Turing machine expects the list on tape j; and the index on tape jo. It outputs the result
on tape j2 + 5. The tapes js + 1,...,j2 + 4 are scratch space.

definition tm-prev :: tapeidx = tapeidr = machine where
tm-prev j1 j2 =
tm-copyn j2 (2 + 5) 3;
tm-nth j1 j2 (j2 + 1) | ;;
WHILE tm-equalsn (j2 + 2) j2 (42 + 4) ; Ars. rs ! (j2 + 4) =0 DO
tm-nth j1 (2 + 2) (j2 + 3) |
tm-equalsn (52 + 1) (j2 + 3) (]2 +4) 5
tm-setn (j2 + 3)
IF Ars. rs! (j2 +
tm-setn (52 + 4
tm-copyn (2 +
ELSE
(
ENDIF 3;
tm-incr (j2 + 2)
DONE ;;
tm-erase-cr (j2 + 1)
tm-erase-cr (j2 + 2) ;;
tm-erase-cr (j2 + 4)

)

03

/) # 0 THEN
03
)

)
2) (j2 + 5)

lemma tm-prev-tm:
assumes k > j2 + 6 and G > 4 and jI < j2 and 0 < j1
shows turing-machine k G (tm-prev j1 j2)
(proof)

locale turing-machine-prev =
fixes j1 j2 :: tapeidx
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begin

definition tm1 = tm-copyn j2 (j2 + 5)
definition tm2 = tml1 ;; tm-nth j1 j2 (j2 + 1) |

definition tmC = tm-equalsn (j2 + 2) j2 (2 + 4)

definition tmB1 = tm-nth j1 (j2 + 2) (2 + 3) |

definition tmB2 = tmB1 ;; tm-equalsn (52 + 1) (j2 + 3) (j2 + 4)
definition tmB3 = tmB2 ;; tm-setn (j2 + 3) 0

definition tml1 = tm-setn (j2 + 4) 0

definition tml2 = tmll ;; tm-copyn (32 + 2) (2 + 5)

definition tml = IF Ars. rs | (j2 + 4) # 0 THEN tmI2 ELSE [| ENDIF
definition tmB4 = tmB3 ;; tml

definition tmB5 = tmBj ;; tm-incr (j2 + 2)

definition tmL = WHILE tmC ; Ars. rs ! (j2 + 4) = O DO tmB5 DONE
definition tm3 = tm2 ;; tmL

definition tmy4 tm3 ;; tm-erase-cr (j2 + 1
definition tm5 = tmj ;; tm-erase-cr (j2 + 2
definition tm6 = tmb ;; tm-erase-cr (j2 + 4

~— — —

lemma tmé6-eq-tm-prev: tm6 = tm-prev j1 j2
(proof)

context
fixes tps0 :: tape list and k idz :: nat and ns :: nat list
assumes jk: 0 < j1 j1 < j232 + 6 < k length tpsO0 = k
and idz: idr < length ns
and tps0:
tps0 ! j1 = (|ns|nL, 1)

tps0 ! (j2 + 1) = (|0]n, 1)

tpsO ! (j2 + 2) = (|0]w, 1)

tps0 ! (j2 + 3) = (|0]n, 1)

ws0 1 (52 + 4) = ([0] v, 1)

tpsO ! (j2 + 5) = (| 0]w, 1)
begin

definition tps! = tps0O
12 + 5 := (lidz] N, 1)]

lemma tm1 [transforms-intros|:
assumes tit = 14 + 3 * nlength idz
shows transforms tm1 tps0 tit tpst

(proof)

definition tps2 = tpsO
[J2 + 1 := (|ns ! idz|n, 1),
j2 + 5 := (lidz]n, 1)]

lemma tm2:
assumes ttt = 14 + 3 * nlength idz + (21 * (nllength ns)? + 26)
shows transforms tm2 tps0 tit tps2

(proof)

definition rv :: nat = nat where
rvt = if Ji<t. ns! i = ns! idr then GREATEST i. i < t A ns ! i = ns ! idz else idzx

lemma rv-0: rv 0 = idx
(proof )

lemma rv-le: rv t < maz t idx

(proof)

lemma rv-change:
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assumes ¢ < length ns and idx < length ns and ns ! t = ns ! idz
shows rv (Suct) =t

(proof)

lemma rv-keep:
assumes ¢ < length ns and idz < length ns and ns ! t # ns ! idx
shows rv (Suc t) = rv ¢

(proof)

definition tpsL :: nat = tape list where
tpsL t = tps0O
[12 + 1 := (|ns! idz]N, 1),
j2 + 2 = ([tIn, 1),
j2 + 5 = (rv t|n, 1)]

lemma tpsL-eq-tps2: tpsL 0 = tps2
(proof)

definition tpsC :: nat = tape list where

tpsC t = tpsO
[j2 + 1 := (|ns! idz|n, 1),
j2 + 2= ([tIn, 1),
j2 + 4 = (|t = idz|B, 1),
j2 + 5 = (lrv t]n, 1)]

lemma tmC:
assumes ttt = 3 * nlength (min t idx) + 7
shows transforms tmC (tpsL t) tit (tpsC t)
{proof)

lemma tmC’ [transforms-intros|:
assumes tit = 3 * nllength ns ~ 2 + 7 and t < idx
shows transforms tmC (tpsL t) tit (tpsC t)

(proof)

lemma condition-tpsC: (read (tpsC t)) ! (j2 + 4) # 0O +— t = idz
(proof)

definition tpsB1 t = tps0
[12 + 1 := (|ns! idx]N, 1),

j2 + 2= ([tIn, 1),

j2 + 8 :=(|ns! t|n, 1),
j2 + 4 = ([t = idz]3, 1),
2 + 5 = (rvtln, 1))

lemma tmB1 [transforms-intros]:
assumes ttt = 21 * (nllength ns)®> + 26 and t < idz
shows transforms tmB1 (tpsC't) ttt (tpsB1 t)
(proof)

definition tpsB2 t = tps0
[12 + 1 := (|ns! idz|n, 1),

j2 + 2 = ([tIn, 1),

j2 + 3 :=(Ins ! t]n, 1),

j2 4+ 4 = (|ns!idz = ns! t|B, 1),
j2 + 5 = (|rv t|n, 1)]

lemma tmB2:

assumes ttt = 21 * (nllength ns)®> + 26 + (3 * nlength (min (ns ! idz) (ns ! t)) + 7)
and t < idx

shows transforms tmB2 (tpsC't) ttt (tpsB2 t)
{proof)
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lemma tmB2' [transforms-intros]:
assumes ttt = 24 * (nllength ns)®> + 33 and t < idz
shows transforms tmB2 (ipsC' t) tit (tpsB2 t)

(proof )

definition tpsB3 t = tps0
[12 + 1 := (|ns! idx]n, 1),

j2 + 2 :(l_tJNa )a
j2 4+ 4 = (|ns!idz = ns! t|B, 1),
j2 + 5= (lrvt|n, 1)]

lemma condition-tpsB3: (read (tpsB3¢)) ! (j2 + 4) # O +— ns ! idv = ns! ¢
(proof)

lemma tmB3 [transforms-intros]:
assumes ttt = 2/ * (nllength ns)® + 88 + (10 + 2 * nlength (ns ! t)) and t < idx
shows transforms tmB3 (tpsC't) ttt (tpsBS t)
(proof)

definition tpsi0 t = tps0
[j2 + 1 := (|ns! idz|n, 1),

32 + 2 = ([tIn, 1),
32 + 4 = ([1]~, 1),
j2 + 5= (lrv tJN, 1)]

definition tpsii t = tps0
[j2 + 1 := (|ns! idz|n, 1),
g2 + 2 = ([tln, 1),
j2 + 5 = (|rv t|n, 1)]

lemma tmlI1 [transforms-intros]:
assumes ¢ < idz and ns ! idr = ns ! t
shows transforms tmlI1 (tpsB3t) 12 (tpsll t)

{proof)

definition tpsi2 t = tps0
[12 + 1 := (|ns! idx]n, 1),
j2 + 2 = (|t|n, 1),
j2 + 5= ([tln, 1)]

lemma tmI2 [transforms-intros]:
assumes it = 26 + 3 * nlength t + 3 * nlength (rv t)
and ¢ < idz
and ns ! idr = ns !t
shows transforms tmlI2 (tpsBS3 t) tit (tpsI2 t)
(proof)

definition tpsl t = tpsO
[12 + 1 := (|ns! idz|n, 1),
j2 + 2 :=(|t|n, 1),
j2 + 5 = (|rv (Suc t)|n, 1)]

lemma tml [transforms-intros]:
assumes ttt = 28 + 6 * nllength ns and ¢ < idz
shows transforms tmlI (tpsB3 t) ttt (tpsl t)

(proof)

lemma tmBj:
assumes ttt = 71 + 24 * (nllength ns)®> + 2 x nlength (ns ! t) + 6 * nllength ns
and ¢ < idz
shows transforms tmB4 (tpsC't) ttt (tpsl t)

{proof)
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lemma tmB/’ [transforms-intros]:
assumes ttt = 71 + 32 * (nllength ns)® and t < idz
shows transforms tmB4 (tpsC' t) ttt (tpsl t)

(proof)

definition tpsB5 t = tps0
[j2 + 1 := (|ns! idz|n, 1),
j2 + 2 := (| Suc t|n, 1),
j2 4+ 5 = (|rv (Suc t)|n, 1)]

lemma tmB5:
assumes ttt = 76 + 382 * (nllength ns)® + 2 * nlength t and t < idx
shows transforms tmB5 (tpsC't) tit (tpsB5 t)
(proof)

lemma tmB5' [transforms-intros]:
assumes (it = 76 + 34 * (nllength ns)® and t < idz
shows transforms tmB5 (tpsC' t) tit (tpsL (Suc t))
(proof)

lemma tmL [transforms-intros]:
assumes ttt = 125 * nllength ns ~— 3 + 8 and iidz = idx
shows transforms tmL (tpsL 0) ttt (tpsC didz)
(proof)

lemma tm2' [transforms-intros|:
assumes it = 14 + 3 * nlength idz + (21 * (nllength ns)® + 26)
shows transforms tm2 tps0 ttt (tpsL 0)
(proof)

lemma tm3 [transforms-intros|:
assumes it = 40 + (3 * nlength idz + 21 * (nllength ns)?) + (125 * nllength ns ~ 8 + 8)
shows transforms tm3 tps0 ttt (tpsC idx)
(proof)

lemma tpsC-idz:
tpsC idx = tps0O
[12 + 1 := (|ns! idz|n, 1),

j2 + 2 := (lidz|n, 1),

jg + 4 = (1]n, 1),

j2 + 5 = (lif 3z<zdx ns ! i = ns ! idz then GREATEST i. i < idz A ns! i = ns ! idx else idz|n, 1)]
(proof )

definition tps4 :: tape list where

tps4 = tpsO
G2 + 1= (0, 1),
j2 + 2 := (lidz|n, 1),
i2 + 4 = (1]n, 1),
j2 + 5 = (|if Fi<idz. ns! i = ns! idz then GREATEST i. i < idx A ns ! i = ns ! idz else idz|n, 1)]

lemma tmj [transforms-intros]:
assumes ttt = 55 + 3 * nlength ide + 21 * (nllength ns)® + 125 x nllength ns ~ 3 + 2 * nlength (ns ! idx)
shows transforms tm4 tps0 tit tps)
(proof)

definition tps5 :: tape list where

tpss = tpsO
2 + 1 := (], 1),
iz + 2= (LI, 1),
j2 4+ 4 = (lU]n, 1),
j2 + 5 = (L 31<zda: ns ! i = ns ! idy then GREATEST i. i < idz A ns! i = ns ! idz else idz|n, 1)]

lemma tm& [transforms-intros]:
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assumes ttt = 62 + § * nlength ide + 21 * (nllength ns)> + 125 * nllength ns ~ 8 + 2 * nlength (ns ! idx)
shows transforms tms tps0 tit tpss
(proof)

definition tps6 :: tape list where

tps6 = tpsO
[i2 + 1 = (0], 1),
72 + 2 = ({1}, 1),
32 + 4 = (lllJ, 1),
j2 + 5 = (|if Ji<idz. ns! i = ns ! ide then GREATEST i. i < idz A ns ! i = ns ! idx else idz|n, 1)]

lemma tm6:
assumes ttt = 71 + 5 * nlength ide + 21 * (nllength ns)®> + 125 x nllength ns ~ 3 + 2 * nlength (ns | idz)
shows transforms tm6 tps0 tit tps6

{proof)

definition tps6’ :: tape list where
tps6’ = tps0
[12 + 5 := (l#f Fi<idz. ns! i = ns! ide then GREATEST i. i < idx A ns! i = ns! idz else idz|n, 1)]

lemma tps6’-eq-tps6: tps6’ = tps6
{proof)

lemma tm6":
assumes ttt = 71 + 153 * nllength ns ~ 3
shows transforms tm6 tps0 ttt tps6’

(proof )
end
end

lemma transforms-tm-prevl [transforms-intros]:
fixes j1 j2 :: tapeidx
fixes tps tps’ :: tape list and k idx :: nat and ns :: nat list
assumes 0 < j1j1 < j2j2 + 6 < k length tps = k
and idz < length ns
assumes
tps ! j1 = ([ns|nr, 1)
tps ! j2 = (lidz| N, 1)

tps ! (j2 + 1) = ([0]~, 1)
tps ! (j2 + 2) = (|0]w, 1)
tps ! (2 + 3) = (|0)w, 1)
tps ! (2 + 4) = ([0]~, 1)
tps ! (j2 + 5) = (|0]w, 1)

assumes tit = 71 + 153 x nllength ns ~ 3
assumes tps’ = tps
[j2 + 5 := (| previous ns idz|n, 1)]
shows transforms (tm-prev j1 j2) tps ttt tps’
(proof)

2.8.7 Checking containment in a list

A Turing machine that checks whether a number given on tape js is contained in the list of numbers on
tape ji. If so, it writes a 1 to tape j3, and otherwise leaves tape j3 unchanged. So tape j3 should be
initialized with 0.

definition tm-contains :: tapeidrc = tapeide = tapeidz = machine where
tm-contains j1 j2 j3 =
WHILE || ; Ars. rs | j1 # 0 DO
tm-nextract | j1 (j8 + 1) 3;
tm-equalsn j2 (j8 + 1) (43 + 2) 3;
IF Ars. rs! (j8 + 2) # 0 THEN
tm-setn j3 1
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ELSE
(
ENDIF ;;
tm-setn (43 + 1) 0 ;;
tm-setn (43 + 2) 0
DONE ;;
tm-cr j1

lemma tm-contains-tm:
assumes 0 < j1jl #3728 + 2 <kjl <j8j2 < j8and k> 2and G > 5
shows turing-machine k G (tm-contains j1 j2 j3)
(proof)

locale turing-machine-contains =
fixes j1 j2 j3 :: tapeidz
begin

definition ¢tmL1 = tm-nextract | j1 (j8 + 1)

definition tmL2 = tmL1 ;; tm-equalsn j2 (3 + 1) (j3 + 2)

definition tmI = IF Ars. rs ! (j3 + 2) # O THEN tm-setn j3 1 ELSE [| ENDIF
definition tmL3 = tmL2 ;; tml

definition tmLj = tmL3 ;; tm-setn (j8 + 1) 0

definition tmL5 = tmL/ ;; tm-setn (j3 + 2) 0

definition tmL = WHILE [] ; Ars. rs | j1 # O DO tmL5 DONE

definition tm2 = tmlL ;; tm-cr j1

lemma tm2-eq-tm-contains: tm2 = tm-contains j1 j2 j3
(proof)

context
fixes tps0 :: tape list and k :: nat and ns :: nat list and needle :: nat
assumes jk: 0 < j1 j1 # j233 + 2 < kj1 < j3j2 < j3 length tps0 = k
and tps0:
tps0 ! 71 = nltape’ ns 0
tps0 ! j2 = (| needle|n, 1)
tps0 ! j8 = (10w, 1)
tpsO ! (j3 + 1) = (| 0]w, 1)
tps0 ! (j3 + 2) = (|0]n, 1)
begin

definition tpsL :: nat = tape list where
tpsL t = tps0O
[j1 := nltape’ ns t,
j8 = (|3i<t. ns ! i = needle|p, 1)]

lemma tpsL0: tpsL 0 = tpsO
(proof)

definition tpsL1 :: nat = tape list where
tpsL1 t = tpsO
[j1 := nltape’ ns (Suc t),
j8 = (|3i<t. ns ! i = needle|p, 1),
i3+ 1 :=(|ns! t|n, 1)]

lemma tmL1 [transforms-intros|:
assumes ttt = 12 + 2 x nlength (ns ! t) and t < length ns
shows transforms tmL1 (tpsL t) tit (tpsL1 t)

(proof)

definition tpsL2 :: nat = tape list where
tpsL2 t = tpsO
[j1 := nltape’ ns (Suc t),
j8 = (|3i<t. ns ! i = needle|n, 1),
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j8 4+ 1 :=(|ns! t|n, 1),
j3 + 2 := (|needle = ns ! t]p, 1)]

lemma tmL2 [transforms-intros]|:
assumes it = 12 + 2 * nlength (ns ! t) + (8 * nlength (min needle (ns! t)) + 7)
and t < length ns
shows transforms tmL2 (tpsL t) ttt (tpsL2 t)

{proof)

definition tpsl :: nat = tape list where
tpsl t = tps0
[j1 := nitape’ ns (Suc t),
j8 = (|3i<Suc t. ns ! i = needle|s, 1),
j3 + 1 :=(|ns! t|n, 1),
j8 + 2 := (| needle = ns! t|p, 1)]

lemma tml [transforms-intros|:
assumes ttt = 16 and t < length ns
shows transforms tmlI (tpsL2 t) tit (tpsl t)

{proof)

lemma tmL3 [transforms-intros]|:
assumes it = 28 + 2 * nlength (ns ! t) + (8 * nlength (min needle (ns! t)) + 7)
and t < length ns
shows transforms tmL3 (tpsL t) ttt (tpsl t)
{proof)
definition tpsL4 :: nat = tape list where
tpsL4 t = tpsO
[j1 := nitape’ ns (Suc t),
j8 = (|3i<Suc t. ns ! i = needle|, 1),
J3 + 1= (L0)w, 1),
j8 + 2 := (| needle = ns ! t|B, 1)]

lemma tmL4 [transforms-intros|:
assumes it = 38 + 4 * nlength (ns ! t) + (8 * nlength (min needle (ns! t)) + 7)
and t < length ns
shows transforms tmL/j (tpsL t) ttt (tpsL4 t)

{proof)

definition tpsL5 :: nat = tape list where
tpsL5 t = tpsO
[j1 := nltape’ ns (Suc t),
j8 = (|3i<Suc t. ns ! i = needle|s, 1),
j3 + 1:= ([0]n, 1),
j& + 2 :=(|0]n, 1)]

lemma tmL5:
assumes it = 48 + 4 * nlength (ns ! t) + (8 * nlength (min needle (ns! t)) + 7) +
2 x nlength (if needle = ns ! ¢ then 1 else 0)
and t < length ns
shows transforms tmL5 (tpsL t) ttt (tpsL5 t)

(proof)

definition tpsL5’ :: nat = tape list where
tpsL5’ t = tps0
[j1 := nltape’ ns (Suc t),
j8 = (|3 i<Suc t. ns ! i = needle| s, 1)]

lemma tpsL5" tpsL5' t = tpsL5 t
(proof )

lemma tmL5":
assumes it = 57 + 4 * nlength (ns ! t) + 3 * nlength (min needle (ns! t))
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and t < length ns
shows transforms tmL5 (tpsL t) tit (tpsL5' t)

(proof)

lemma tmL5" [transforms-intros]:
assumes tit = 57 + 7 * nllength ns and t < length ns
shows transforms tmL5 (tpsL t) ttt (tpsL (Suc t))

(proof)

lemma tmL [transforms-intros]:
assumes ttt = length ns * (59 + 7 * nllength ns) + 1
shows transforms tmL (tpsL 0) tit (tpsL (length ns))
(proof)

definition tps2 :: tape list where
tps2 = tpsO
[j1 := nltape’ ns 0,
j8 = (|Fi<length ns. ns ! i = needle|p, 1)]

lemma tm2:
assumes ttt = length ns * (59 + 7 * nllength ns) + nllength ns + 4
shows transforms tm2 (tpsL 0) tit tps2

{proof)

definition tps2’ :: tape list where
tps2’' = tps0
[j8 := (| needle € set ns|p, 1)]

lemma tm2"
assumes ttt = 67 x nllength ns ~ 2 + 4
shows transforms tm2 tps0 ttt tps2’

(proof)

end
end

lemma transforms-tm-containsl [transforms-intros|:
fixes j1 j2 j3 :: tapeidz
fixes tps tps’ :: tape list and ttt k needle :: nat and ns :: nat list
assumes 0 < j1 jl1 # j243 + 2 < kjl < j3j2 < j3 length tps = k
assumes
tps | j1 = nltape’ ns 0
tps | j2 = (| needle|n, 1)
tps ! j8 = (l0]n, 1)
tps! (j3 + 1) = (10N, 1)
tps | (73 + 2) = (0], 1)
assumes ttt = 67 x nllength ns ~ 2 + 4
assumes tps’ = tps
[j8 = (| needle € set ns|p, 1)]
shows transforms (tm-contains j1 j2 j3) tps ttt tps’
(proof)

2.8.8 Creating lists of consecutive numbers

The next TM accepts a number start on tape j; and a number delta on tape js. It outputs the list
[start, ..., start 4+ delta — 1] on tape js.

definition tm-range :: tapeidz = tapeidr = tapeidr = machine where
tm-range j1 j2 j3 =
tm-copyn j1 (33 + 2) ;;
tm-copyn j2 (3 + 1) ;;
WHILE ] ; Ars. rs ! (j8 + 1) # 0 DO
tm-append 33 (3 + 2) 3;
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tm-incr (j8 + 2) ;;
tm-decr (j8 + 1)
DONE ;;
tm-setn (33 + 2) 0 3;
tm-cr j3

lemma tm-range-tm:
assumes k > j3 + 3 and G > 5 and jI # j2 and 0 < jI and 0 < j2 and jI < j3 and j2 < j8
shows turing-machine k G (tm-range j1 j2 j3)
(proof)

locale turing-machine-range =
fixes j1 j2 j3 :: tapeidx
begin

definition tm1 = tm-copyn j1 (j3 + 2)

definition tm2 = tm1 ;; tm-copyn j2 (43 + 1)

definition tmB1 = tm-append j3 (j8 + 2)

definition tmB2 = tmB1 ;; tm-incr (j8 + 2)

definition tmB3 = tmB2 ;; tm-decr (j3 + 1)

definition tmL = WHILE [] ; Ars. rs ! (j8 + 1) # O DO tmB3 DONE
definition tm3 = tm2 ;; tmL

definition tm4 = tm3 ;; tm-setn (j3 + 2) 0

definition tm5 = tm4 ;; tm-cr j3

lemma tms-eq-tm-range: tmb = tm-range j1 j2 j3
(proof)

context
fixes tps0 :: tape list and k start delta :: nat
assumes jk: k > j3 + 841 #3720 < jl1 0 < j2 0 < j8j1 < j3j2 < j3 length tpsO = k
and tps0:
tps0 ! j1 = (|start|n, 1)
tps0 ! j2 = (| delta|n, 1)
tps0 ! j8 = ([[Jvz, 1)
tps0 ! (j3 + 1) = (|0]n, 1)
tpsO ! (3 + 2) = (|0]w, 1)
begin

definition tps! = tps0O
[13 + 2 := (|start]|n, 1)]

lemma tm1 [transforms-intros|:
assumes tit = 14 + 38 * nlength start
shows transforms tm1 tps0 tit tpst

{proof)

definition tps2 = tpsO
[18 + 2 := (|start]|n, 1),
j8 + 1 := (| delta|n, 1)]

lemma tm2 [transforms-intros|:
assumes tit = 28 + 3 * nlength start + 3 * nlength delta
shows transforms tm2 tps0 tit tps2

(proof)

definition tpsL t = tps0O
[13 + 2 := ([start + t]n, 1),
j8 + 1 := (|delta — t]n, 1),
j8 = nltape [start..<start + ]

lemma tpsL-eq-tps2: tpsl 0 = tps2
(proof)
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definition tpsB1 t = tps0
[13 + 2 := (|start + t|n, 1),
j8 + 1 := (| delta — t|n, 1),
j8 = nltape ([start..<start + t] Q [start + t])]

lemma tmB1 [transforms-intros):
assumes ttt = 6 + 2 * nlength (start + t)
shows transforms tmB1 (tpsL t) ttt (tpsB1 t)

{proof)

definition tpsB2 t = tps0
(713 + 2 := ([ Suc (start + t)|n, 1),
j8 + 1 := (| delta — t|n, 1),
j8 = nltape ([start..<start + t] Q [start + t])]

lemma tmB2 [transforms-intros]:
assumes it = 11 + 4 * nlength (start + t)
shows transforms tmB2 (ipsL t) ttt (ipsB2 t)

{proof)

definition tpsB3 t = tpsO
[13 + 2 := (| Suc (start + t)|n, 1),
j8 + 1 := (|delta — t — 1N, 1),
j8 = nltape ([start..<start + t] Q [start + t])]

lemma tmB3:
assumes ttt = 19 + 4 * nlength (start + t) + 2 * nlength (delta — t)
shows transforms tmB3 (tpsL t) ttt (tpsB3 t)
(proof)

lemma tpsB3: tpsB3 t = tpsL (Suc t)
(proof)

lemma tmB3' [transforms-intros]:
assumes it = 19 + 6 * nlength (start + delta) and t < delta
shows transforms tmB8 (tpsL t) ttt (tpsL (Suc t))

(proof)

lemma tmL:
assumes ttt = delta * (21 + 6 * nlength (start + delta)) + 1
shows transforms tmL (tpsL 0) ttt (tpsL delta)

(proof)

lemma tmL’ [transforms-intros]:
assumes ttt = delta *x (21 + 6 x nlength (start + delta)) + 1
shows transforms tmL tps2 ttt (tpsL delta)

{proof)

definition tps3 = tps0
718 + 2 := (|start + delta|n, 1),
j3 := nltape [start..<start + delta]

lemma tpsL-eq-tps3: tpsL delta = tps3
(proof)

lemma tm3:
assumes ttt = 29 + 3 x nlength start + 8 * nlength delta + delta x (21 + 6 = nlength (start + delta))
shows transforms tm3 tps0 ittt (tpsL delta)

(proof)

lemma tm3’ [transforms-intros]:
assumes ttt = 29 + 3 x nlength start + 8 * nlength delta + delta x (21 + 6 x nlength (start + delta))
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shows transforms tm3 tps0 ttt tps3
(proof)

definition tps4 = tps0
[§3 := nltape [start..<start + delta]]

lemma tm4:
assumes ttt = 39 + 3 * nlength start + 3 * nlength delta + delta x (21 + 6 * nlength (start + delta)) +
2 x nlength (start + delta)
shows transforms tmj tps0 ttt tps/

{proof)

lemma tm/ ' [transforms-intros]:
assumes ttt = Suc delta x (39 + 8 * nlength (start + delta))
shows transforms tm4 tps0 tit tps)

(proof )

definition tps5 = tps0O
[13 := (|[start..<start + delta]|nL, 1)]

lemma tmb:

assumes ttt = Suc delta * (89 + 8 * nlength (start + delta)) + Suc (Suc (Suc (nllength [start..<start +
deltal)))

shows transforms tms tps0 tit tpss

{proof)

lemma tm5 "
assumes ¢ttt = Suc delta * (43 + 9 * nlength (start + delta))
shows transforms tms tps0 tit tpss

(proof )

end
end

lemma transforms-tm-rangel [transforms-intros]:
fixes j1 j2 j8 :: tapeidx
fixes tps tps’ :: tape list and k start delta :: nat
assumes k > j3 + 3j1 # j2 0 < j1 0 < j2j1 < j8j2 < j3 length tps = k
assumes
tps | j1 = (| start]n, 1)
tps ! j2 = (|delta|n, 1)
tps 135 = (L[lInz, 1)
tps ! (3 + 1) = (10), 1)
tps! (j3 + 2) = (10N, 1)
assumes ttt = Suc delta * (43 + 9 * nlength (start + delta))
assumes tps’ = tps
[18 = (|[start..<start + delta]|nr, 1)]
shows transforms (tm-range j1 j2 j3) tps tit tps’
(proof)

2.8.9 Creating singleton lists

The next Turing machine appends the symbol | to the symbols on tape j. Thus it turns a number into
a singleton list containing this number.

definition tm-to-list :: tapeidx = machine where
tm-to-list j =
tm-right-until j {0} ;;
tm-write j | ;;
tm-cr j

lemma tm-to-list-tm:
assumes 0 < jand j < kand G > 5
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shows turing-machine k G (tm-to-list j)
{proof)

locale turing-machine-to-list =
fixes j :: tapeidz
begin

definition tm! = tm-right-until j {O}
definition tm2 = tm1 ;; tm-write j |
definition tm3& = tm2 ;; tm-cr j

lemma tm3-eq-tm-to-list: tm3 = tm-to-list j
(proof)

context
fixes tps0 :: tape list and k n :: nat
assumes jk: 0 < jj < k length tpsO0 = k
and tps0: tpsO ! j = (|n]n, 1)
begin

definition tps! = tps0[j := (| n|n~, Suc (nlength n))]

lemma tm1 [transforms-intros]:
assumes ¢ttt = Suc (nlength n)
shows transforms tm1 tps0 ttt tpsi

{proof)
definition tps2 = tps0[j := (|[n]|~ L, Suc (nlength n))]

lemma tm2 [transforms-intros|:
assumes ¢ttt = Suc (Suc (nlength n))
shows transforms tm2 tps0 tit tps2

{proof)
definition tps8 = tps0[j := (|[n]|~nL, 1)]

lemma tm3:
assumes tit = 5 + 2 * nlength n
shows transforms tm3 tps0 tit tps3

{proof)

end
end

lemma transforms-tm-to-listl [transforms-intros]:
fixes j :: tapeidz
fixes tps tps’ :: tape list and ttt k n :: nat
assumes 0 < jj < k length tps = k
assumes tps ! j = (|n|n, 1)
assumes ttt = 5 + 2 * nlength n

assumes tps’ = tps[j .= (|[n]]~n1L, 1)]
shows transforms (tm-to-list j) tps ttt tps’
(proof)

2.8.10 Extending with a list

The next Turing machine extends the list on tape j; with the list on tape jo. We assume that the tape
head on j; is already at the end of the list.

definition tm-extend :: tapeidz = tapeidr = machine where
tm-extend j1 j2 = tm-cp-until j2 j1 {O} ;; tm-cr j2

lemma tm-extend-tm:
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assumes 0 < j1 and G > / and jI < k and j2 < k
shows turing-machine k G (tm-extend j1 j2)

{proof)

locale turing-machine-extend =
fixes j1 j2 :: tapeidx
begin

definition tm1 = tm-cp-until j2 j1 {O}
definition tm2 = tml1 ;; tm-cr j2

lemma tm2-eq-tm-extend: tm2 = tm-extend j1 j2
(proof)

context
fixes tps0 :: tape list and k :: nat and ns! ns2 :: nat list
assumes jk: 0 < j1 j1 < k j2 < k j1 # j2 length tpsO0 = k
assumes tps0:
tps0 ! j1 = nltape nsl
tps0 ! j2 = (|ns2|n1L, 1)
begin

definition tps! = tps0O
[j1 := nltape (ns1 @ ns2),
j2 = nltape ns2]

lemma tm1 [transforms-intros]:
assumes ¢ttt = Suc (nllength ns2)
shows transforms tm1 tps0 tit tpst

(proof)
definition tps2 = tps0[j! := nltape (nsl Q ns2)]

lemma tm2:
assumes tit = 4 + 2 * nllength ns2
shows transforms tm2 tps0 tit tps2
(proof)

end
end

lemma transforms-tm-extendl [transforms-intros):
fixes j1 j2 :: tapeidx
fixes tps tps’ :: tape list and k :: nat and nsl ns2 :: nat list
assumes 0 < j1 jl < kj2 < kjl # j2 length tps = k
assumes
tps | j1 = nltape nsl
tps ! j2 = (|ns2]wnr, 1)
assumes tit = 4 + 2 * nllength ns2
assumes tps’ = tps[jl := nltape (ns1 Q ns2)]
shows transforms (tm-extend j1 j2) tps ttt tps’
(proof)

An enhanced version of the previous Turing machine, the next one erases the list on tape jo after ap-
pending it to tape ji.

definition tm-extend-erase :: tapeidr = tapeidr = machine where
tm-extend-erase j1 j2 = tm-extend j1 j2 ;; tm-erase-cr j2

lemma tm-ezxtend-erase-tm:
assumes (0 < j1 and 0 < j2 and G > 4/ and jI < kand j2 < k
shows turing-machine k G (tm-extend-erase j1 j2)
(proof)
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lemma transforms-tm-extend-erasel [transforms-intros|:
fixes j1 j2 :: tapeidx
fixes tps tps’ :: tape list and k :: nat and nsl ns2 :: nat list
assumes 0 < jl jl < kj2 < kjl # j2 0 < j2 length tps = k
assumes
tps ! j1 = nltape nsi
tps ! j2 = (|ns2|nrL, 1)
assumes ttt = 11 + 4 * nllength ns2
assumes tps’ = tps
[j1 := nltape (nsl Q ns2),
j2 = (L0, 1)
shows transforms (tm-extend-erase j1 j2) tps ttt tps’
(proof)

2.9 Lists of lists of numbers

In this section we introduce a representation for lists of lists of numbers as symbol sequences over the
quaternary alphabet 01|f and devise Turing machines for the few operations on such lists that we need.

A tape containing such representations corresponds to a variable of type nat list list. A tape in the start
configuration corresponds to the empty list of lists of numbers.

Many proofs in this section are copied from the previous section with minor modifications, mostly re-
placing the symbol | with f.

2.9.1 Representation as symbol sequence

We apply the same principle as for representing lists of numbers. To represent a list of lists of numbers,
every element, which is now a list of numbers, is terminated by the symbol §. In this way the empty
symbol sequence represents the empty list of lists of numbers. The list [[]] containing only an empty list
is represented by f and the list [[0]] containing only a list containing only a 0 is represented by |f. As
another example, the list [[14,0,0,7],[], [0], [25]] is represented by 0111|||111|4{|$10011|f. The number
of # symbols equals the number of elements in the list.

definition numlistlist :: nat list list = symbol list where
numlistlist nss = concat (map (Ans. numlist ns Q [f]) nss)

lemma numlistlist-Nil: numlistlist [| = []
{proof)

proposition numlistlist [[]] = [f]
(proof)

lemma proper-symbols-numlistlist: proper-symbols (numlistlist nss)

(proof)

lemma symbols-lt-append:
fixes xs ys :: symbol list and z :: symbol
assumes symbols-lt z rs and symbols-lt z ys
shows symbols-it z (zs Q ys)

{proof)

lemma symbols-lt-numlistlist:
assumes H > 6
shows symbols-lt H (numlistlist nss)

(proof)

lemma symbols-lt-prefiz-eq:
assumes (z Q [f]) @ zs = (y Q [f]) @ ys and symbols-lt 5  and symbols-lt 5y
shows z = y

(proof )
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lemma numlistlist-inj: numlistlist ns1 = numlistlist ns2 = nsl = ns2

(proof)

lemma numlistlist-append: numlistlist (zs Q ys) = numlistlist zs @ numlistlist ys
(proof)

Similar to |-|y and |-| 1, the tape contents for a list of list of numbers:

definition nlicontents :: nat list list = (nat = symbol) (<|-|nr1>) where
|nss|nLr = |numlistlist nss|

lemma clean-tape-nlicontents: clean-tape (|ns|Nrr, ©)
(proof )

lemma nlicontents-Nil: |[| v = |[]]
(proof )

Similar to nlength and nllength, the length of the representation of a list of lists of numbers:

definition nlllength :: nat list list = nat where
nlllength nss = length (numlistlist nss)

lemma nlllength: nlllength nss = (3 ns<—nss. Suc (nllength ns))
(proof)

lemma nlllength-Nil [simp]: nlllength [| = 0
(proof)

lemma nlllength-Cons: nlllength (ns # nss) = Suc (nllength ns) + nillength nss
(proof)

lemma length-le-nlllength: length nss < nlllength nss
{proof)

lemma member-le-nlllength-1: ns € set nss = nllength ns < nlllength nss — 1
(proof)

lemma nlllength-take:
assumes ¢ < length nss
shows nlllength (take i nss) + nllength (nss ! i) < nillength nss

(proof)

lemma take-drop-numlistlist:
assumes | < length ns
shows take (Suc (nllength (ns! ©))) (drop (nlllength (take i ns)) (numlistlist ns)) = numlist (ns ! ©) @ [f]

(proof)

corollary take-drop-numlistlist”:
assumes ¢ < length ns
shows take (nllength (ns! 7)) (drop (nlllength (take i ns)) (numlistlist ns)) = numlist (ns ! i)

{proof)

corollary numlistlist-take-at-term:
assumes | < length ns
shows numlistlist ns ! (nlllength (take i ns) + nllength (ns! i) = §

{proof)

lemma nlllength-take-Suc:
assumes ¢ < length ns
shows nlllength (take i ns) + Suc (nllength (ns ! 1)) = nlllength (take (Suc i) ns)

(proof)

lemma numlistlist-take-at:
assumes i < length ns and j < nllength (ns! 7)

126



shows numlistlist ns | (nlllength (take i ns) + j) = numlist (ns! i) !j

(proof)

lemma nllcontents-rneigh-5:

assumes ¢ < length ns

shows rneigh (|ns|nrr, Suc (nlllength (take i ns))) {#} (nllength (ns! 7))
(proof )

A tape containing a list of lists of numbers, with the tape head after all the symbols:

abbreviation nlitape :: nat list list = tape where
nlltape ns = (|ns|nrr, Suc (nlllength ns))

Like before but with the tape head or at the beginning of the i-th list element:

abbreviation nlitape’ :: nat list list = nat = tape where
nlltape’ ns i = (|ns|nrr, Suc (nlllength (take i ns)))

lemma nlitape’-0: nliltape’ ns 0 = (|ns|nrr, 1)
(proof )

lemma nlltape’-tape-read: |.| (nlltape’ nss i) = 0 +— i > length nss

(proof)

2.9.2 Appending an element

The next Turing machine is very similar to tm-append, just with terminator symbol § instead of |. It
appends a list of numbers given on tape js to the list of lists of numbers on tape j;.

definition tm-appendl :: tapeidx = tapeidc = machine where
tm-appendl j1 j2 =
tm-right-until j1 {0} ;;
tm-cp-until j2 j1 {O} 3
tm-cr j2 3;
tm-char j1

lemma tm-appendl-tm:
assumes 0 < jl and G > 6 and jI < kand j2 < k
shows turing-machine k G (tm-appendl j1 j2)
(proof)

locale turing-machine-appendl =
fixes j1 j2 :: tapeidx
begin

definition tm1 = tm-right-until j1 {O}
definition tm2 = tm1 ;; tm-cp-until j2 j1 {0}
definition tm3 = tm2 ;; tm-cr j2

definition tm4 = tm38 ;; tm-char j1 §

lemma tmj-eq-tm-append: tm4 = tm-appendl j1 j2
(proof)

context
fixes tps0 :: tape list and k i1 :: nat and ns :: nat list and nss :: nat list list
assumes jk: length tpsO = k j1 < kj2 < kjl # j2 0 < j1
and i1: i1 < Suc (nlllength nss)
assumes tps0:
tps0 ! j1 = (|nss|nrL, il)
tpsO ! j2 = (|ns|nr, 1)
begin

definition tps! = tps0[j1 := nlltape nss]

lemma tm1 [transforms-intros]:
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assumes ¢ttt = Suc (Suc (nlllength nss) — il)
shows transforms tm1 tps0 tit tpst

{proof)

definition tps2 = tps0O

[j1 := (| numlistlist nss @ numlist ns|, Suc (nlllength nss) + nllength ns),

j2 = (|ns]nr, Suc (nllength ns))]

lemma tm2 [transforms-intros]:
assumes tit = 3 + nlllength nss — i1 + nllength ns
shows transforms tm2 tps0 tit tps2

{proof)

definition tps3 = tps0O

[j1 := (| numlistlist nss @ numlist ns|, Suc (nlllength nss) + nllength ns)]

lemma tm3 [transforms-intros|:
assumes ttt = 6 + nlllength nss — il + 2 * nllength ns
shows transforms tm3 tps0 ttt tps3

{proof)

definition tps/ = tps0O
[j1 := (| numlistlist (nss Q [ns])], Suc (nlllength (nss @ [ns])))]

lemma tm4:
assumes ittt = 7 + nlllength nss — il + 2 * nllength ns
shows transforms tm4 tps0 tit tps4

(proof)

end
end

lemma transforms-tm-appendll [transforms-intros|:
fixes j1 j2 :: tapeidx

fixes tps tps’ :: tape list and ttt k i1 :: nat and ns :: nat list and nss ::

assumes 0 < j1
assumes length tps = k j1 < kj2 < k j1 # j2
and i1 < Suc (nlllength nss)
assumes
tps ! j1 = (|nss|nrL, il)
tps ! j2 = (|ns|nr, 1)
assumes ttt = 7 + nlllength nss — i1 + 2 * nllength ns
assumes tps’ = tps
[j1 := nlltape (nss @ [ns])]
shows transforms (tm-appendl j1 j2) tps ttt tps’
(proof)

2.9.3 Extending with a list

The next Turing machine extends a list of lists of numbers with another list of lists of numbers. It is
in fact the same TM as for extending a list of numbers because in both cases extending means simply
copying the contents from one tape to another. We introduce a new name for this TM and express the
semantics in terms of lists of lists of numbers. The proof is almost the same except with nllength replaced

by nlllength and so on.

definition tm-extendl :: tapeidr = tapeide = machine where
tm-extendl = tm-extend

lemma tm-extendl-tm:
assumes 0 < j1 and G > 4 and jI < kand j2 < k
shows turing-machine k G (tm-extendl j1 j2)

{proof)
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locale turing-machine-extendl =
fixes j1 j2 :: tapeidx
begin

definition tm1 = tm-cp-until j2 j1 {O}
definition tm2 = tm1 ;; tm-cr j2

lemma tm2-eq-tm-extendl: tm2 = tm-extendl j1 j2
(proof)

context
fixes tps0 :: tape list and k :: nat and nssi nss2 :: nat list list
assumes jk: 0 < j1 j1 < k j2 < k j1 # j2 length tpsO0 = k
assumes tps0:
tps0 ! j1 = nlltape nssi
tps0 ! j2 = (|nss2]nrr, 1)
begin

definition tps! = tps0
[j1 = nlltape (nss1 Q nss2),
j2 = nlltape nss2)

lemma tm1 [transforms-intros]:
assumes ¢ttt = Suc (nlllength nss2)
shows transforms tm1 tps0 ttt tpsi

(proof)
definition tps2 = tps0[j1 := nlltape (nssl Q nss2)]

lemma tm2:
assumes tit = 4 + 2 * nlllength nss2
shows transforms tm2 tps0 tit tps2

{proof)

end
end

lemma transforms-tm-extendll [transforms-intros):
fixes j1 j2 :: tapeidx
fixes tps tps’ :: tape list and k :: nat and nssl nss2 :: nat list list
assumes 0 < jI j1 < kj2 < kj1 # j2 length tps = k
assumes
tps | j1 = nlltape nssl
tps ! j2 = (|nss2|nrrL, 1)
assumes tit = 4 + 2 x nlllength nss2

assumes tps’ = tps[jl := nlltape (nss1 Q nss2)]
shows transforms (tm-extendl j1 j2) tps ttt tps’
(proof)

The next Turing machine erases the appended list.

definition tm-extendl-erase :: tapeidr = tapeidr = machine where
tm-extendl-erase j1 j2 = tm-extendl j1 j2 ;; tm-erase-cr j2

lemma tm-extendl-erase-tm:
assumes 0 < j1 and 0 < j2 and G > 4 and jI < k and j2 < k
shows turing-machine k G (tm-extendl-erase j1 j2)
(proof)

lemma transforms-tm-extendl-erasel [transforms-intros|:

fixes tps tps’ :: tape list and j1 j2 :: tapeidr and ttt k :: nat and nssi nss2 :

assumes 0 < jl jl < kj2 < kjl # j2 0 < j2 length tps = k
assumes
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tps ! j1 = nlltape nssl
tps ! j2 = (|nss2|nLL, 1)
assumes ttt = 11 + 4 * nlllength nss2
assumes tps’ = tps
[j1 := nlltape (nss! @Q nss2),
g2 = (U], 1]
shows transforms (tm-extendl-erase j1 j2) tps ttt tps’
(proof)

2.9.4 Moving to the next element

Iterating over a list of lists of numbers works with the same Turing machine, tm-nextract, as for lists of
numbers. We just have to set the parameter z to the terminator symbol §. For the proof we can also just
copy from the previous section, replacing the symbol | by # and nllength by nlllength, etc.

locale turing-machine-nextract-5 =
fixes j1 j2 :: tapeidx
begin

definition ¢tm1
definition tm2
definition tm3
definition tm/4

tm-erase-cr j2

tm1 ;; tm-cp-until j1 j2 {8}
tm2 ;; tm-cr j2

tm3 ;; tm-right j1

lemma tm/-eq-tm-nextract: tmj = tm-nextract § j1 j2
(proof)

context
fixes tps0 :: tape list and k idz :: nat and nss :: nat list list and dummy :: nat list
assumes jk: j1 < kj2 < k0 < j1 0 < j2 j1 # j2 length tpsO = k
and idz: idr < length nss
and tps0:
tps0 ! j1 = nlltape’ nss idz
tps0 ! j2 = (|dummy]| N, 1)
begin

definition tps! = tps0[j2 := (|||~ 1)]

lemma tm1 [transforms-intros]:
assumes tit = 7 + 2 * nllength dummy
shows transforms tm1 tps0 tit tpst

{proof)

definition tps2 = tpsO
[j1 = (|nss|nrr, nlllength (take (Suc idx) nss)),
j2 = (|nss ! idz|nr, Suc (nllength (nss ! idz)))]

lemma tm2 [transforms-intros|:
assumes it = 7 + 2 * nllength dummy + Suc (nllength (nss ! idz))
shows transforms tm2 tps0 tit tps2

{proof)

definition tps3 = tps0O
[j1 = (|nss|nrr, nlllength (take (Suc idz) nss)),
j2 = (|nss ! idz|nL, 1)]

lemma tm3 [transforms-intros]:
assumes ttt = 11 + 2 * nllength dummy + 2 * (nllength (nss ! idz))
shows transforms tm3 tps0 tit tps3

{proof)

definition tps4 = tps0
[i1 := nlltape’ nss (Suc idz),

130



j2 = (|nss ! idz|nr, 1)]

lemma tmj:
assumes ttt = 12 + 2 x nllength dummy + 2 * (nllength (nss ! idz))
shows transforms tm4 tps0 tit tps)

{proof)

end
end

lemma transforms-tm-nextract-51 [transforms-intros]:
fixes j1 j2 :: tapeidx
fixes tps tps’ :: tape list and k idx :: nat and nss :: nat list list and dummy :: nat list
assumes jI < kj2 < k0 < j1 0 < j2j1 # j2 length tps = k
and idz < length nss
assumes
tps | j1 = nlltape’ nss idx
tps ! j2 = (|dummy|nr, 1)
assumes {tt = 12 + 2 * nllength dummy + 2 * (nllength (nss ! idzx))
assumes tps’ = tps
[j1 := nlltape’ nss (Suc idz),
j2 = (|nss ! idz|nL, 1)]
shows transforms (tm-nextract § j1 j2) tps ttt tps’
(proof)

end

2.10 Mapping between a binary and a quaternary alphabet

theory Two-Four-Symbols
imports Arithmetic
begin

Functions are defined over bit strings. For Turing machines these bits are represented by the symbols
0 and 1. Sometimes we want a TM to receive a pair of bit strings or output a list of numbers. Or we
might want the TM to interpret the input as a list of lists of numbers. All these objects can naturally be
represented over a four-symbol (quaternary) alphabet, as we have seen for pairs in Section 2.1.3 and for
the lists in Sections 2.8 and 2.9.

To accommodate the aforementioned use cases, we define a straightforward mapping between the binary
alphabet 01 and the quaternary alphabet 01|f and devise Turing machines to encode and decode symbol
sequences.

2.10.1 Encoding and decoding

The encoding maps:

0 —~ 00
1 — 01
| ~— 10
g — 11

For example, the list [6, 0, 1] is represented by the symbols 011]|1|, which is encoded as 00010110100110.
Pairing this sequence with the symbol sequence 0110 yields 00010110100110#0110, which is encoded
as 00000001000101000100000101001100010100.

definition binencode :: symbol list = symbol list where
binencode ys = concat (map (Ay. [tosym ((y — 2) div 2), tosym ((y — 2) mod 2)]) ys)

lemma length-binencode [simp]: length (binencode ys) = 2 * length ys
(proof)
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lemma binencode-snoc:
binencode (zs @ [0]) = binencode zs Q [0, O]
binencode (zs @ [1]) = binencode zs Q [0, 1]
binencode (zs Q [|]) = binencode zs @ [1, 0]
binencode (zs @ []) = binencode zs Q [1, 1]

{proof)

lemma binencode-at-even:
assumes | < length ys
shows binencode ys ! (2 % i) = 2 4+ (ys !¢ — 2) div 2
(proof)

lemma binencode-at-odd:
assumes ¢ < length ys
shows binencode ys ! (2 ¢+ 1) =2+ (ys'! i — 2) mod 2
(proof)

While binencode is defined for arbitrary symbol sequences, we only consider sequences over 01| to be
binencodable.

abbreviation binencodable :: symbol list = bool where
binencodable ys = Vi<length ys. 2 < ys!i A ysli <6

lemma binencodable-append:
assumes binencodable xs and binencodable ys
shows binencodable (zs @ ys)

{proof)

lemma bit-symbols-binencode:
assumes binencodable ys
shows bit-symbols (binencode ys)

(proof)

An encoded symbol sequence is of even length. When decoding a symbol sequence of odd length, we
ignore the last symbol. For example, 011100 and 0111001 are both decoded to 140.

The bit symbol sequence [a, b] is decoded to this symbol:

abbreviation decsym :: symbol = symbol = symbol where
decsym a b = tosym (2 * todigit a + todigit b)

definition bindecode :: symbol list = symbol list where
bindecode zs = map (N\i. decsym (zs ! (2 x i) (zs ! (Suc (2 * ©)))) [0..<length zs div 2]

lemma length-bindecode [simp]: length (bindecode zs) = length zs div 2
{proof)

lemma bindecode-at:
assumes ¢ < length zs div 2
shows bindecode zs | i = decsym (zs ! (2 * ©)) (zs ! (Suc (2 * 7)))

{proof)

lemma proper-bindecode: proper-symbols (bindecode zs)
(proof)

lemma bindecode2345:
assumes bit-symbols zs
shows Vi<length (bindecode zs). bindecode zs | i € {2..<6}

{proof)

lemma bindecode-odd:
assumes length zs = 2 x n + 1
shows bindecode zs = bindecode (take (2 * n) zs)

(proof)

lemma bindecode-append:
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assumes even (length ys) and even (length zs)
shows bindecode (ys @ zs) = bindecode ys @ bindecode zs
(is ?lhs = ?rhs)

(proof )

lemma bindecode-take-snoc:

assumes ¢ < length zs div 2

shows bindecode (take (2 * i) zs) @ [decsym (zs | (2x7)) (zs ! (Suc (2%17)))] = bindecode (take (2 * Suc i) zs)
(proof)

lemma bindecode-encode:
assumes binencodable ys
shows bindecode (binencode ys) = ys

(proof)

lemma binencode-decode:
assumes bit-symbols zs and even (length zs)
shows binencode (bindecode zs) = zs

(proof )

lemma binencode-ing:
assumes binencodable xs and binencodable ys and binencode xs = binencode ys
shows zs = ys

{proof)

2.10.2 Turing machines for encoding and decoding

The next Turing machine implements binencode for binencodable symbol sequences. It expects a symbol
sequence zs on tape j; and writes binencode zs to tape jo.

definition tm-binencode :: tapeidz = tapeidc = machine where
tm-binencode j1 j2 =
WHILE || ; Ars. rs | j1 % 0 DO
IF Ars. rs! jl =0 THEN
tm-print j2 [0, 0]
ELSE
IF A\rs. rs! j1 =1 THEN
tm-print j2 [0, 1]
ELSE
IF Ars. rs!j1 = | THEN
tm-print j2 [1, O]
ELSE
tm-print j2 [1, 1]
ENDIF
ENDIF
ENDIF 3;
tm-right j1
DONE

lemma tm-binencode-tm:
assumes k > 2 and G > 4 and jI < kand j2 < k and 0 < j2
shows turing-machine k G (tm-binencode j1 j2)

(proof)

locale turing-machine-binencode =
fixes j1 j2 :: tapeidx
begin

IF Ars. rs | j1 = | THEN tm-print j2 [1, 0] ELSE tm-print j2 [1, 1] ENDIF
IF Ars. rs ! j1 =1 THEN tm-print j2 [0, 1] ELSE tm1 ENDIF

definition tm3 = IF Ars. rs | j1 = 0 THEN tm-print j2 [0, 0] ELSE tm2 ENDIF

definition tm4 = tm3 ;; tm-right j1

definition tm5 = WHILE [] ; Ars. rs | j1 # O DO tm4 DONE

definition ¢tm1
definition tm2
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lemma tmb-eq-tm-binencode: tmb = tm-binencode j1 j2
(proof)

context
fixes k :: nat and tps0 :: tape list and zs :: symbol list
assumes jk: k = length tps0 j1 # j2 0 < j2j1 < kj2 < k
assumes zs: binencodable zs
assumes tps0:
tps0 ! j1 = (|zs], 1)
tps0 ! j2 = (1), 1)
begin

definition tpsL :: nat = tape list where
tpsL t = tpsO
[j1 := (|=s], Suc t),
j2 = (| binencode (take t zs)]|, Suc (2 * t))]

lemma tpsL-0: tpsL 0 = tps0
(proof)

definition tpsL! :: nat = tape list where
tpsL1 t = tpsO
[j1 := (|zs], Suc t),
j2 = (| binencode (take (Suc t) zs)], Suc (2 = t) + 2)]

lemma read-tpsL:
assumes ¢t < length zs
shows read (tpsL t) ! j1 = zs !t

(proof)

lemma tm1 [transforms-intros]:
assumes ¢ < length zsand zs | t = |V zs | t = §
shows transforms tm1 (tpsL t) 4 (tpsL1 t)
(proof)

lemma tm2 [transforms-intros|:

assumes ¢ < length zsand zs | t = |V zsl t =fVzs !t =1
shows transforms tm2 (tpsL t) 5 (tpsL1 t)
{proof)

lemma tm3 [transforms-intros]:
assumes t < length zs
shows transforms tm8 (tpsL t) 6 (tpsL1 t)

{proof)

lemma tmj [transforms-intros|:
assumes ¢ < length zs
shows transforms tmj (tpsL t) 7 (tpsL (Suc t))

{proof)

lemma tms:
assumes tit = 9 x length zs + 1
shows transforms tmb (tpsL 0) tit (tpsL (length zs))

{proof)

lemma tpsL: tpsL (length zs) = tpsO
[71 := (|zs], Suc (length zs)),
j2 := (| binencode zs], Suc (2 * (length 2s)))]
(proof)

lemma tm5":

assumes tit = 9 * length zs + 1
shows transforms tmb tps0 ttt (tpsL (length zs))
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{proof)

end
end

lemma transforms-tm-binencodel [transforms-intros:
fixes j1 j2 :: tapeidx
fixes tps tps’ :: tape list and ttt k :: nat and zs :: symbol list
assumes k = length tps j1 # j2 0 < j2j1 < kj2 < k
and binencodable zs
assumes
tps | j1 = (lzs], 1)
s 132 = (1), 1)
assumes tit = 9 * length zs + 1
assumes tps’ = tps
[j1 := (|=s], Suc (length zs)),
j2 = (|binencode zs|, Suc (2 * (length zs)))]
shows transforms (tm-binencode j1 j2) tps ttt tps’

(proof)

The next command reads chunks of two symbols over 01 from one tape and writes to another tape the
corresponding symbol over 01|f. The first symbol of each chunk is memorized on the last tape. If the
end of the input (that is, a blank symbol) is encountered, the command stops without writing another

symbol.

definition cmd-bindec :: tapeidx = tapeidx = command where
cmd-bindec j1 j2 rs =
if rs 1 j1 = 0 then (1, map (Az. (2, Stay)) rs)
else (0,
map (\i.
if last rs = 1>
then if i = j1 then (rs ! i, Right)
else if i = j2 then (rs ! i, Stay)
else if i = length s — 1 then (tosym (todigit (rs ! j1)), Stay)
else (rs ! 1, Stay)
else if i = j1 then (rs ! i, Right)
else if i = j2 then (decsym (last rs) (rs! j1), Right)
else if © = length rs — 1 then (1, Stay)
else (rs ! i, Stay))
[0..<length Ts])

The Turing machine performing the decoding:

definition tm-bindec :: tapeidr = tapeidz = machine where
tm-bindec j1 j2 = [emd-bindec j1 j2]

context
fixes j1 j2 :: tapeidr and k :: nat
assumes j-less: j1 < kj2 < k
and j-gt: 0 < j2
begin

lemma turing-command-bindec:
assumes G > 6
shows turing-command (Suc k) 1 G (cmd-bindec j1 j2)

(proof)

lemma tm-bindec-tm: G > 6 = turing-machine (Suc k) G (tm-bindec j1 j2)
(proof)

context
fixes tps :: tape list and zs :: symbol list

assumes jI-neq: jl1 # j2
and lentps: Suc k = length tps
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and bs: bit-symbols zs
begin

lemma sem-cmd-bindec-gt:
assumes tps | jI = (|zs], 7)
and i > length zs
shows sem (cmd-bindec j1 j2) (0, tps) = (1, tps)
(proof)

lemma sem-cmd-bindec-1:
assumes tps | k = [>]
and tps ! jI = (|zs], 7)
and i > 0
and i < length zs

and tps’ = tps [j1 := tps ! j1 |+| 1, k := [todigit (tps :.:

shows sem (cmd-bindec j1 j2) (0, tps) = (0, tps’)
(proof)

lemma sem-cmd-bindec-23:
assumes ips | k = [s]
and s=0V s=1
and tps ! jI = (|zs], )
and i > 0
and i < length zs
and tps’ = tps
(1 = tps 11 [+] 1,
j2 = tps ! j2 |:=| decsym s (tps :.: j1) |+| 1,
b= o]
shows sem (cmd-bindec j1 j2) (0, tps) = (0, tps')
(proof)

end

lemma transits-tm-bindec:
fixes tps :: tape list and zs :: symbol list
assumes jI-neq: jl1 # j2
and j1j2: 0 < j2j1 < kj2 < k
and lentps: Suc k = length tps
and bs: bit-symbols zs
assumes tps | k = [>]
and tps!jl = (28], 2 x i+ 1)
and tps ! j2 = (| bindecode (take (2 * i) zs)], Suc 7)
and ¢ < length zs div 2
and tps’ = tps
[1 := (|zs], 2 * (Suc i) + 1),
j2 = (| bindecode (take (2 * Suc i) zs)|, Suc (Suc 1))]
shows transits (tm-bindec j1 j2) (0, tps) 2 (0, tps’)
(proof)

context
fixes tps :: tape list and zs :: symbol list
assumes jl-neq: j1 # j2
and j1j2: 0 < j2j1 < kj2 <k
and lentps: Suc k = length tps
and bs: bit-symbols zs
begin

lemma transits-tm-bindec':
assumes tps | k = [>]
and tps! jI = (|zs], 1)
and tps ! 72 = ([[]], 1)
and ¢ < length zs div 2
and tps’ = tps
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[1 := (|zs], 2 x 7+ 1),

j2 = (| bindecode (take (2 * i) zs)], Suc i)]
shows transits (tm-bindec j1 j2) (0, tps) (2 * i) (0, tps")
(proof)

corollary transits-tm-bindec’":
assumes tps | k = [>]
and tps ! jI = (|zs], 1)
and tps 132 = ([[, 1)
and [ = length zs div 2
and tps’ = tps
[t = (Lzs), 2 % 1+ 1),
j2 = (| bindecode (take (2 * 1) zs)], Suc I)]
shows transits (tm-bindec j1 j2) (0, tps) (2 = 1) (0, tps')
(proof)

In case the input is of odd length, that is, malformed:

lemma transforms-tm-bindec-odd:
assumes tps | k = [>]
and tps ! jI = (|zs], 1)
and tps 1 32 = ([[, 1)
and tps’ = tps
i1 == (|zs], 2 x I + 2),
j2 = (|bindecode zs], Suc 1),
k = [todigit (last zs) + 2]]
and [ = length zs div 2
and Suc (2 * ) = length zs
shows transforms (tm-bindec j1 j2) tps (2 x | + 2) tps’
(proof)

In case the input is of even length, that is, properly encoded:

lemma transforms-tm-bindec-even:
assumes tps | k = [>]
and tps ! jI = (|zs], 1)
and tps ! j2 = (]}, 1)
and tps’ = tps
[ == (|zs], 2 x 1 + 1),
j2 = (|bindecode zs], Suc l)]
and [ = length zs div 2
and 2 x | = length zs
shows transforms (tm-bindec j1 j2) tps (2 x | + 1) tps’
(proof)

lemma transforms-tm-bindec:
assumes tps | k = [>]
and tps! jI = (|zs], 1)
and tps ! j2 = (|[]], 1)
and tps’ = tps
[j1 := (|=s], Suc (length zs)),
j2 := (| bindecode zs], Suc (length zs div 2)),
k = [if even (length zs) then 1 else (todigit (last zs) + 2)]]
shows transforms (tm-bindec j1 j2) tps (Suc (length zs)) tps’
(proof )

end
end

Next we eliminate the memorization tape from tm-bindec.

lemma transforms-cartesian-bindec:
assumes G > (6 :: nat)
assumes jI # j2
and j1j2: 0 < j2j1 < kj2 <k
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and k = length tps
and bit-symbols zs
assumes tps | j1 = (|zs], 1)
and ips ! j2 = (|[]], 1)
assumes ¢ = Suc (length zs)
and tps’ = tps
[j1 = (|zs], Suc (length zs)),
j2 = (| bindecode zs], Suc (length zs div 2))]
shows transforms (cartesian (tm-bindec j1 j2) 4) tps t tps’

(proof )

The next Turing machine decodes a bit symbol sequence given on tape j; into a quaternary symbol
sequence output to tape jo. It executes the previous TM followed by carriage returns on the tapes j; and

J2-

definition tm-bindecode :: tapeidz = tapeidz = machine where
tm-bindecode j1 j2 = cartesian (tm-bindec j1 j2) 4 ;; tm-cr j1 ;; tm-cr j2

lemma tm-bindecode-tm:
fixes j1 j2 :: tapeide and G k :: nat
assumes G > 6 and jI < k and j2 < k and 0 < j2 and jI # j2
shows turing-machine k G (tm-bindecode j1 j2)

(proof)

locale turing-machine-bindecode =
fixes j1 j2 :: tapeidx
begin

definition tm! = cartesian (tm-bindec j1 j2) 4
definition tm2 = tm1 ;; tm-cr j1
definition tm8 = tm2 ;; tm-cr j2

lemma tm3-eq-tm-bindecode: tm3 = tm-bindecode j1 j2
(proof)

context
fixes tps0 :: tape list and zs :: symbol list and k :: nat
assumes jk: j1 < kj2 < k 0 < j2j1 # j2 k = length tpsO
assumes zs: bit-symbols zs
assumes tps0:
tps0 ! j1 = (|2s], 1)
tps0 1 32 = (L[], 1)
begin

definition tps! = tps0
[i1 := (|=s], Suc (length zs)),
j2 = (|bindecode zs]|, Suc (length zs div 2))]

lemma tm1 [transforms-intros|:
assumes ¢t = Suc (length zs)
shows transforms tm1 tps0 t tpsi

{proof)

definition tps2 = tpsO
[j2 := (| bindecode zs], Suc (length zs div 2))]

lemma tm2 [transforms-intros|:
assumes t = 2 * length zs + 4
shows transforms tm2 tps0 t tps2

{proof)

definition tps3 = tps0O
[72 := (| bindecode zs], 1)]
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lemma tms3:
assumes t = 2 x length zs + 7 + length zs div 2
shows transforms tm3 tps0 t tps3

{proof)

lemma tm3"
assumes t = 7 + 8 x length zs
shows transforms tm3 tps0 t tps3

(proof)

end
end

lemma transforms-tm-bindecodel [transforms-intros]:
fixes j1 j2 :: tapeidx
fixes tps :: tape list and zs :: symbol list and k ttt :: nat
assumes j! < k and j2 < k and 0 < j2 and jI # j2 and k = length tps
and bit-symbols zs
assumes
tps ! j1 = (|zs], 1)
tps 132 = (L[, 1)
assumes tit = 7 + 3 * length zs
assumes tps’ = tps
[j2 := (| bindecode zs|, 1)]
shows transforms (tm-bindecode j1 j2) tps ttt tps’
(proof)

end

2.11 Symbol sequence operations

theory Symbol-Ops
imports Two-Four-Symbols
begin

While previous sections have focused on “formatted” symbol sequences for numbers and lists, in this
section we devise some Turing machines dealing with “unstructured” arbitrary symbol sequences. The
only “structure” that is often imposed is that of not containing a blank symbol because when reading a
symbol sequence, say from the input tape, a blank would signal the end of the symbol sequence.

2.11.1 Checking for being over an alphabet

In this section we devise a Turing machine that checks if a proper symbol sequence is over a given alphabet
represented by an upper bound symbol z.

abbreviation proper-symbols-it :: symbol = symbol list = bool where
proper-symbols-lt z zs = proper-symbols zs N\ symbols-lt z zs

The next Turing machine checks if the symbol sequence (up until the first blank) on tape j; contains
only symbols from {2,...,z — 1}, where z is a parameter of the TM, and writes to tape js the number 1
or 0, representing True or False, respectively. It assumes that jo initially contains at most one symbol.

definition tm-proper-symbols-it :: tapeidz = tapeidz = symbol = machine where
tm-proper-symbols-lt j1 j2 z =
tm-write 72 1 3;
WHILE ] ; Ars. rs ! j1 # 0 DO
IF Ars. rs 1 j1 < 2V rs!jl >z THEN
tm-write j2 O
ELSE
[
ENDIF 3;
tm-right j1
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DONE
tm-cr j1

lemma tm-proper-symbols-lt-tm:
assumes 0 < j2jl < kj2 < kand G > 4
shows turing-machine k G (tm-proper-symbols-lt j1 j2 z)
(proof)

locale turing-machine-proper-symbols-lt =
fixes j1 j2 :: tapeide and z :: symbol
begin

definition tm1 tm-write j2 1

definition tm2 = IF Ars. rs | j1 < 2 V rs | j1 > z THEN tm-write j2 O ELSE || ENDIF
definition tm3 = tm2 ;; tm-right j1

definition tm/ WHILE || ; Ars. rs ! j1 # 0 DO tm&8 DONE

definition tm5 = tm1 ;; tmj

definition tm6 = tm5 ;; tm-cr j1

lemma tmé6-eq-tm-proper-symbols-lt: tm6 = tm-proper-symbols-lt j1 j2 z
(proof)

context
fixes zs :: symbol list and tps0 :: tape list and k :: nat
assumes jk: k = length tps0 j1 # j2j1 < kj2 < k
and zs: proper-symbols zs
and tps0:
tpsO ! j1 = (|zs], 1)
tps0 1 j2 = (L[, 1)
begin

definition tps! t = tps0
[t = (Lzs), Sue 1),
j2 = (if proper-symbols-lt z (take t zs) then [[1]] else |[]], 1)]

lemma tm1 [transforms-intros|: transforms tm1 tps0 1 (tps1 0)
(proof)

definition tps2 t = tps0
[71 := (|=s], Suc t),
j2 = (if proper-symbols-lt z (take (Suc t) zs) then [[1]] else [[]], 1)]

lemma tm2 [transforms-intros|:
assumes ¢ < length zs
shows transforms tm2 (tpsl t) 3 (tps2 t)

{proof)

lemma tm3 [transforms-intros|:
assumes t < length zs
shows transforms tm3 (tps1 t) 4 (tpsl (Suc t))

{proof)

lemma tmj [transforms-intros]:
assumes ttt = 1 + 6 * length zs
shows transforms tm4 (tps1 0) ttt (tpsl (length zs))

(proof)
lemma tmb [transforms-intros|:

assumes ittt = 2 + 6 * length zs
shows transforms tm& tps0 ttt (tps1 (length zs))

(proof)

definition tps5 = tpsO
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[t = (Lss), 1),
j2 = (if proper-symbols-lt z zs then |[1]] else |[]], 1)]

definition tps5' = tps0
[72 := (if proper-symbols-lt z zs then |[1]] else |[]], 1)]

lemma tmé6:
assumes tit = 5 + 7 * length zs
shows transforms tm6 tps0 ttt tps5’

{proof)

definition tps6 = tpsO
[72 := (| proper-symbols-lt z zs|p, 1)]

lemma tm6":
assumes ttt = 5 + 7 * length zs
shows transforms tm6 tps0 tit tps6

(proof)

end
end

lemma transforms-tm-proper-symbols-ItI [transforms-intros|:
fixes j1 j2 :: tapeidz and z :: symbol
fixes zs :: symbol list and tps tps’ :: tape list and k :: nat
assumes k = length tps j1 # j2j1 < kj2 < k
and proper-symbols zs
assumes
tps | j1 = (|zs], 1)
tps 132 = (), 1)
assumes tit = 5 + 7 * length zs
assumes tps’ = tps
[72 := (|proper-symbols-lt z zs| B, 1)]
shows transforms (tm-proper-symbols-lt j1 j2 z) tps ttt tps’
(proof)

2.11.2 The length of the input

The Turing machine in this section reads the input tape until the first blank and increments a counter
on tape j for every symbol read. In the end it performs a carriage return on the input tape, and tape j
contains the length of the input as binary number. For this to work, tape j must initially be empty.

lemma proper-tape-read:

assumes proper-symbols zs

shows |.| (|zs], 1) = O +— © > length zs
(proof)

definition tm-length-input :: tapeider = machine where
tm-length-input j =
WHILE [] ; Ars. rs | 0 # 0 DO
tm-incr j ;;
tm-right 0
DONE ;;
tm-cr 0

lemma tm-length-input-tm:
assumes G > 4 and 0 < jand j < k
shows turing-machine k G (tm-length-input j)
(proof)

locale turing-machine-length-input =

fixes j :: tapeidz
begin
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definition tmL1 = tm-incr j

definition tmL2 = tmL1 ;; tm-right 0

definition tm1 = WHILE [] ; Ars. rs | 0 # O DO tmL2 DONE
definition tm2 = tml1 ;; tm-cr 0

lemma tm2-eq-tm-length-input: tm2 = tm-length-input j
(proof)

context
fixes tps0 :: tape list and k :: nat and zs :: symbol list
assumes jk: 0 < jj < k length tpsO = k
and zs: proper-symbols zs
and tps0:
tpsO ! 0 = (|2s], 1)
tps0 ! j = (10]n, 1)
begin

definition tpsL :: nat = tape list where
tpsL t = tps0[0 := (|zs], 1 + t), j:= ([t]n~, 1)]

lemma tpsL-eq-tps0: tpsL 0 = tpsO
(proof)

definition tpsL1 :: nat = tape list where
tpsL1 t = tps0[0 = (|zs], 1 + t), j := ([ Suc t|n, 1)]

definition tpsL2 :: nat = tape list where
tpsL2 t = tps0[0 = (|zs], 1 + Suc t), j := (| Suc t|n, 1)]

lemma tmL1 [transforms-intros|:
assumes t < length zs and ttt = 5 4+ 2 * nlength t
shows transforms tmL1 (tpsL t) tit (tpsL1 t)

{proof)

lemma tmL2:
assumes t < length zs and ttt = 6 + 2 * nlength t
shows transforms tmL2 (tpsL t) ttt (tpsL (Suc t))

{proof)

lemma tmL2":
assumes ¢ < length zs and ttt = 6 + 2 x nlength (length zs)
shows transforms tmL2 (tpsL t) ttt (tpsL (Suc t))

(proof)

lemma tm1:
assumes ttt = length zs x (8 + 2 * nlength (length zs)) + 1
shows transforms tm1 (tpsL 0) ttt (tpsL (length zs))
(proof)

lemma tmL’ [transforms-intros]:
assumes tit = 10 * length zs ~ 2 + 1
shows transforms tm1 (tpsL 0) tit (tpsL (length zs))

(proof )

definition tps2 :: tape list where
tps2 = tps0[0 := (|zs], 1), j := (|length zs|n, 1)]

lemma tm2:
assumes ttt = 10 * length zs = 2 + length zs + /
shows transforms tm2 (tpsL 0) tit tps2

{proof)
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definition tps2’ :: tape list where
tps2' = tps0[j := (|length zs|n, 1)]

lemma tm2":
assumes ttt = 11 x length zs ~ 2 + 4
shows transforms tm2 tps0 ttt tps2’

(proof )

end
end

lemma transforms-tm-length-inputl [transforms-intros:
fixes j :: tapeidz
fixes tps tps’ :: tape list and k :: nat and zs :: symbol list
assumes 0 < jj < k length tps = k
and proper-symbols zs
assumes
tps ! 0 = (|zs], 1)
trs 1 j = ([0, 1)
assumes {tt = 11 * length zs ~ 2 + 4
assumes tps’ = tps
[j := (|length zs|n, 1)]
shows transforms (tm-length-input j) tps ttt tps’
(proof)

2.11.3 Whether the length is even

The next Turing machines reads the symbols on tape j; until the first blank and alternates between
numbers 0 and 1 on tape jo. Then tape jo contains the parity of the length of the symbol sequence on
tape j;. Finally, the TM flips the output once more, so that tape jo contains a Boolean indicating whether
the length was even or not. We assume tape jo is initially empty, that is, represents the number 0.

definition tm-even-length :: tapeidx = tapeidx = machine where
tm-even-length j1 j2 =
WHILE || ; Ars. rs | j1 # 0 DO
tm-not j2 3;
tm-right j1
DONE ;;
tm-not j2 ;;
tm-cr j1

lemma tm-even-length-tm:
assumes k > 2and G > J and jI < k0 < j2j2 <k
shows turing-machine k G (tm-even-length j1 j2)
(proof)

locale turing-machine-even-length =
fixes j1 j2 :: tapeidx
begin

definition tmB = tm-not j2 ;; tm-right j1

definition tmL = WHILE || ; Ars. rs ! j1 # 0O DO tmB DONE
definition tm2 = tmL ;; tm-not j2

definition tm8 = tm2 ;; tm-cr j1

lemma tm3-eg-tm-even-length: tm3 = tm-even-length j1 j2
(proof)

context
fixes tps0 :: tape list and k :: nat and zs :: symbol list
assumes zs: proper-symbols zs
assumes jk: jI < k j2 < k j1 # j2 length tpsO = k
assumes tps0:
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tpsO ! j1 = (|zs], 1)
tps0 132 = (0], 1)
begin

definition ¢psL :: nat = tape list where
tpsL t = tps0O
[j1 := (|zs], Suc t),
j2 = (lodd t] B, 1)]

lemma tpsL0: tpsL 0 = tps0
(proof)

lemma tmL2 [transforms-intros]: transforms tmB (tpsL t) 4 (tpsL (Suc t))
{proof)

lemma tmL:
assumes tit = 6 * length zs + 1
shows transforms tmL (tpsL 0) ttt (tpsL (length zs))

{proof)

lemma tmL’ [transforms-intros]:
assumes ttt = 6 * length zs + 1
shows transforms tmL tps0 tit (tpsL (length zs))

{proof)

definition tps2 :: tape list where
tps2 = tpsO
[j1 := (|zs], Suc (length zs)),
j2 = (leven (length zs) |B, 1)]

lemma tm2 [transforms-intros|:
assumes tit = 6 * length zs + 4
shows transforms tm2 tps0 tit tps2

{proof)

definition tps3 :: tape list where
tps3 = tps0
[i1 = (|=s], 1),
j2 = (|even (length zs)|B, 1)]

lemma tm3:
assumes ttt = 7 * length zs + 7
shows transforms tm3 tps0 ttt tps3

(proof)
definition tps3’ :: tape list where
tps3' = tpsO
[j2 := (|even (length zs)|B, 1)]

lemma tps3”: tps3' = tps3
(proof)
lemma tm3"

assumes ttt = 7 * length zs + 7
shows transforms tm3 tps0 ttt tps3’

(proof)

end
end

lemma transforms-tm-even-lengthl [transforms-intros|:
fixes j1 j2 :: tapeidx
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fixes tps tps’ :: tape list and k :: nat and zs :: symbol list
assumes jI < kj2 < k j1 # j2
and proper-symbols zs
and length tps = k
assumes
tps ! j1 = (|zs], 1)
tps 1 j2 = (|0]n, 1)
assumes tps’ = tps
[12 := (leven (length zs)|B, 1)]
assumes ttt = 7 * length zs + 7
shows transforms (tm-even-length j1 j2) tps ttt tps’
(proof)

2.11.4 Checking for ends-with or empty

The next Turing machine implements a slightly idiosyncratic operation that we use in the next section
for checking if a symbol sequence represents a list of numbers. The operation consists in checking if the
symbol sequence on tape j; either is empty or ends with the symbol z, which is another parameter of the
TM. If the condition is met, the number 1 is written to tape js, otherwise the number 0.

definition tm-empty-or-endswith :: tapeidr = tapeidr = symbol = machine where
tm-empty-or-endswith j1 j2 z =
tm-right-until j1 {0} 3
tm-left j1 3;
IF Ars. rs ! j1 € {», z} THEN
tm-setn j2 1
ELSE
[
ENDIF 3;
tm-cr j1

lemma tm-empty-or-endswith-tm:
assumes k > 2 and G > / and 0 < j2 and jI < kand j2 < k
shows turing-machine k G (tm-empty-or-endswith j1 j2 z)
(proof)

locale turing-machine-empty-or-endswith =
fixes j1 j2 :: tapeidz and z :: symbol
begin

definition tm1
definition tm2

tm-right-until j1 {O}

tm1 ;; tm-left j1

definition tmI = IF Ars. rs | j1 € {>, z} THEN tm-setn j2 1 ELSE [| ENDIF
definition tm3 = tm2 ;; tml

definition tm4 = tm3 ;; tm-cr j1

lemma tm/-eq-tm-empty-or-endswith: tm4 = tm-empty-or-endswith j1 j2 z
(proof)

context
fixes tps0 :: tape list and k :: nat and zs :: symbol list
assumes jk: j1 # j2 j1 < k j2 < k length tpsO = k
and zs: proper-symbols zs

and tps0:
tps0 ! j1 = (|zs], 1)
tps0 ! j2 = (10N, 1)
begin

definition tps! :: tape list where
tpsl = tpsO
[71 := (|zs], Suc (length zs))]

lemma tm1 [transforms-intros]:
assumes ttt = Suc (length zs)
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shows transforms tm1 tps0 ttt tpsi
(proof)

definition tps2 :: tape list where
tps2 = tps0
[j1 := (|=s], length zs)]

lemma tm2 [transforms-intros|:
assumes ttt = 2 + length zs
shows transforms tm2 tps0 ttt tps2

{proof)

definition tps3 :: tape list where
tps3 = tpsO
[j1 := (|zs], length zs),
j2 = (lzs =[] V last zs = z|B, 1)]

lemma tml [transforms-intros|: transforms tml tps2 14 tps8
(proof)

lemma tm3 [transforms-intros|:
assumes tit = 16 + length zs
shows transforms tm3 tps0 tit tps3

{proof)

definition tps4 :: tape list where
tps4 = tpsO
[j2 == (lzs =[] V last zs = z| B, 1)]

lemma tm4:
assumes tit = 18 + 2 x length zs
shows transforms tm4 tps0 tit tps)

{proof)

end
end

lemma transforms-tm-empty-or-endswithl [transforms-intros:
fixes j1 j2 :: tapeidr and z :: symbol
fixes tps tps’ :: tape list and k :: nat and zs :: symbol list
assumes jI # j2j1 < kj2 <k
and length tps = k
and proper-symbols zs
assumes
tps | j1 = (|lzs], 1)
tps ! j2 = (0w, 1)
assumes ttt = 18 + 2 x length zs
assumes tps’ = tps
[j12 :==(lzs =[] V last zs = z| B, 1)]
shows transforms (tm-empty-or-endswith j1 j2 z) tps ttt tps’
(proof)

2.11.5 Stripping trailing symbols

Stripping the symbol z from the end of a symbol sequence zs means:

definition rstrip :: symbol = symbol list = symbol list where
rstrip z zs = take (LEAST i. i < length zs A set (drop i zs) C {z}) zs

lemma length-rstrip: length (rstrip z zs) = (LEAST i. i < length zs N\ set (drop i zs) C {z})
(proof)

lemma length-rstrip-le: length (rstrip z zs) < length zs
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{proof)

lemma rstrip-stripped:
assumes ¢ > length (rstrip z zs) and i < length zs
shows zs | i = 2

(proof)

lemma rstrip-replicate: rstrip z (replicate n z) = ||
(proof)

lemma rstrip-not-ex:
assumes - (Fi<length zs. zs ! i # z)
shows rstrip z zs = ||
(proof)

lemma
assumes Ji<length zs. zs | i # z
shows rstrip-ez-length: length (rstrip z zs) > 0
and rstrip-ezx-last: last (rstrip z zs) # z

(proof)

A Turing machine stripping the non-blank, non-start symbol z from a proper symbol sequence works in
the obvious way. First it moves to the end of the symbol sequence, that is, to the first blank. Then it
moves left to the first non-z symbol thereby overwriting every symbol with a blank. Finally it performs
a “carriage return”.

definition tm-rstrip :: symbol = tapeide = machine where
tm-rstrip z j =
tm-right-until 7 {0} ;;
tm-left j 53
tm-lconst-until j j (UNIV — {z}) O ;;
tm-cr j

lemma tm-rstrip-tm:
assumes k> 2 and G > J and 0 < jand j < k
shows turing-machine k G (tm-rstrip z j)
(proof)

locale turing-machine-rstrip =
fixes z :: symbol and j :: tapeidx
begin

definition tm1
definition tm2
definition tm3
definition tm/4

tm-right-until j {0}

tm1 ;; tm-left j

tm2 ;; tm-lconst-until j j (UNIV — {z}) O
tm3 ;; tm-cr j

lemma tmj-eq-tm-rstrip: tm4 = tm-rstrip z j
(proof)

context
fixes tps0 :: tape list and zs :: symbol list and k :: nat
assumes z: 2z > 1
assumes zs: proper-symbols zs
assumes jk: 0 < jj < k length tpsO0 = k
assumes tps0: tpsO | j = (|zs], 1)
begin

definition tps1 = tps0
[7:= (lzs], Suc (length zs))]

lemma tm1 [transforms-intros]:

assumes ¢ttt = Suc (length zs)
shows transforms tm1 tps0 tit tpsl
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{proof)

definition tps2 = tpsO
[ := (|zs], length zs)]

lemma tm2 [transforms-intros|:
assumes tit = length zs + 2
shows transforms tm2 tps0 tit tps2

{proof)

definition tps3 = tps0O
[ := (|rstrip z zs], length (rstrip z zs))]

lemma tm3 [transforms-intros]:
assumes ttt = length zs + 2 + Suc (length zs — length (rstrip z zs))
shows transforms tm3 tps0 ttt tps3

{proof)

definition tps4 = tps0
[j:= (|rstrip z zs|, 1)]

lemma tm4:
assumes ttt = length zs + 2 + Suc (length zs — length (rstrip z zs)) + length (rstrip z zs) + 2
shows transforms tm4 tps0 tit tps4

{proof)

lemma tmj":
assumes tit = 3 * length zs + 5
shows transforms tm4 tps0 tit tps)

(proof )
end
end

lemma transforms-tm-rstripl [transforms-intros):
fixes z :: symbol and j :: tapeidx
fixes tps tps’ :: tape list and zs :: symbol list and k :: nat
assumes z > I and 0 < jj < k
and proper-symbols zs
and length tps = k
assumes tps | j = (|zs], 1)
assumes tit = 3 x length zs + 5
assumes tps’ = tps[j := (|rstrip z 25|, 1)]
shows transforms (tm-rstrip z j) tps ttt tps’
(proof)

2.11.6 Writing arbitrary length sequences of the same symbol

The next Turing machine accepts a number n on tape j; and writes the symbol sequence z™ to tape js.
The symbol z is a parameter of the TM. The TM decrements the number on tape j; until it reaches zero.

definition tm-write-replicate :: symbol = tapeidr = tapeidr = machine where
tm-write-replicate z j1 j2 =
WHILE ] ; Ars. rs ! j1 # 0 DO
tm-char j2 z ;;
tm-decr j1
DONE ;;
tm-cr j2

lemma tm-write-replicate-tm:
assumes 0 < jI and 0 < j2 and jI < k and j2 < k and jI # j2 and G > / and z < G
shows turing-machine k G (tm-write-replicate z j1 j2)
(proof)
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locale turing-machine-write-replicate =
fixes j1 j2 :: tapeidr and z :: symbol
begin

definition tm! = tm-char j2 z

definition tm2 = tm1 ;; tm-decr j1

definition tmL = WHILE [] ; Ars. rs | j1 # O DO tm2 DONE
definition tm3 = tmL ;; tm-cr j2

lemma tm3-eq-tm-write-replicate: tm8 = tm-write-replicate z j1 j2
(proof)

context
fixes tps0 :: tape list and k n :: nat
assumes jk: length tps0 = k 0 < j1 0 < j2j1 #2451 < kj2 <k
and z: 1 < z
assumes tps0:
tps0 ! j1 = (|n]n, 1)
tps0 ! 32 = ([[1), 1)
begin

definition tpsL :: nat = tape list where
tpsL t = tps0O
it = (In — t)w, 1),
j2 = (|replicate t z|, Suc t)]

lemma tpsL0: tpsL 0 = tps0
(proof)

definition tpsL1 :: nat = tape list where
tpsL1 t = tpsO
it == (In — t]x, 1),
j2 = (|replicate (Suc t) z|, Suc (Suc t))]

lemma tmL1 [transforms-intros|: transforms tm1 (tpsL t) 1 (tpsL1 t)
(proof)

lemma tmL2:
assumes ttt = 9 + 2 * nlength (n — t)
shows transforms tm2 (tpsL t) ttt (tpsL (Suc t))
(proof)

lemma tmL2’ [transforms-intros]:
assumes ttt = 9 + 2 * nlength n
shows transforms tm2 (tpsL t) ttt (tpsL (Suc t))

(proof)

lemma tmL [transforms-intros]:
assumes ttt = n * (11 + 2 * nlength n) + 1
shows transforms tmL (tpsL 0) tit (tpsL n)
(proof)

definition tps3 :: tape list where
tps3 = tps0
i1 == ([0]x. 1),
j2 = (|replicate n z|, 1)]

lemma tm3:
assumes it = n * (12 + 2 * nlength n) + 4
shows transforms tm3 (tpsL 0) ttt tps3

{proof)
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lemma tm3":
assumes it = n * (12 + 2 * nlength n) + 4
shows transforms tm3 tps0 tit tps3

{proof)

end
end

lemma transforms-tm-write-replicatel [transforms-intros:
fixes j1 j2 :: tapeidx
fixes tps tps’ :: tape list and ttt k n :: nat
assumes length tps =k 0 < j1 0 < j2j1 # j2jl <kj2 < kand I < z
assumes
tps ! j1 = (|n]n, 1)
s 12 = (), 1)
assumes it = n * (12 + 2 * nlength n) + 4
assumes tps’ = tps
it == ([0, 1),
j2 = (|replicate n z|, 1)]
shows transforms (tm-write-replicate z j1 j2) tps ttt tps’

(proof )

2.11.7 Extracting the elements of a pair

In Section 2.1.3 we defined a pairing function for strings. For example, (II, OO) is first mapped to
IM#00 and ultimately represented as OIOIMIOOOO. A Turing machine that is to compute a function for
the argument (I, 0O) would receive as input the symbols 0101110000. Typically the TM would then
extract the two components 11 and 00. In this section we devise TMs to do just that.

As it happens, applying the quaternary alphabet decoding function bindecode (see Section 2.10) to
such a symbol sequence gets us halfway to extracting the elements of the pair. For example, decod-
ing 0101110000 yields 11400, and now the TM only has to locate the f.

A Turing machine cannot rely on being given a well-formed pair. After decoding, the symbol sequence
might have more or fewer than one # symbol or even | symbols. The following functions first and second
are designed to extract the first and second element of a symbol sequence representing a pair, and for
other symbol sequences at least allow for an efficient implementation. Implementations will come further
down in this section.

definition first :: symbol list = symbol list where
first ys = take (if Ji<length ys. ys ! i € {|, 8} then LEAST i. i < length ys A ys ! i € {|, §} else length ys) ys

definition second :: symbol list = symbol list where
second zs = drop (Suc (length (first zs))) zs

lemma firstD:
assumes Ji<length ys. ys ! i € {|, §} and m = (LEAST i. i < length ys A ys ! i € {|, £})
shows m < length ys and ys ! m € {|, 4} and Vi<m. ys ! i ¢ {|, #}
(proof)

lemma firstl:
assumes m < length ys and ys ! m € {|, i} and Vi<m. ys! ¢ ¢ {|, §}
shows (LEAST i. i < length ys A ys ! i € {|, i}) = m
(proof)

lemma length-first-ex:
assumes Ji<length ys. ys ! i € {|, i} and m = (LEAST i. i < length ys A ys ! i € {|, #})
shows length (first ys) = m

(proof )

lemma first-notex:
assumes — (Fi<length ys. ys ! i € {|, §})
shows first ys = ys
(proof)
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lemma length-first: length (first ys) < length ys
(proof)

lemma length-second-first: length (second zs) = length zs — Suc (length (first zs))
(proof)

lemma length-second: length (second zs) < length zs
(proof)

Our next goal is to show that first and second really extract the first and second element of a pair.

lemma bindecode-bitenc:
fixes z :: string
shows bindecode (string-to-symbols (bitenc z)) = string-to-symbols

(proof)

lemma bindecode-string-pair:
fixes z u :: string
shows bindecode (z; u) = string-to-symbols x @ [f] @ string-to-symbols u

(proof)

lemma first-pair:
fixes ys :: symbol list and z u :: string
assumes ys = bindecode (x; u)
shows first ys = string-to-symbols x

(proof)

lemma second-pair:
fixes ys :: symbol list and z u :: string
assumes ys = bindecode (x; u)
shows second ys = string-to-symbols u

(proof)

A Turing machine for extracting the first element

Unlike most other Turing machines, the one in this section is not meant to be reusable, but rather to
compute a function, namely the function first. For this reason there are no tape index parameters.
Instead, the encoded pair is expected on the input tape, and the output is written to the output tape.

lemma bit-symbols-first:
assumes ys = bindecode (string-to-symbols x)
shows bit-symbols (first ys)

(proof)

definition tm-first :: machine where
tm-first =
tm-right-many {0, 1, 2} 3;
tm-bindecode 0 2 ;;
tm-cp-until 2 1 {0, |, {}

lemma tm-first-tm: G > 6 = k > 8 = turing-machine k G tm-first
(proof)

locale turing-machine-fst-pair =
fixes k :: nat
assumes k: k > 8

begin

definition tm1
definition tm2
definition tm3

tm-right-many {0, 1, 2}
tm1 ;; tm-bindecode 0 2
tm2 ;; tm-cp-until 2 1 {0, |, §}

lemma tm3-eq-tm-first: tm8 = tm-first
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{proof)

context
fixes s :: symbol list
assumes bs: bit-symbols xs
begin

definition tps0 = snd (start-config k zs)

lemma lentps [simp]: length tpsO = k
(proof)

lemma tps0-0: tps0 ! 0 = (|zs], 0)
{proof)

lemma tpsO-gt-0: j > 0 = j < k = tps0 ! j = (|[|], 0)
(proof )

definition tps! = tps0
[0 := (|zs], 1),
1= (L], 1),
2 := (), 1]

lemma tm1 [transforms-intros|: transforms tml1 tps0 1 tpsi
{proof)

definition tps2 = tpsO
[0 := ([=s], 1),

1= (L0, 1),
2 := (| bindecode zs], 1)]

lemma tm2 [transforms-intros]:
assumes ttt = 8 + 3 * length zs
shows transforms tm2 tps0 ttt tps2

{proof)

definition tps3 = tps0O
[0 = (lzs], 1),
1 := (|first (bindecode zs)], Suc (length (first (bindecode zs)))),
2 := (| bindecode zs], Suc (length (first (bindecode zs))))]

lemma tm3:
assumes ttt = 8 + 3 * length zs + Suc (length (first (bindecode xs)))
shows transforms tm3 tps0 tit tps3

(proof)

lemma tm3"
assumes ttt = 9 + 4 * length zs
shows transforms tm3 tps0 ttt tps3

(proof)

end

lemma tm3-computes:
computes-in-time k tm3 (Az. symbols-to-string (first (bindecode (string-to-symbols x)))) (An. 9 + 4 = n)
{proof )

end

lemma tm-first-computes:
assumes k > 3
shows computes-in-time
k
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tm-first
(Az. symbols-to-string (first (bindecode (string-to-symbols ))))
(An. 9 + 4 % n)

(proof)

A Turing machine for splitting pairs

The next Turing machine expects a proper symbol sequence zs on tape j; and outputs first zs and second
zs on tapes jo and js3, respectively.

definition tm-unpair :: tapeidrz = tapeidr = tapeidx = machine where
tm-unpair j1 j2 j3 =
tm-cp-until 51 j2 {0, |, 4} 3;
tm-right j1 ;;
tm-cp-until j1 §8 {O} 5;
tm-cr j1 3
tm-cr j2 3;
tm-cr j3

lemma tm-unpair-tm:
assumes k > 2 and G > / and 0 < j2 and 0 < j3 and jI < kj2 < kj3 <k
shows turing-machine k G (tm-unpair j1 j2 j3)
(proof)

locale turing-machine-unpair =
fixes j1 j2 j3 :: tapeidz
begin

definition tm! = tm-cp-until j1 j2 {0, |, 1}
definition tm2 = tml1 ;; tm-right j1
definition tm3 = tm2 ;; tm-cp-until j1 j3 {0}
definition tm4 = tm3 ;; tm-cr j1

definition tm5 = tm4 ;; tm-cr j2

definition tm6 = tmd ;; tm-cr j3

lemma tmé6-eq-tm-unpair: tmé6 = tm-unpair j1 j2 j3
(proof)

context
fixes tps0 :: tape list and k :: nat and zs :: symbol list
assumes jk: 0 < j2 0 < j8j1 # j2j1 # j3j2 # j3j1 < k j2 < k j8 < k length tpsO0 = k
and zs: proper-symbols zs
and tps0:
tpsO ! j1 = (|zs], 1)
tps0 ! j2 = (L[], 1)
tps0 1 j3 = (L[, 1)
begin

definition tps! = tps0O
[71 = (|zs], Suc (length (first zs))),
j2 = (|first zs|, Suc (length (first zs)))]

lemma tm1 [transforms-intros]:
assumes ttt = Suc (length (first zs))
shows transforms tm1 tps0 tit tpst

{proof)

definition tps2 = tps0
[71 = (|zs], length (first zs) + 2),
j2 = (|first zs], Suc (length (first zs)))]

lemma tm2 [transforms-intros|:

assumes ttt = length (first zs) + 2
shows transforms tm2 tps0 tit tps2
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{proof)

definition tps3 = tps0O
[71 = (|zs], length (first zs) + 2 + (length zs — Suc (length (first zs)))),
j2 = (first zs], Suc (length (first zs))),
j8 = (|second zs|, Suc (length (second zs)))]

lemma tm3 [transforms-intros|:
assumes ttt = length (first zs) + 2 + Suc (length zs — Suc (length (first zs)))
shows transforms tm3 tps0 ttt tps3

{proof)

definition tps4 = tps0
[i1 == (lzs], 1),
j2 = (|first zs|, Suc (length (first zs))),
j8 = (|second zs]|, Suc (length (second zs)))]

lemma tm4:
assumes it = 2 * length (first zs) + 7 + 2 = (length zs — Suc (length (first zs)))
shows transforms tm4 tps0 tit tps)

{proof)

lemma tm/ ' [transforms-intros|:
assumes tit = 4 * length zs + 7
shows transforms tmj tps0 ttt tps/

(proof)

definition tps5 = tps0
i1 == (lzs], 1),
j2 = (Lfirst 2s), 1),
j8 = (|second zs]|, Suc (length (second zs)))]

lemma tm5 [transforms-intros|:
assumes ttt = 4 * length zs + 9 + Suc (length (first zs))
shows transforms tms tps0 tit tpss

{proof)

definition tps6 = tpsO
i1 = (lzs], 1),
j2 = (first zs], 1),
j8 = (| second zs], 1)]

lemma tmé6:
assumes ttt = 4 * length zs + 11 + Suc (length (first zs)) + Suc (length (second zs))
shows transforms tm6 tps0 tit tps6

{proof)

definition tps6’ = tps0
[i2 == (Lfirst zs], 1),
j8 = (|second zs], 1)]

lemma tps6’: tps6’ = tps6
(proof)

lemma tm6":

assumes tit = 6 * length zs + 13
shows transforms tmé6 tps0 ttt tps6’

(proof)
end

end
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lemma transforms-tm-unpairl [transforms-intros):
fixes j1 j2 j8 :: tapeidx
fixes tps tps’ :: tape list and k :: nat and zs :: symbol list
assumes 0 < j2 0 < j3j1 # j241 # 3§32 #j3j1 < kj2 < kj3 <k
and length tps = k
and proper-symbols zs
assumes
tps ! j1 = (|zs], 1)
tps ! j2 = (L[}, 1)
tps 133 = (), 1)
assumes tit = 6 * length zs + 18
assumes tps’ = tps
[j2 = (|first zs], 1),
j8 = (| second zs], 1)]
shows transforms (tm-unpair j1 j2 j3) tps ttt tps’
(proof)

end

2.12 Well-formedness of lists

theory Wellformed
imports Symbol-Ops Lists-Lists
begin

In the representations introduced in Section 2.8 and Section 2.9, not every symbol sequence over 01|
represents a list of numbers, and not every symbol sequence over 01|t represents a list of lists of numbers.
In this section we prove criteria for symbol sequences to represent such lists and devise Turing machines
to check these criteria efficiently.

2.12.1 A criterion for well-formed lists

From the definition of numlist it is easy to see that a symbol sequence representing a list of numbers is
either empty or not, and that in the latter case it ends with a | symbol. Moreover it can only contain
the symbols 01| and cannot contain the symbol sequence 0| because canonical number representations
cannot end in 0. That these properties are not only necessary but also sufficient for the symbol sequence
to represent a list of numbers is shown in this section.

A symbol sequence is well-formed if it represents a list of numbers.

definition numlist-wf :: symbol list = bool where
numlist-wf zs = Ans. numlist ns = zs

lemma numlist-wf-append:
assumes numlist-wf zs and numlist-wf ys
shows numlist-wf (zs Q ys)

(proof)

lemma numlist-wf-canonical:
assumes canonical s
shows numlist-wf (zs Q [|])

(proof)

Well-formed symbol sequences can be unambiguously decoded to lists of numbers.
definition zs-numlist :: symbol list = nat list where

zs-numlist zs = THE ns. numlist ns = zs

lemma zs-numlist-ex1:
assumes numlist-wf zs
shows d!ns. numlist ns = zs

{proof)

lemma numlist-zs-numlist:
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assumes numlist-wf zs
shows numlist (zs-numlist zs) = zs

(proof )
Count the number of occurrences of an element in a list:

fun count :: nat list = nat = nat where
count [| z =0 |
count (z # xs) z = (if x = z then 1 else 0) + count zs z

lemma count-append: count (zs @ ys) z = count zs z + count ys z
{proof)

lemma count-0: count zs z = 0 <— (VzE€set zs. © # z)

(proof)

lemma count-gr-0-take:

assumes count zs z > 0

shows 3j.
j < length zs A
s !lj=2zA
(Vi<j.zs!'i# 2) A
count (take (Suc j) zs) z =1 A
count (drop (Suc j) zs) z = count xs z — 1

(proof)

definition has2 :: symbol list = symbol = symbol = bool where
has2 zs y z = Ji<length xs — 1. s i =y A xs! (Suci) = 2

lemma not-has2-take:
assumes — has2 s y z
shows — has2 (take m zs) y z

(proof)

lemma not-has2-drop:
assumes — has2 zs y z
shows — has2 (drop m zs) y z

(proof )

lemma numlist-wf-has2:
assumes proper-symbols zs symbols-lt 5 zs = has2 zs 0 | xs # [| — last zs = |
shows numlist-wf xs

{proof)

lemma last-numlist-4: numlist ns # [| = last (numlist ns) = |

(proof)

lemma numlist-not-has2:
assumes i < length (numlist ns) — 1 and numlist ns ! i = 0
shows numlist ns | (Suc ©) # |

{proof)

lemma numlist-wf-has2":
assumes numlist-wf s
shows proper-symbols-lt 5 zs A = has2 zs 0 | A (zs # [| — last zs = |)

(proof )

lemma numlist-wf-iff:
numlist-wf s <— proper-symbols-lt 5 zs A = has2 zs 0 | A (zs # [| — last zs = |)
{proof)
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2.12.2 A criterion for well-formed lists of lists

The criterion for lists of lists of numbers is similar to the one for lists of numbers. A non-empty symbol
sequence must end in . All symbols must be from 01|f and the sequences 0|, 0f, and 1 are forbidden.

A symbol sequence is well-formed if it represents a list of lists of numbers.

definition numlistlist-wf :: symbol list = bool where
numlistlist-wf zs = I nss. numlistlist nss = zs

lemma numlistlist-wf-append:
assumes numlistlist-wf xs and numlistlist-wf ys
shows numlistlist-wf (zs @ ys)

(proof )

lemma numlistlist-wf-numlist-wf:
assumes numlist-wf xs
shows numlistlist-wf (zs @ [t])

(proof)

lemma numlistlist-wf-has2:
assumes proper-symbols zs symbols-lt 6 s zs # [| — last zs = §
and — has2 zs 0 |
and — has2 zs 0 §
and — has2 zs 1§
shows numlistlist-wf s

{proof)

lemma numlistlist-not-has2:
assumes i < length (numlistlist nss) — 1 and numlistlist nss ! i = 0
shows numlistlist nss | (Suc i) # |

{proof)

lemma numlistlist-not-has2":
assumes ¢ < length (numlistlist nss) — 1 and numlistlist nss | ¢ = 0 V numlistlist nss ! i = 1
shows numlistlist nss ! (Suc 7) # 4

{proof)

lemma last-numlistlist-5: numlistlist nss # [| = last (numlistlist nss) =
{proof)

lemma numlistlist-wf-has2’:
assumes numlistlist-wf xs
shows proper-symbols-lt 6 zs A (zs # [| — last zs =) A = has22s 0 | A = has2 zs 0 § A = has2 zs 1 §

(proof)

lemma numlistlist-wf-iff:
numlistlist-wf xs +—
proper-symbols-lt 6 xzs N\ (zs # [] — last zs = §) A = has22zs 0 | A = has2 2s 0 § A = has2 zs 1 {

{proof)

2.12.3 A Turing machine to check for subsequences of length two

In order to implement the well-formedness criteria we need to be able to check a symbol sequence for
subsequences of length two. The next Turing machine has symbol parameters y and z and checks whether
the sequence [y, z| exists on tape j;. It writes to tape jo the number 0 or 1 if the sequence is present or
not, respectively.

definition tm-not-has2 :: symbol = symbol = tapeids = tapeidr = machine where
tm-not-has2 y z j1 j2 =
tm-set j2 [0, 0] 3;
WHILE || ; Ars. rs | j1 % 0 DO
IF Ars. rs!j2 =1 AN rs! jl = 2z THEN
tm-right 72 ;;
tm-write 72 1 3;
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tm-left j2
ELSE
[
ENDIF ;
tm-trans2 j1 j2 (Ah. if h = y then 1 else 0) ;;
tm-right j1
DONE
tm-right 52 ;;
IF Ars. rs!j2 =1 THEN
tm-set j2 (canrepr 1)
ELSE
tm-set j2 (canrepr 0)
ENDIF ;
tm-cr j1 3
tm-not j2

lemma tm-not-has2-tm:
assumes k > 2 and G > 4 and 0 < j2 and jI < kand j2 < k
shows turing-machine k G (tm-not-has2 y z j1 j2)

(proof)

locale turing-machine-has2 =
fixes y z :: symbol and j1 j2 :: tapeidz
begin

context
fixes tps0 :: tape list and xs :: symbol list and k :: nat
assumes zxs: proper-symbols xs
assumes yz: y > 1z > 1
assumes jk: j1 < kj2 < k j1 # j2 0 < j2 length tps0 = k
assumes tps0:
tps0 ! j1 = (|zs], 1)
tps0 ! j2 = ([[I], 1)
begin

definition tm! = tm-set j2 [0, 0]
definition tmT1

definition tmT2
definition tmT3

tm-right j2
tmT1 ;; tm-write j2 1
tmT?2 ;; tm-left j2

definition tmL1 = IF Ars. rs ! j2 =1 A rs ! j1 = z THEN tmT3 ELSE [| ENDIF
definition tmL2 = tmL1 ;; tm-trans2 j1 j2 (Ah. if h = y then 1 else 0)

definition tmL3 = tmL2 ;; tm-right j1

definition tmL = WHILE [] ; Ars. rs | j1 # O DO tmL3 DONE

definition tm2 = tm1 ;; tmL

definition tm3 = tm?2 ;; tm-right j2

definition tm34 = IF Ars. rs | j2 = 1 THEN tm-set j2 (canrepr 1) ELSE tm-set j2 (canrepr 0) ENDIF

definition tm4 = tm3 ;; tm34

definition tm5 = tm4 ;; tm-cr j1

definition tm6 = tms ;; tm-not j2

lemma tm6-eg-tm-not-has2: tm6 = tm-not-has2 y z j1 j2
(proof)

definition tps! :: tape list where
tpsl = tps0O
[j1 = (las], 1),
j2 = (l[0, 0], 1)]

lemma tm1: transforms tm1 tps0 14 tpsl
(proof)
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abbreviation has-at :: nat = bool where
has-at i = xzs i =y AN xs! Suci =z

definition ¢psL :: nat = tape list where
tpsL t = tps0O
[j1 = (lzs], Suc t),
j2 == (l[if |=s] t = y then 1 else 0, if Ji<t — 1. has-at i then 1 else 0]], 1)]

lemma tpsL-eq-tpsi: tpsL 0 = tpsl
(proof)

lemma tm1’ [transforms-intros): transforms tm1 tps0 14 (tpsL 0)
(proof)

definition tpsT'! :: nat = tape list where
tpsT1 t = tpsO
[j1 = (|zs], Suc t),
j2 = (l[if |zs| t = y then 1 else 0, if i<t — 1. has-at i then 1 else 0]], 2)]

definition tpsT?2 :: nat = tape list where
tpsT2 t = tpsO
[j1 := (|zs], Suc t),
j2 = (l[if |zs| t = y then 1 else 0, if i<t. has-at i then 1 else 0]], 2)]

definition tpsT3 :: nat = tape list where
tpsT3 t = tpsO
[j1 = (lzs], Suc t),
j2 = (l[if |=s| t = y then 1 else 0, if i<i. has-at i then 1 else 0]|, 1)]

lemma contents-1-update: (|[a, b]], 1) |:==| v = (|[v, b]], 1) for a b v :: symbol
{proof)

lemma contents-2-update: (|[a, b]], 2) |:=| v = (|[a, v]], 2) for a b v :: symbol
{proof)

context

fixes ¢t :: nat

assumes then-branch: |zs| t = yazs!t =z
begin

lemma tmT1 [transforms-intros]: transforms tmT1 (tpsL t) 1 (tpsT1 t)
(proof)

lemma tmT2 [transforms-intros]: transforms tmT2 (tpsL t) 2 (tpsT2 t)
{proof)

lemma tmT3 [transforms-intros]: transforms tmT3 (tpsL t) 3 (tpsT3 t)
{proof)

end

lemma tmL1 [transforms-intros]:
assumes ttt = 5 and t < length xs
shows transforms tmL1 (tpsL t) tit (tpsT3 t)

(proof)
definition tpsL2 :: nat = tape list where
tpsL2 t = tpsO
[i1 := (lzs], Suc t),
32 = (L[#f |wzs] (Suc t) = y then 1 else 0, if Fi<t. has-at i then 1 else 0]], 1)]

lemma tmL2 [transforms-intros]:
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assumes tit = 6 and t < length xs
shows transforms tmL2 (tpsL t) ttt (tpsL2 t)

{proof)

lemma tmL3 [transforms-intros]:
assumes tit = 7 and t < length xs
shows transforms tmL8 (tpsL t) ttt (tpsL (Suc t))
{proof)

lemma tmL [transforms-intros]:
assumes tit = 9 * length s + 1
shows transforms tmL (tpsL 0) tit (tpsL (length xs))
(proof)

lemma tm2 [transforms-intros|:
assumes tit = 9 x length zs + 15
shows transforms tm2 tps0 ttt (tpsL (length zs))

{proof)

definition tps8 :: tape list where
tps3 = tpsO
[j1 = (lzs], Suc (length zs)),
j2 = (L[if |=s| (length zs) = y then 1 else 0, if Ii<length zs — 1. has-at i then 1 else 0]], 2)]

lemma tm3 [transforms-intros|:
assumes tit = 9 x length s + 16
shows transforms tm3 tps0 tit tps3

(proof)

definition tps/ :: tape list where
tps4 = tpsO
[j1 := (lzs], Suc (length zs)),
j2 = (|3 i<length zs — Suc 0. has-at i|p, 1)]

lemma tm34 [transforms-intros):
assumes tit = 19
shows transforms tm3&j tps3 ttt tps4

{proof)

lemma tm4:
assumes tit = 9 x length s + 35
shows transforms tm4 tps0 tit tps4

(proof)

definition tpsj’ :: tape list where
tps4 ' = tps0
[j1 := (|zs], Suc (length zs)),
j2 = (lhas2 zs y z|B, 1)]

lemma tpsj”: tps4 = tpss’
(proof)

lemma tmJ’ [transforms-intros]:
assumes ttt = 9 * length zs + 35
shows transforms tm4 tps0 ttt tpsj’

(proof)
definition tps5 :: tape list where
tpss = tpsO
i1 := (las], 1),
j2 = (lhas2zs y z |B, 1)]

lemma tms:
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assumes tit = 10 * length xs + 38
shows transforms tms tps0 tit tpss

{proof)

definition tps5’ :: tape list where
tps5' = tps0
[j2 = (|has2 zs y z|B, 1)]

lemma tmb’ [transforms-intros]:
assumes tit = 10 * length xs + 38
shows transforms tmb tps0 ttt tps5’

(proof)

definition tps6 :: tape list where
tps6 = tpsO
[j2 == (|- has2 zs y z|B, 1)]

lemma tmé6:
assumes ttt = 10 * length xs + 41
shows transforms tm6 tps0 tit tps6

{proof)

end
end

lemma transforms-tm-not-has2l [transforms-intros|:
fixes y z :: symbol and j1 j2 :: tapeidx
fixes tps tps’ :: tape list and zs :: symbol list and ttt k :: nat
assumes jI < kj2 < kjl #j20 < j2lengthtps=ky > 12> 1
and proper-symbols xs
assumes
tps | j1 = (|zs], 1)
tps 132 = (1), 1)
assumes tit = 10 * length xs + 41
assumes tps’ = tps
[12 := (|- has2 zs y z| B, 1)]
shows transforms (tm-not-has2 y z j1 j2) tps ttt tps’
(proof)

2.12.4 Checking well-formedness for lists

The next Turing machine checks all conditions from the criterion in lemma numlist-wf-iff one after
another for the symbols on tape j; and writes to tape jo either the number 1 or 0 depending on whether
all conditions were met. It assumes tape js is initialized with 0.

definition tm-numlist-wf :: tapeidr = tapeidr = machine where
tm-numlist-wf j1 j2 =
tm-proper-symbols-lt j1 j2 5 ;;
tm-not-has2 0 | j1 (j2 + 1) 3;
tm-and j2 (j2 + 1) ;;
tm-setn (2 + 1) 0 ;;
tm-empty-or-endswith j1 (2 + 1) | ;;
tm-and j2 (j2 + 1) ;;
tm-setn (j2 + 1) 0

lemma tm-numlist-wf-tm:
assumes k> 2and G > 5and 0 < j20 < jl and j1 <kj2 + 1 <k
shows turing-machine k G (tm-numlist-wf j1 j2)
(proof)

locale turing-machine-numlist-wf =

fixes j1 j2 :: tapeidx
begin
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definition tm1 = tm-proper-symbols-it j1 j2 5

definition tm2 = tm1 ;; tm-not-has2 0 | j1 (j2 + 1)
definition tm3 = tm2 ;; tm-and j2 (j2 + 1)

definition tm4 = tm3 ;; tm-setn (j2 + 1) 0

definition tm5 = tm4 ;; tm-empty-or-endswith j1 (j2 + 1) |
definition tm6 = tmb ;; tm-and j2 (j2 + 1)

definition tm7 = tm6 ;; tm-setn (j2 + 1) 0

lemma tm7-eg-tm-numlist-wf: tm7 = tm-numlist-wf j1 j2
(proof)

context
fixes tps0 :: tape list and zs :: symbol list and k :: nat
assumes zs: proper-symbols zs
assumes jk: 0 < j1 j1 < kj2 + 1 < kjl # j20 < j2jl # j2 + 1 length tpsO0 = k
assumes tps0:
tps0 ! j1 = (|2s], 1)
tps0 ! j2 = (1), 1)
tps0 ! (j2 + 1) = ([, 1)
begin

definition tps! = tps0O
[72 := (| proper-symbols-it 5 zs| g, 1)]

lemma tm1 [transforms-intros]:
assumes ttt = 5 + 7 * length zs
shows transforms tm1 tps0 ttt tps1

{proof)

definition tps2 = tps0O
[j2 := (| proper-symbols-lt 5 zs|g, 1),
j2 + 1 := (|if has2 zs O | then 0 else 1|n, 1)]

lemma tm2 [transforms-intros]:
assumes ttt = 46 + 17 * length zs
shows transforms tm2 tps0 ttt tps2

{proof)

definition tps3 = tps0O
[j2 := (| proper-symbols-lt 5 zs A — has2 zs 0 || B, 1),
j2 + 1 := (|if has2 zs O | then 0 else 1|n, 1)]

lemma tm3 [transforms-intros]:
assumes ttt = 46 + 17 * length zs + 3
shows transforms tm3 tps0 tit tps3

(proof)

definition tps/ = tps0O
[j2 := (| proper-symbols-lt 5 zs A — has2 zs 0 || B, 1),
j2 + 1 := (10N, 1)]

lemma tmj:
assumes it = 46 + 17 * length zs + 18 + 2 * nlength (if has2 zs 0 | then 0 else 1)
shows transforms tm4 tps0 tit tps)

(proof)
lemma tm/ ' [transforms-intros]:

assumes tit = 46 + 17 * length zs + 15
shows transforms tmj tps0 ttt tpsj

(proof)

definition tps5 = tpsO

162



[72 := (| proper-symbols-lt 5 zs N\ — has2 zs 0 ||, 1),
j2+1:=(lzs=[Vlast zs = ||B, 1)]

lemma tmb [transforms-intros|:
assumes tit = 79 + 19 * length zs
shows transforms tms tps0 tit tpss

{proof)

definition tps6 = tps0
[72 := (| proper-symbols-lt 5 zs N = has2 zs 0 | A (zs =[] V last zs = |)|B, 1),
j2+1:=(lzs=1[V last zs = ||B, 1)]

lemma tm6 [transforms-intros|:
assumes tit = 82 + 19 * length zs
shows transforms tm6 tps0 tit tps6

{proof)

definition tps7 = tps0O
[72 := (| proper-symbols-lt 5 zs N = has2 zs 0 | A (zs =[] V last zs = |)|B, 1),
j2 + 1 :=([0]n, 1)]

lemma tm7:
assumes it = 92 + 19 * length zs + 2 x nlength (if zs = [| V last zs = | then I else 0)
shows transforms tm7 tps0 tit tps7

{proof)

definition tps7’' = tps0
(72 = (| numlist-wf zs|B, 1),
j2 + 1 :=([0]n, 1)]

lemma tm7"
assumes tit = 94 + 19 * length zs
shows transforms tm7 tps0 ttt tps7’

(proof)

definition tps7’' = tps0
[72 := (| numlist-wf zs| B, 1)]

lemma tm7" [transforms-intros|:
assumes ttt = 94 + 19 * length zs
shows transforms tm7 tps0 ttt tps7'’

(proof )

end
end

lemma transforms-tm-numlist-wfl [transforms-intros|:
fixes j1 j2 :: tapeidx
fixes tps tps’ :: tape list and zs :: symbol list and tit k :: nat
assumes 0 < j1jl <kj2 + 1 < kjl #3j20 < j2ijl # j2 + 1length tps =k
and proper-symbols zs
assumes
tps | j1 = (lzs], 1)
tps 1 j2 = (L[IJ, 1)
tps 1 (G2 + 1) = (L[, 1)
assumes ttt = 94 + 19 * length zs
assumes tps’ = tps
[j2 := (| numlist-wf zs|B, 1)]
shows transforms (tm-numlist-wf j1 j2) tps ttt tps’
(proof)
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2.12.5 Checking well-formedness for lists of lists

The next Turing machine checks all conditions from the criterion in lemma numlistlist-wf-iff one after

another for the

symbols on tape j; and writes to tape jo either the number 1 or 0 depending on whether

all conditions were met. It assumes tape js is initialized with 0.

definition tm-numlistlist-wf :: tapeidx = tapeidx = machine where
tm-numlistlist-wf j1 j2 =
tm-proper-symbols-lt j1 j2 6 ;;
tm-not-has2 0 | j1 (2 + 1) 3;
tm-and j2 (j2 + 1) 3;
tm-setn (j2 + 1) 0 3
tm-empty-or-endswith j1 (j2 + 1) 4 ;;
tm-and j2 (j2 + 1) 3;
tm-setn (j2 + 1) 0 3
tm-not-has2 0  j1 (j2 + 1) 3;
tm-and j2 (j2 + 1) 3;
tm-setn (j2 + 1) 0 3
tm-not-has2 1 4 j1 (j2 + 1) 3;
tm-and j2 (j2 + 1) 3;
tm-setn (2 + 1) 0

lemma tm-numlistlist-wf-tm:
assumes k> 2and G > 6and 0 < j20 < jl and jI <kj2 + 1<k
shows turing-machine k G (tm-numlistlist-wf j1 j2)
(proof)

locale turing-machine-numlistlist-wf =
fixes j1 j2 :: tapeidx

begin

definition tm1 = tm-proper-symbols-it j1 j2 6

definition tm2 = tm1 ;; tm-not-has2 0 | j1 (j2 + 1)
definition tm3 = tm2 ;; tm-and j2 (j2 + 1)

definition tm4 = tm3 ;; tm-setn (j2 + 1) 0

definition tm5 = tm4 ;; tm-empty-or-endswith j1 (j2 + 1) §
definition tm6 = tmb ;; tm-and j2 (j2 + 1)

definition tm7 = tmé6 ;; tm-setn (j2 + 1) 0

definition tm8 = tm7 ;; tm-not-has2 0 § j1 (j2 + 1)
definition tm9 = tm8 ;; tm-and j2 (j2 + 1)
definition tm10 = tm9 ;; tm-setn (j2 + 1) 0
definition tm11 = tm10 ;; tm-not-has2 1 j1 (j2 + 1)
definition tm12 = tm1! ;; tm-and j2 (j2 + 1)
definition tm138 = tm12 ;; tm-setn (j2 + 1) 0

lemma tm13-eq-tm-numlistlist-wf: tm13 = tm-numlistlist-wf j1 j2
(proof)

context
fixes tps0 :: tape list and zs :: symbol list and k :: nat
assumes zs: proper-symbols zs
assumes jk: 0 < j1 j1 < kj2 + 1 < kjl # j20 < j2j1 # j2 + 1 length tpsO0 = k
assumes tps0:
tps0 ! j1 = (|2s], 1)
tps0 ! j2 = (0], 1)
tps0 ! (j2 + 1) = ([, 1)
begin

definition tps! = tps0O
[72 := (| proper-symbols-it 6 zs| g, 1)]

lemma tm1 [transforms-intros]:

assumes ttt = 5 + 7 * length zs
shows transforms tm1 tps0 tit tpsl
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{proof)

definition tps2 = tpsO
[72 := (| proper-symbols-lt 6 zs|g, 1),
j2 + 1 := (|if has2 zs O | then 0 else 1|n, 1)]

lemma tm2 [transforms-intros|:
assumes tit = 46 + 17 * length zs
shows transforms tm2 tps0 tit tps2

{proof)

definition tps3 = tps0
[72 := (| proper-symbols-lt 6 zs N\ — has2 zs 0 ||, 1),
j2 + 1 := (|if has2 zs O | then 0 else 1|n, 1)]

lemma tm3 [transforms-intros|:
assumes tit = 46 + 17 * length zs + 3
shows transforms tm3 tps0 tit tps3
(proof)

definition tpsj = tps0
[72 := (| proper-symbols-lt 6 zs N\ — has2 zs 0 ||, 1),
j2 + 1 :=([0]n, 1)]

lemma tm4:
assumes ttt = 46 + 17 * length zs + 13 + 2 * nlength (if has2 zs 0 | then 0 else 1)
shows transforms tm4 tps0 tit tps4

(proof)

lemma tmJ’ [transforms-intros]:
assumes titt = 46 + 17 * length zs + 15
shows transforms tm4 tps0 tit tps)

{proof)

definition tps5 = tps0O
[72 := (| proper-symbols-lt 6 zs N\ — has2 zs 0 ||, 1),
j24+1:=(lzs=1[ V last zs = {]|B, 1)]

lemma tm5 [transforms-intros|:
assumes ttt = 79 + 19 * length zs
shows transforms tms tps0 tit tpss

{proof)

definition tps6 = tps0O
[72 := (| proper-symbols-lt 6 zs N = has2 zs 0 | A (zs = [| V last zs = §)]B, 1),
j2 4+ 1:=(lzs=1[ V last zs = {]|B, 1)]

lemma tm6 [transforms-intros|:
assumes ttt = 82 + 19 * length zs
shows transforms tm6 tps0 tit tps6

{proof)

definition tps7 = tps0
[72 := (| proper-symbols-lt 6 zs N = has2 zs 0 | A (zs =[] V last zs = §)|B, 1),
j2 + 1 :=(l0]n, 1)]

lemma tm7:
assumes ttt = 92 + 19 * length zs + 2 = nlength (if zs = [| V last zs = § then 1 else 0)
shows transforms tm7 tps0 tit tps7

(proof)

lemma tm7’ [transforms-intros]:
assumes ttt = 94 + 19 * length zs
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shows transforms tm7 tps0 ttt tps7
(proof)

definition tps8 = tpsO
[j2 := (| proper-symbols-lt 6 zs N = has2 zs 0 | A (zs = [| V last zs = §)|B, 1),
j2 + 1 := (|if has2 zs 0 § then 0 else 1|n, 1)]

lemma tm8 [transforms-intros|:
assumes tit = 135 + 29 x length zs
shows transforms tm8 tps0 ttt tps8

{proof)

definition tps9 = tpsO
[j2 := (| proper-symbols-lt 6 zs N\ = has2 zs 0 | A (zs = [| V last zs = ) A = has2 zs 0 t| B, 1),
j2 4+ 1 := (|if has2 zs O t then 0 else 1|n, 1)]

lemma tm9 [transforms-intros]:
assumes ttt = 138 + 29 x length zs
shows transforms tm9 tps0 ttt tps9

{proof)

definition tps10 = tps0
[j2 := (| proper-symbols-lt 6 zs N\ = has2 zs 0 | A (zs = [| V last zs = ) A = has2 zs 0 t|B, 1),
j2 + 1:=(10]n, 1)]

lemma tm10:
assumes ttt = 148 + 29 * length zs + 2 * nlength (if has2 zs 0 § then 0 else 1)
shows transforms tm10 tps0 tit tps10

{proof)

lemma tm10’ [transforms-intros|:
assumes tit = 150 + 29 x length zs
shows transforms tm10 tps0 ttt tps10

{proof)

definition tpsi1 = tps0
[72 := (| proper-symbols-lt 6 zs N = has2 zs 0 | A (zs =[] V last zs = ) A = has2 zs 0 {|B, 1),
j2 + 1 := (|if has2 zs 1 § then 0 else 1|n, 1)]

lemma tm11 [transforms-intros]:
assumes tit = 191 + 39 x length zs
shows transforms tm11 tps0 ttt tpsil

(proof)

definition tpsi2 = tps0
[72 := (| proper-symbols-lt 6 zs AN = has2 zs O | A (zs =[] V last zs =) A = has2 zs O § A = has2 zs 1 §|B, 1),
j2 + 1 := (|if has2 zs 1 § then 0 else 1|n, 1)]

lemma tm12 [transforms-intros):
assumes tit = 194 + 39 x length zs
shows transforms tm12 tps0 ttt tps12

(proof)

definition tpsi3 = tpsO
[j2 := (| proper-symbols-lt 6 zs A = has2 zs O | A (zs =[] V last zs = §) A = has2 2s 0 § A = has2 zs 1 §]B, 1),
j2 + 1= (L0]x, 1]

lemma tm13:
assumes ttt = 204 + 39 * length zs + 2 * nlength (if has2 zs 1 § then 0 else 1)
shows transforms tm13 tps0 tit tps13

(proof)

lemma tmi13"
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assumes ttt = 206 + 39 * length zs
shows transforms tm13 tps0 ttt tps13

{proof)

definition tpsi3’ = tps0
[72 := (| proper-symbols-lt 6 zs A = has2 zs O | A (zs =[] V last zs = §) A = has2 zs 0 § A = has2 zs 1 §]B, 1)]

lemma tmi13"":
assumes ttt = 206 + 39 * length zs
shows transforms tm18 tps0 ttt tps13’

(proof)

definition tps13’' = tps0
[j2 := (| numlistlist-wf zs] B, 1)]

lemma tmi13"":
assumes tit = 206 + 39 x length zs
shows transforms tm13 tps0 ttt tps13"’

(proof )

end
end

lemma transforms-tm-numlistlist-wfl [transforms-intros]:
fixes j1 j2 :: tapeidx
fixes tps tps’ :: tape list and zs :: symbol list and ttt k :: nat
assumes 0 < jljl < kj2 + 1 < kjl # j20 < j2j1 # j2 + 1 length tps = k
and proper-symbols zs
assumes
tps | j1 = (|zs], 1)
tps ! j2 = ([, 1)
tps 1 (G2 + 1) = (L[, 1)
assumes ttt = 206 + 39 * length zs
assumes tps’ = tps
[j2 := (| numlistlist-wf zs|B, 1)]
shows transforms (tm-numlistlist-wf j1 j2) tps ttt tps’
(proof)

end
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Chapter 3

Time complexity

theory NP
imports Elementary Composing Symbol-Ops
begin

In order to formulate the Cook-Levin theorem we need to formalize SAT and NP-completeness. This
chapter is devoted to the latter and hence introduces the complexity class NP and the concept of
polynomial-time many-one reduction. Moreover, although not required for the Cook-Levin theorem, it
introduces the class P and contains a proof of P C NP (see Section 3.3). The chapter concludes with
some easy results about P, AP and reducibility in Section 3.4.

3.1 The time complexity classes DTIME, P, and NP

Arora and Barak [2, Definitions 1.12, 1.13] define DTIME(T(n)) as the set of all languages that can be
decided in time ¢ - T'(n) for some ¢ > 0 and P = |, DTIME(n®). However since 0° = 0 for ¢ > 1, this
means that for a language L to be in P, the Turing machine deciding L must check the empty string in
zero steps. For a Turing machine to halt in zero steps, it must start in the halting state, which limits its
usefulness. Because of this technical issue we define DTIME(T'(n)) as the set of all languages that can
be decided with a running time in O(T'(n)), which seems a common enough alternative [11, 12, 1].

Languages are sets of strings, and deciding a language means computing its characteristic function.

type-synonym language = string set

definition characteristic :: language = (string = string) where
characteristic L = (Az. [z € L)

definition DTIME :: (nat = nat) = language set where
DTIMET ={L.3kGMT'
turing-machine k G M N
big-oh T' T A
computes-in-time k M (characteristic L) T'}

definition complezity-class-P :: language set (<P») where
P=Uce{1..}. DTIME (An. n ~c¢)

A language L is in NP if there is a polynomial p and a polynomial-time Turing machine, called the
verifier, such that for all strings x € {0, T}*,

ze L+ Jue {0,000 M((z,u) =1
The string v does not seem to have a name in general, but in case the verifier outputs I on input (z,u)
it is called a certificate for x [2, Definition 2.1].

definition complezity-class-NP :: language set («\N'P>) where
NP ={L.3k G Mp T foerify.
turing-machine k G M N
polynomial p N
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big-oh-poly T N
computes-in-time k M fverify T N
(Vz. 2 € L «— (u. length w = p (length z) A fverify (z, u) = [I]))}

The definition of NP is the one place where we need an actual polynomial function, namely p, rather
than a function that is merely bounded by a polynomial. This raises the question as to the definition of
a polynomial function. Arora and Barak [2] do not seem to give a definition in the context of AP but
explicitly state that polynomial functions are mappings N — N. Presumably they also have the form
fln) = Z?:o a; - n', as polynomials do. We have filled in the gap in this definition in Section 2.1.4 by
letting the coefficients a; be natural numbers.

Regardless of whether this is the meaning intended by Arora and Barak, the choice is justified because
with it the verifier-based definition of NP is equivalent to the original definition via nondeterministic
Turing machines (NTMs). In the usual equivalence proof (for example, Arora and Barak [2, Theorem 2.6])
a verifier TM and an NTM are constructed.

For the one direction, if a language is decided by a polynomial-time NTM then a verifier TM can be
constructed that simulates the NTM on input z by using the bits in the string u for the nondeterministic
choices. The strings u have the length p(|z|). So for this construction to work, there must be a polynomial
p that bounds the running time of the NTM. Clearly, a polynomial function with natural coefficients exists
with that property.

For the other direction, assume a language has a verifier TM where p is a polynomial function with
natural coefficients. An NTM deciding this language receives x as input, then “guesses” a string u
of length p(]z|), and then runs the verifier on the pair (z,u). For this NTM to run in polynomial
time, p must be computable in time polynomial in |z|. We have shown this to be the case in lemma
transforms-tm-polynomiall in Section 2.7.8.

A language L; is polynomial-time many-one reducible to a language Lo if there is a polynomial-time
computable function freguce such that for all x, x € Ly iff. frequce(x) € Lo.

definition reducible (infix <<,» 50) where
L1 <p Lo =3k G M T freduce.
turing-machine k G M N
big-oh-poly T N
computes-in-time k M freduce T N
(Vz. z € L1 «— freduce z € Ly)

abbreviation NP-hard :: language = bool where
NP-hard L=V L'eNP. L' <, L

definition NP-complete :: language = bool where
NP-complete L = L € NP A NP-hard L

Requiring ¢ > 1 in the definition of P is not essential:

lemma in-P-iff: L € P «— (3¢. L € DTIME (An. n "~ ¢))
{proof)

3.2 Restricting verifiers to one-bit output

The verifier Turing machine in the definition of NP can output any symbol sequence. In this section we
restrict it to outputting only the symbol sequence 1 or 0. This is equivalent to the definition because it
is easy to check if a symbol sequence differs from 1 and if so change it to 0, as we show below.

The advantage of this restriction is that if we can make the TM halt with the output tape head on cell
number 1, the output tape symbol read in the final step equals the output of the TM. We will exploit
this in Chapter 6, where we show how to reduce any language L € NP to SAT.

The next Turing machine checks if the symbol sequence on tape j differs from the one-symbol sequence
1 and if so turns it into 0. It thus ensures that the tape contains only one bit symbol.

definition tm-make-bit :: tapeidr = machine where
tm-make-bit j =
tm-cr j ;;
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IF Ars. rs! j =1 THEN
tm-right j ;;
IF Ars. rs! j =0 THEN
[
ELSE
tm-set j [O]
ENDIF
ELSE
tm-set j [0]
ENDIF

lemma tm-make-bit-tm:
assumes G > 4 and 0 < jand j < k
shows turing-machine k G (tm-make-bit j)

{proof)

locale turing-machine-make-bit =
fixes j :: tapeidz
begin

definition tm! = tm-crj

definition tmT1 = tm-right j

definition tmT12 = IF Ars. rs | j = O THEN [] ELSE tm-set j [0] ENDIF
definition tmT2 = tmT1 ;; tmT12

definition tm12 = IF Ars. rs | j =1 THEN tmT2 ELSE tm-set j [0] ENDIF
definition tm2 = tm1 ;; tm12

lemma tm2-eq-tm-make-bit: tm2 = tm-make-bit j

{proof)

context
fixes tps0 :: tape list and zs :: symbol list
assumes jk: j < length tps0
and zs: proper-symbols zs
assumes ps0: tps0 ::: j = |zs]
begin

lemma clean: clean-tape (tps0 ! j)
(proof)

definition tps! = tpsO[j := (|zs], 1)]

lemma tm1 [transforms-intros|:
assumes tit = tpsO :#: j + 2
shows transforms tm1 tps0 tit tpst
(proof)

definition tpsT1 = tps0]j := (| 2zs], 2)]

lemma tmT1 [transforms-intros]:
assumes ttt = 1
shows transforms tmT1 tpsl ttt tpsT1

(proof)

definition tpsT2 = tps0
[j := if length zs < 1 then (|zs], 2) else (1[0]], 1)]

lemma tmT12 [transforms-intros]:

assumes tit = 14 + 2 x length zs
shows transforms tmT12 tpsT1 ttt tpsT2

(proof)

lemma tmT2 [transforms-intros]:
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assumes tit = 15 + 2 * length zs
shows transforms tmT2 tpsl tit tpsT2

{proof)

definition tps2 = tps0O
[j := if zs = [1] then (|zs], 2) else ([[0]], 1)]

lemma tm12 [transforms-intros):
assumes ttt = 17 + 2 x length zs
shows transforms tm12 tps1 ttt tps2

{proof)

lemma tm2:
assumes tit = 19 + 2 x length zs + tps0 :#: j
shows transforms tm2 tps0 tit tps2
(proof)

end
end

lemma transforms-tm-make-bitl [transforms-intros|:
fixes j :: tapeidz
fixes tps tps’ :: tape list and zs :: symbol list and ttt :: nat
assumes j < length tps and proper-symbols zs
assumes tps 1 j = | zs]
assumes ttt = 19 + 2 x length zs + tps :#: j
assumes tps’ = tps
[j := if zs = [1] then (|zs], 2) else (|[0]], 1)]
shows transforms (tm-make-bit j) tps ttt tps’

(proof)

lemma output-length-le-time:
assumes turing-machine k G M
and ips ::: 1 = |zs]
and proper-symbols zs
and transforms M (snd (start-config k zs)) t tps
shows length zs < t

(proof )

This is the alternative definition of AP, which restricts the verifier to output only strings of length one:

lemma NP-output-len-1:
NP ={L. 3k G Mp T foerify.
turing-machine k G M N
polynomial p N
big-oh-poly T N
computes-in-time k M fverify T N
(Vy. length (fverify y) = 1) A
(Vz. z € L «— (Ju. length v = p (length z) A fverify (z, u) = [I]))}
(is - = ?M)
(proof)

3.3 P is a subset of NP

Let L € P be a language and M a Turing machine that decides L in polynomial time. To show L € NP
we could use a TM that extracts the first element from the input (z,u) and runs M on z. We do not have
to construct such a TM explicitly because we have shown that the extraction of the first pair element is
computable in polynomial time (lemma tm-first-computes), and by assumption the characteristic function
of L is computable in polynomial time, too. The composition of these two functions is the verifier function
required by the definition of AP. And by lemma computes-composed-poly the composition of polynomial-
time functions is polynomial-time, too.
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theorem P-subseteq-NP: P C NP
(proof )

3.4 More about P, NP, and reducibility

We prove some low-hanging fruits about the concepts introduced in this chapter. None of the results are
needed to show the Cook-Levin theorem.

A language can be reduced to itself by the identity function. Hence reducibility is a reflexive relation.

lemma reducible-refl: L <, L

(proof )

Reducibility is also transitive. If L; <, Ly by a TM M; and Ly <, Lz by a TM M> we merely have
to run My on the output of M; to show that Ly <, Ls. Again this is merely the composition of two
polynomial-time computable functions.

lemma reducible-trans:
assumes L1 <, Ly and Ly <, L3
shows L1 <, L3

(proof)
The usual way to show that a language is NP-hard is to reduce another N"P-hard language to it.

lemma ex-reducible-imp-NP-hard:
assumes NP-hard L' and L' <, L
shows NP-hard L

{proof)

The converse is also true because reducibility is a reflexive relation.

lemma NP-hard-iff-reducible: NP-hard L +— (3L'. NP-hard L' A L' <, L)
(proof)

lemma NP-complete-reducible:
assumes NP-complete L' and L € NP and L' <, L
shows NP-complete L

{proof)

In a sense the complexity class P is closed under reduction.

lemma P-closed-reduction:
assumes L € Pand L' <, L
shows L' € P

(proof)

The next lemmas are items 2 and 3 of Theorem 2.8 of the textbook [2]. Item 1 is the transitivity of the
reduction, already proved in lemma reducible-trans.

lemma P-eq-NP:
assumes NP-hard L and L € P
shows P = NP

(proof)
lemma NP-complete-imp:
assumes NP-complete L

shows L € P +— P = NP
(proof )

end
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Chapter 4

Satisfiability

theory Satisfiability
imports Wellformed NP
begin

This chapter introduces the language SAT and shows that it is in A"P, which constitutes the easier part
of the Cook-Levin theorem. The other part, the N"P-hardness of SAT, is what all the following chapters
are concerned with.

We first introduce Boolean formulas in conjunctive normal form and the concept of satisfiability. Then
we define a way to represent such formulas as bit strings, leading to the definition of the language SAT as
a set of strings (Section 4.1).

For the proof that SAT is in NP, we construct a Turing machine that, given a CNF formula and a string
representing a variable assignment, outputs 1 iff. the assignment satisfies the formula. The TM will run
in polynomial time, and there are always assignments polynomial (in fact, linear) in the length of the
formula (Section 4.2).

4.1 The language SAT

SAT is the language of all strings representing satisfiable Boolean formulas in conjunctive normal form
(CNF). This section introduces a minimal version of Boolean formulas in conjunctive normal form, in-
cluding the concepts of assignments and satisfiability.

4.1.1 CNF formulas and satisfiability

Arora and Barak [2, p. 44] define Boolean formulas in general as expressions over A, V, -, parentheses,
and variables v1,vs,... in the usual way. Boolean formulas in conjunctive normal form are defined as

A; (\/ j viJ,), where the v;; are literals. This definition does not seem to allow for empty clauses. Also

whether the “empty CNF formula” exists is somewhat doubtful. Nevertheless, our formalization allows
for both empty clauses and the empty CNF formula, because this enables us to represent CNF formulas
as lists of clauses and clauses as lists of literals without having to somehow forbid the empty list. This
seems to be a popular approach for formalizing CNF formulas in the context of SAT and NP [7, 14].

We identify a variable v; with its index ¢, which can be any natural number. A literal can either be
positive or negative, representing a variable or negated variable, respectively.

datatype literal = Neg nat | Pos nat
type-synonym clause = literal list

type-synonym formula = clause list

An assignment maps all variables, given by their index, to a Boolean:

type-synonym assignment = nat = bool
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abbreviation satisfies-literal :: assignment = literal = bool where
satisfies-literal @ © = case x of Negn = —an | Posn= an

definition satisfies-clause :: assignment = clause = bool where
satisfies-clause a ¢ = JxE€set c. satisfies-literal o x

definition satisfies :: assignment = formula = bool (infix (=) 60) where
a | ¢ =V ceset p. satisfies-clause a ¢

As is customary, the empty clause is satisfied by no assignment, and the empty CNF formula is satisfied
by every assignment.

proposition — satisfies-clause « |]
(proof)

proposition « = ||
{proof)

lemma satisfies-clause-take:
assumes ¢ < length clause
shows satisfies-clause o (take (Suc i) clause) <—
satisfies-clause o (take i clause) V satisfies-literal o (clause ! 7)

{proof)

lemma satisfies-take:
assumes ¢ < length ¢
shows « |= take (Suc i) ¢ <— « |= take i ¢ A satisfies-clause o (¢ ! 7)

{proof)

lemma satisfies-append:
assumes a = p1 @ ¢
shows a | ¢1 and o = 2

{proof)

lemma satisfies-append’:
assumes o E ¢1 and a E ¢
shows a | p1 @ s
(proof)

lemma satisfies-concat-map:
assumes a = concat (map f [0..<k]) and i < k
shows a | f1
(proof)

lemma satisfies-concat-map”:
assumes \i. i < k= a | f1
shows « = concat (map f [0..<k])

(proof)
The main ingredient for defining SAT is the concept of satisfiable CNF formula:

definition satisfiable :: formula = bool where
satisfiable ¢ = Ja. a | ¢
The set of all variables used in a CNF formula is finite.

definition variables :: formula = nat set where
variables ¢ = {n. Ic€set p. Neg n € set ¢ V Pos n € set c}

lemma finite-variables: finite (variables @)

(proof )

lemma variables-append: variables (p1 @ @2) = variables p1 U variables @2
(proof)

Arora and Barak [2, Claim 2.13] define the size of a CNF formula as the numbr of A/V symbols. We use
a slightly different definition, namely the number of literals:
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definition fsize :: formula = nat where
fsize @ = sum-list (map length @)

4.1.2 Predicates on assignments

Every CNF formula is satisfied by a set of assignments. Conversely, for certain sets of assignments we
can construct CNF formulas satisfied by exactly these assignments. This will be helpful later when we
construct formulas for reducing arbitrary languages to SAT (see Section 6).

Universality of CNF formulas

A set (represented by a predicate) F' of assignments depends on the first £ variables iff. any two assignments
that agree on the first ¢ variables are either both in the set or both outside of the set.

definition depon :: nat = (assignment = bool) = bool where
depon | F =Vai az. Vi<l. a1 i = a2 i) — F o1 = F as

Lists of all strings of the same length:

fun str-of-len :: nat = string list where
str-of-len 0 = [[]] |
str-of-len (Suc 1) = map ((#) O) (str-of-len 1) @ map ((#) I) (str-of-len 1)

lemma length-str-of-len: length (str-of-len 1) = 2 71

(proof)
lemma in-str-of-len-length: xs € set (str-of-len 1) = length zs = 1
(proof)
lemma length-in-str-of-len: length xs = | = s € set (str-of-len )
(proof )
A predicate F' depending on the first ¢ variables vg,...,v,—1 can be regarded as a truth table over ¢

variables. The next lemma shows that for every such truth table there exists a CNF formula with at
most 2¢ clauses and /- 2¢ literals over the first £ variables. This is the well-known fact that every Boolean
function (over ¢ variables) can be represented by a CNF formula [2, Claim 2.13].

lemma depon-ex-formula:
assumes depon | F
shows Jp.
fsize o < 1% 271 A
length o < 2 "1 A
variables ¢ C {..<l} A
VMa. Fa=al p)
(proof)

Substitutions of variables

We will sometimes consider CNF formulas over the first ¢ variables and derive other CNF formulas from
them by substituting these variables. Such a substitution will be represented by a list o of length at least
¢, meaning that the variable v; is replaced by vy ;). We will call this operation on formulas relabel, and
the corresponding one on literals rename:

fun rename :: nat list = literal = literal where
rename o (Neg i) = Neg (o ! 1) |
rename o (Pos i) = Pos (o ! i)

definition relabel :: nat list = formula = formula where
relabel o ¢ = map (map (rename o)) ¢

lemma fsize-relabel: fsize (relabel o @) = fsize ¢
(proof)

A substitution o can also be applied to an assignment and to a list of variable indices:
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definition remap :: nat list = assignment = assignment where
remap o « i = if i < length o then o (o ! 4) else o i

definition reseq :: nat list = nat list = nat list where
reseq o vs = map ((!) o) vs

lemma length-reseq [simp]: length (reseq o vs) = length vs
(proof)

Relabeling a formula and remapping an assignment are equivalent in a sense.

lemma satisfies-sigmas:
assumes variables ¢ C {..<length o}
shows « [ relabel o ¢ «— remap o o = ¢

(proof)

4.1.3 Representing CNF formulas as strings

By identifying negated literals with even numbers and positive literals with odd numbers, we can identify
literals with natural numbers. This yields a straightforward representation of a clause as a list of numbers
and of a CNF formula as a list of lists of numbers. Such a list can, in turn, be represented as a symbol
sequence over a quaternary alphabet as described in Section 2.9, which ultimately can be encoded over
a binary alphabet (see Section 2.10). This is essentially how we represent CNF formulas as strings.

We have to introduce a bunch of functions for mapping between these representations.

fun literal-n :: literal = nat where
literal-n (Neg i) = 2 * i |
literal-n (Pos i) = Suc (2 * 1)

definition n-literal :: nat = literal where
n-literal n = if even n then Neg (n div 2) else Pos (n div 2)

lemma n-literal-n: n-literal (literal-n ) = x
{proof)

lemma literal-n-literal: literal-n (n-literal n) = n
{proof)

definition clause-n :: clause = nat list where
clause-n cl = map literal-n cl

definition n-clause :: nat list = clause where
n-clause ns = map n-literal ns

lemma n-clause-n: n-clause (clause-n cl) = ¢l
(proof)

lemma clause-n-clause: clause-n (n-clause n) = n
{proof)

definition formula-n :: formula = nat list list where
formula-n ¢ = map clause-n ¢

definition n-formula :: nat list list = formula where
n-formula nss = map n-clause nss

lemma n-formula-n: n-formula (formula-n ¢) = ¢
(proof)

lemma formula-n-formula: formula-n (n-formula nss) = nss
(proof)

definition formula-zs :: formula = symbol list where
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formula-zs p = numlistlist (formula-n ¢)

The mapping between formulas and well-formed symbol sequences for lists of lists of numbers is bijective.

lemma formula-n-inj: formula-n 1 = formula-n Y2 = @1 = @2
(proof)

definition zs-formula :: symbol list = formula where
zs-formula zs = THE . formula-zs ¢ = zs

lemma zs-formula:
assumes numlistlist-wf zs
shows dlp. formula-zs ¢ = zs

(proof )

lemma zs-formula-zs: zs-formula (formula-zs ) = ¢
(proof)

lemma formula-zs-formula:
assumes numlistlist-wf zs
shows formula-zs (zs-formula zs) = zs

{proof)

There will of course be Turing machines that perform computations on formulas. In order to bound their
running time, we need bounds for the length of the symbol representation of formulas.

lemma nlength-literal-n-Pos: nlength (literal-n (Pos n)) < Suc (nlength n)
(proof)

lemma nlength-literal-n-Neg: nlength (literal-n (Neg n)) < Suc (nlength n)
(proof)

lemma nlllength-formula-n:
fixes V :: nat and ¢ :: formula
assumes Av. v € variables p => v < V
shows nlllength (formula-n ) < fsize @ * Suc (Suc (nlength V)) + length ¢
(proof)

Since SAT is supposed to be a set of strings rather than symbol sequences, we need to map symbol
sequences representing formulas to strings:

abbreviation formula-to-string :: formula = string where
formula-to-string ¢ = symbols-to-string (binencode (numlistlist (formula-n ¢)))

lemma formula-to-string-ing:
assumes formula-to-string p1 = formula-to-string 2
shows 1 = @2

(proof )

While formula-to-string maps every CNF formula to a string, not every string represents a CNF formula.
We could just ignore such invalid strings and define SAT to only contain well-formed strings. But this
would implicitly place these invalid strings in the complement of SAT. While this does not cause us any
issues here, it would if we were to introduce co-NP and wanted to show that SAT is in co-N'P, as we
would then have to deal with the invalid strings. So it feels a little like cheating to ignore the invalid
strings like this.

Arora and Barak [2, p. 45 footnote 3] recommend mapping invalid strings to “some fixed formula”. A
natural candidate for this fixed formula is the empty CNF, since an invalid string in a sense represents
nothing, and the empty CNF formula is represented by the empty string. Since the empty CNF formula
is satisfiable this implies that all invalid strings become elements of SAT.

We end up with the following definition of the protagonist of this article:

definition SAT :: language where
SAT = {formula-to-string ¢ | ¢. satisfiable p} U {z. = (Fp. z = formula-to-string ¢)}
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4.2 SAT is in NP

In order to show that SAT is in AP, we will construct a polynomial-time Turing machine M and specify
a polynomial function p such that for every x, « € SAT iff. there is a u € {O, II}”(‘”D such that M outputs
1 on (z;u).

The idea is straightforward: Let ¢ be the formula represented by the string x. Interpret the string u as
a list of variables and interpret this as the assignment that assigns True to only the variables in the list.
Then check if the assignment satisfies the formula. This check is “obviously” possible in polynomial time
because M simply has to iterate over all clauses and check if at least one literal per clause is true under
the assignment. Checking if a literal is true is simply a matter of checking whether the literal’s variable
is in the list u. If the assignment satisfies ¢, output 1, otherwise the empty symbol sequence.

If ¢ is unsatisfiable then no assignment, hence no u no matter the length will make M output 1. On the
other hand, if ¢ is satisfiable then there will be a satisfying assignment where a subset of the variables in
o are assigned True. Hence there will be a list of variables of at most roughly the length of ¢. So setting
the polynomial p to something like p(n) = n should suffice.

In fact, as we shall see, p(n) = n suffices. This is so because in our representation, the string x, being a
list of lists, has slightly more overhead per number than the plain list u has. Therefore listing all variables
in ¢ is guaranteed to need fewer symbols than z has.

There are several technical details to work out. First of all, the input to M need not be a well-formed
pair. And if it is, the pair (x,u) has to be decoded into separate components 2 and u. These have to be
decoded again from the binary to the quaternary alphabet, which is only possible if both  and u comprise
only bit symbols (01). Then M needs to check if the decoded x and u are valid symbol sequences for lists
(of lists) of numbers. In the case of u this is particularly finicky because the definition of NP requires
us to provide a string u of exactly the length p(|x|) and so we have to pad u with extra symbols, which
have to be stripped again before the validation can take place.

In the first subsection we describe what the verifier TM has to do in terms of symbol sequences. In the
subsections after that we devise a Turing machine that implements this behavior.

4.2.1 Verifying SAT instances

Our verifier Turing machine for SAT will implement the following function; that is, on input zs it will
output verify-sat zs. It performs a number of decodings and well-formedness checks and outputs either
1 or the empty symbol sequence.

definition verify-sat :: symbol list = symbol list where
verify-sat zs =
let
ys = bindecode zs;
xs = bindecode (first ys);
vs = rstrip § (bindecode (second ys))
in
if even (length (first ys)) A bit-symbols (first ys) A numlistlist-wf xs
then if bit-symbols (second ys) N\ numlist-wf vs
then if (Av. v € set (zs-numlist vs)) = zs-formula xs then [1] else ||
else [|
else [1]

Next we show that verify-sat behaves as is required of a verifier TM for SAT. Its polynomial running time
is the subject of the next subsection.

First we consider the case that zs encodes a pair (x,u) of strings where x does not represent a CNF
formula. Such an z is in SAT, hence the verifier TM is supposed to output 1.

lemma ex-phi-x:
assumes xs = string-to-symbols
assumes even (length xs) and numlistlist-wf (bindecode xs)
shows Jp. z = formula-to-string ¢

(proof)

lemma verify-sat-not-wf-phi:
assumes zs = (z; u) and = (. z = formula-to-string ¢)
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shows verify-sat zs = [1]

(proof)

The next case is that zs represents a pair (x,u) where x represents an unsatisfiable CNF formula. This
is thus not in SAT and the verifier TM must output something different from 1, such as the empty string,
regardless of u.

lemma verify-sat-not-sat:
fixes ¢ :: formula
assumes zs = (formula-to-string ¢; u) and — satisfiable ¢
shows verify-sat zs = ||

(proof )

Next we consider the case in which zs represents a pair (x, u) where x represents a satisfiable CNF formula
and u a list of numbers padded at the right with § symbols. This u thus represents a variable assignment,
namely the one assigning True to exactly the variables in the list. The verifier TM is to output 1 iff. this
assignment satisfies the CNF formula represented by .

First we show that stripping away f symbols does not damage a symbol sequence representing a list of
numbers.

lemma rstrip-numlist-append: rstrip § (numlist vars Q replicate pad £) = numlist vars
(is rstrip § 2zs = %ys)

(proof )

lemma verify-sat-wf:
fixes ¢ :: formula and pad :: nat
assumes zs = {(formula-to-string p; symbols-to-string (binencode (numlist vars Q replicate pad t)))
shows verify-sat zs = (if (Av. v € set vars) = ¢ then [1] else [])

(proof)

Finally we show that for every string x representing a satisfiable CNF formula there is a list of numbers
representing a satisfying assignment and represented by a string of length at most |x|. That means there
is always a string of exactly the length of x consisting of a satisfying assignment plus some padding
symbols.

lemma nllength-removel:
assumes n € set ns
shows nllength (n # removel n ns) = nllength ns

{proof)

lemma nllength-distinct-le:
assumes distinct ns
and set ns C set ms
shows nllength ns < nllength ms

{proof)

lemma nlllength-nllength-concat: nlllength nss = nllength (concat nss) + length nss
(proof)

fun variable :: literal = nat where
variable (Neg ©) = i |
variable (Pos i) = i

lemma sum-list-eq: ns = ms = sum-list ns = sum-list ms
(proof)

lemma nllength-clause-le: nllength (clause-n cl) > nllength (map variable cl)

(proof )

lemma nlllength-formula-ge: nlllength (formula-n ¢) > nlllength (map (map variable) ¢)
(proof)

lemma variables-shorter-formula:
fixes ¢ :: formula and vars :: nat list
assumes set vars C variables ¢ and distinct vars
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shows nllength vars < nlllength (formula-n )
(proof )

lemma ex-assignment-linear-length:
assumes satisfiable ¢
shows Jovars. (A\v. v € set vars) |E ¢ A nllength vars < nlllength (formula-n )

(proof )

lemma ex-witness-linear-length:
fixes ¢ :: formula
assumes satisfiable ¢
shows J us.
bit-symbols us N
length us = length (formula-to-string ¢) A
verify-sat (formula-to-string ¢; symbols-to-string us) = [1]

(proof )

lemma bit-symbols-verify-sat: bit-symbols (verify-sat zs)
(proof)

4.2.2 A Turing machine for verifying formulas

The core of the function verify-sat is the expression (Av. v € set (zs-numlist vs)) |= zs-formula xs, which
checks if an assignment represented by a list of variable indices satisfies a CNF formula represented by a
list of lists of literals. In this section we devise a Turing machine performing this check.

Recall that the numbers 0 and 1 are represented by the empty symbol sequence and the symbol sequence
1, respectively. The Turing machines in this section are described in terms of numbers.

We start with a Turing machine that checks a clause. The TM accepts on tape j; a list of numbers
representing an assignment « and on tape js a list of numbers representing a clause. It outputs on tape
j3 the number 1 if « satisfies the clause, and otherwise 0. To do this the TM iterates over all literals in
the clause and determines the underlying variable and the sign of the literal. If the literal is positive and
the variable is in the list representing « or if the literal is negative and the variable is not in the list, the
number 1 is written to the tape j3. Otherwise the tape remains unchanged. We assume j3 is initialized
with 0, and so it will be 1 if and only if at least one literal is satisfied by «.

The TM requires five auxiliary tapes j3 + 1,...,73 + 5. Tape j3 + 1 stores the literals one at a time,
and later the variable; tape j3 + 2 stores the sign of the literal; tape j3 + 3 stores whether the variable is
contained in «; tapes j3 + 4 and j3 + 5 are the auxiliary tapes of tm-contains.

definition tm-sat-clause :: tapeide = tapeidx = tapeidx = machine where
tm-sat-clause j1 j2 j8 =
WHILE [] ; Ars. rs | j2 # 0O DO
tm-nextract 4 j2 (j8 + 1) ;;
tm-mod2 (3 + 1) (j8 + 2) 3
tm-div2 (j3 + 1) 3;
tm-contains j1 (j8 + 1) (43 + 3) 3;
IF Ars.rs ! (j8+ 3)=0Ars! (j34+2)=0Vrs! (3 +38)#0OArs! (j8 + 2) # 0 THEN
tm-setn j3 1
ELSE
I
ENDIF
tm-setn (43 + 1) 0 3;
tm-setn (43 + 2) 0 ;;
tm-setn (43 + 3) 0
DONE
tm-cr j2

lemma tm-sat-clause-tm:
assumes k> 2and G > 5and j8 + 5 < k0 < jljl <kj2<kjl<j3

shows turing-machine k G (tm-sat-clause j1 j2 j3)
(proof)

locale turing-machine-sat-clause =
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fixes j1 j2 j3 :: tapeidx
begin

definition tmL1 = tm-nextract 4 j2 (j3 + 1)

definition tmL2 = tmL1 ;; tm-mod2 (53 + 1) (j3 + 2)

definition tmL3 = tmL2 ;; tm-div2 (j3 + 1)

definition tmL4 = tmL3 ;; tm-contains j1 (j3 + 1) (48 + 3)

definition tml = IF Ars. rs ! (j8 + 8) =0 Ars! (j3+2)=0Vrs! (3 +3)#0Ars! (j3+ 2)#0
THEN tm-setn j3 1 ELSE [| ENDIF
definition tmL5 = tmL4 ;; tml

definition tmL6 = tmL5 ;; tm-setn (j3 + 1) 0
definition tmL7 = tmL6 ;; tm-setn (j8 + 2) 0
definition tmL8 = tmL7 ;; tm-setn (j8 + 3) 0

definition tmL = WHILE [] ; Ars. rs | j2 # O DO tmL8 DONE
definition tm2 = tmL ;; tm-cr j2

lemma tm2-eq-tm-sat-clause: tm2 = tm-sat-clause j1 j2 j8
(proof)

context
fixes tps0 :: tape list and k :: nat and wvars :: nat list and clause :: clause
assumes jk: 0 < j1 j1 # j238 + 5 < kjl < j8j2 < j3 0 < j2 length tps0 = k
assumes tps0:
tps0 ! j1 = nltape’ vars 0
tps0 ! j2 = nltape’ (clause-n clause) 0
tps0 1 §3 = (|0), 1)

tps0 ! (3 + 1) = (10w, 1)
tps0 ! (38 + 2) = (|0]w, 1)
tps0 ! (58 + 3) = ([0]n, 1)
tps0 ! (j3 + 4) = (0], 1)
tps0 ! (j3 + &) = (|0]n, 1)

begin
abbreviation sat-take t = satisfies-clause (Av. v € set vars) (take t clause)

definition tpsL :: nat = tape list where
tpsL t = tps0O
[j2 := nltape’ (clause-n clause) t,
j8 = (| sat-take t| 5, 1)]

lemma tpsL0: tpsL 0 = tps0
(proof )

definition tpsL1 :: nat = tape list where
tpsL1 t = tpsO
[j2 := nltape’ (clause-n clause) (Suc t),
j8 = (|sat-take t|B, 1),
j8 + 1 = (|literal-n (clause ! t)|n, 1)]

lemma tmL1 [transforms-intros]:
assumes it = 12 + 2 * nlength (clause-n clause ! t) and t < length (clause-n clause)
shows transforms tmL1 (tpsL t) ttt (tpsL1 t)

(proof)

definition tpsL2 :: nat = tape list where
tpsL2 t = tpsO
[j2 := nltape’ (clause-n clause) (Suc t),
j8 = (|sat-take t|B, 1),
j8 + 1 := (|literal-n (clause ! t)|n, 1),
j8 + 2 = (|literal-n (clause ! t) mod 2| n, 1)]

lemma tmL2 [transforms-intros]:
assumes it = 12 + 2 * nlength (clause-n clause ! t) + 1
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and ¢ < length (clause-n clause)

shows transforms tmL2 (tpsL t) ttt (tpsL2 t)
(proof)

definition tpsL3 :: nat = tape list where
tpsL3 t = tpsO

[j2 := nltape’ (clause-n clause) (Suc t),

j8 = (|sat-take t|B, 1),

j3 + 1 := (|literal-n (clause ! t) div 2| N, 1),
j8 + 2 = (|literal-n (clause ! t) mod 2| n, 1)]

lemma tmL3 [transforms-intros|:
assumes ttt = 16 + 4 * nlength (clause-n clause ! t)
and t < length (clause-n clause)

shows transforms tmL3 (tpsL t) tit (tpsL3 t)
(proof)

definition tpsL4 :: nat = tape list where
tpsL4 t = tpsO

[j2 := nitape’ (clause-n clause) (Suc t),

j8 = (|sat-take t| B, 1),

j& + 1 := (|literal-n (clause ! t) div 2] N, 1),

j8 + 2 := (|literal-n (clause ! t) mod 2|n, 1),

j8 + 8 = (|literal-n (clause ! t) div 2 € set vars|p, 1)]

lemma tmLj [transforms-intros]:

assumes ttt = 20 + 4 * nlength (clause-n clause ! t) + 67 * (nllength vars)®
and ¢ < length (clause-n clause)

shows transforms tmLj (tpsL t) ttt (tpsL4 t)
{proof)

definition tpsL5 :: nat = tape list where
tpsL5 t = tpsO

[j2 := nltape’ (clause-n clause) (Suc t),

§3 = (| sat-take (Suc t)|B, 1),

j8 + 1 := (|literal-n (clause ! t) div 2| N, 1),

j8 + 2 := (|literal-n (clause ! t) mod 2]|n, 1),

j8 + 8 := (|literal-n (clause ! t) div 2 € set vars|p, 1)]

lemma tmlI [transforms-intros|:

assumes ¢ttt = 16 and t < length (clause-n clause)

shows transforms tmlI (tpsL4 t) ttt (tpsL5 t)
(proof)

lemma tmL5 [transforms-intros]:

assumes ttt = 36 + 4 * nlength (clause-n clause | t) + 67 * (nllength vars)?
and ¢ < length (clause-n clause)

shows transforms tmL5 (tpsL t) ttt (tpsL5 t)
{proof)

definition tpsL6 :: nat = tape list where
tpsL6 t = tpsO

[j2 := nltape’ (clause-n clause) (Suc t),

j3 = (|sat-take (Suc t)]B, 1),

i3+ 1:= (|0, 1),

j3 + 2 := (|literal-n (clause ! t) mod 2|n, 1),

j8 + 8 = (|literal-n (clause ! t) div 2 € set vars|p, 1)]

lemma tmL6 [transforms-intros]:

assumes ttt = 46 + 4 * nlength (clause-n clause | t) + 67 * (nllength vars)® + 2 * nlength (literal-n (clause
I't) div 2)
and t < length (clause-n clause)
shows transforms tmL6 (tpsL t) tit (tpsL6 t)
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{proof)

definition tpsL7 :: nat = tape list where
tpsL7 t = tpsO
[j2 := nitape’ (clause-n clause) (Suc t),
j8 = (|sat-take (Suc t)|B, 1),
i3+ 1= (l0]n, 1),
i8 + 2 = ([0]n~, 1),

j8 + 8 = (|literal-n (clause ! t) div 2 € set vars|p, 1)]
lemma tmL7 [transforms-intros]:

assumes ttt = 56 + 4 * nlength (clause-n clause ! t) + 67 * (nllength vars)®> + 2 * nlength (literal-n (clause
't) div 2) +

2 x nlength (literal-n (clause ! t) mod 2)
and t < length (clause-n clause)

shows transforms tmL7 (tpsL t) ttt (tpsL7 t)
{proof)

definition tpsL8 :: nat = tape list where
tpsL8 t = tpsO
[j2 := nltape’ (clause-n clause) (Suc t),
j8 = (|sat-take (Suc t)|m, 1),
j8 + 1 :=(|0]n, 1),
j8 + 2 :=(|0]n, 1),
j& + 8 :=(|0]n, 1)]

lemma tmLS§:

assumes ttt = 66 + 4 * nlength (clause-n clause | t) + 67 * (nllength vars)? +
2 x nlength (literal-n (clause ! t) div 2) +

2 x nlength (literal-n (clause ! t) mod 2) +

2 x nlength (if literal-n (clause ! t) div 2 € set vars then 1 else 0)
and t < length (clause-n clause)

shows transforms tmL8 (tpsL t) ttt (tpsL8 t)
{proof)

lemma tmL8":
assumes ttt = 70 + 6 * nllength (clause-n clause) + 67 * (nllength vars)?
and ¢ < length (clause-n clause)

shows transforms tmL8 (tpsL t) ttt (tpsL8 t)
(proof)

definition #psL8’ :: nat = tape list where
tpsL8’ t = tps0

[j2 := nltape’ (clause-n clause) (Suc t),
j8 = (|sat-take (Suc t)|B, 1)]

lemma tpsL8': tpsL8' = tpsL§
(proof)
lemma tmL8" [transforms-intros]:

assumes ttt = 70 + 6 * nllength (clause-n clause) + 67 x (nllength vars)?
and ¢ < length (clause-n clause)

shows transforms tmL8 (tpsL t) ttt (tpsL8’ t)
(proof)

lemma tmL [transforms-intros]:

assumes tit = length (clause-n clause) x (72 + 6 = nllength (clause-n clause) + 67 * (nllength vars)®) + 1
shows transforms tmL (tpsL 0) ttt (tpsL (length (clause-n clause)))
{proof)

definition tps! :: tape list where
tpsl = tpsO

[j2 := nltape’ (clause-n clause) (length (clause-n clause)),
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j8 = (| satisfies-clause (Av. v € set vars) clause]p, 1)]

lemma itpsi: tpsl = tpsL (length (clause-n clause))
(proof )

lemma tm1 [transforms-intros|:
assumes ttt = length (clause-n clause) * (72 + 6 * nllength (clause-n clause) + 67 * (nllength vars)?) + 1
shows transforms tmL tps0 tit tpsi

{proof)

definition tps2 :: tape list where

tps2 = tpsO
[j2 := nltape’ (clause-n clause) 0,
j8 = (| satisfies-clause (Av. v € set vars) clause]| s, 1)]

lemma tm2:
assumes (it = length (clause-n clause) * (72 + 6 * nllength (clause-n clause) 4+ 67 x (nllength vars)?) +
nllength (clause-n clause) + 4
shows transforms tm2 tps0 ttt tps2

(proof)
definition tps2’ :: tape list where
tps2' = tps0
[j8 := (|satisfies-clause (Av. v € set vars) clause|p, 1)]

lemma tm2":

assumes (it = 79 * (nllength (clause-n clause)) ~ 2 + 67 * (nllength (clause-n clause)) * nllength vars ~ 2 +
4

shows transforms tm2 tps0 ttt tps2’

(proof )

end
end

lemma transforms-tm-sat-clausel [transforms-intros]:
fixes j1 j2 j8 :: tapeidx
fixes tps tps’ :: tape list and ttt k :: nat and vars :: nat list and clause :: literal list
assumes 0 < j1j1 # j233 + 5 < kjl < j3j2 < j3 0 < j2 length tps = k
assumes
tps | j1 = nltape’ vars 0
tps ! j2 = nltape’ (clause-n clause) 0
tps ! j8 = (10w, 1)

tps ! (j3 + 1) = (0]~, 1)
tps ! (43 + 2) = (10N, 1)
tps! (j8 + 38) = (|0]w, 1)
tps ! (j3 + 4) = (L0]~, 1)
tps ! (43 + 5) = (|0]n, 1)
assumes tps’' = tps
[j8 := (| satisfies-clause (Av. v € set vars) clause|p, 1)]

assumes tit = 79 % (nllength (clause-n clause)) ~ 2 + 67 * (nllength (clause-n clause)) * nllength vars ~ 2 +

4
shows transforms (tm-sat-clause j1 j2 j3) tps ttt tps’

(proof )

The following Turing machine expects a list of lists of numbers representing a formula ¢ on tape j; and a
list of numbers representing an assignment « on tape js. It outputs on tape j3 the number 1 if « satisfies
o, and otherwise the number 0. To do so the TM iterates over all clauses in ¢ and uses tm-sat-clause on
each of them. It requires seven auxiliary tapes: j3 4+ 1 to store the clauses one at a time, j3 4+ 2 to store
the results of tm-sat-clause, whose auxiliary tapes are js+3,...,75 + 7.

definition tm-sat-formula :: tapeide = tapeide = tapeidz = machine where
tm-sat-formula j1 j2 j3 =
tm-setn j3 1 ;;

184



WHILE || ; Ars. rs | j1 % 0 DO
tm-nextract § j1 (j3 + 1) ;;
tm-sat-clause j2 (j8 + 1) (j8 + 2) 3
IF Ars. rs! (j8 + 2) =0 THEN

tm-setn j3 0
ELSE
[
ENDIF 3;
tm-erase-cr (j8 + 1) 3;
tm-setn (43 + 2) 0
DONE

lemma tm-sat-formula-tm:
assumes k> 2and G > 6 and 0 < jl jl #2458 + 7 < kjl <j8j2 <j30 < j2
shows turing-machine k G (tm-sat-formula j1 j2 j3)
(proof)

locale turing-machine-sat-formula =
fixes j1 j2 j3 :: tapeidx
begin

definition tm!1 = tm-setn j3 1

definition tmL1 = tm-nextract § j1 (j8 + 1)

definition tmL2 = tmL1 ;; tm-sat-clause j2 (j3 + 1) (j3 + 2)

definition tmI = IF Ars. rs ! (j3 + 2) = O THEN tm-setn j3 0 ELSE [| ENDIF
definition tmL3 = tmL2 ;; tml

definition tmL4 = tmL3 ;; tm-erase-cr (j8 + 1)

definition tmL5 = tmL/ ;; tm-setn (j3 + 2) 0

definition tmL = WHILE [] ; Ars. rs | j1 # O DO tmL5 DONE

definition tm2 = tm1 ;; tmL

lemma tm2-eg-tm-sat-formula: tm2 = tm-sat-formula j1 j2 j3

{proof)

context
fixes tps0 :: tape list and k :: nat and vars :: nat list and ¢ :: formula
assumes jk: 0 < j1j1 # j233 + 7 < kjl < j3j2 < j3 0 < j2 length tpsO = k
assumes tps0:
tps0 ! j1 = nlltape’ (formula-n @) 0
tps0 ! j2 = nltape’ vars 0
tps0 ! j3 = (LOJNv )

tps0 ! (j3 + 1) = ([[ll~z, 1)
tps0 ! (43 + 2) (l0])w~, 1)
tps0 ! (48 + 3) = ([0]~, 1)
tpsO ! (43 + 4) = (|10]n, 1)
tps0 ! (8 + 5) = (|0]w, 1)
tps0 ! (38 + 6) = (|0]w, 1)
tps0 ! (3 + 7) = (10N, 1)
begin

definition tps1 = tps0
3 = (L1 ]w, 1)]
lemma tm1 [transforms-intros]:

assumes tit = 12
shows transforms tm1 tps0 tit tpsl

{proof)
abbreviation sat-take t = (Av. v € set vars) = take t ¢

definition tpsL :: nat = tape list where
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tpsL t = tps0O
[j1 := nlltape’ (formula-n @) t,
j8 = (| sat-take t|p, 1)]

lemma tpsL0: tpsL 0 = tpsl
(proof )

definition tpsL1 :: nat = tape list where
tpsL1 t = tpsO
[j1 := nlltape’ (formula-n o) (Suc t),
j8 = (|sat-take t|B, 1),
j8 + 1 := (| formula-n ¢ ! t|nL, 1)]

lemma tmL1 [transforms-intros|:
assumes ttt = 12 + 2 x nllength (formula-n ¢ ! t) and ¢ < length (formula-n ¢)
shows transforms tmL1 (tpsL t) tit (tpsL1 t)
{proof)

definition tpsL2 :: nat = tape list where
tpsL2 t = tpsO
[j1 := nlltape’ (formula-n o) (Suc t),
j8 = (|sat-take t|p, 1),
j8 + 1 = (|formula-n ¢ ! t|nL, 1),
j8 + 2 := (| satisfies-clause (Av. v € set vars) (¢ ! t)|B, 1)]

lemma tmL2 [transforms-intros|:
assumes ttt = 12 + 2 * nllength (formula-n ¢ ! t) +
(79 * (nllength (formula-n @ ! t))* +
67 * nllength (formula-n @ ! t) * (nllength vars)®> + 4)
and t < length (formula-n ¢)
shows transforms tmL2 (tpsL t) ttt (tpsL2 t)

{proof)

definition tpsL3 :: nat = tape list where
tpsL3 t = tpsO
[j1 := nlltape’ (formula-n ) (Suc t),
j8 = (|sat-take (Suc t)|B, 1),
j8 + 1 = (|formula-n ¢ ! t|nL, 1),
j8 + 2 := (| satisfies-clause (Av. v € set vars) (¢ ! t)|B, 1)]

lemma tml [transforms-intros]:
assumes ttt = 16 and ¢ < length (formula-n @)
shows transforms tmlI (tpsL2 t) ttt (tpsL3 t)

{proof)

lemma tmL3 [transforms-intros|:
assumes ttt = 32 + 2 * nllength (formula-n ¢ ! t) +
79  (nllength (formula-n o ! t))* +
67 * nllength (formula-n @ ! t) * (nllength vars)?
and t < length (formula-n ¢)
shows transforms tmL38 (tpsL t) ttt (tpsL3 t)

(proof)

definition tpsL4 :: nat = tape list where
tpsL4 t = tpsO
[j1 := nlltape’ (formula-n ) (Suc t),
j8 = (|sat-take (Suc t)|m, 1),
i3+ 1 :=(ll~z, 1),
j8 + 2 := (|satisfies-clause (A\v. v € set vars) (p ! t)]B, 1)]

lemma tmLj [transforms-intros]:

assumes ttt = 39 + 4 * nllength (formula-n ¢ ! t) +
79  (nllength (formula-n ¢ ! t))* +
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67 * nllength (formula-n @ ! t) * (nllength vars)?
and ¢ < length (formula-n @)
shows transforms tmL/j (tpsL t) tit (tpsL4 t)
(proof)

definition tpsL5 :: nat = tape list where
tpsL5 t = tpsO
[j1 := nlltape’ (formula-n @) (Suc t),
j8 = (|sat-take (Suc t)|B, 1),
i3 + 1 = (llll~z, 1),
j8 + 2 :=(l0]~, 1)]

lemma tmL5:
assumes ttt = 49 + 4 * nllength (formula-n ¢ ! t) +
79 * (nllength (formula-n ¢ ! t))* +
67 * nllength (formula-n @ ! t) * (nllength vars)® +
2 x nlength (if satisfies-clause (Av. v € set vars) (p ! t) then I else 0)
and t < length (formula-n ¢)
shows transforms tmL5 (tpsL t) ttt (tpsL5 t)

{proof)

definition tpsL5’ :: nat = tape list where
tpsL5’ t = tps0
[j1 := nlltape’ (formula-n ) (Suc t),
j8 = (|sat-take (Suc t)|B, 1)]

lemma tpsL5': tpsL5' = tpsLb
(proof)

lemma tmL5’ [transforms-intros]:
assumes ttit = 51 + 83 * (nlllength (formula-n ¢))* +
67 * nlllength (formula-n @) * (nllength vars)?
and t < length (formula-n ¢)
shows transforms tmL5 (tpsL t) tit (tpsL5' t)

(proof)

lemma tmL [transforms-intros|:

assumes ttt = length (formula-n @) * (53 + 83 * (nlllength (formula-n ¢))* + 67 * nlllength (formula-n )
* (nllength vars)?) + 1

shows transforms tmL (tpsL 0) ttt (tpsL (length (formula-n ¢)))

(proof)

lemma tm2:

assumes ttt = length (formula-n @) * (53 + 83 * (nlllength (formula-n ¢))* + 67 * nlllength (formula-n )
* (nllength vars)?) + 18
shows transforms tm2 tps0 ttt (tpsL (length (formula-n ¢)))

{proof)

definition tps2 :: tape list where
tps2 = tpsO
[i1 := nlltape (formula-n ),
33 == ([(A\v. v € set vars) = ¢|B, 1)]

lemma tps2: tps2 = tpsL (length (formula-n @))
(proof)

lemma tm2"

assumes ttt = length (formula-n @) * (53 + 83 * (nlllength (formula-n ¢))* + 67 * nlllength (formula-n )
* (nllength vars)?) + 13

shows transforms tm2 tps0 ttt tps2

(proof)

end
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end

lemma transforms-tm-sat-formulal [transforms-intros):

fixes j1 j2 j3 :: tapeidzx

fixes tps tps’ :: tape list and ttt k :: nat and vars ::

nat list and ¢ :: formula

assumes 0 < jljl1 # 3§23 + 7 < kjl < j33j2 < j3 0 < j2 length tps = k

assumes

tps ! j1 = nlltape’ (formula-n @) 0

tps | 72 = nltape’ vars 0
tps 1j3 = ([0]n, 1)

tps! (j8 + 1) = ([[[I~z, 1)
tps ! (j8 + 2) = (|0]w, 1)
tps ! (48 + 3) = ([0]~, 1)
tps ! (j8 + 4) = ([0]w~, 1)
tps ! (j8 + 5) = (|0]w, 1)
tps ! (8 + 6) = ([0]~, 1)
tps ! (j8 + 7) = (|0]w, 1)

assumes tps’ = tps

[j1 := nlltape (formula-n p),

j8 = (|(Av. v € set vars) = ¢|B, 1)]
assumes ttt = length (formula-n @) * (58 + 83 * (nlllength (formula-n ¢))*> + 67 * nlllength (formula-n ¢)

* (nllength vars)?) + 13

shows transforms (tm-sat-formula j1 j2 j3) tps ttt tps’

(proof )

4.2.3 A Turing machine for verifying SAT instances

The previous Turing machine, tm-sat-formula, expects a well-formed formula and a well-formed list
representing an assignment on its tapes. The TM we ultimately need, however, is not guaranteed to be
given anything well-formed as input and even the well-formed inputs require decoding from the binary
alphabet to the quaternary alphabet used for lists of lists of numbers. The next TM takes care of all
of that and, if everything was well-formed, runs tm-sat-formula. If the first element of the pair input is

invalid, it outputs 1, as required by the definition of SAT.

Thus, the next Turing machine implements the function verify-sat and therefore is a verifier for SAT.

definition tm-verify-sat :: machine where

tm-verify-sat =
tm-right-many {0..<22} ;;
tm-bindecode 0 2 ;;
tm-unpair 2 8 4 ;;
tm-even-length 3 5 ;;
tm-proper-symbols-lt 3 6 4 ;;
tm-and 6 5 ;;

IF Ars. rs! 6 # O THEN
tm-bindecode 3 7 ;;
tm-numlistlist-wf 7 8 ;;

IF Ars. rs ! 8 £ 0 THEN

tm-proper-symbols-lt 4 10 4 ;;
IF Ars. rs | 10 # O THEN

tm-bindecode 4 11 3;
tm-rstrip § 11 ;;
tm-numlist-wf 11 12 ;;

IF Ars. rs ! 12 # 0O THEN
tm-sat-formula 7 11 14 3;

tm-copyn 14 1
ELSE
(
ENDIF
ELSE
[
ENDIF
ELSE
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tm-setn 1 1
ENDIF
ELSE
tm-setn 1 1
ENDIF

lemma tm-verify-sat-tm: turing-machine 22 6 tm-verify-sat
(proof)

locale turing-machine-verify-sat
begin

definition tm1 = tm-right-many {0..<22}
definition tm2 = tm1 ;; tm-bindecode 0 2
definition tm3 = tm2 ;; tm-unpair 2 3 4
definition tmy4 tm3 ;; tm-even-length 3 5
definition tm5 = tm4 ;; tm-proper-symbols-lt 8 6 4
definition tm6 = tm5 ;; tm-and 6 5

definition tmTTT1 = tm-bindecode 4 11
definition tmTTT2 = tmTTT1 ;; tm-rstrip § 11
definition tmTTT3 = tmTTT2 ;; tm-numlist-wf 11 12

definition tmTTTT1 = tm-sat-formula 7 11 14
definition tmTTTT2 = tmTTTT1 ;; tm-copyn 14 1
definition tmTTTI = IF Ars. rs | 12 # O THEN tmTTTT2 ELSE || ENDIF

definition tmTTT = tmTTTS3 ;; tmTTTI
definition tmTTI = IF Ars. rs | 10 # O THEN tmTTT ELSE [| ENDIF

definition tmTT1 = tm-proper-symbols-lt 4 10 4
definition tmTT = tmTT1 ;; tmTTI
definition tmTI = IF Ars. rs | 8 # 0 THEN tmTT ELSE tm-setn 1 1 ENDIF

definition tmT1 = tm-bindecode 3 7
definition tm72 = tmT1 ;; tm-numlistlist-wf 7 8
definition tmT = tmT2 ;; tmTI

definition tmI = IF Ars. rs | 6 # O THEN tmT ELSE tm-setn 1 1 ENDIF
definition tm7 = tmé6 ;; tml

lemma tm7-eg-tm-verify-sat: tm7 = tm-verify-sat
(proof)

context
fixes tps0 :: tape list and zs :: symbol list
assumes zs: bit-symbols zs
assumes ps0: tps0 = snd (start-config 22 zs)
begin

definition tps! = map (Atp. tp |#=| 1) tps0

lemma map-upt-length: map f zs = map (Mi. f (s ! 7)) [0..<length xs]
(proof)

lemma tpsi:
tps1 ! 0 = (|zs], 1)
0<j=j< 22 = tps1!'j=(]), 1)
length tpsl = 22
(proof)

lemma tm1 [transforms-intros|: transforms tml1 tps0 1 tpsi
{proof)
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definition tps2 = tpsi
[2 := (| bindecode zs], 1)]

lemma tm2 [transforms-intros|:
assumes ittt = 8 + 3 * length zs
shows transforms tm2 tps0 ttt tps2

{proof)

definition tps3 = tpst
[2 := (| bindecode zs], 1),
3 = (|first (bindecode zs)], 1),
4 := (|second (bindecode zs)|, 1)]

lemma tm3 [transforms-intros|:
assumes ttt = 21 + 3 * length zs + 6 * length (bindecode zs)
shows transforms tm3 tps0 tit tps3

{proof)

definition tps/ = tpsl
[2 = (| bindecode zs]|, 1),
= (|first (bindecode zs)|, 1),
= (| second (bindecode zs)|, 1),
= (leven (length (first (bindecode 2s)))|B, 1)]

Qhw&‘;e

lemma tmj [transforms-intros]:
assumes ttt = 28 + 3 * length zs + 6 * length (bindecode zs) + 7 x length (first (bindecode zs))
shows transforms tmj tps0 ttt tps/

{proof)

definition tps5 = tpsl
[2 := (| bindecode zs], 1),
(Lfirst (bindecode zs)], 1),
(| second (bindecode zs)], 1),
(leven (length (first (bindecode zs)))|gr, 1),
(| proper-symbols-lt 4 (first (bindecode zs))| B, 1)]

3
4
5
6

lemma tm5 [transforms-intros]:
assumes ttt = 33 + 3 * length zs + 6 * length (bindecode zs) + 14 = length (first (bindecode zs))
shows transforms tmb tps0 ttt tpsd

(proof)
abbreviation ys = bindecode zs
abbreviation zs = bindecode (first ys)

abbreviation vs = rstrip 5 (bindecode (second ys))

definition tps6 = tpsi

(2 := (lys], 1),

3 = (|first ys], 1),

4 = (|second ys|, 1),

5 := (|even (length (first ys))|m, 1),

6 := (| proper-symbols-lt 4 (first ys) A even (length (first ys))|s, 1)]

lemma tm6 [transforms-intros|:
assumes ttt = 36 + 3 * length zs + 6 * length (bindecode zs) + 14 = length (first (bindecode zs))
shows transforms tm6 tps0 tit tps6

{proof)

context
assumes bs-even: proper-symbols-lt 4 (first ys) A even (length (first ys))
begin

lemma bs: bit-symbols (first ys)

190



(proof )

definition tpsT1 = tpsl

(2 := (lys], 1),

8 := (|first ys], 1),

4 := (|second ys], 1),

5 := (|even (length (first ys))|m, 1),

6 := (| proper-symbols-It 4 (first ys) A even (length (first ys))|s, 1),
7 := (| bindecode (first ys)|, 1)]

lemma tmT1 [transforms-intros]:
assumes it = 7 + 3 * length (first ys)
shows transforms tmT1 tps6 tit tpsT1
(proof)

definition tpsT2 = tps!
12 = (lys), 1),
Lfirst us), 1),
| second ys|, 1),
Leven (length (first ys))|s, 1),
| proper-symbols-lt 4 (first ys) A even (length (first ys))|s, 1),
I
I

bindecode (first ys)|, 1),
numlistlist-wf (bindecode (first ys))|s, 1)]

S N > NN
Il
P

lemma tmT2 [transforms-intros]:
assumes it = 213 + 3 « length (first ys) + 39 = length (bindecode (first ys))
shows transforms tmT2 tps6 tit tpsT2
(proof)

context

assumes first-wf: numlistlist-wf (bindecode (first ys))
begin

definition tpsTT1 = tpsl

12 = (lys), 1),
Lfirst us), 1),
| second ys|, 1),
Leven (length (first ys))|s, 1),
| proper-symbols-lt 4 (first ys) A even (length (first ys))|m, 1),
| bindecode (first ys)], 1),
= (L
= (

Il
~~ e~~~

\IO:UHL\%
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numlistlist-wf (bindecode (first ys))| s, 1),
| proper-symbols-it 4 (second ys)|g, 1)]

~ o

0

lemma tmTT1 [transforms-intros]:
assumes it = 5 + 7 * length (second ys)
shows transforms tmTT1 tpsT?2 ttt tpsTT1
{proof)

context
assumes proper-second: proper-symbols-lt 4 (second ys)

begin

definition tpsTTT1 = tpsl

12 = (lys), 1),

8 = (Lfirst ys], 1),

4 = (|second ys|, 1),

5 := (|even (length (first ys))|m, 1),

6 := (| proper-symbols-lt 4 (first ys) A even (length (first ys))|m, 1),
7= (lws, 1),

8 := (| numlistlist-wf zs|B, 1),

10 := (| proper-symbols-lt 4 (second ys)|B, 1),

11 := (| bindecode (second ys)|, 1)]
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lemma tmTTT1 [transforms-intros]:
assumes tit = 7 + 3 * length (second ys)
shows transforms tmTTT1 tpsTT1 ttt tpsTTT1
(proof)

definition tpsTTT2 = tpsi
(2 == (Lys], 1),
Lfirst ys|, 1),
second ys|, 1),
even (length (first ys))|ms, 1),
proper-symbols-lt 4 (first ys) A even (length (first ys))|g, 1),
as|, 1),
numlistlist-wf zs| g, 1),
| proper-symbols-lt 4 (second ys)|g, 1),

Lvs], 1)]
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M~~~
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lemma tmTTT2 [transforms-intros|:
assumes it = 12 + 3 * length (second ys) + 3 * length (bindecode (second ys))
shows transforms tmTTT2 tpsTT1 tit tpsTTT2
{proof)

definition tpsTTT3 = tpsl

(\_stv 1),

[first s), 1),

second ys|, 1),

even (length (first ys))|s, 1),

proper-symbols-lt 4 (first ys) A even (length (first ys))|s, 1),
s]s 1),

s

numlistlist-wf zs|g, 1),

| proper-symbols-lt 4 (second ys)|s, 1),
Lvs], 1),

| numlist-wf vs] B, 1)]
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lemma tmTTT3 [transforms-intros]:
assumes ttt = 106 + 3 * length (second ys) + 8 * length (bindecode (second ys)) + 19 x length vs
shows transforms tmTTT3 tpsTT1 tit tpsTTTS
{proof)

context
assumes second-wf: numlist-wf vs
begin

definition tpsTTTT1 = tpsi

= (L), 1

[first ys), 1),

second ys|, 1),

even (length (first ys))|s, 1),

proper-symbols-lt 4 (first ys) A even (length (first ys))|s, 1),

sls 1),

xs

numlistlist-wf zs| g, 1),

]0 | proper-symbols-It 4 (second ys)|g, 1),

11 = (|ws], 1),

12 = (|numlist-wf vs|B, 1),

7 := nlltape (formula-n (zs-formula xs)),

14 = (| (M. v € set (zs-numlist vs)) | zs-formula zs] B, 1)]
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lemma tmTTTT1 [transforms-intros):
assumes ttt = length (formula-n (zs-formula xs)) *

(53 + 83 * (nlllength (formula-n (zs-formula xs)))? 4 67 * nlllength (formula-n (zs-formula xs)) * (nllength
(zs-numlist vs))?) +
13
shows transforms tmTTTT1 tpsTTT3 ttt tpsTTTT1

{proof)
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definition tpsTTTT2 = tpsi

[1 := ([(A\v. v € set (zs-numlist vs)) | zs-formula zs|B, 1),
2 := (lys), 1),

8 = (Ufirst ys), 1),

4 := (|second ys], 1),

5 := (|even (length (first ys))|m, 1),

6 := (| proper-symbols-It 4 (first ys) A even (length (first ys))|s, 1),
7= (las], 1),

8 := (| numlistlist-wf zs|B, 1),

10 := (| proper-symbols-lt 4 (second ys)|B, 1),

11 := (|vs], 1),

12 := (| numlist-wf vs|g, 1),

7 := nlltape (formula-n (zs-formula xs)),

14 = (| (M. v € set (zs-numlist vs)) |E zs-formula zs|g, 1)]

lemma tmTTTT2:
assumes ttt = length (formula-n (zs-formula xs)) *
(58 + 83 x (nlllength (formula-n (zs-formula s)))* + 67 * nlllength (formula-n (zs-formula zs)) * (nllength
(zs-numlist vs))?) +
27 + 3 * (nlength (if (Av. v € set (zs-numlist vs)) = zs-formula s then 1 else 0))
shows transforms tmTTTT2 tpsTTTS3 tit tpsTTTT2

{proof)

lemma tmTTTT2' [transforms-intros|:

assumes ttt = 203 * length zs ~ 4 + 30

shows transforms tmTTTT2 tpsTTTS ttt tpsTTTT2
(proof)

end
definition tpsTTT = (if numlist-wf vs then tpsTTTT2 else tpsTTT3)

lemma length-tpsTTT: length tpsTTT = 22
(proof)

lemma tpsTTT: tpsTTT ! 1 =
(| #f numlist-wf vs then (if (Av. v € set (zs-numlist vs)) = zs-formula zs then 1 else 0) else 0|n, 1)
(proof )

lemma tmTTTI [transforms-intros]:
assumes ttt = 208 x length zs ~ 4 + 32
shows transforms tmTTTI tpsTTTS ttt tpsTTT
(proof)

lemma tmTTT:
assumes it = 138 + 3 * length (second ys) + 8 * length (bindecode (second ys)) +
19 x length vs + 203 * length zs ~ 4
shows transforms tmTTT tpsTT1 ttt tpsTTT
(proof)

lemma tmTTT' [transforms-intros|:
assumes it = 138 + 228 * length zs ~ 4

shows transforms tmTTT tpsTT1 ttt tpsTTT
(proof)

end
definition tpsTT = (if proper-symbols-lt 4 (second ys) then tpsTTT else tpsTT1)

lemma length-tpsTT: length tpsTT = 22
(proof)

193



lemma tpsTT: tpsTT ! 1 =
(ncontents
(if proper-symbols-lt 4 (second ys) A numlist-wf vs
then if (Av. v € set (zs-numlist vs)) f= zs-formula zs then 1 else 0
else 0),
1)
(proof)

lemma tmTTI [transforms-intros):
assumes ttt = 140 + 228 * length zs ~ 4
shows transforms tmTTI tpsTT1 tit tpsTT
(proof)

lemma tmTT [transforms-intros]:
assumes it = 145 + 7 = length (second ys) + 228 * length zs ~ 4
shows transforms tmTT tpsT2 tit tpsTT
(proof)

end

definition tpsTE = tpsi

= (lys) 1),

Lfirst ys|, 1),

| second ys|, 1),

Leven (length (first ys))|B, 1),

| proper-symbols-lt 4 (first ys) A even (length (first ys))|s, 1),
| bindecode (first ys)], 1),
|
L1

NOo\zmcnwt\cow

numlistlist-wf zs| g, 1),

In, 1]

definition tpsT = (if numlistlist-wf zs then tpsTT else tpsTE)

(
(
= (
= (
= (
= (
= (

lemma length-tpsT: length tpsT = 22
(proof)

lemma tpsT: tpsT ! 1 =
(ncontents
(if numlistlist-wf zs
then if proper-symbols-lt 4 (second ys) A numlist-wf vs
then if (Av. v € set (zs-numlist vs)) |= zs-formula zs then 1 else 0
else 0
else 1),
1)
(proof)

lemma tmTI [transforms-intros]:
assumes ttt = 147 + 7 x length (second ys) + 228 * length zs ~ J
shows transforms tmTI tpsT2 tit tpsT

{proof)

lemma tmT [transforms-intros]:

assumes ttt = 360 + 3 x length (first ys) + 39 = length xs + 7 * length (second ys) + 228 x length zs ~ 4
shows transforms tmT tps6 tit tpsT

{proof)

end

definition tpsE = tpsi
= (Lys], 1),
Etﬁrst ys], 1),
(

(

o:tmkcaw
i

| second ys|, 1),
|even (length (first ys))|B, 1),
| proper-symbols-lt 4 (first ys) A even (length (first ys))|s, 1),
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1= (l1]n, 1)]
definition tps7 = (if proper-symbols-it 4 (first ys) A even (length (first ys)) then tpsT else tpsE)

lemma length-tps7: length tps7 = 22
(proof)

lemma tps7: tps7 ! 1 =
(ncontents
(if proper-symbols-lt 4 (first ys) A even (length (first ys)) A numlistlist-wf zs
then if proper-symbols-lt 4 (second ys) A numlist-wf vs
then if (Av. v € set (zs-numlist vs)) | zs-formula xs then 1 else 0
else 0
else 1),
1)
(proof)

lemma tps7’: tps7 | 1 = (|verify-sat zs|, 1)
(proof)

lemma tml [transforms-intros|:
assumes ttt = 362 + 3 x length (first ys) + 39 = length xs + 7 * length (second ys) + 228 x length zs ~ 4
shows transforms tml tps6 ttt tps7
(proof)

lemma tm7:
assumes ttt = 398 + 3 x length zs + 6 x length ys + 17  length (first ys) +
39 x length xs + 7 x length (second ys) + 228 x length zs ~ 4
shows transforms tm7 tps0 ttt tps7
(proof)

lemma tm7’ [transforms-intros|:
assumes it = 398 + 300 * length zs ~ 4
shows transforms tm7 tps0 ttt tps7

(proof)

end
end

lemma transforms-tm-verify-sat:
fixes zs :: symbol list and tps :: tape list
assumes bit-symbols zs
and tps = snd (start-config 22 zs)
and it = 398 + 300 * length zs ~ 4
shows Jips’. tps’ | 1 = (|verify-sat zs|, 1) A transforms tm-verify-sat tps ttt tps’

(proof)

With the Turing machine just constructed and the polynomial p(n) = n we can satisfy the definition of
NP and prove the main result of this chapter.

theorem SAT-in-NP: SAT € NP
(proof)

end
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Chapter 5

Obliviousness

In order to show that SAT is AP-hard we will eventually show how to reduce an arbitrary language
L € N'P to SAT. The proof can only use properties of L common to all languages in A'P. The definition
of N'P provides us with a verifier Turing machine M for L, of which we only know that it is running
in polynomial time. In addition by lemma NP-output-len-1 we can assume that M outputs a single bit
symbol. In this chapter we are going to show that we can make additional assumptions about M, namely:

1. M has only two tapes.
2. M halts on (x,u) with the output tape head on the symbol 1 iff. u is a certificate for x.

3. M is oblivious, which means that on any input = the head positions of M on all its tapes depend
only on the length of x, not on the symbols in x [2, Remark 1.7].

These additional properties will somewhat simplify the reduction of L to SAT, more precisely the con-
struction of the CNF formulas (see Chapter 6).

In order to achieve this goal we will show how to simulate any polynomial-time multi-tape TM in poly-
nomial time on a two-tape oblivious TM that halts with the output tape head on cell 1.

Given a polynomial-time k-tape TM M, the basic approach is to construct a two-tape TM that encodes
the k tapes of M on its output tape in such a way that every cell encodes k symbols of M and flags for
M’s tape heads. This is the same idea as used by Dalvit and Thiemann [5] and originally Hartmanis and
Stearns [9] for simulating a multi-tape TM on a single-tape TM. After all our two-tape simulator can
only properly use a single tape (the output/work tape). This simulator has roughly a quadratic running
time overhead and so keeps the running time polynomial. However, it is not generally an oblivious TM.
To make the simulator TM oblivious, we have it initially “format” a section on the output tape that is
long enough to hold everything M is going to write and whose length only depends on the input length.
To simulate one step of M, the simulator then sweeps its output tape head all the way from the start of
the tape to the end of the formatted space and back again, moving one cell per step. During these sweeps
it executes one step of the simulation of M. Since the size of the formatted space only depends on the
input length, the simulator performs the same head movements on inputs of the same length, resulting in
an oblivious behavior. Moreover, it is easy to make it halt with the output tape head on cell number 1.
The formatter TM is described in Section 5.2. The simulator TM is then constructed in Section 5.3.
Finally Section 5.4 states the main result of this chapter.

Before any of this, however, we have to define some basic concepts surrounding obliviousness.

5.1 Oblivious Turing machines

theory Oblivious
imports Memorizing
begin
This section provides us with the tools for showing that a Turing machine is oblivious and for combining
oblivious TMs into more complex oblivious TMs.

So far our analysis of Turing machines involved their semantics and running time bounds. For this we
mainly used the transforms predicate, which relates a start configuration and a halting configuration and
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an upper bound for the running time of a TM to transit from the one configuration to the other. To deal
with obliviousness, we need to look more closely and inspect the sequence of tape head positions during
the TM’s execution, rather than only the running time.

The subsections in this section roughly correspond to Sections 2.1 to 2.5. In the first subsection we
introduce a predicate trace analogous to transforms and show its behavior under sequential composition
of TMs and loops (we will not need branches). The next subsection shows the head position sequences
for those few elementary TMs from Section 2.4 that we need for our more complex oblivious TMs later.
These constructions will also heavily use the memorization-in-states technique from Section 2.5, which
we adapt to this chapter’s needs in the final subsection.

5.1.1 Traces and head positions

In order to show that a Turing machine is oblivious we need to keep track of its head positions. Consider
a machine M that transits from a configuration cfg! to a configuration cfg2 in t steps. We call the
sequence of head positions on the first two tapes a trace. If we ignore the initial head positions, the
length of a trace equals t. Moreover we will only consider traces where M either does not halt or halts
in the very last step. These two properties mean, for example, that we can simply concatenate a trace
of a TM that halts and trace of another TM and get the trace of the sequential execution of both TMs.
Similarly, analysing while loops is simplified by these two extra assumptions. The next predicate defines
what it means for a list es to be a trace.

definition trace :: machine = config = (nat X nat) list = config = bool where
trace M cfgl es cfg2 =
execute M cfgl (length es) = cfg2 A
(Vi<length es. fst (execute M cfgl i) < length M) A
(Vi<length es. exzecute M cfgl (Suc i) <#> 0 = fst (es ! i)) A
(Vi<length es. execute M cfgl (Suc i) <#> 1 = snd (es! 7))

We will consider traces for machines with more than two tapes, too, but only for auxiliary constructions
in combination with the memorizing-in-states technique. Therefore our definition is limited to start
configurations with two tapes. A machine is oblivious if there is a function mapping the input length to
the trace that takes the machine from the start configuration with that input to a halting configuration.

definition oblivious :: machine = bool where
oblivious M = Je.
(V zs. bit-symbols zs — (I tps. trace M (start-config 2 zs) (e (length zs)) (length M, tps)))

lemma trace-Nil: trace M cfg [] cfg
(proof)

lemma tracel:
assumes ezeculte M (g1, tpsl) (length es) = (¢2, tps2)
and Ai. ¢ < length es = fst (execute M (ql1, tpsl) i) < length M
and Ai. i < length es =
execute M (q1, tps1) (Suc i) <#> 0 = fst (es ! i) A
execute M (q1, tpsl) (Suc i) <#> 1 = snd (es! i)
shows trace M (q1, tpsl) es (q2, tps2)
(proof)

lemma tracel”:
assumes execute M cfgl (length es) = cfg2
and Ai. i < length es = fst (execute M cfgl i) < length M
and Ai. ¢ < length es =
execute M cfgl (Suc i) <#> 0 = fst (es! i) A
exzecute M cfgl (Suc i) <#> 1 = snd (es ! 1)
shows trace M cfgl es cfg2
(proof)

lemma trace-additive:
assumes trace M (g1, tpsl) esl (g2, tps2) and trace M (g2, tps2) es2 (q3, tps3)
shows trace M (q1, tpsl) (esl Q es2) (g3, tps8)

(proof )
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lemma trace-additive”:
assumes trace M cfgl esl cfg2 and trace M cfg2 es2 cfg3
shows trace M cfgl (esl @ es2) cfg3

{proof)

We mostly consider traces from the start state to the halting state, for which we introduce the next
predicate.

definition traces :: machine = tape list = (nat x nat) list = tape list = bool where
traces M tpsl es tps2 = trace M (0, tpsl) es (length M, tps2)

The relation between traces and trace is like that between transforms and transits.

lemma tracesl [intro]:
assumes ezecute M (0, tpsl) (length es) = (length M, tps2)
and Ai. ¢ < length es = fst (execute M (0, tpsl) i) < length M
and Ai. i < length es =
execute M (0, tpsl) (Suc i) <#> 0 = fst (es! i) A
exzecute M (0, tpsl) (Suc i) <#> 1 = snd (es ! 7)
shows traces M tpsl es tps2
(proof)

lemma traces-additive:
assumes trace M (0, tps1) esl (0, tps2)
and traces M tps2 es2 tps3
shows traces M tpsl (esl @ es2) tps3

{proof)

lemma execute-trace-append:
assumes trace M1 (0, tps1) esl (length M1, tps2) (is trace - ?cfgl - -)
and t < length esl
shows ezecute (M1 @ M2) (0, tpsl) t = execute M1 (0, tpsl) ¢
(is execute ?M - - = -)
(proof)

5.1.2 Increasing the number of tapes

This is lemma transforms-append-tapes adapted for traces.

lemma traces-append-tapes:
assumes turing-machine 2 G M and length tps1 = 2 and traces M tpsl es tps2
shows traces (append-tapes 2 (2 + length tps') M) (tps1 @ tps') es (tps2 Q tps’)
(proof)

5.1.3 Combining Turing machines

Traces for sequentially composed Turing machines are just concatenated traces of the individual machines.

lemma traces-sequential:
assumes traces M1 tpsl esl tps2 and traces M2 tps2 es2 tps3
shows traces (M1 ;; M2) tpsl (esl Q es2) tps3

(proof)

Next we show how to derive traces for machines created by the WHILE operation. If the condition is
false, the trace of the loop is the trace for the machine computing the condition plus a singleton trace for
the jump.

lemma tm-loop-sem-false-trace:
assumes traces M1 tps0 esl tpsl
and — cond (read tpsl)

shows trace
(WHILE M1 ; cond DO M2 DONE)
(0, tps0)
(es1 @ [(tpsl :#: 0, tpsl :F: 1)])
(length M1 + length M2 + 2, tps1)
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(is trace ?M - - -)
(proof)

lemma tm-loop-sem-false-traces:
assumes traces M1 tps0 esl tpsl
and — cond (read tpsl)
and es = es! Q [(tpsl :#: 0, tpsl :#: 1)]
shows traces (WHILE M1 ; cond DO M2 DONE) tps0 es tpsl
(proof)

If the loop condition evaluates to true, the trace of one iteration is the concatenation of the traces of the
condition machine and the loop body machine with two additional singleton traces for the jumps.

lemma tm-loop-sem-true-traces:
assumes traces M1 tps0 esl tpsl
and traces M2 tpsl es2 tps2
and cond (read tpsl)
shows trace
(WHILE M1 ; cond DO M2 DONE)
(0, tps0)
(es1 @ [(tpsl :#: 0, tpsl #: 1)] Q es2 Q [(tps2 :#: 0, tps2 #: 1)])
(0, tps2)
(is trace ?M - %es -)

(proof )

lemma tm-loop-sem-true-tracesi:
assumes traces M1 tps0 esl tpsl
and traces M2 tpsl es2 tps2
and cond (read tpsl)
and es = esl Q [(tpsl :#: 0, tpsl #: 1)] @ es2 @ [(tps2 #: 0, tps2 #: 1)]
shows trace (WHILE M1 ; cond DO M2 DONE) (0, tps0) es (0, tps2)
(proof)

Combining traces for m iterations of a loop. Typically m will be the total number of iterations.

lemma tm-loop-trace-simple:
fixes m :: nat
and M :: machine
and tps :: nat = tape list
and es :: nat = (nat x nat) list
assumes A\i. i < m = trace M (0, tps i) (es i) (0, tps (Suc 1))
shows trace M (0, tps 0) (concat (map es [0..<m])) (0, tps m)
(proof)

For simple loops, where we have an upper bound for the length of traces independent of the iteration,
there is a trivial upper bound for the length of the trace of m iterations. This is the only situation we
will encounter.

lemma length-concat-le:
assumes A\i. i < m = length (esi) < b
shows length (concat (map es [0..<m])) < m * b

{proof)

5.1.4 Traces for elementary Turing machines

Just like the not necessarily oblivious Turing machines considered so far, our oblivious Turing machines
will be built from elementary ones from Section 2.4. In this subsection we show the traces of all the
elementary machines we will need.

lemma tm-left-0-traces:
assumes length tps > 1
shows traces
(tm-left 0)
tps
[(tps :#: 0 — 1, tps :#: 1)]
(tps[0:=(fst (tps! 0), snd (tps! 0) — 1)])
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(proof )

lemma traces-tm-left-01I:
assumes length tps > 1
and es = [(tps :#: 0 — 1, tps :#: 1)]

and tps’ = (tps[0:=(fst (tps ! 0), snd (tps! 0) —

shows traces (tm-left 0) tps es tps’
(proof)

lemma tm-left-1-traces:
assumes length tps > 1
shows traces
(tm-left 1)
tps
[(tps :#: 0, tps :#: 1 — 1)]
(tps[1:=(fst (tps! 1), snd (tps! 1) — 1)])
(proof)

lemma traces-tm-left-11:
assumes length tps > 1
and es = [(tps :#: 0, tps :#: 1 — 1)]

)

and tps' = (tps[1:=(fst (tps! 1), snd (tps! 1) — 1)])

shows traces (tm-left 1) tps es tps’
(proof)

lemma tm-right-0-traces:
assumes length tps > 1
shows traces
(tm-right 0)
tps
[(tps :#: 0 + 1, tps :F#: 1)]
(tps[0:=(fst (tps ! 0), snd (tps! 0) + 1)])
(proof )

lemma traces-tm-right-01:
assumes length tps > 1
and es = [(tps :#: 0 + 1, tps :#: 1)]

and tps’ = (tps[0:=(fst (tps ! 0), snd (tps ! 0) + 1)])

shows traces (tm-right 0) tps es tps’
{proof)

lemma tm-right-1-traces:
assumes length tps > 1
shows traces
(tm-right 1)
tps
[(tps :#: 0, tps :#: 1 + 1)]
(tps[1:=(fst (tps! 1), snd (tps! 1) + 1)])
(proof)

lemma tm-rtrans-1-traces:
assumes 1 < length tps
shows traces
(tm-rtrans 1 f)
tps
[(tps :#: 0, tps :#: 1 + 1)]
(tps[1 :=tps ! 1 |:=| f (tps :: 1) |+] 1])
(proof)

lemma traces-tm-right-11:
assumes length tps > 1
and es = [(tps :#: 0, tps :#: 1 + 1)]

and tps' = (tps[1:=(fst (tps! 1), snd (tps! 1) + 1)])
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shows traces (tm-right 1) tps es tps’
(proof)

lemma traces-tm-rtrans-11:
assumes 1 < length tps
and es = [(tps :#: 0, tps :#: 1 + 1)]
and tps’' = (tps[1 = tps! 1 |:=| f (tps

o 1) |+ 1)
shows traces (tm-rtrans 1 f) tps es tps’
(proof)

lemma tm-left-until-1-traces:

assumes length tps > 1 and begin-tape H (tps! 1)
shows traces

(tm-left-until H 1)

tps

(map (Ni. (tps :#: 0, 7)) (rev [0..<tps :#: 1]) Q [(tps :#: 0, 0)])
(tps[1 = tps ! 1 |#=]| 0])

(proof)

lemma traces-tm-left-until-11:
assumes length tps > 1
and begin-tape H (tps! 1)
and es = map (N\i. (tps :#: 0, 7)) (rev [0..<tps :#: 1]) Q [(tps :#: 0, 0)]
and tps’ = tps[1 := tps ! 1 |#=] 0]

shows traces (tm-left-until H 1) tps es tps’
(proof)

lemma tm-left-until-0-traces:

assumes length tps > 1 and begin-tape H (tps ! 0)
shows traces

(tm-left-until H 0)

tps

(map (Ni. (4, tps :#: 1)) (rev [0..<tps :#: 0]) Q [(0, tps :#: 1)])
(tps[0 = tps ! 0 |#=]| 0])

(proof)

lemma traces-tm-left-until-0I:
assumes length tps > 1
and begin-tape H (tps! 0)
and es = map (Ai. (4, tps :#: 1)) (rev [0..<tps :#: 0]) Q [(0, tps :#: 1)]
and tps’ = tps[0 := tps ! 0 |#=]| 0]

shows traces (tm-left-until H 0) tps es tps’
(proof)

lemma tm-start-0-traces:

assumes length tps > 1 and clean-tape (tps! 0)
shows traces

(tm-start 0)
tps

(map (Ni. (4, tps :#: 1)) (rev [0..<tps :#: 0]) Q [(0, tps :#: 1)])
(tps[0 = tps ! 0 |#=| 0])
(proof)

lemma tm-start-1-traces:

assumes length tps > 1 and clean-tape (tps! 1)
shows traces

(tm-start 1)
tps

(map (Ni. (tps :#: 0, 7)) (rev [0..<tps :#: 1]) Q [(tps :#: 0, 0)])
(tps[1 = tps | 1 |#=]| 0])
(proof)

lemma traces-tm-start-11:
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assumes length tps > 1
and clean-tape (tps! 1)
and es = map (Ni. (tps :#: 0, 7)) (rev [0..<tps :#: 1]) Q [(tps :#: 0, 0)]
and tps’ = tps[1 := tps ! 1 |#=]| 0]

shows traces (tm-start 1) tps es tps’

(proof)

lemma tm-cr-0-traces:

assumes length tps > 1 and clean-tape (tps! 0)

shows traces
(tm-cr 0)
tps
((map (Ni. (3, tps :#: 1)) (rev [0..<tps :#: 0]) Q [(0, tps :#: 1)]) Q [(1, tps :#: 1)])
(tps[0 = tps ! 0 |#=| 1])

(proof)

lemma traces-tm-cr-01I:
assumes length tps > 1 and clean-tape (tps! 0)
and es = map (Ai. (4, tps :#: 1)) (rev [0..<tps :#: 0]) Q [(0, tps :#: 1), (1, tps #: 1)]
and tps' = tps[0 = tps | 0 |#=] 1]
shows traces (tm-cr 0) tps es tps’
(proof)

lemma tm-cr-1-traces:

assumes length tps > 1 and clean-tape (tps! 1)

shows traces
(tm-cr 1)
tps
((map (N\i. (tps :#: 0, 7)) (rev [0..<tps :#: 1]) Q [(tps :#: 0, 0)]) @Q [(tps :#: 0, 1)])
(tps1 = tps | 1 |#=] 1])

(proof)

lemma traces-tm-cr-11:
assumes length tps > 1 and clean-tape (tps! 1)
and es = map (N\i. (tps :#: 0, 7)) (rev [0..<tps :#: 1]) Q [(tps :#: 0, 0), (tps :#: 0, 1)]
and tps’ = tps[1 = tps | 1 |#=] 1]
shows traces (tm-cr 1) tps es tps’
(proof)

lemma heads-tm-trans-until-less:
assumes jI < k j2 < k and length tps = k
and rneigh (tps! j1) Hn
and t < n
shows ezecute (tm-trans-until j1 j2 H f) (0, tps) t <#> jl = tps :#: j1 + ¢
and ezecute (tm-trans-until j1 j2 H f) (0, tps) t <#> j2 = tps :#: j2 + ¢
(proof)

lemma heads-tm-ltrans-until-less:
assumes jI < k and j2 < k and length tps = k
and Ineigh (tps!j1) Hn
and t < n
and n < tps :#: j1
and n < tps :#: j2
shows ezecute (tm-ltrans-until j1 j2 H f) (0, tps) t <#> j1 = tps #: jl — t
and ezecute (tm-ltrans-until j1 j2 H f) (0, tps) t <#> j2 = tps #: j2 — t
(proof)

lemma heads-tm-trans-until-less’:
assumes j! < k and j2 < k and length tps = k
and rneigh (tps! jl1) Hn
and t < n
and j # jI and j # j2
shows ezecute (tm-trans-until j1 j2 H f) (0, tps) t <#> j = tps :#: j
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{proof)

lemma heads-tm-ltrans-until-less’:
assumes jI < k and j2 < k and length tps = k
and Ineigh (tps ! j1) Hn
and t < n
and n < tps :#: j1
and n < tps :#: j2
and j # jI and j # j2
shows ezecute (tm-ltrans-until j1 j2 H f) (0, tps) t <#> j = tps #: j
(proof)

lemma heads-tm-trans-until:
assumes jI < k and j2 < k and length tps = k and rneigh (tps ! j1) Hn
shows ezecute (tm-trans-until j1 j2 H f) (0, tps) (Suc n) <#> jl = tps :#: j1 + n
and ezecute (tm-trans-until j1 j2 H f) (0, tps) (Suc n) <#> j2 = tps :#: j2 + n
(proof)

lemma heads-tm-ltrans-until:
assumes j! < k and j2 < k and length tps = k
and Ineigh (tps!j1) Hn
and n < tps :#: j1
and n < tps :#: j2
shows ezecute (tm-ltrans-until j1 j2 H f) (0, tps) (Suc n) <#> jl = tps :F#: jl — n
and ezecute (tm-ltrans-until j1 j2 H f) (0, tps) (Suc n) <#> j2 = tps :#: j2 — n
(proof)

lemma heads-tm-trans-until”:
assumes j! < k and j2 < k and length tps = k
and rneigh (tps! j1) Hn
and j # jl and j # j2
shows ezecute (tm-trans-until j1 j2 H f) (0, tps) (Suc n) <#> j = tps :#: j
(proof)

lemma heads-tm-ltrans-until "
assumes j! < k and j2 < k and length tps = k
and Ineigh (tps! j1) Hn
and n < tps #: jl
and n < tps :#: j2
and j # jl and j # j2
shows ezecute (tm-ltrans-until j1 j2 H f) (0, tps) (Suc n) <#> j = tps :#: j
(proof)

lemma traces-tm-trans-until-11:
assumes ! < k and length tps = k and rneigh (tps! 1) Hn
shows traces (tm-trans-until 1 1 H f)
tps
(map (Ni. (tps :#: 0, tps :F#: 1 + Suc ©)) [0..<n] Q [(tps :#: 0, tps :#: 1 + n)])
(tps[1 := transplant (tps ! 1) (tps! 1) fn])
(proof)

lemma traces-tm-ltrans-until-11:
assumes ! < k and length tps = k and Ineigh (tps! 1) Hn and n < tps :#: 1
shows traces (tm-ltrans-until 1 1 H f)
tps
(map (Ni. (tps :#: 0, tps :F#: 1 — Suc ©)) [0..<n] Q [(tps :#: 0, tps :#: 1 — n)])
(tps[1 := ltransplant (tps! 1) (tps! 1) fn])
(proof)

lemma traces-tm-trans-until-01:
assumes 0 < k and I < k and length tps = k and rneigh (tps! 0) Hn
shows traces (tm-trans-until 0 1 H f)
tps

203



(map (Ni. (tps :#: 0 + Suc i, tps :#: 1 + Suc i) [0..<n] Q [(tps :#: 0 + n, tps :#: 1 + n)])
(tps[0 := tps ! 0 |+]| n, 1 := transplant (tps! 0) (tps! 1) fn])
(proof)

lemma traces-tm-trans-until-011:
assumes 1 < length tps
and rneigh (tps! 0) Hn
and es = map (N\i. (tps :#: 0 4+ Suc i, tps :#: 1 + Suc i) [0..<n] Q [(tps :#: 0 + n, tps :#: 1 + n)]
and tps’ = tps[0 = tps | 0 |+| n, 1 := transplant (tps ! 0) (tps! 1) fn]
shows traces (tm-trans-until 0 1 H f) tps es tps’
(proof)

lemma traces-tm-trans-until-111:
assumes 1 < length tps
and rneigh (tps! 1) Hn
and es = map (Ai. (tps :#: 0, tps :#: 1 + Suc 1)) [0..<n] Q [(tps :#: 0, tps :#: 1 + n)]
and tps’ = tps[l := transplant (tps! 1) (tps! 1) f n]
shows traces (tm-trans-until 1 1 H f) tps es tps’
(proof)

lemma traces-tm-ltrans-until-111:

assumes ! < length tps and Vh<G. fh < G
and Ineigh (tps! 1) Hn
and n < tps :#: 1
and es = map (Ai. (tps :#: 0, tps :#: 1 — Suc 1)) [0..<n] Q [(tps :#: 0, tps :#: 1 — n)]
and tps’ = tps[1 := ltransplant (tps ! 1) (tps! 1) f n]

shows traces (tm-ltrans-until 1 1 H f) tps es tps’

(proof)

lemma traces-tm-const-until-011:
assumes 1 < length tps
and rneigh (tps! 0) Hn
and es = map (Ai. (tps :#: 0 + Suc i, tps :#: 1 + Suc 7)) [0..<n] Q [(tps :#: 0 + n, tps :#: 1 + n)]
and tps’ = tps[0 := tps ! 0 |+| n, 1 := constplant (tps! 1) h n]
shows traces (tm-const-until 0 1 H h) tps es tps’

{proof)

lemma traces-tm-const-until-111:
assumes ! < length tps and h < G
and rneigh (tps! 1) Hn
and es = map (A\i. (tps :#: 0, tps :#: 1 + Suc i) [0..<n] Q [(tps :#: 0, tps :#: 1 + n)]
and tps’ = tps[1 := constplant (tps ! 1) h n]
shows traces (tm-const-until 1 1 H h) tps es tps’
(proof)

lemma traces-tm-cp-until-011:
assumes 1 < length tps
and rneigh (tps! 0) Hn
and es = map (Ni. (tps :#: 0 4+ Suc i, tps :#: 1 + Suc i) [0..<n] Q [(tps :#: 0 + n, tps :#: 1 + n)]
and tps’ = tps[0 := tps ! 0 |+| n, 1 := implant (tps! 0) (tps! 1) n]
shows traces (tm-cp-until 0 1 H) tps es tps’
(proof)

lemma traces-tm-cp-until-111:
assumes 1 < length tps
and rneigh (tps! 1) Hn
and es = map (Ai. (tps :#: 0, tps :#: 1 + Suc 1)) [0..<n] Q [(tps :#: 0, tps :#: 1 + n)]
and tps’ = tps[1 := implant (tps ! 1) (tps! 1) n]
shows traces (tm-cp-until 1 1 H) tps es tps’
(proof)

lemma traces-tm-right-until-11:
assumes 1 < length tps
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and rneigh (tps! 1) Hn
and es = map (\i. (tps :#: 0, tps :#: 1 + Suc i) [0..<n] Q [(tps :#: 0, tps :#: 1 + n)]
and tps’ = tps[1 := (tps ! 1) |+]| n]

shows traces (tm-right-until 1 H) tps es tps’

(proof)

lemma ezecute-tm-write:
shows ezecute (tm-write j h) (0, tps) 1 = (1, tps[j := tps ! j |:=| h])
(proof)

lemma traces-tm-writel:
assumes j > 0 and j < length tps
and es = [(tps :#: 0, tps :#: 1)]
and tps' = tps[j := tps ! j |:=| A
shows traces (tm-write j h) tps es tps’
(proof)

corollary traces-tm-write-11:
assumes 1 < length tps

and es = [(tps :#: 0, tps :#: 1)]

and tps’ = tps[l = tps | 1 |:=| A]
shows traces (tm-write 1 h) tps es tps’
{proof)

corollary traces-tm-write-ge2l:
assumes j > 2
and j < length tps
and es = [(tps :#: 0, tps :#: 1)]
and tps' = tps[j := tps ! j |:=| h]
shows traces (tm-write j h) tps es tps’
(proof)

lemma execute-tm-write-manyl:
assumes 0 ¢ J and VjeJ. j < k and k > 2 and length tps = k
and length tps’ = k
and \j.jeJ = tps' ' j=tps!j|=|h
and \j.j<k=j¢J = tps'!j=tps!j
shows execute (tm-write-many J h) (0, tps) 1 = (1, tps’)
(proof )

lemma traces-tm-write-manyl:
assumes 0 ¢ J and VjeJ. j < k and k > 2 and length tps = k
and length tps' = k
and \j.j € J = tps' ! j=tps!j|:=|h
and \j.j<k=j¢ J=tps'l j=tps!j
and es = [(tps :#: 0, tps :#: 1)]
shows traces (tm-write-many J h) tps es tps’

(proof )

lemma traces-tm-write-repeat-11:
assumes 1 < length tps
and es = map (Ai. (tps :#: 0, tps :#: 1 + Suc 7)) [0..<m)]
and tps’ = tps[1 := overwrite (tps ! 1) h m]
shows traces (tm-write-repeat 1 h m) tps es tps’

(proof)

5.1.5 Memorizing in states

We need some results for the traces of “cartesian” machines used for the memorizing-in-states technique
introduced in Section 2.5.

lemma cartesian-trace:
assumes turing-machine (Suc k) G M
and immobile M k (Suc k)
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and M’ = cartesian M G
and k£ > 2
and Vi<length zs. zs ! i < G
and trace M (start-config (Suc k) zs) es cfg
shows trace M’ (start-config k zs) es (squish G (length M) cfg)
(proof)

lemma cartesian-traces:
assumes turing-machine (Suc k) G M
and immobile M k (Suc k)
and M’ = cartesian M G
and k > 2
and Vi<length zs. zs | i < G
and traces M (snd (start-config (Suc k) zs)) es tps
shows traces M' (snd (start-config k 2s)) es (butlast tps)

(proof )

lemma traces-tapes-length:
assumes turing-machine k G M
and length tps = k
and traces M tps es tps’
shows length tps' = k

{proof)

lemma icartesian:
assumes turing-machine (k + 2) G M
and Aj. j < k = immobile M (j + 2) (k + 2)
and Vi<length zs. zs | i < G
and traces M (snd (start-config (k + 2) zs)) es tps
shows traces (icartesian k M G) (snd (start-config 2 zs)) es (take 2 tps)

{proof)

end

5.2 Constructing polynomials in polynomial time

theory Oblivious-Polynomial
imports Oblivious
begin

Our current goal is to simulate a polynomial time multi-tape TM on a two-tape oblivious TM in polyno-
mial time. To help with the obliviousness we first want to mark on the simulator’s output tape a space
that is at least as large as the space the simulated TM uses on any of its tapes but that still is only
polynomial in size. In this section we construct oblivious Turing machines for that.

An upper bound for the size this space is provided by the simulated TM’s running time, which by
assumption is polynomially bounded. So for our purposes any polynomially bounded function that
bounds the running time will do.

In this section we devise a family of two-tape oblivious TMs that contains for every polynomial degree
d > 1 a TM that writes 17(") to the output tape for some polynomial p with p(n) > n?, where n is the
length of the input to the TM. Together with a TM that appends a constant number ¢ of ones we get
a family of TMs, parameterized by ¢ and d, that runs in polynomial time and writes more than ¢ + n®
symbols 1 to the work tape.

This meets our goal for this section because every polynomially bounded function is bounded by a function
of the form n + ¢+ n? for some c,d € N.

The TMs in the family are built from three building block TMs. The first TM initializes its output tape
with 1™ where n is the length of the input. The second TM multiplies the number of symbols on the
output tape by (roughly) the length of the input, turning a sequence 1™ into (roughly) 1™" for arbitrary
m. The third TM appends 1¢ for some constant c. By repeating the second TM we can achieve arbitrarily
high polynomial degrees.

All three TMs do essentially only one thing with the input, namely copying it to the output tape while
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mapping all symbols to 1, which is an operation that depends only on the length of the input. Therefore
all three TMs are oblivious, and combining them also yields an oblivious TM.

The Turing machines require one extra symbol beyond the four default symbols, but work for all alphabet
sizes G > 5.

locale turing-machine-poly =

fixes G :: nat
assumes G: G > 5
begin

lemma G-ge4 [simp]: G > /
(proof)

abbreviation tps-ones :: symbol list = nat = tape list where
tps-ones zs m =

[(Lzs], 1),

(M. if i = 0 then > else if i < m then 1 else O, 1)]

5.2.1 [Initializing the output tape

The first building block is a TM that “copies” the input to the output tape, thereby replacing every
symbol by the symbol 1.

definition tmA :: machine where
tmA =
tm-right 0 ;; tm-right 1 ;; tm-const-until 0 1 {0} 1 ;; tm-cr 0 ;; tm-cr 1

lemma tmA-tm: turing-machine 2 G tmA
(proof)

definition ¢tm1
definition tm2

tm-right 0

tml ;; tm-right 1

definition tm3 = tm2 ;; tm-const-until 0 1 {0} 1
definition tm/4 tm3 ;; tm-cr 0

definition tmb = tmy4 ;; tm-cr 1

lemma tmb-eg-tmA: tmb = tmA
{proof)

definition ¢ps0 :: symbol list = tape list where
tps0 zs =

[(L2s], 0),
(Ni. if i = 0 then > else O, 0)]

lemma length-tps0 [simp]: length (tpsO n) = 2
(proof)

definition tpsi :: symbol list = tape list where
tpsl zs =

[(L=s], 1),
(Mi. if i = 0 then > else O, 0)]

definition es! :: (nat X nat) list where
esl = [(1, 0)]

lemma tm1: traces tm1 (tps0 zs) esl (tpsl zs)
{proof)

definition tps2 :: symbol list = tape list where
tps2 zs =

[(Lzs], 1),
(Ni. if i = 0 then > else O, 1)]
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definition es2 :: (nat x nat) list where
es2 = esl @Q[(1, 1)]

lemma length-es2: length es2 = 2
(proof)

lemma tm2: traces tm2 (tps0 zs) es2 (tps2 zs)
{proof)

definition tps3 :: symbol list = tape list where
tps3 zs =
[(|zs], length zs + 1),
(Ni. if i = 0 then > else if i < length zs then 1 else O, length zs + 1)]

definition es23 :: nat = (nat x nat) list where
es23n=map (Ai. (i + 2, i+ 2))[0.<n] Q[(n + 1, n + 1)]

definition es8 :: nat = (nat x nat) list where
es8n = es2 Q (es23 n)

lemma length-es3: length (es3 n) = n + 3
{proof)

lemma tm3:
assumes proper-symbols zs
shows traces tm3 (tps0 zs) (es8 (length zs)) (tps3 zs)

{proof)

definition tps/ :: symbol list = tape list where
tps4 zs =

[(Lzs], 1),
(Mi. if i = 0 then > else if i < length zs then 1 else O, length zs + 1)]

definition es34 :: nat = (nat x nat) list where
es84 n=map (Ai. (i, n + 1)) (rev [0.<n 4+ 1]) @ [(0, n + 1)] @ [(1, n + 1)]

definition es4 :: nat = (nat x nat) list where
es4n=es3n Q es34n

lemma length-es: length (es{ n) = 2 xn + 6
(proof)

lemma tm4:
assumes proper-symbols zs
shows traces tm4 (tps0 zs) (es4 (length zs)) (tps4 zs)

{proof)

definition tps5 :: symbol list = nat = tape list where
tpsd zs m = tps-ones zs m

definition es45 :: nat = (nat x nat) list where
es45 n = map (Ai. (1, 9)) (rev [0..<n + 1]) @ [(1, 0)] @ [({, 1)]

definition es5 :: nat = (nat x nat) list where
essn =esfnQesfsn

lemma length-es5: length (esbn) = 8 * n + 9
(proof)

lemma tms:
assumes proper-symbols zs
shows traces tmb (tps0 zs) (es5 (length zs)) (tpss zs (length zs))

{proof)
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corollary tmA:
assumes proper-symbols zs
shows traces tmA (tps0 zs) (es5 (length zs)) (tps-ones zs (length zs))

{proof)

lemma length-tps-ones [simp|: length (tps-ones zs m) = 2
(proof)

5.2.2 Multiplying by the input length

The next Turing machine turns a symbol sequence 1™ on its output tape into 171" where n is the
length of the input.

The TM first appends to the output tape symbols a | symbol. Then it performs a loop with m iterations.
In each iteration it replaces a 1 before the | by 0 in order to count the iterations. Then it copies (replacing
each symbol by 1) the input after the output tape symbols. After the loop the output tape contains
0™]1™". Finally the | and 0 symbols are replaced by 1 symbols, yielding the desired result.

definition tmB :: machine where
tmB =

tm-right-until 1 {O} ;;

tm-write 1 | ;;

tm-cr 1 ;;

WHILE tm-right-until 1 {1, |} ; Ars. rs 1 1 =1 DO
tm-write 1 0 ;;
tm-right-until 1 {0} ;;
tm-const-until 0 1 {00} 1 ;;
tm-cr 0 ;;
tm-cr 1

DONE ;;

tm-write 1 1 ;;

tm-cr 1 ;;

tm-const-until 1 1 {1} 1 3;

tm-cr 1

lemma tmB-tm: turing-machine 2 G tmB
(proof)

definition tmB1 = tm-right-until 1 {0}

definition tmB2 = tmB1 ;; tm-write 1 |

definition tmB3 = tmB2 ;; tm-cr 1

definition tmK1 = tm-right-until 1 {1, |}
definition tmL1 = tm-write 1 0

definition tmL2 = tmL1 ;; tm-right-until 1 {O}
definition tmL3 = tmL2 ;; tm-const-until 0 1 {00} 1
definition tmL4 = tmL3 ;; tm-cr 0

definition tmL5 = tmL4 ;; tm-cr 1

definition tmLoop = WHILE tmK1 ; Ars. rs ! 1 =1 DO tmL5 DONE
definition tmBj = tmB3 ;; tmLoop

definition tmB5 = tmBj ;; tm-write 1 1
definition tmB6 = tmB5 ;; tm-cr 1

definition tmB7 = tmBG6 ;; tm-const-until 1 1 {1} 1
definition tmB8 = tmB7 ;; tm-cr 1

lemma tmB-eq-tmB8: tmB = tmB8§
(proof)

definition tpsB1 :: symbol list = nat = tape list where
tpsB1 zs m =

[(Lzs], 1),
(Mi. if i = 0 then > else if i < m then 1 else O, m + 1)]

definition esBI :: nat = nat = (nat x nat) list where
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esBl nm = map (Mi. (1, 1 + Suc 7)) [0..<m] Q [(1, 1 + m)]

lemma length-esB1: length (esB1 nm) = m + 1
(proof)

lemma tmB1:
assumes proper-symbols zs
shows traces tmB1 (tps-ones zs m) (esB1 (length zs) m) (tpsB1 zs m)
(proof)

definition tpsB2 :: symbol list = nat = tape list where
tpsB2 zs m =

[(Lzs], 1),

(Mi. if i = 0 then > else if i < m then 1 else if i = m + 1 then | else O, m + 1)]

definition esB12 :: nat = nat = (nalt x nat) list where
esB12nm=[(1, m + 1)]

definition esB2 :: nat = nat = (nat x nat) list where
esB2nm = esBl nm Q esBI12n m

lemma length-esB2: length (esB2n m) = m + 2
{proof)

lemma tmB2:
assumes proper-symbols zs
shows traces tmB2 (tps-ones zs m) (esB2 (length zs) m) (tpsB2 zs m)
(proof)

definition tpsB3 :: symbol list = nat = tape list where
tpsB3 zs m =

[(Lzs], 1),

(M. if i = 0 then > else if i < m then 1 else if i = m + 1 then | else 0, 1)]

definition esB23 :: nat = nat = (nat x nat) list where
esB23 n m = map (Pair 1) (rev [0..<m + 1]) @ [(1, 0), (1, 1)]

definition esB3 :: nat = nat = (nat X nat) list where
esB8nm = esB2nm @ esB23 nm

lemma length-esB3: length (esB3nm) = 2 x m + 5
(proof)

lemma tmBS3:
assumes proper-symbols zs
shows traces tmB38 (tps-ones zs m) (esB3 (length zs) m) (tpsB8 zs m)
(proof)

definition tpsK0 :: symbol list = nat = nat = tape list where
tpsK0 zs m i =
[(Lzs), 1),
(Az. if £ = 0 then >
else if © < i then O
else if t < m then 1
else if t = m + 1 then |
else if t < m + 1 + i *x length zs then 1
else 0,

1)]

lemma tpsK0-eq-tpsB3: tpsK0 zs m 0 = tpsB3 zs m
(proof)

definition tpsK1 :: symbol list = nat = nat = tape list where
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tpsK1 zs m i =
[(Lzs], 1),
(Az. if © = 0 then >
else if x < i then O

else if < m then 1

else if t = m + 1 then |

elseif t < m + 1 + i * length zs then 1
else 0,

i+ 1))

definition esK1 :: nat = nat = nat = (nat X nat) list where
esK1nmi=map (A\i. (1, 1 + Suci)) [0..<i] Q [(1, i+ 1)]

lemma length-esK1: length (esK1 nm i) =14+ 1
(proof)

lemma tmK1:
assumes proper-symbols zs and i < m
shows traces tmK1 (tpsK0 zs m i) (esK1 (length zs) m i) (tpsK1 zs m 17)
{proof)

definition tpsL1 :: symbol list = nat = nat = tape list where
tpsL1 zs m 1 =
[(Lzs), 1),
(Az. if £ = 0 then >
else if t < i + 1 then O

else if t < m then 1
else if t = m + 1 then |
else if t < m 4+ 1 + i x length zs then 1
else 0,
i+ 1)

definition esL! :: nat = nat = nat = (nat x nat) list where
esLinmi=|[(1,i+ 1)]

lemma tmL1:
assumes proper-symbols zs
shows traces tmL1 (tpsK1 zs m i) (esL1 (length zs) m i) (tpsL1 zs m i)
(proof)

definition tpsL2 :: symbol list = nat = nat = tape list where
tpsL2 zs m i =
[(Lzs), 1),
(Az. if x = 0 then >
else if t < ¢ + 1 then O
else if © < m then 1
else if t = m + 1 then |
else if t < m 4+ 1 + i x length zs then 1
else 0,
m + 2 + i x length zs)]

definition esL12 :: nat = nat = nat = (nat x nat) list where
esLi2nmi=

map (A\j. (1, ¢+ 1+ Sucj))[0.<m+ 2+ ixn—(i+ 1)@
[(1,i+ 1+ (m+2+ixn—(i+ 1))

definition esL2 :: nat = nat = nat = (nat x nat) list where
esL2nmi=esLlinmiQesLi2nmi

lemma length-esL2: i < m = length (esL2nmi) =8 + m — i+ ixn
(proof)

A simplified upper bound for the running time:
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corollary length-esL2": i < m = length (esL2nm i) < 8 +m + i* n
(proof)

lemma tmL2:
assumes proper-symbols zs and i < m
shows traces tmL2 (tpsK1 zs m i) (esL2 (length zs) m i) (tpsL2 zs m 1)
(proof)

definition tpsL3 :: symbol list = nat = nat = tape list where
tpsL3 zs m 1 =
[(lzs], length zs + 1),
(Az. if © = 0 then >
else if t < i + 1 then O

else if © < m then 1

else if t = m + 1 then |

elseifc < m+ 1 + (i + 1) * length zs then 1
else 0,

m+ 2 + (i + 1) * length zs)]

definition esL23 :: nat = nat = nat = (nat x nat) list where
esL23nm i =

map (Aj. (1 + Sucj, m+ 2+ ixn+ Sucj)) [0.<n] Q[(I +n, m+ 2+ ix*n+ n)

definition esL3 :: nat = nat = nat = (nat x nat) list where
esL3nmi=esL2nmiQ esL23nm1i

lemma length-esL3: i < m = length (esL3nmi) < 4 +m+ (i + 1) *n
(proof)

lemma tmL3:
assumes proper-symbols zs and i < m
shows traces tmL3 (tpsK1 zs m i) (esL3 (length zs) m i) (tpsL3 zs m i)
(proof)

definition tpsL4 :: symbol list = nat = nat = tape list where
tpsLj zs m i =
[(Lzs), 1),
(Az. if x = 0 then >

else if t < ¢ + 1 then O

else if © < m then 1

else if t = m + 1 then |

elseifx < m+ 1 4 (i + 1) % length zs then 1
else 0,

m+ 2 4 (i + 1) * length zs)]

definition esL3/ :: nat = nat = nat = (nat x nat) list where
esL34 nm1i =
map (Aj. (j, m+ 2+ (i+ 1)*xn)) (rev[0.<n+ 1)) Q[O0, m+ 2+ (i +1)xn),(I,m+ 2+ (i+ 1)
* n)]

lemma length-esL34: i < m = length (esL34/ nm i) =n + 3
(proof)

definition esL/ :: nat = nat = nat = (nat x nat) list where
esLimmi=esL3nmiQesL8 nmi

lemma length-esL{: i < m = length (esL4{nmi) <7+ m+ (i + 2) x n
(proof)

lemma tmlL4:
assumes proper-symbols zs and i < m
shows traces tmL/j (tpsK1 zs m i) (esL4 (length zs) m i) (tpsL4 zs m 1)
(proof)
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definition tpsL5 :: symbol list = nat = nat = tape list where
tpsLb zs m i =
[(Lzs), 1),
(Az. if x = 0 then >
elseif t < i+ 1 then O

else if ¢ < m then 1

else if t = m + 1 then |

else ift < m + 1 + (i + 1) * length zs then 1
else 0,

nj

definition esL/5 :: nat = nat = nat = (nat x nat) list where
esL45 nm i = map (Pair 1) (rev [0.<m + 2 4+ (i + 1) = n]) @ [(1, 0), (1, 1)]

definition esL5 :: nat = nat = nat = (nat x nat) list where
esLsmnmi=eslLfnmi@QeslL4ibnmi

lemma length-esL5: i < m = length (esLsnm i) < 11 + 2% m+ (2 *xi+ 8) *n
(proof)

lemma tmL5:
assumes proper-symbols zs and i < m
shows traces tmL5 (tpsK1 zs m i) (esL5 (length zs) m i) (tpsL5 zs m i)
(proof)

definition esLoop-do :: nat = nat = nat = (nat x nat) list where
esLoop-donmi=esKlnmi@I[(1,i+ 1)] @esLsnmiQ [(1, 1)]

Using i < m we get this upper bound for the running time of an iteration independent of i.

lemma length-esLoop-do: i < m = length (esLoop-don mi) < 14 + 3xm+ (2xm + 8) xn
(proof)

lemma tmLoop-do:
assumes proper-symbols zs and i < m
shows trace tmLoop (0, tpsK0 zs m i) (esLoop-do (length zs) m 1) (0, tpsL5 zs m 1)
(proof)

lemma tpsL5-eq-tpsKO0:
assumes proper-symbols zs and i < m
shows tpsL5 zs m i = tpsK0 zs m (Suc 1)

{proof)

lemma tmLoop-iteration:
assumes proper-symbols zs and i < m
shows trace tmLoop (0, tpsK0 zs m i) (esLoop-do (length zs) m i) (0, tpsK0 zs m (Suc 1))
{proof)

definition esLoop-done :: nat = nat = (nat X nat) list where
esLoop-done n m = concat (map (esLoop-do n m) [0..<m])

lemma tmLoop-done:
assumes proper-symbols zs
shows trace tmLoop (0, tpsK0 zs m 0) (esLoop-done (length zs) m) (0, tpsK0 zs m m)
(proof)

lemma length-esLoop-done: length (esLoop-done nm) < m x (14 + 8« m + (2 x m + 3) * n)
(proof)

definition tpsK-break :: symbol list = nat = tape list where
tpsK-break zs m =

[(L2s], 1),
(Az. if © = 0 then >
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else if © < m then O
else if t = m + 1 then |
else if t < m + 1 + m * length zs then 1
else 0,
m+ 1))

definition esK-break :: nat = nat = (nat X nat) list where
esK-break n m = map (Mi. (1, 1 + Suc 7)) [0..<m] Q [(1, I + m)]

lemma length-esK-break: length (esK-break n m) = m + 1
{proof)

lemma tmK1-break:
assumes proper-symbols zs
shows traces tmK1 (tpsK0 zs m m) (esK-break (length zs) m) (tpsK-break zs m)

{proof)

definition esLoop-break :: nat = nat = (nat X nat) list where
esLoop-break n m = esK-break n m Q [(1, m + 1)]

lemma length-esLoop-break: length (esLoop-break n m) = m + 2
{proof)

lemma tmLoop-break:
assumes proper-symbols zs
shows traces tmLoop (tpsK0 zs m m) (esLoop-break (length zs) m) (tpsK-break zs m)

{proof)

definition esLoop :: nat = nat = (nat X nat) list where
esLoop n m = esLoop-done n m @Q esLoop-break n m

lemma length-esLoop: length (esLoop n m) < mx (14 + 8«xm+ (2+xm + 3)*n) + m + 2
(proof)

lemma length-esLoop”: length (esLoopnm) < 2 + 18 x m* m + 5 x m * m * n

(proof )

lemma tmLoop:
assumes proper-symbols zs
shows traces tmLoop (tpsKO0 zs m 0) (esLoop (length zs) m) (tpsK-break zs m)

{proof)

lemma tmLoop”:
assumes proper-symbols zs
shows traces tmLoop (tpsB8 zs m) (esLoop (length zs) m) (tpsK-break zs m)

{proof)

definition esB4 :: nat = nat = (nat x nat) list where
esB4 nm = esB3nm Q esLoop n m

lemma length-esB4: length (esB4nm) < 7+ 20« m*xm + 5% m+*mx*n
(proof)

lemma tmBj:
assumes proper-symbols zs
shows traces tmB4 (tps-ones zs m) (esB4 (length zs) m) (tpsK-break zs m)

{proof)

definition tpsB5 :: symbol list = nat = tape list where
tpsB5 zs m =
[(Lzs], 1),
(Az. if © = 0 then >
else if < m then 0
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else if t < m + 1 + m * length zs then 1
else 0,
m + 1)]

definition esB5 :: nat = nat = (nat x nat) list where
esB5nm =esB4nmQ[(1, m+ 1)]

lemma length-esB5: length (esB5nm) < 8 + 20 x m x m + 5 * m x m x n
{proof)

lemma tmB5:
assumes proper-symbols zs
shows traces tmB5 (tps-ones zs m) (esB5 (length zs) m) (tpsB5 zs m)

{proof)

definition tpsB6 :: symbol list = nat = tape list where
tpsB6 zs m =
[(Lzs), 1),
(Az. if £ = 0 then >
else if < m then O
else if t < m 4+ 1 + m * length zs then 1

else 0,

nj

definition esB56 :: nat = nat = (nal x nat) list where
esB56 n m = map (Pair 1) (rev [0..<m + 1]) @ [(Z, 0), (1, 1)]

definition esB6 :: nat = nat = (nat x nat) list where
esB6 nm = esB5nm Q esB56 n m

lemma length-esB6: length (esB6 nm) < 11 + 21 s m* m + 5 * m * m * n
(proof)

lemma tmB6':
assumes proper-symbols zs
shows traces tmB6 (tps-ones zs m) (esB6 (length zs) m) (tpsB6 zs m)

(proof)

definition tpsB7 :: symbol list = nat = tape list where
tpsB7 zs m =
[(L2s], 1),
(Az. if © = 0 then >
else if t < m + 1 + m * length zs then 1
else 0,
m + 1)]

definition esB67 :: nat = nat = (nat x nat) list where
esB67 n m = map (Ai. (1, 1 + Suc 1)) [0..<m] @ [(1, 1 + m)]

definition esB7 :: nat = nat = (nat x nat) list where
esB7nm = esB6 nm @Q esB67nm

lemma length-esB7: length (esB7nm) < 12 + 22« m* m + &5 x m * m * n
(proof)

lemma tmB7:
assumes proper-symbols zs
shows traces tmB7 (tps-ones zs m) (esB7 (length zs) m) (tpsB7 zs m)
(proof)

definition tpsB8 :: symbol list = nat = tape list where
tpsB8 zs m =

[(Lzs], 1),
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(Az. if £ = 0 then >
else if t < m 4+ 1 + m * length zs then 1
else 0,

ni

definition esB78 :: nat = nat = (nat x nat) list where
esB78 n m = map (Pair 1) (rev [0..<m + 1]) @Q [(1, 0), (1, 1)]

definition esB8 :: nat = nat = (nat x nat) list where
esB8nm = esB7nm Q esB78 nm

lemma length-esBS8: length (esB8nm) < 15 + 23 «s m* m + § x m * m * n
(proof)

lemma tmBS:
assumes proper-symbols zs
shows traces tmB8 (tps-ones zs m) (esB8 (length zs) m) (tpsB8 zs m)

{proof)

lemma tps-ones-eq-tpsB8: tpsB8 zs m = tps-ones zs (1 + m x (length zs + 1))
(proof)

lemma tmB:
assumes proper-symbols zs
shows traces tmB (tps-ones zs m) (esB8 (length zs) m) (tps-ones zs (1 + m * (length zs + 1)))

{proof)

5.2.3 Appending a fixed number of symbols

The next Turing machine appends a constant number ¢ of 1 symbols to the output tape.

definition tmC :: nat = machine where
tmC ¢ =
tm-right-until 1 {O} ;;
tm-write-repeat 1 1 c ;;
tm-cr 1

lemma tmC-tm: turing-machine 2 G (tmC c)
(proof)

definition tmC1 = tm-right-until 1 {O}
definition tmC2 ¢ = tmC1 ;; tm-write-repeat 1 1 ¢
definition tmC38 ¢ = tmC2 ¢ ;; tm-cr 1

definition tpsC1 :: symbol list = nat = tape list where
tpsC1 zs m =
[(Lzs), 1),
(Az. if £ = 0 then >
else if < m then 1
else 0,
m + 1)]

definition esC1 :: nat = nat = (nat x nat) list where
esCl nm = map (Ai. (1, 1 + Suc 1)) [0..<m] @ [(1, 1 + m)]

lemma length-esC1: length (esC1 nm) = m + 1
(proof)

lemma tmC1:
assumes proper-symbols zs
shows traces tmC1 (tps5 zs m) (esC1 (length zs) m) (tpsC1 zs m)

{proof)

definition tpsC2 :: symbol list = nat = nat = tape list where
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tpsC2 zs m ¢ =

[(Ls], 1),
(Az. if © = 0 then >
else if t < m + ¢ then 1
else 0,
m+ 1 + c)]

definition esC12 :: nat = nat = nat = (nat X nat) list where
esC12nm ¢ = map (A\i. (1, m + 1 + Suc 1)) [0..<(]

definition esC2 :: nat = nat = nat = (nat x nat) list where
esC2nmc=esClnm@QesCi2Znmec

lemma length-esC2: length (esC2nmc) =m+ 1 + ¢
{proof)

lemma tmC2:
assumes proper-symbols zs
shows traces (tmC2 c) (ips5 zs m) (esC2 (length zs) m c) (tpsC2 zs m c)

{proof)

definition tpsC3 :: symbol list = nat = nat = tape list where
tpsC8 zs m ¢ =

[(Lzs], 1),
(Az. if £ = 0 then >

else if t < m + c then 1
else 0,

D]

definition esC23 :: nat = nat = nat = (nat x nat) list where
esC23 nm ¢ = map (Pair 1) (rev [0..<m + 1 + ¢]) @ [(1, 0), (1, 1)]

definition esC38 :: nat = nat = nat = (nat x nat) list where
esC3nmc=esC2nmcQesC23nmc

lemma length-esC38: length (esC8nmc) =2 m+ 2 x ¢+ 4
(proof)

lemma tmC3:
assumes proper-symbols zs
shows traces (tmC3 ¢) (tps5 zs m) (esC3 (length zs) m c) (tpsC3 zs m c)

{proof)

lemma tpsC3-eq-tpss: tpsC3 zs m ¢ = tpss zs (m + ¢)
(proof)

lemma tmC3-eq-tmC: tmC3 = tmC
{proof)

lemma tmC:
assumes proper-symbols zs
shows traces (tmC' ¢) (tps-ones zs m) (esC3 (length zs) m c) (tps-ones zs (m + c))

(proof)
5.2.4 Polynomials of higher degree

In order to construct polynomials of arbitrary degree, we repeat the TM tmB.

fun tm-degree :: nat = machine where
tm-degree 0 =[] |
tm-degree (Suc d) = tm-degree d ;; tmB

lemma tm-degree-tm: turing-machine 2 G (tm-degree d)

(proof)

217



The number of 1 symbols the TM ¢m-degree d outputs on an input of length n:

fun m-degree :: nat = nat = nat where
m-degree n 0 = n |
m-degree n (Suc d) = 1 + m-degree n d * (n + 1)

fun es-degree :: nat = nat = (nat * nat) list where
es-degree n 0 =[] |
es-degree n (Suc d) = es-degree n d Q esB8 n (m-degree n d)

lemma tm-degree:
assumes proper-symbols zs
shows traces
(tm-degree d)
(tps-ones zs (length zs))
(es-degree (length zs) d)
(tps-ones zs (m-degree (length zs) d))
(proof)

A lower bound for the number of 1 symbols the TM tm-degree d outputs:

lemma m-degree-ge-pow: m-degree n d > n ~ (Suc d)

(proof)

An upper bound for the number of 1 symbols the TM ¢m-degree d outputs:

lemma m-degree-poly: big-oh-poly (An. m-degree n d)
(proof)

corollary m-degree-plus-const-poly: big-oh-poly (An. m-degree n d + c)
(proof)

lemma length-es-degree: big-oh-poly (An. length (es-degree n d))
(proof)

Putting together the TM tmA, the TM tm-degree d for some d, and the TM tmC ¢ for some ¢, we get a
family of TMs parameterized by d and ¢. These TMs construct all the polynomials we need.

definition tm-poly :: nat = nat = machine where
tm-poly d ¢ = tmA ;; (tm-degree d ;; tmC c)

lemma tm-poly-tm: turing-machine 2 G (tm-poly d c)
(proof )

definition es-poly :: nat = nat = nat = (nat X nat) list where
es-poly n d c = esb5 n Q es-degree n d @ esC3 n (m-degree n d) c

On an input of length n the Turing machine tm-poly d ¢ outputs m-degree n d + ¢ symbols 1.

lemma tm-poly:
assumes proper-symbols zs
shows traces
(tm-poly d ¢)
(tps0 zs)
(es-poly (length zs) d ¢)
(tps-ones zs (m-degree (length zs) d + c))
{proof)

The Turing machines run in polynomial time because their traces have polynomial length:

lemma length-es-poly: big-oh-poly (An. length (es-poly n d c))
(proof )

The Turing machine tm-poly d ¢ outputs m-degree n ¢ + ¢ many 1 symbols on an input of length n.
Hence for every polynomially bounded function f there is such a Turing machine outputting at least f(n)
symbols 1.

lemma m-degree-plus-const:
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assumes big-oh-poly f
obtains d ¢ where Vn. fn < m-degree n d + ¢

(proof)

The Turing machines are oblivious.

lemma tm-poly-oblivious: oblivious (tm-poly d c)

(proof )

end

definition start-tapes-2 :: symbol list = tape list where
start-tapes-2 zs =

[(L=s], 0),
(Ni. if i = 0 then > else O, 0)]

definition one-tapes-2 :: symbol list = nat = tape list where
one-tapes-2 zs m =

[(Lzs], 1),
(| replicate m 1], 1)]

The main result of this chapter. For every polynomially bounded function g there is a polynomial-time
two-tape oblivious Turing machine that outputs at least g(n) symbols 1 for every input length n.

lemma polystructor:
assumes big-oh-poly g and G > 5
shows I M es f.
turing-machine 2 G M N\
big-oh-poly (An. length (es n)) A
big-oh-poly f N
(Vn.gn < fn) A
(V zs. proper-symbols zs — traces M (start-tapes-2 zs) (es (length zs)) (one-tapes-2 zs (f (length zs))))
(proof)

end

5.3 Existence of two-tape oblivious Turing machines

theory Oblivious-2-Tape
imports Oblivious-Polynomial NP
begin

In this section we show that for every polynomial-time multi-tape Turing machine there is a polynomial-
time two-tape oblivious Turing machine that computes the same function and halts with its output tape
head in cell number 1.

Consider a k-tape Turing machine M with polynomially bounded running time 7. We construct a
two-tape oblivious Turing machine S simulating M as follows.

Lemma polystructor from the previous section provides us with a polynomial-time two-tape oblivious TM
and a function f(n) > T'(n) such that the TM outputs 17(® for all inputs of length n.

Executing this TM is the first thing our simulator does. The f(n) symbols 1 mark the space S is going
to use. Every cell i = 0,..., f(n) — 1 of this space is to store a symbol that encodes a (2k + 2)-tuple
consisting of:

e k symbols from M’s alphabet representing the contents of all the i-th cells on the k tapes of M;
o k flags (called “head flags”) signalling which of the k tape heads of M is in cell ;
o a flag (called “counter flag”) initialized with 0;

o a flag (called “start flag”) signalling whether i = 0.

Together the counter flags are a unary counter from 0 to f(n). They are toggled from left to right. The
start flags never change. The symbols and the head flags represent the k tapes of M at some step of the
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execution. By choice of f the TM M cannot use more than f(n) cells on any tape. So the space marked
with 1 symbols on the simulator’s output tape suffices.

Next the simulator initializes the space of 1 symbols with code symbols representing the start configura-
tion of M for the input given to the simulator.

Then the main loop of the simulation performs f(n) iterations. In each iteration S performs one step
of M’s computation. In order to do this it performs several left-to-right and right-to-left sweeps over all
the f(n) cells in the formatted section of the output tape. A sweep will move the output tape head one
cell right (respectively left) in each step. In this way the simulator’s head positions at any time will only
depend on f(n), and hence on n. Thus the machine will be oblivious. Moreover f(n) > T(n), and so
M will be in the halting state after f(n) iterations of the simulation. Counting the iterations to f(n) is
achieved via the counter flags.

Finally the simulator extracts from each code symbol the symbol corresponding to M’s output tape, thus
reconstructing the output of M on the simulator’s output tape. Thanks to the start flags, the simulator
can easily locate the leftmost cell and put the output tape head one to the right of it, as required.

The construction heavily uses the memorization-in-states technique (see Chapter 2.5). At first the ma-
chine features 2k 4+ 1 memorization tapes in addition to the input tape and output tape. The purpose of
those tapes is to store M’s state and the symbols under the tape heads of M in the currently simulated
step of M’s execution, as well as the k& symbols to be written write and head movements to be executed
by the simulator.

The next predicate expresses that a Turing machine halts within a time bound depending on the length
of the input. We did not have a need for this fairly basic predicate yet, because so far we were always
interested in the halting configuration, too, and so the predicate computes-in-time sufficed.

definition time-bound :: machine = nat = (nat = nat) = bool where
time-bound M k T =
Y zs. bit-symbols zs — fst (execute M (start-config k zs) (T (length zs))) = length M

lemma time-bound-ge:
assumes time-bound M k T and Vn. fmtn > Tn
shows time-bound M k fmt

(proof)
The time bound also bounds the position of all the tape heads.

lemma head-pos-le-time-bound:
assumes turing-machine k G M
and time-bound M k T
and bit-symbols zs
and j < k
shows execute M (start-config k zs) t <#> j < T (length 2s)
(proof)

The entire construction will take place in a locale that assumes a polynomial-time k-tape Turing machine
M.

locale two-tape =
fixes M :: machine and k G :: nat and T :: nat = nat
assumes tm-M: turing-machine k G M
and poly-T: big-oh-poly T
and time-bound-T: time-bound M k T
begin

lemma k-ge-2: k > 2
(proof)

lemma G-ge-4: G >

(proof)
The construction of the simulator relies on the formatted space on the output tape to be large enough to
hold the input. The size of the formatted space depends on the time bound T', which might be less than

the length of the input. To ensure that the formatted space is large enough we increase the time bound
while keeping it polynomial. The new bound is T":
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definition T’ :: nat = nat where
T'n=Tn+n

lemma poly-T": big-oh-poly T’
(proof)

lemma time-bound-T": time-bound M k T’
(proof )

5.3.1 Encoding multiple tapes into one

The symbols on the output tape of the simulator are supposed to encode a (2k + 2)-tuple, where the first
k elements assume one of the values in {0,..., G — 1}, whereas the other k 4 2 are flags with two possible
values only. For uniformity we define an encoding where all elements range over GG values and that works
for tuples of every length.

fun encode :: nat list = nat where
encode [| = 0 |
encode (z # xs) = © + G x encode s

For every m € N, the enocoding is a bijective mapping from {0,...,G — 1} to {0,...,G™ — 1}.

lemma encode-surj:
assumes n < G " m
shows Jus. length xs = m N (Vz€set zs. ¢ < G) A encode s = n

{proof)

lemma encode-inj:
assumes Vz€set zs. ¢ < G
and length s = m
and Vye€set ys. y < G
and length ys = m
and encode xs = encode ys
shows zs = ys

{proof)

lemma encode-less:
assumes Vz€set zs. © < G
shows encode zs < G ~ (length xs)

(proof)
Decoding a number into an m-tuple of numbers is then a well-defined operation.

definition decode :: nat = nat = nat list where
decode m n = THE zs. encode xs = n A length xzs = m A (VzE€set zs. z < G)

lemma decode:
assumes n < G " m
shows encode-decode: encode (decode m n) = n
and length-decode: length (decode m n) = m
and decode-less-G: V z€set (decode m n). z < G

(proof)

lemma decode-encode: ¥ z€set zs. z < G = decode (length zs) (encode zs) = zs

(proof)

The simulator will access and update components of the encoded symbol.

definition encode-nth :: nat = nat = nat = nat where
encode-nth m n j = decode m n ! j

definition encode-upd :: nat = nat = nat = nat = nat where
encode-upd m n j x = encode ((decode m n) [j:=z])

lemma encode-nth-less:
assumes n < G "mand j < m
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shows encode-nth mn j < G
(proof )

For the symbols the simulator actually uses, we fix m = 2k+2 and reserve the symbols > and [, effectively
shifting the symbols by two. We call the symbols {2, ..., G?*+2 4 2} “code symbols”.

definition enc :: symbol list = symbol where
enc rs = encode xs + 2

definition dec :: symbol = symbol list where
dec n = decode (2 * k + 2) (n — 2)

lemma dec:
assumes n > land n < G " (2xk+ 2) + 2
shows enc-dec: enc (dec n) = n
and length-dec: length (dec n) = 2 x k + 2
and dec-less-G: VY z€set (dec n). ¢ < G
(proof)

lemma dec-enc: Vz€set zs. £ < G = length zs = 2 x k + 2 = dec (enc zs) = zs
{proof)

definition enc-nth :: nat = nat = nat where
enc-nth nj = decn!j

lemma enc-nth: Vz€set zs. © < G = length s = 2 x k + 2 = enc-nth (enc zs) j = zs ! j
(proof)

lemma enc-nth-dec:
assumesn > fand n < G " (2xk+ 2)+ 2
shows enc-nth n j = (dec n) ! j
(proof)

abbreviation is-code :: nat = bool where
isscoden=n< G (2xk+2)+2A1<n

lemma enc-nth-less:
assumes is-code n and j < 2 x k + 2
shows enc-nth n j < G

{proof)

lemma enc-less: Va€set zs. © < G = lengthzs = 2 x k+ 2 = encazs < G~ (2 xk+ 2) + 2
(proof)

definition enc-upd :: nat = nat = nat = nat where
enc-upd n j x = enc ((dec n) [j:=x])

lemma enc-upd-is-code:
assumes is-codenand j < 2 x k+ 2and z < G
shows is-code (enc-upd n j x)

(proof)

The code symbols require the simulator to have an alphabet of at least size G272 4 2. On top of that we
want to store on a memorization tape the state that M is in. So the alphabet must have at least length
M + 1 symbols. Both conditions are met by the simulator having an alphabet of size G:

definition G’ :: nat where
G'=G (2xk+ 2)+ 2+ length M

lemma G’-ge-6: G' > 6
(proof)

corollary G'-ge: G'> 4 G'> 5
(proof )
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lemma G'-ge-G: G' > G
(proof )

corollary enc-less-G": Vx€set 1s. 1 < G = lengthzs = 2 x k + 2 = enc zs < G’
(proof)

lemma enc-greater: enc s > 1
(proof)

5.3.2 Construction of the simulator Turing machine

The simulator is a sequence of three Turing machines: The “formatter”, which initializes the output tape;
the loop, which simulates the TM M for polynomially many steps; and a cleanup TM, which makes the
output tape look like the output tape of M. All these machines are discussed in order in the following
subsections.

The simulator will start with 2k + 1 memorization tapes for a total of 2k + 3 tapes. The simulation action
will take place on the output tape.

Initializing the simulator’s tapes

The function T’ is polynomially bounded and therefore there is a polynomial-time two-tape oblivious
Turing machine that outputs at least T7”(n) symbols 1 on an input of length n, as we have proven in the
previous section (lemma polystructor). We now obtain such a Turing machine together with its running
time bound and trace. This TM will be one of our blocks for building the simulator TM. We will call it
the “formatter”.

definition fmt-es-pM :: (nat = nat) X (nat = (nat x nat) list) X machine where
fmt-es-pM = SOME tec.
turing-machine 2 G' (snd (snd tec)) A
big-oh-poly (An. length ((fst (snd tec)) n)) A
big-oh-poly (fst tec) A
(Vn. T'n < (fst tec) n) A
(V zs. proper-symbols zs —» traces (snd (snd tec)) (start-tapes-2 zs) ((fst (snd tec)) (length zs)) (one-tapes-2
zs ((fst tec) (length zs))))

lemma polystructor':
fixes GG :: nat and g :: nat = nat
assumes big-oh-poly g and GG > 5
shows 3 f-es-M.
turing-machine 2 GG (snd (snd f-es-M)) A
big-oh-poly (An. length ((fst (snd f-es-M)) n)) A
big-oh-poly (fst f~es-M) A
(Vn. gn < (fst f-es-M) n) A
(V zs. proper-symbols zs — traces (snd (snd f-es-M)) (start-tapes-2 zs) ((fst (snd f-es-M)) (length zs))
(one-tapes-2 zs ((fst f-es-M) (length zs))))
(proof)

lemma fmt-es-pM: turing-machine 2 G' (snd (snd fmt-es-pM)) A
big-oh-poly (An. length ((fst (snd fmt-es-pM)) n)) A
big-oh-poly (fst fmt-es-pM) A
(Vn. T'n < (fst fmt-es-pM) n) A
(V zs. proper-symbols zs — traces (snd (snd fmt-es-pM)) (start-tapes-2 zs) ((fst (snd fmt-es-pM)) (length zs))
(one-tapes-2 zs ((fst fmt-es-pM) (length zs))))
(proof)

definition fmt :: nat = nat where
fmt = fst fmt-es-pM

definition es-fmt :: nat = (nat X nat) list where
es-fmt = fst (snd fmt-es-pM)
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definition tm-fmt :: machine where
tm-fmt = snd (snd fmt-es-pM)

The formatter TM is tm-fmt, the number of 1 symbols written to the output tape on input of length n
is fmt n, and the trace on inputs of length n is es-fmt n.

lemma fmt:
turing-machine 2 G’ tm-fmt
big-oh-poly (An. length (es-fmt n))
big-oh-poly fmt
An. T'n < fmtn
N\zs. proper-symbols zs =
traces tm-fmt (start-tapes-2 zs) (es-fmt (length zs)) (one-tapes-2 zs (fmt (length 2s)))

(proof)
lemma fmt-ge-n: fmt n > n
(proof)

The formatter is a two-tape TM. The first incarnation of the simulator will have two tapes and 2k + 1
memorization tapes. So for now we formally need to extend the formatter to 2k + 3 tapes:

definition tm! = append-tapes 2 (2 x k + 3) tm-fmt
lemma tmi-tm: turing-machine (2 *x k + 3) G’ tm1
(proof)

Next we replace all non-blank symbols on the output tape by code symbols representing the tuple of
2k + 2 zeros.

definition tm1-2 = tm-const-until 1 1 {O} (enc (replicate k 0 @ replicate k 0 @Q [0, 0]))

lemma tm1-2-tm: turing-machine (2 * k + 3) G’ tm1-2
{proof)

definition tm2 = tm1 ;; tm1-2
lemma tm2-tm: turing-machine (2 x k + 3) G’ tm2

{proof)

definition tm3& = tm2 ;; tm-start 1
lemma tm3-tm: turing-machine (2 *x k + 8) G’ tm8
(proof)

Back at the start symbol of the output tape, we replace it by the code symbol for the tuple 1¥1%01. The
first k ones represent that initially the k tapes of M have the start symbol (numerically 1) in the leftmost
cell. The second run of k ones represent that initially all k tapes have their tape heads in the leftmost
cell. The following 0 is the first bit of the unary counter, currently set to zero. The final flag 1 signals
that this is the leftmost cell. Unlike the start symbols this signal flag cannot be overwritten by M.

definition tmj = tm3 ;; tm-write 1 (enc (replicate k 1 Q replicate k 1 @ [0, 1]))

lemma tm3-4-tm: turing-machine (2 * k + 3) G’ (tm-write 1 (enc (replicate k 1 @ replicate k 1 @ [0, 1])))
{proof)

lemma tm/j-tm: turing-machine (2 x k + 3) G' tm/
(proof)

definition tm5 = tm4 ;; tm-right 1

lemma tmb-tm: turing-machine (2 x k + 8) G’ tmb
(proof)

So far the simulator’s output tape encodes k tapes that are empty but for the start symbols. To represent
the start configuration of M, we need to copy the contents of the input tape to the output tape. The
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following TM moves the work head to the first blank while copying the input tape content. Here we
exploit T"(n) > n, which implies that the formatted section is long enough to hold the input.

definition tm5-6 = tm-trans-until 0 1 {0} (Ah. enc (h mod G # replicate (k — 1) 0 @ replicate k 0 @ [0, 0]))
definition tm6 = tmb ;; tm5-6

lemma tmb-6-tm: turing-machine (2 * k + 3) G’ tm5-6
{proof)

lemma tm6-tm: turing-machine (2 *x k + 3) G’ tm6
{proof)

Since we have overwritten the leftmost cell of the output tape with some code symbol, we cannot return
to it using tm-start. But we can use tm-left-until with a special set of symbols:

abbreviation StartSym :: symbol set where
StartSym = {y. y < G " (2xk+2)+ 2ANy>1Ndecy! (2xk+1)=1}

abbreviation tm-left-untill = tm-left-until StartSym 1

lemma tm-left-untill-tm: turing-machine (2 * k + 8) G’ tm-left-untill
(proof)

definition tm7 = tmé6 ;; tm-left-until!

lemma tm7-tm: turing-machine (2 x k + 3) G' tm7
{proof)

Tape number 2 is meant to memorize M’s state during the simulation. Initially the state is the start
state, that is, zero.

definition tm8 = tm7 ;; tm-write 2 0

lemma tm8-tm: turing-machine (2 * k + 3) G’ tm8
{proof)

We also initialize memorization tapes 3,...,2k + 2 to zero. This concludes the initialization of the
simulator’s tapes.

definition tm9 = tm8 ;; tm-write-many {3..<2 x k + 3} 0

lemma tm9-tm: turing-machine (2 x k + 8) G' tm9
(proof)

The loop

The core of the simulator is a loop whose body is executed fmt n many times. Each iteration simulates
one step of the Turing machine M. For the analysis of the loop we describe the 2k + 3 tapes in the form
[a, b, c] @ map f1 [0..<k] Q map f2 [0..<K].

lemma threeplus2k-2:
assumes 3 < jAjF<k+ 3
shows ([a, b, ¢] @ map f1 [0..<k] Q@ map f2 [0.<k])!j=f1 (j — 3)
(proof)

lemma threeplus2k-3:
assumes k + 3 < jAj<2xk+ 3
shows ([a, b, ¢] @ map f1 [0..<k] @ map f2 [0.<k)!j=f2(G —k— 3)
(proof)

To ensure the loop runs for fmt n iterations we increment the unary counter in the code symbols in each
iteration. The loop terminates when there are no more code symbols with an unset counter flag. The
TM that prepares the loop condition sweeps the output tape left-to-right searching for the first symbol
that is either blank or has an unset counter flag. The condition then checks for which of the two cases
occurred. This is the condition TM:
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definition tmC = tm-right-until 1 {y. y < G ~(2xk+ 2)+ 2A(y=0Vdecy! (2x*k)=0)}
lemma tmC-tm: turing-machine (2 * k + 3) G’ tmC
(proof)

At the start of the iteration, the memorization tape 2 has the state of M, and all other memorization
tapes contain 0. The output tape head is at the leftmost code symbol with unset counter flag. The first
order of business is to move back to the beginning of the output tape.

definition tmL1 = tm-left-untill
lemma tmLI-tm: turing-machine (2 * k + 3) G’ tmL1
{proof)

Then the output tape head sweeps right until it encounters a blank. During the sweep the Turing machine
checks for any set head flags, and if it finds the one for tape j set, it memorizes the symbol for tape j on
tape 3 + k + j. The next command performs this operation:

definition c¢cmdL2 :: command where

emdL2 rs =
(ifrs!1 =0
then (1, zip rs (replicate (2xk+3) Stay))
else
(0

[(rs!0, Stay), (rs!1, Right), (rs!2, Stay)] @

(map (Aj. (rs ! (j + 3), Stay)) [0..<k]) @

(map (Nj. (if 1 < rs! 1 Ars! 1 < G(2%k+2)+2 A enc-nth (rs!1) (k+j) = 1 then enc-nth (rs!1) j else
rsl(8+k+j), Stay)) [0..<k])))

lemma cmdL2-at-eq-0:
assumes rs! 1 = 0 and j < 2 x k + 3 and lengthrs = 2 x k + &
shows snd (cmdL2 rs) ! j = (rs ! j, Stay)
(proof)

lemma cmdL2-at-3:
assumes s ! 1 ZDand 8 <jAjj<k+ 3
shows ecmdL2 rs [!] j = (rs ! j, Stay)

{proof)

lemma cmdL2-at-4:
assumes 15! 1 ZODand k+ 3 < jAj<2xk+ 3
shows ecmdL2 rs [!] j =
(if 1 <rs! 1 ANrs! 1< G(2%k+2)+2 A enc-nth (rs! 1) (j—8) = 1
then enc-nth (rs! 1) (j—k—3)
else rs | j, Stay)
(proof)

lemma cmdL2-at-4"":
assumes rs ! 1 # [
andk+ 3 <jANj<2xk+3
and = (I <rs! 1 Ars! 1 < G(2%k+2)+2)
shows ecmdL2 rs [!] j = (rs ! j, Stay)

(proof )

lemma turing-command-cmdL2: turing-command (2 x k + 3) 1 G’ cmdL2

(proof)

definition tmL1-2 = [cmdL2]

lemma tmL1-2-tm: turing-machine (2 * k + 3) G’ tmL1-2
{proof)

definition tmL2 = tmL1 ;; tmL1-2

lemma tmL2-tm: turing-machine (2 *x k + 3) G’ tmL2
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{proof)

The memorization tapes 3,...,2 + k will store the head movements for tapes 0,...,k — 1 of M. The
directions are encoded as symbols thus:

definition direction-to-symbol :: direction = symbol where
direction-to-symbol m = (case m of Left = O | Stay = > | Right = 0)

lemma direction-to-symbol-less: direction-to-symbol m < &
(proof)

At this point in the iteration the memorization tapes k + 3,...,2k + 2 contain the symbols under the
k tape heads of M, and tape 2 contains the state M is in. Therefore all information is available to
determine the actions M is taking in the step currently simulated. The next command has the entire
behavior of M “hard-coded” and causes the actions to be stored on memorization tapes 3,...,2k + 2:
the output symbols on the tapes k + 3,...,2k + 2, and the k head movements on the tapes 3,...,k + 2.
The follow-up state will again be memorized on tape 2. All this happens in one step of the simulator
machine.

definition ¢mdL3 :: command where
cmdL3 rs =
(1,
[(rs ! 0, Stay),
(rs! 1, Stay),
(if rs | 2 < length M A (Y heset (drop (k + 8) rs). h < G)
then fst (M ! (rs! 2)) (drop (k + 3) rs))
else rs | 2, Stay)] @
map
(M. (if rs ! 2 < length M A (Y heset (drop (k + 8) rs). h < G) then direction-to-symbol ((M ! (rs ! 2))
(drop (k + 3) rs) [7] j) else 1, Stay))
[0..<k] @
map (Aj. (if rs 1 2 < length M N (Vheset (drop (k + 8) rs). h < G) then (M ! (rs ! 2)) (drop (k + 3) rs)
[]j) else rs ! (kK + 3 + j), Stay)) [0..<k])

lemma cmdL3-at-2a:
assumes gs | 2 < length M A (V heset (drop (k + 3) gs). h < G)
shows ecmdL3 gs [!] 2 = (fst (M ! (gs! 2)) (drop (k + 3) gs)), Stay)
(proof)

lemma cmdL3-at-2b:
assumes — (gs ! 2 < length M A (V heset (drop (k + 3) gs). h < G))
shows cmdL3 gs [!] 2 = (gs ! 2, Stay)
(proof)

lemma c¢cmdL3-at-3a:
assumes 3 < jAjF< k+ 8
and gs ! 2 < length M A (VY heset (drop (k + 3) gs). h < G)
shows ¢mdL3 gs [!] j = (direction-to-symbol (M ! (gs ! 2)) (drop (k + 3) gs) [~] (j — 3)), Stay)
(proof)

lemma cmdL3-at-3b:
assumes 3 < jAjF< k+ 3
and - (gs! 2 < length M A (VY he€set (drop (k + 8) gs). h < G))
shows e¢mdL3 gs [!] j = (1, Stay)
(proof)

lemma cmdL3-at-4a:
assumes k+ 3 < jAjJ< 2xk+ 3
and gs! 2 < length M N (V¥ heset (drop (k + 3) gs). h < G)
shows ecmdL3 gs [!I] 5 = (M ! (gs! 2)) (drop (k + 3) gs) [.
(proof)

lemma cmdL3-at-4b:

assumes k+ 3 < jAjJ< 2xk+ 3
and — (gs ! 2 < length M A (Y heset (drop (k 4+ &) gs). h < G))
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shows ecmdL3 gs [!] j = (gs! j, Stay)
(proof)

lemma cmdL3-if-comm:
assumes length gs = 2 x k + 3 and gs | 2 < length M A (Vh€set (drop (k + 3) gs). h < G)
shows length ('] (M ! (gs! 2)) (drop (k + 3) gs)) = k
and A\j. j < k= (M!(gs! 2)) (drop (k+ 3) gs)[]j< G
(proof)

lemma turing-command-cmdLS3: turing-command (2 x k + 3) 1 G’ cmdL3

(proof)
definition tmL2-3 = [cmdL3)]

lemma tmL2-3-tm: turing-machine (2 * k + 3) G’ tmL2-3
(proof)

definition ¢tmL3 = tmL2 ;; tmL2-3

lemma tmL3-tm: turing-machine (2 *x k + 3) G’ tmL3
{proof)

Next the output tape head sweeps left to the beginning of the tape, otherwise doing nothing.
definition tmL4 = tmL3 ;; tm-left-untill

lemma tmLj-tm: turing-machine (2 * k + 3) G’ tmL4
{proof)

The next four commands cmdL4, cmdL5, cmdL6, cmdL7 are parameterized by jj =0,...,k — 1. Their
job is applying the write operation and head movement for tape jj of M. The entire block of commands
will then be executed k times, once for each jj.

The first of these commands sweeps right again and applies the write operation for tape jj, which is
memorized on tape 3 + k + jj. To this end it checks for head flags and updates the code symbol
component jj with the contents of tape 3 + k 4 jj when the head flag for tape jj is set.

definition c¢cmdL5 jj rs =

ifrs! 1 =0
then (1, zip rs (replicate (2xk+3) Stay))
else
(0,
[(rs ! 0, Stay),

(if is-code (rs ! 1) A rs! (83+k+jj) < G A enc-nth (rs ! 1) (k+3jj) = 1
then enc-upd (rs! 1) jj (rs! (8+k+7j))

elsers! 1,

Right),

(rs! 2, Stay)] @

(map (Aj. (rs ! (4 + 3), Stay)) [0..<k]) @

(map (Aj. (rs ! (3 + k + j), Stay)) [0..<k]))

lemma cmdL5-eq-0:
assumes j < 2 x k + 3 and length gs= 2 «k+ 3and gs! 1 =0
shows ecmdL5 jj gs ['] 7 = (gs ! j, Stay)
(proof)

lemma cmdL5-at-0:
assumes gs ! 1 # 0
shows ¢cmdL5 jj gs [!] 0 = (gs ! 0, Stay)
(proof)

lemma cmdL5-at-1:
assumes gs ! 1 # 0
and is-code (gs ! 1) A gs! (3+k+jj) < G A enc-nth (gs'1) (k+jj) = 1
shows ecmdL5 jj gs [!] 1 = (enc-upd (gs'1) jj (gs\(3+k+jj)), Right)
(proof)
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lemma c¢cmdL5-at-1-else:
assumes gs ! 1 # 0
and — (is-code (gs ! 1) A gs ! (3+k+jj) < G A enc-nth (gs'1) (k+jj) = 1)
shows ecmdL5 jjgs ['] 1 = (gs! 1, Right)
(proof)

lemma cmdL5-at-2:
assumes gs ! 1 # 0
shows ecmdL5 jj gs [!] 2 = (gs ! 2, Stay)
(proof)

lemma cmdL5-at-3:
assumes gs! 1 #Oand 8 <jAjJ< 3+ k
shows cmdL5 jj gs ['] 7 = (gs ! j, Stay)
(proof)

lemma cmdL5-at-4:
assumes gs | I #O0and 3 + k< jANj<2xk+ 38
shows ecmdL5 jj gs ['] 7 = (gs ! j, Stay)
(proof)

lemma turing-command-cmdL5:

assumes jj < k

shows turing-command (2 *x k + 8) 1 G' (ecmdL5 j)
(proof)

definition tmL45 :: nat = machine where
tmL45 jj = [emdL5 jj]

lemma tmL45-tm:
assumes jj < k
shows turing-machine (2 * k + 3) G’ (tmL45 7)
(proof)

We move the output tape head one cell to the left.
definition tmL46 jj = tmL45 jj ;; tm-left 1

lemma tmL/46-tm:
assumes jj < k
shows turing-machine (2 x k + 3) G’ (tmL46 jj)
(proof)

The next command sweeps left and applies the head movement for tape jj if this is a movement to the
left. To this end it checks for a set head flag in component k + jj of the code symbol and clears it. It
also memorizes that it just cleared the head flag by changing the symbol on memorization tape 3 + jj
to the number 3, which is not used to encode any actual head movement. In the next step of the sweep
it will recognize this 3 and set the head flag in component k + jj of the code symbol. The net result is
that the head flag for tape jj has moved one cell to the left.

abbreviation is-beginning :: symbol = bool where
is-beginning y = is-code y A dec y ! (2 x k + 1) = 1

definition ¢cmdL7 :: nat = command where
emdL7 §j rs =
(if is-beginning (rs ! 1) then 1 else 0,
ifrs ! (8 + #) =0 A enc-nth (rs ! 1) (k + jj) = 1 A is-code (rs! 1) A — is-beginning (rs ! 1) then
[(rs ! 0, Stay),
(enc-upd (rs ! 1) (k + jj) 0, Left),
(rs! 2, Stay)] @
(map (Nj. (if j = jj then S else rs | (j + 3), Stay)) [0..<k]) Q
(map (Nj. (rs! (8 + k + j), Stay)) [0..<Kk])
else if rs | (8 + jj) = 8 A is-code (rs ! 1) then
[(rs! 0, Stay),
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(enc-upd (rs ! 1) (k + jj) 1, Left),

(rs! 2, Stay)] @

(map ()\j (if 7 = jj then O else rs | (j + 3), Stay)) [0..<k]) @
(ma (M. (rs ! (3 + k + j), Stay)) [0..<k])

[(rs 10, Stay),
(rs! 1, Left),
(rs! 2, Stay)] @
( PG+
( (3

3]

) Stay)) [0.<K) @
+ ), Stay)) [0..<K]))

ma( . (rs
map (Aj. (rs!

abbreviation condition7a gs jj =

gs! (83 + 7)) = 0 A enc-nth (gs! 1) (k + jj) = 1 A is-code (gs ! 1) N\ — is-beginning (gs ! 1)
abbreviation condition7b gs jj =

— condition7a gs jj A gs ! (3 + jj) = 8 A is-code (gs! 1)
abbreviation condition7c gs jj =

- condition7a gs jj A\ — condition7b gs jj

lemma turing-command-cmdL7:

assumes jj < k

shows turing-command (2 * k + 8) 1 G’ (¢cmdL7 jj)
(proof)

definition tmL67 :: nat = machine where
tmL67 jj = [emdL7 jj

lemma tmL67-tm:
assumes jj < k
shows turing-machine (2 * k + 3) G’ (tmL67 jj)
(proof)

definition tmL47 jj = tmL46 jj ;; tmL67 jj

lemma tmL47-tm:
assumes jj < k
shows turing-machine (2 * k + 3) G’ (tmL47 )
(proof)

Next we are sweeping right again and perform the head movement for tape jj if this is a movement to
the right. This works the same as the left movements in ¢mdL7.

definition ¢mdL8 :: nat = command where
cmdL8 jj rs =
(if rs 1 1 = O then 1 else 0,

ifrs ! (8 + 4) = 2 A enc-nth (rs! 1) (k + jj) = 1 A is-code (rs ! 1) then
[(rs ! 0, Stay),
(enc-upd (rs ! 1) (k + jj) 0, Right),
(rs! 2, Stay)] @
(map (Nj. (if 7 = jj then S else rs | (j + 3), Stay)) [0..<k]) @
(map (Aj. (rs ! (3 + k + j), Stay)) [0..<k])

else if rs 1 (8 + jj) = 3 A is-code (rs ! 1) then

[(rs ! 0, Stay),
(enc-upd (rs ! 1) (k + jj) 1, Right),
(rs! 2, Stay)] @
(map (Nj. (if 7 = jj then 2 else rs | (j + 3), Stay)) [0..<k]) @
(map (Aj. (rs ! (8 + k + j), Stay)) [0..<k])

else if rs ! 1 = 0 then

[(rs ! 0, Stay),
(rs! 1, Stay),
(rs! 2, Stay)]
(map (. (rs ! (f + - 9). sta) 0.<k) @

l(ma p (Nj. (rs! (8 + j), Stay)) [0..<k])
[(rs ! 0, Stay),
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(rs! 1, Right),

(rs! 2, Stay)] @

(map (Nj. (rs! (j + 3), Stay)) [0..<k]) @
(map (Nj. (rs ! (3 + k + j), Stay)) [0..<Kk]))

abbreviation condition8a gs jj =

gs! (8 + 7)) = 2 A enc-nth (gs ! 1) (k + jj) = 1 A is-code (gs! 1)
abbreviation condition8b gs jj =

= condition8a gs jj A gs ! (3 + jj) = 8 A is-code (gs! 1)
abbreviation condition8c gs jj =

- condition8a gs jj A — condition8b gs jj A gs! 1 = 0
abbreviation condition8d gs jj =

- condition8a gs jj A — condition8b gs jj A — condition8c gs jj

lemma turing-command-cmdL8:

assumes jj < k

shows turing-command (2 x k + 8) 1 G' (cmdL8 jj)
(proof)

definition tmL78 :: nat = machine where
tmL78 jj = [emdL8 jj]

lemma tmL78-tm:
assumes jj < k
shows turing-machine (2 * k + 3) G’ (tmL78 j)
(proof)

definition tmL48 jj = tmL47 jj ;; tmL78 jj

lemma tmL48-tm:
assumes jj < k
shows turing-machine (2 * k + 3) G’ (tmL48 jj)
(proof)

The last command in the command sequence is moving back to the beginning of the output tape.
definition tmL49 jj = tmL/8 jj ;; tm-left-untill
The Turing machine tmL49 jj is then repeated for the parameters j5 =0,...,k — 1 in order to simulate
the actions of M on all tapes.
lemma tmLj9-tm: jj < k = turing-machine (2 * k + 3) G’ (tmL49 jj)

(proof)

fun tmL49-upt :: nat = machine where
tmL49-upt 0 =[] |
tmL49-upt (Suc j) = tmL49-upt j ;; tmL49 j

lemma tmL49-upt-tm:
assumes j < k
shows turing-machine (2 x k + 8) G’ (tmL49-upt j)
(proof)

definition tmL9 = tmL4 ;; tmL49-upt k
lemma tmL9-tm: turing-machine (2 x k + 3) G’ tmL9
(proof)

At this point in the iteration we have completed one more step in the execution of M. We mark this be
setting one more counter flag, namely the one in the leftmost code symbol where the flag is still unset.
To find the first unset counter flag, we reuse tmC.

definition tmL10 = tmL9 ;; tmC

lemma tmL10-tm: turing-machine (2 x k + 8) G’ tmL10
{proof)
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Then we set the counter flag, unless we have reached a blank symbol.

definition ¢cmdL11 :: command where

emdL11 rs =
(1,
[(rs ! 0, Stay),

if is-code (rs ! 1) then (enc-upd (rs ! 1) (2 * k) 1, Stay) else (rs ! 1, Stay),
(rs! 2, Stay)] @

(map (Aj. (rs ! (4 + 3), Stay)) [0..<k]) @

(map (Aj. (rs ! (3 + k + j), Stay)) [0..<k]))

lemma turing-command-cmdL11: turing-command (2 x k + 3) 1 G’ cmdL11

(proof )

definition tmL11 = tmL10 ;; [emdL11]

lemma tmL1011-tm: turing-machine (2 * k + 8) G’ [emdL11]
{proof)

lemma tmL11-tm: turing-machine (2 *x k + 8) G’ tmL11
{proof)

And we move back to the beginning of the output tape again.

definition tmL12 = tmL11 ;; tm-left-untill

lemma tmL12-tm: turing-machine (2 x k + 8) G’ tmL12
{proof)

Now, at the end of the iteration we set the memorization tapes 3,...,2k + 2, that is, all but the one
memorizing the state of M, to 0. This makes for a simpler loop invariant than having the leftover symbols
there.

definition tmL138 = tmL12 ;; tm-write-many {3..<2 x k + 3} 0

lemma tmL13-tm: turing-machine (2 *x k + 8) G’ tmL13
{proof)

This is the entire loop. It terminates once there are no unset counter flags anymore.

definition tmLoop = WHILE tmC ; Ars. rs! 1 > 0O DO tmL18 DONE

lemma tmLoop-tm: turing-machine (2 * k + 8) G’ tmLoop
(proof)

definition tm10 = tm9 ;; tmLoop

lemma tm10-tm: turing-machine (2 * k + 8) G’ tm10
(proof)

Cleaning up the output

Now the simulation proper has ended, but the output tape does not yet look quite like the output tape of
M. It remains to extract the component 1 from all the code symbols on the output tape. The simulator
does this while sweeping left. Formally, “extracting component 1”7 means this:

abbreviation ec! :: symbol = symbol where
ecl h = if is-code h then enc-nth h 1 else O

lemma ecl: ecl1 h < G'if h < G’ for h
(proof )

definition tm11 = tm10 ;; tm-ltrans-until 1 1 StartSym ecl

lemma tm11-tm: turing-machine (2 * k + 8) G’ tm11
(proof)
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The previous TM, tm-ltrans-until 1 1 {y. y < G**k T2 L 2 A1 <yAdecy! (2xk+1)=1} (\h
if is-code h then enc-nth h 1 else 0), halts as soon as it encounters a code symbol with the start flag set,
without applying the extraction function. Applying the function to this final code symbol, which is at
the leftmost cell of the tape, is the last step of the simulator machine.

definition tm12 = tmi11 ;; tm-rtrans 1 ecl

lemma tmi2-tm: turing-machine (2 * k + 38) G’ tm12
(proof)

5.3.3 Semantics of the Turing machine

This section establishes not only the configurations of the simulator but also the traces. For every Turing
machine and command defined in the previous subsection, there will be a corresponding trace and a tape
list representing the simulator’s configuration after the command or TM has been applied.

For most of the time, the simulator’s output tape will have no start symbol, and so the next definition
will be more suited to describing it than the customary contents.

definition contents’ :: symbol list = (nat = symbol) where
contents’ ys x = if x < length ys then ys ! z else 0

lemma contents’-eql:
assumes A\z. z < length ys = zsz = ys !
and Az. z > length ys = zs z = 0
shows zs = contents’ ys
(proof)

lemma contents-contents”: |ys| = contents’ (1 # ys)
{proof)

lemma contents’-at-ge:
assumes ¢ > length ys
shows contents’ ys i = 0
(proof)

In the following context zs represents the input for M and hence for the simulator.

context
fixes zs :: symbol list
assumes zs: bit-symbols zs
begin

lemma zs-less-G: Vi<length zs. zs ! i < G
{proof)

lemma zs-proper: proper-symbols zs
(proof)

abbreviation n = length zs

abbreviation TT = Suc (fmt n)

Initializing the simulator’s tapes

definition tps0 :: tape list where

tpsO =
[(Lzs], 0),
(Lo, o)) @

replicate (2 x k + 1) ([>])

lemma tps0-start-config: start-config (2 x k + 8) zs = (0, tps0)
(proof)

definition tps! :: tape list where
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tpsl =

[(Ls], 1),
(| replicate (fmt n) 3|, 1)] @
replicate (2 x k + 1) ([>])

definition es! = es-fmt n

lemma tm1: traces tml1 tps0 esl tpsl

(proof)
definition es1-2 = map (Ai. (1, 1 + Suc 7)) [0..<fmt n] Q [(1, 1 + fmt n)]
definition es2 = esl @ esI-2

lemma len-es2: length es2 = length (es-fmt n) + TT
(proof)

definition tps2 :: tape list where
tps2 =
[(Lzs], 1),
(| replicate (fmt n) (enc (replicate k 0 @ replicate k 0 @ [0, 0]))], TT)] @
replicate (2 x k + 1) ([>])

lemma tm2: traces tm2 tps0 es2 tps2
(proof)

definition es3 = es2 @ map (A\i. (1, 7)) (rev [0..<TT]) Q [(1, 0)]

definition tps3 :: tape list where
tps3 =
(P
(| replicate (fmt n) (enc (replicate k 0 @ replicate k 0 @ [0, 0]))], 0)] @
replicate (2 x k + 1) ([>])

lemma tm3: traces tm3 tps0 es3 tpss
(proof)

definition esj = es3 @ [(1, 0)]

lemma len-es): length esf = length (es-fmt n) + 2 « TT + 2
(proof)

definition tps/ :: tape list where
tps4 =
[(Lzs], 1),

(contents’

((enc (replicate k 1 @ replicate k 1 Q [0, 1])) #

replicate (fmt n) (enc (replicate k 0 Q replicate k 0 @ [0, 0]))), 0)] @
replicate (2 x k + 1) ([>])

lemma tmj: traces tm4 tps0 es4 tps4
(proof)

definition es5 = es4 Q [(1, 1)]

lemma len-ess: length es5 = length (es-fmt n) + 2 x TT + 8
(proof)

definition tps5 :: tape list where
tpss =
[(Lzs], 1),

(contents’
((enc (replicate k 1 @ replicate k 1 Q [0, 1])) #
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replicate (fmt n) (enc (replicate k 0 @Q replicate k 0 Q [0, 0]))), 1)] @
replicate (2 x k + 1) ([>])

lemma tmb: traces tms tps0 esd tpsd
(proof)

Since the simulator simulates M on zs, its tape contents are typically described in terms of configurations
of M. So the following definition is actually more like an abbreviation.

definition exec t = execute M (start-config k zs) t

lemma exec-pos-less-TT:
assumes j < k
shows ezec t <#> j < TT

(proof)

lemma tps-ge-TT-0:
assumes i > 1T
shows (exec t <:> 1) i =0
(proof)

The next definition is central to how we describe the simulator’s output tape. The basic idea is that it
describes the tape during the simulation of the ¢-th step of executing M on input zs. Recall that T'T is
the length of the formatted part on the simulator’s output tape. The i-th cell of the output tape contains:
(1) k symbols corresponding to the symbols in the i-th cell of the k tapes of M after ¢ steps; (2) k flags
indicating which of the k tape heads is in position 4; (3) a unary counter representing the number ¢; (4) a
flag indicating whether ¢ = 0. This is the situation at the beginning of the t-iteration of the simulator’s
main loop. During this iteration the tape changes slightly: some symbols and head positions may already
represent the situation after ¢ + 1 steps of M, that is, the ¢-th step has been partially simulated already.
To account for this, there is the zs parameter. It is meant to be set to a list of k£ pairs. Let the j-th
element of this list be (a,b). on M’s tape j has already been simulated. In other words, the output tape
reflects the situation after ¢ 4+ a steps. Likewise b will be either None or 0 or 1. If it is 0 or 1, it means
the flag represents the head position of tape j after ¢ + b steps. If it is None, it means that all head flags
for tape k are currently zero, representing a “tape without head”. This situation occurs every time the
simulator has cleared the head flag representing the position after ¢ steps, bus has not set the flag for the
head position after ¢ 4 1 steps yet.

Therefore, at the beginning of the ¢-t iteration of the simulator’s loop zs consists of k pairs (0,0). During
the iteration every pair will eventually become (0, 0).

definition zip-cont :: nat = (nat x nat option) list = (nat = symbol) where
zip-cont t xs 1 =

if i < TT then enc

(map (N\j. (exec (t + fst (zs!j)) <:> j) i) [0..<k] Q
map (Aj. case snd (zs ! j) of None = 0 | Some d = if i = exec (¢ + d) <#> j then 1 else 0) [0..<k] @
[¢f i < ¢ then I else 0,
if i = 0 then 1 else 0])

else 0

Some auxiliary lemmas for accessing elements of lists of certain shape:

lemma less-k-nth: j < k = (map f1 [0..<k] Q map f2 [0..<k] Q [a, b]) ! j = fl ]
{proof)

lemma less-2k-nth: k < j = j < 2 x k = (map f1 [0..<k] Q@ map f2 [0..<k] Q@ [a, b)) j =712 (j — k)
(proof)

lemma twok-nth: (map f1 [0..<k] Q@ map f2 [0..<k] @ [a, b]) ! (2 % k) = a
(proof)

lemma twokl-nth: (map f1 [0..<k] @ map f2 [0.<k] Q [a, b]) ! (2% k+ 1) =10
(proof)

lemma zip-cont-less-G:
assumes { < T'T
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shows Vzeset (map (Aj. (exec (¢t + fst (zs!j)) <:> j) i) [0..<k] @
map (Aj. case snd (zs! j) of None = 0 | Some d = if i = exec (t + d) <#> j then 1 else 0) [0..<k] Q
[if i < t then 1 else 0,
if i = 0 then 1 else 0]). z < G
(is Vz€set(fus Q@ Zvs @ [%a, 2b]). z < G)
(proof)

lemma dec-zip-cont:
assumes ¢ < T'T
shows dec (zip-cont t zs i) =
(map (N\j. (exec (t + fst (zs!j)) <:> j) i) [0..<k] @
map (N\j. case snd (zs ! j) of None = 0 | Some d = if i = exec (t + d) <#> j then 1 else 0) [0..<k] @
[if i < ¢t then I else 0,
if i = 0 then 1 else 0])
(is - = 2ys)
{proof)

lemma zip-cont-gt-1:
assumes | < TT
shows zip-cont t xs i > 1

{proof)

lemma zip-cont-less:
assumes i < TT
shows zip-cont t zs i < G ~ (2« k+ 2) + 2
(proof)

lemma zip-cont-eq-0:
assumes i > 1T
shows zip-cont t xs i = 0

{proof)

lemma dec-zip-cont-less-k:
assumes { < TT and j < k
shows dec (zip-cont t xs i) | j = (exec (¢t + fst (zs!j)) <> j) @
(proof)

lemma dec-zip-cont-less-2k:
assumes ¢ < TT and j > kand j < 2 x k
shows dec (zip-cont t zs i) ! j =
(case snd (zs! (j — k)) of None = 0 | Some d = if i = exec (t + d) <#> (j — k) then I else 0)
(proof)

lemma dec-zip-cont-2k:
assumes ¢ < T'T
shows dec (zip-cont t zs i) | (2 % k) = (if ¢ < t then 1 else 0)

(proof)

lemma dec-zip-cont-2k1:
assumes ¢ < T7T
shows dec (zip-cont t zs i) ! (2 x k + 1) = (if ¢ = 0 then 1 else 0)
(proof)

lemma zip-cont-eql:
assumes ¢ < T7T
and A\j. j < k = (exec (t + fst (zs!j)) <:> j) i = (ezec (t + fst (zs'!j)) <:> ) i
and \j. j < k =
(case snd (zs! j) of None = (0::nat) | Some d = if i = exec (t + d) <#> j then 1 else 0) =
(case snd (ws' ! §) of None = 0 | Some d = if i = exec (t + d) <#> j then 1 else 0)
shows zip-cont t xs i = zip-cont t zs’ i
(proof)

lemma zip-cont-nth-eql:
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assumes | < TT
and A\j. j < k = (ezec (t + fst (zs!j)) <> j) i = (exec (¢ + fst (zs'!j)) <:>j) i
and A\j. j < k = snd (zs ! j) = snd (25’ ! §)

shows zip-cont t xs i = zip-cont t zs’ i

(proof)

lemma begin-tape-zip-cont:
begin-tape {y. y < G (2 *xk+ 2)+ 2N 1 <yAdecy! (2xk+ 1)=1} (zip-cont t zs, i)
(is begin-tape ?ys -)
(proof )

definition es6 = es5 @Q map (\i. (I + Suc i, 1 + Suc 7)) [0..<n] Q@ [(1 + n, 1 + n)]

lemma len-es6: length es6 = length (es-fmtn) + 2 « TT + n + 4
(proof)

definition tps6 :: tape list where
tps6 =
((Lzs), n + 1),
(zip-cont 0 (replicate k (0, Some 0)), n + 1)] Q
replicate (2 x k + 1) ([>])

lemma tm6: traces tmé6 tpsO es6 tps6
(proof)

definition tps7 :: tape list where
tps7 =
((Lzs), n + 1),
(zip-cont 0 (replicate k (0, Some 0)), 0)] @
replicate (2 x k + 1) ([>])

definition es7 = es6 @ map (\i. (n + 1, 7)) (rev [0..<n + 1]) @ [(n + 1, 0)]

lemma len-es7: length es7 = length (es-fmtn) + 2 x TT + 2 xn + 6
(proof)

lemma tm7: traces tm7 tps0 es7 tps7
(proof)

definition tps8 :: tape list where
tps8 =
[(Lzs], n + 1),
(zip-cont 0 (replicate k (0, Some 0)), 0),
o] a
replicate (2 = k) ([>])

definition es8 = es7 @ [(n + 1, 0)]

lemma len-es8: length es8 = length (es-fmtn) + 2 « TT + 2 xn + 7
(proof)

lemma tm8: traces tm8 tps0 es8 tps8
(proof)

definition tps9 :: tape list where
tps9 =
[(Lzs], n + 1),
(zip-cont 0 (replicate k (0, Some 0)), 0),
o] e
replicate (2 * k) ([O7])

definition es9 = es8 @ [(n + 1, 0)]

237



lemma len-es9: length es9 = length (es-fmtn) + 2 x TT + 2 xn + 8
(proof)

lemma tm9: traces tm9 tps0 es9 tps9
(proof)

The loop

Immediately before and during the loop the tapes will have the shape below. The input tape will stay
unchanged. The output tape will contain the k encoded tapes of M. The first memorization tape will
contain M’s state. The following k£ memorization tapes will store information about head movements.
The final £ memorization tapes will have information about read or to-be-written symbols.

definition t¢psL :: nat = (nat x nat option) list = nat = nat = (nat = nat) = (nat = symbol) = tape list
where
tpsL t xs © ¢ mvs symbs =
(lzs], n + 1) #
(zip-cont t xs, i) #
[fst (ezee (¢ + 4))] #
map (onesie o mus) [0..<k] Q
map (onesie o symbs) [0..<k]

lemma length-tpsL [simp]: length (tpsL t xs i ¢ mvs symbs) = 2 = k + 3
(proof)

lemma tpsL-pos-0: tpsL t xs i ¢ mvs symbs :#: 0 = n + 1
(proof)

lemma tpsL-pos-1: tpsL t xs i ¢ mvs symbs #: 1 = 1
(proof)

lemma read-tpsL-0: read (tpsL t zs i ¢ mvs symbs) ! 0 = O
(proof)

lemma read-tpsL-1: read (tpsL t zs i ¢ mvs symbs) | 1 =
(if i < TT then enc
(map (Nj. (ezec (t + fst (zs!j)) <> j) i) [0..<k] @
map (Aj. case snd (zs ! j) of None = 0 | Some d = if i = exec (¢ + d) <#> j then 1 else 0) [0..<k] @
[if i < t then 1 else 0,
if i = 0 then 1 else 0])
else 0)

{proof)

lemma read-tpsL-1-nth-less-k:
assumes ¢ < TT and j < k
shows enc-nth (read (tpsL t xs i ¢ mus symbs) | 1) j = (exec (t + fst (zs!j)) <:> j) i
{proof)

lemma read-tpsL-1-nth-less-2k:
assumes | < TT and k< jand j < 2 x k
shows enc-nth (read (tpsL t xs i ¢ mvs symbs) ! 1) j =
(case snd (zs! (j — k)) of None = 0 | Some d = if i = exec (t + d) <#> (j — k) then 1 else 0)
(proof)

lemma read-tpsL-1-nth-2k:
assumes ¢ < TT
shows enc-nth (read (tpsL t xzs i ¢ mvs symbs) | 1) (2 = k) = (if i < ¢ then 1 else 0)
(proof)

lemma read-tpsL-1-nth-2k1:
assumes ¢ < T7T
shows enc-nth (read (tpsL t xs i ¢ mvs symbs) ! 1) (2 x k + 1) = (if i = 0 then 1 else 0)
(proof)
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lemma read-tpsL-1-bounds:
assumes ¢ < T7T
shows read (tpsL t zs i ¢ mvs symbs) ! 1 > 1
and read (tpsL t zs i g mvs symbs) ' 1 < G ~ (2 xk+ 2) + 2
(proof)

lemma read-tpsL-2: read (tpsL t zs i ¢ mvs symbs) | 2 = fst (exec (t + q))
{proof)

lemma read-tpsL-3:
assumes $ < jand j < k + 3
shows read (tpsL t zs i ¢ mvs symbs) ! j = mus (j — 3)

(proof )

lemma read-tpsL-3":
assumes j < k
shows read (tpsL t zs i ¢ mvs symbs) ! (j + 3) = mws j
(proof)

lemma read-tpsL-4:

assumes k+ 3 < jand j < 2 xk+ 3

shows read (tpsL t zs i ¢ mvs symbs) ! j = symbs (j — k — 3)
(proof)

lemma map-const-upt: map (onesie o (A-. ¢)) [0..<k] = replicate k [c]
{proof)
After the initialization, that is, right before the loop, the simulator’s tapes look like this:
lemma tps9-tpsL: tps9 = tpsL 0 (replicate k (0, Some 0)) 0 0 (Aj. 0) (Aj. 0)
(proof)

lemma tpsL-0: tpsL t xs i ¢ mvs symbs ! 0 = (|zs], n + 1)
(proof)

lemma tpsL-1: tpsL t xs i ¢ mvs symbs | 1 = (zip-cont t zs, 7)
(proof)

lemma tpsL-2: tpsL t zs i ¢ mus symbs | 2 = [fst (exec (¢t + q))]
(proof)

lemma tpsL-muvs: j < k => tpsL t zs i ¢ mvs symbs | (8 + j) = [mus j]
(proof)

lemma tpsL-mus” 8 < j = j < 8 + k => tpsL t zs i ¢ mvs symbs ! j = [mus (j — 3)]
(proof)
lemma tpsL-symbs:
assumes j < k
shows tpsL t zs ¢ ¢ mvs symbs ! (8 + k + j) = [symbs j]
(proof)
lemma tpsL-symbs’:
assumes 3 + k< jand j < 2xk+ 3

shows tpsL t xs i ¢ muvs symbs ! j = [symbs (j — k — 3)]
(proof)

The condition: less than TT' steps simulated.

definition tpsC0 :: nat = tape list where
tpsCO t = tpsL t (replicate k (0, Some 0)) 0 0 (N\j. 0) (A\j. 0)

definition tpsC1 t = tpsL t (replicate k (0, Some 0)) t 0 (A\j. 0) (Aj. 0)

definition esC t = map (Ai. (n + 1, Suc i) [0..<t] Q [(n + 1, )]
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lemma set-filter-upt: z € set (filter f [0..<N]) = z < N
(proof )

lemma set-filter-upt”. x € set (filter f [0.<N]) = fz
(proof)

We will use this TM at the end of the loop again. Therefore we prove a more general result than necessary
at this point.

lemma tmC-general:
assumes t < TT
and tps = tpsL t xs 0 i mvs symbs
and tps’ = tpsL t xs t i mvs symbs
shows traces tmC tps (esC't) tps’
(proof)

corollary tmC"
assumes t < TT
shows traces tmC (tpsCO t) (esC t) (tpsC1 t)

{proof)

lemma tpsC1-at-T: tpsC1 TT :.: 1 =0
(proof)

lemma tpsCl-at-less-T: t < TT = tpsC1t:: 1 > 0
(proof)

The body of the loop: simulating one step
definition tpsL0 t = tpsL t (replicate k (0, Some 0)) t 0 (A\j. 0) (Aj. 0)

lemma tpsL0-eq-tpsC1: tpsL0 t = tpsC1 t
(proof)

definition esL1 t = map (Ai. (n + 1, i) (rev [0..<t]) Q [(n + 1, 0)]
definition tpsL1 t = tpsL t (replicate k (0, Some 0)) 0 0 (Aj. 0) (Aj. 0)

lemma tmL1: traces tmL1 (tpsLO t) (esL1 t) (tpsL1 t)
{proof)

Collecting the read symbols of the simulated machines:

lemma sem-cmdL2-ge-TT"
assumes tps = tpsL t xs i ¢ mvs symbs and © > TT
shows sem c¢cmdL2 (0, tps) = (1, tps)

(proof )

lemma sem-cmdL2-less-TT:
assumes tps = tpsL t xs © ¢ mvs symbs
and symbs = (\j. if exec t <#> j < i then exec t <.> j else 0)
and tps’ = tpsL t zs (Suc i) g mvs symbs’
and symbs’ = (N\j. if exec t <#> j < Suc i then exec t <.> j else 0)
and i < TT
and zs = replicate k (0, Some 0)
shows sem cmdL2 (0, tps) = (0, tps')
(proof)

corollary sem-cmdL2-less-Tfmt:
assumes zs = replicate k (0, Some 0) and ¢ < TT
shows sem cmdL2
(0, tpsL t zs i ¢ mus (Nj. if exec t <#> j < i then exec t <.> j else O)) =
(0, tpsL t zs (Suc ©) q mus (Nj. if exec t <#> j < Suc i then exec t <.> j else O))
(proof)
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lemma ezxecute-cmdL2-le-TT':
assumes ¢t < TT and xs = replicate k (0, Some 0) and tps = tpsL t xs 0 ¢ mvs (A-. O)
shows ezecute tmL1-2 (0, tps) tt =
(0, tpsL t zs tt ¢ mvs (Aj. if exec t <#> j < tt then exec t <.> j else O))
(proof)

lemma tpsL-symbs-eq:
assumes \j. j < k = symbs j = symbs’ j
shows tpsL t zs i ¢ mvs symbs = tpsL t zs i ¢ mvs symbs’
(proof)

lemma execute-cmdL2-Suc-TT:
assumes zs = replicate k (0, Some 0) and tps = tpsL t zs 0 ¢ mvs (Aj. 0) and t < TT
shows ezecute tmL1-2 (0, tps) (Suc TT) = (1, tpsL t zs TT q mvs (Aj. exec t <.> j))
(proof )

definition esL1-2 = map (A\i. (n + 1, Suc9)) [0.<TT] Q [(n + 1, TT)]

lemma traces-tmL1-2:
assumes zs = replicate k (0, Some 0) and t < TT
shows traces tmL1-2 (tpsL t zs 0 ¢ mvs (A-. O)) esL1-2 (tpsL t zs TT q mvs (Nj. exec t <.> j))

(proof )
definition esL2 t = esL1t Q esL1-2
definition tpsL2 t = tpsL t (replicate k (0, Some 0)) TT 0 (A-. O) (Aj. exec t <.> j)

lemma tmL2:
assumes ¢t < TT
shows traces tmL2 (tpsLO t) (esL2 t) (tpsL2 t)

{proof)

definition sim-nextstate t =
(if fst (exec t) < length M
then fst ((M ! (fst (exec t))) (config-read (ezec t)))
else fst (exec t))

lemma sim-nextstate: fst (ezec (Suc t)) = sim-nextstate t

(proof )

definition sim-write t =
(if fst (exec t) < length M
then map fst (snd ((M ! (fst (exec t))) (config-read (exec t))))
else config-read (exec t))

lemma sim-write-nth:
assumes fst (ezec t) < length M and j < k
shows sim-write t | j = (M ! (fst (exec t))) (config-read (exzec t)) [.] §)

(proof)

lemma sim-write-nth-else:
assumes — (fst (exec t) < length M)
shows sim-write ¢t | j = config-read (exec t) ! j
(proof)

lemma sim-write-nth-less-G:
assumes j < k
shows sim-write t | j < G

(proof)

lemma sim-write:
assumes j < k
shows ezec (Suc t) <:> j = (exec t <:> j)(exec t <#> j := sim-write t ! j)
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(proof )

corollary sim-write”:
assumes j < k
shows (exec (Suc t) <:> j) (ewec t <#> j) = sim-write ¢t | j
(proof)

definition sim-move t = map direction-to-symbol
(if fst (exec t) < length M
then map snd (snd (M ! (fst (exec t))) (config-read (exec t))))
else replicate k Stay)

lemma sim-move-nth:
assumes fst (ezec t) < length M and j < k
shows sim-move t | j = direction-to-symbol ((M ! (fst (ezec t))) (config-read (ezxec t)) [~] j)

(proof )

lemma sim-move-nth-else:
assumes — (fst (ezec t) < length M) and j < k
shows sim-move t ! j = 1

{proof)

lemma sim-mowve:

assumes j < k

shows ezec (Suc t) <#> j = exec t <#> j + sim-move t | j — 1
(proof)

definition tpsL3 t = tpsL
t
(replicate k (0, Some 0))
TT
1
(Aj. sim-move t ! 7)
(Aj. sim-write t ! j)

lemma read-ezecute: config-read (exec t) = map (Aj. (exec t) <.> 7) [0..<k]
(is ?lhs = ?rhs)
(proof)

lemma sem-cmdL3: sem cmdL3 (0, tpsL2t) = (1, tpsL3 t)
{proof)

lemma ezecute-tmL2-3: execute tmL2-3 (0, tpsL2t) 1 = (1, tpsL3 t)
{proof)

definition esL3t = esL2t Q [(n + 1, TT)]

lemma tmL3:
assumes t < TT
shows traces tmL3 (tpsL0 t) (esL3 t) (tpsL3 t)

{proof)

definition esL/ t = esL3 t @ map (Ni. (n + 1, 7)) (rev [0..<TT]) Q [(n + 1, 0)]

lemma len-esLj: length (esL4 t) =t + 2 « TT + 4
(proof)

definition tpsL4 t = tpsL
t
(replicate k (0, Some 0))
0

1
(Aj. sim-move t ! 7)
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(Aj. sim-write t ! j)

lemma tmLj:
assumes t < TT
shows traces tmL/j (tpsLO t) (esL4 t) (tpsL4 t)
(proof)

lemma enc-upd-zip-cont-None-Some:
assumes jj < k
and length s = k
and zs ! jj = (1, None)
and ¢ = (ezec (Suc t) <#> jj)
shows enc-upd (zip-cont t xs i) (k + jj) 1 = zip-cont t (ws[jj:=(1, Some 1)]) i
(proof)

lemma enc-upd-zip-cont-None-Some-Right:
assumes jj < k
and length xs = k
and zs ! jj = (1, None)
and ¢ = Suc (exec t <#> jj)
and sim-move t ! jj = 2
shows enc-upd (zip-cont t xs i) (k + jj) 1 = zip-cont t (as[jj:=(1, Some 1)]) i
(proof)

lemma enc-upd-zip-cont-None-Some-Left:
assumes jj < k
and length xs = k
and zs ! jj = (1, None)
and Suc i = ezec t <#> jj
and sim-move t ! jj = 0
shows enc-upd (zip-cont t xs i) (k + jj) 1 = zip-cont t (ws[jj:=(1, Some 1)]) i
(proof)

lemma enc-upd-zip-cont-Some-None:
assumes jj < k
and length xs = k
and zs ! jj = (1, Some 0)
and i = exec t <#H> jj
shows enc-upd (zip-cont t zs i) (k + jj) 0 = zip-cont t (xs[jj:=(1, None)]) ¢
(proof)

lemma zip-cont-nth-eq-updl1:
assumes ¢ < TT
and jj < k
and length xs = k
and zs ! jj = (0, Some 0)
and (ezec (Suc t) <:> jj) i = u
shows enc-upd (zip-cont t xs i) jj u = zip-cont t (zs[jj:=(1, Some 0)]) ¢
(proof)

lemma zip-cont-upd-eq:

assumes jj < k
and i = exec t <#H> jj
and i < TT
and zs ! jj = (0, Some 0)
and length xs = k

shows (zip-cont t zs)(i:=enc-upd (zip-cont t zs i) jj (sim-write ¢t ! jj)) =

zip-cont t (zs[jj:=(1, Some 0)])

(is ?lhs = ?rhs)

(proof )

lemma sem-cmdL5-neg-pos:
assumes jj < k

243



and tps = tpsL t zs i 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and snd (zs ! jj) = Some 0
and i # exec t <#H> jj
and i < TT
and tps' = tpsL t zs (Suc i) 1 (\j. sim-move t ! j) (N\j. sim-write t ! j)
shows sem (cmdL5 jj) (0, tps) = (0, tps')
{proof)

lemma sem-cmdL5-eq-pos:
assumes jj < k
and tps = tpsL t zs i 1 (N\j. sim-move t ! j) (N\j. sim-write t ! j)
and zs ! jj = (0, Some 0)
and i = exec t <#> jj
and tps’ = tpsL t (zs[jj:=(1, Some 0)]) (Suc 1) 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length zs = k
shows sem (cmdL5 jj) (0, tps) = (0, tps’)
(proof)

lemma sem-cmdL5-eq-TT:
assumes jj < k and tps = tpsL t xs TT q mvs symbs
shows sem (emdL5 jj) (0, tps) = (1, tps)

(proof)

lemma execute-tmL45-1:
assumes it < exec t <#> jj
and jj < k
and t¢ps = tpsL t zs 0 1 (N\j. sim-move ¢! j) (N\j. sim-write t | j)
and zs ! jj = (0, Some 0)
and tps’' = tpsL t zs tt 1 (\j. sim-move t ! j) (N\j. sim-write t ! j)
shows execute (tmL45 j7) (0, tps) tt = (0, tps’)
(proof)

lemma execute-tmL45-2:
assumes it = exec t <#> jj
and jj < k
and tps = tpsL t zs 0 1 (N\j. sim-move ¢! j) (N\j. sim-write t | j)
and zs ! jj = (0, Some 0)
and tps’ = tpsL t (ws[jj:=(1, Some 0)]) (Suc tt) 1 (N\j. sim-move t ! §) (Aj. sim-write t ! j)
and length xs = k
shows execute (tmL45 jj) (0, tps) (Suc tt) = (0, tps’)
(proof)

lemma execute-tmL45-3:

assumes tt > Suc (exec t <#> 7j)
and tt < TT
and jj < k
and tps = tpsL t zs 0 1 (\j. sim-move ¢! j) (Aj. sim-write t ! j)
and zs ! jj = (0, Some 0)
and tps’ = tpsL t (xs[jj:=(1, Some 0)]) tt 1 (N\j. sim-move t ! j) (N\j. sim-write t ! §)
and length xs = k

shows execute (tmL45 jj) (0, tps) tt = (0, tps’)

(proof)

lemma execute-tmL45-4:
assumes jj < k
and tps = tpsL t zs 0 1 (\j. sim-move ¢! j) (Aj. sim-write t ! j)
and zs ! jj = (0, Some 0)
and tps’ = tpsL t (xs[jj:=(1, Some 0)]) TT 1 (\j. sim-move t ! j) (\j. sim-write t ! j)
and length xs = k
shows execute (tmL45 jj) (0, tps) (Suc TT) = (1, tps’)
(proof)

definition esL{5 = map (Ai. (n + 1, Suc @) [0.<TT) @ [(n + 1, TT)]
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lemma len-esL45: length esL45 = Suc TT
(proof)

lemma nth-map-upt-TT:
fixes es
assumes es = map [ [0.<TT] @ es’and i < TT
shows es ! i = f1i
(proof)

lemma tmL45:
assumes jj < k
and tps = tpsL t xs 0 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and zs ! jj = (0, Some 0)
and tps’ = tpsL t (ws[jj:=(1, Some 0)]) TT 1 (\j. sim-move t ! j) (Nj. sim-write ¢ ! j)
shows traces (tmL45 jj) tps esL45 tps’
(proof)

definition esL/6 = esL45 Q [(n + 1, fmt n)]

lemma len-esL46: length esL46 = TT + 2
(proof)

lemma tmL/46:
assumes jj < k
and t¢ps = tpsL t zs 0 1 (N\j. sim-move ¢! j) (N\j. sim-write t | j)
and length s = k
and zs ! jj = (0, Some 0)
and tps’ = tpsL t (ws[jj:=(1, Some 0)]) (fmt n) 1 (N\j. sim-move t ! j) (Aj. sim-write t ! j)
shows traces (tmL46 jj) tps esL46 tps’
(proof)

lemma sem-cmdL7-nonleft-gt-0:
assumes jj < k
and tps = tpsL t zs i 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length s = k
and i < TT
and i > 0
and sim-move t ! jj # 0
and tps’' = tpsL txs (i — 1) 1 (N\j. sim-move t ! j) (\j. sim-write t ! 7)
shows sem (cmdL7 jj) (0, tps) = (0, tps’)
(proof)

lemma sem-cmdL7-nonleft-eq-0:
assumes jj < k
and tps = tpsL t zs 0 1 (\j. sim-move ¢! j) (Aj. sim-write t ! j)
and length xs = k
and sim-move t ! jj # 0
shows sem (cmdL7 jj) (0, tps) = (1, tps)
(proof )

lemma execute-tmL67-nonleft-less:
assumes jj < k
and tps = tpsL t zs (fmt n) 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and sim-move t ! jj # 0
and tt < TT
and tps’ = tpsL t zs (fmt n — tt) 1 (\j. sim-move t ! j) (N\j. sim-write t ! 7)
shows execute (tmL67 jj) (0, tps) tt = (0, tps’)
(proof)

lemma ezecute-tmL67-nonleft-finish:
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assumes jj < k
and tps = tpsL t zs (fmt n) 1 (Nj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and sim-move t ! jj # 0
and tps’' = tpsL t zs 0 1 (N\j. sim-move t ! j) (Aj. sim-write t ! §)
shows execute (tmL67 3f) (0, tps) TT = (1, tps’)
(proof)

definition esL67 = map (\i. (n + 1, 1)) (rev [0..<fmt n]) Q [(n + 1, 0)]

lemma esL67-at-fmin [simp]: esL67 ! (fmt n) = (n + 1, 0)
(proof)

lemma esL67-at-lt-fmin [simp]: i < fmtn = esL67 ! i=(n+ 1, fmtn — i — 1)

(proof )

lemma tmL67-nonleft:
assumes jj < k
and tps = tpsL t zs (fmt n) 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and sim-move t ! jj # 0
and tps’' = tpsL t zs 0 1 (N\j. sim-move t ! j) (\j. sim-write t | §)
shows traces (tmL67 jj) tps esL67 tps’
(proof)

lemma sem-cmdL7-1:
assumes jj < k
and tps = tpsL t zs i 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and zs ! jj = (1, Some 0)
and i < TT
and i > exec t <#> jj
and sim-move t ! jj = 0
and tps’ = tpsL tzs (i — 1) 1 (N\j. sim-move t ! j) (N\j. sim-write t ! j)
shows sem (cmdL7 jj) (0, tps) = (0, tps')
(proof)

lemma ezecute-tmL67-1:
assumes jj < k
and tps = tpsL t zs (fmt n) 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and zs ! jj = (1, Some 0)
and sim-move t ! jj = 0
and tt < TT — exec t <#> jj
and tps’ = tpsL t zs (fmt n — tt) 1 (\j. sim-move t | j) (N\j. sim-write t ! 7)
shows execute (tmL67 jj) (0, tps) tt = (0, tps’)
(proof)

lemma zip-cont-enc-upd-Some:
assumes jj < k
and length xs = k
and zs ! jj = (1, None)
and i = exec (Suc t) <#> jj
shows (zip-cont t zs)(i:=(enc-upd (zip-cont t zs i) (k + jj) 1)) = zip-cont t (zs[jj:=(1, Some 1)])
(is ?lhs = ?rhs)
(proof)

lemma zip-cont-enc-upd-Some-Right:
assumes jj < k
and length xs = k
and zs ! jj = (1, None)
and i = Suc (exec t <#> jj)
and sim-move t ! jj = 2
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shows (zip-cont t zs)(i:=(enc-upd (zip-cont t zs i) (k + jj) 1)) = zip-cont t (xs[jj:=(1, Some 1)])
(proof)

lemma zip-cont-enc-upd-Some-Left:

assumes jj < k
and length xs = k
and zs ! jj = (1, None)
and Suc i = ezec t <#> jj
and sim-move t ! jj = 0

shows (zip-cont t zs)(i:=(enc-upd (zip-cont t zs i) (k + jj) 1)) = zip-cont t (zs[jj:=(1, Some 1)])
(is ?lhs = ?rhs)

(proof)

lemma zip-cont-enc-upd-None:
assumes jj < k
and length s = k
and zs ! jj = (1, Some 0)
and i = exec t <#> jj
shows (zip-cont t zs)(i:=(enc-upd (zip-cont t zs i) (k + jj) 0)) = zip-cont ¢ (zs[jj:=(1, None)])
(is 2lhs = ?rhs)

(proof )

lemma sem-cmdL7-2a:
assumes jj < k
and tps = tpsL t zs i 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and zs ! jj = (1, Some 0)
and 7 = exec t <#> jj
and i > 0
and sim-move t ! jj = 0
and tps’ = tpsL t (zsjj:=(1, None)]) (i — 1) 1 (N\j. if j = jj then 3 else sim-move t | §) (\j. sim-write ¢! j)
shows sem (cmdL7 jj) (0, tps) = (0, tps’)
(proof)

lemma ezecute-tmL67-2a:
assumes jj < k
and tps = tpsL t zs (fmt n) 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and zs ! jj = (1, Some 0)
and sim-move t ! jj = 0
and exec t <#> jj > 0
and it = TT — exec t <#> jj
and tps’ = tpsL t (zs[jj:=(1, None)]) (fmt n — tt) 1 (N\j. if j = jj then 3 else sim-move t ! j) (Aj. sim-write
L)
shows execute (tmL67 jj) (0, tps) tt = (0, tps’)
(proof)

lemma zip-cont-Some-Some:

assumes jj < k
and length xs = k
and zs ! jj = (1, Some 0)
and ¢ = exec t <#> jj
and i = 0
and sim-move t ! jj = 0

shows zip-cont t zs = zip-cont t (zs[jj:=(1, Some 1)])
(is ?lhs = ?rhs)

(proof )

lemma sem-cmdL7-2b:
assumes jj < k
and tps = tpsL t xs i 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and zs ! jj = (1, Some 0)
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and i = exec t <#> jj
and i = 0
and sim-move t ! jj = 0
and tps’ = tpsL t (ws[jj:=(1, Some 1)]) i 1 (N\j. sim-move t ! ) (\j. sim-write t ! j)
shows sem (cmdL7 jj) (0, tps) = (1, tps')
(proof)

lemma ezecute-tmL67-2b:
assumes jj < k
and tps = tpsL t zs (fmt n) 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and zs ! jj = (1, Some 0)
and sim-move t ! jj = 0
and exec t <#> jj =0
and tps’ = tpsL t (xs[jj:=(1, Some 1)]) 0 1 (\j. sim-move t ! j) (\j. sim-write t | §)
shows execute (tmL67 jj) (0, tps) TT = (1, tps’)
(proof)

lemma tmL67-left-0:
assumes jj < k
and tps = tpsL t zs (fmt n) 1 (Nj. sim-move t ! j) (Aj. sim-write t ! j)
and length s = k
and zs ! jj = (1, Some 0)
and sim-move t ! jj = 0
and exec t <#> jj = 0
and tps’ = tpsL t (zs[jj:=(1, Some 1)]) 0 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
shows traces (tmL67 jj) tps esL67 tps’
(proof)

lemma sem-cmdL7-3:
assumes jj < k
and tps = tpsL t zs i 1 (N\j. if j = jj then 3 else sim-move t | j) (Aj. sim-write ¢! j)
and length zs = k
and zs ! jj = (1, None)
and Suc i = ezec t <#> jj
and sim-move t ! jj = 0
and tps’ = tpsL t (xs[jj:=(1, Some 1)]) (i — 1) 1 (\j. sim-move t ! j) (\j. sim-write t ! j)
shows sem (cmdL7 jj) (0, tps) = (if i = 0 then 1 else 0, tps’)
(proof )

lemma ezecute-tmL67-3:
assumes jj < k
and tps = tpsL t zs (fmt n) 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and zs ! jj = (1, Some 0)
and sim-move t ! jj = 0
and exec t <#> jj > 0
and it = TT — exec t <#> jj
and tps’ = tpsL t (zs[jj:=(1, Some 1)]) (fmt n — Suc tt) 1 (Nj. sim-move t ! j) (Nj. sim-write t ! j)
shows execute (tmL67 3j) (0, tps) (Suc tt) = (if fmt n — tt = 0 then 1 else 0, tps’)
(proof)

lemma sem-cmdL7-4:
assumes jj < k
and tps = tpsL t zs i 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and zs ! jj = (1, Some 1)
and Suc i < ezec t <#> jj
and sim-move t ! jj = 0
and tps’ = tpsL tzs (i — 1) 1 (\j. sim-move t ! j) (N\j. sim-write t ! 7)
shows sem (cmdL7 jj) (0, tps) = (if i = 0 then 1 else 0, tps’)
(proof)
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lemma execute-tmL67-4:
assumes jj < k
and tps = tpsL t zs (fmt n) 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length s = k
and zs ! jj = (1, Some 0)
and sim-move t ! jj = 0
and exec t <#> jj > 0
and tt > Suc (Suc (TT — exec t <#> jj))
and tt < TT
and tps’ = tpsL t (ws[jj:=(1, Some 1)]) (fmt n — tt) 1 (Nj. sim-move t ! j) (Aj. sim-write t ! j)
shows execute (tmL67 jj) (0, tps) tt = (if TT — tt = 0 then 1 else 0, tps')
(proof)

lemma tmL67-left-gt-0:
assumes jj < k
and tps = tpsL t zs (fmt n) 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and zs ! jj = (1, Some 0)
and sim-move t ! jj = 0
and exec t <#> jj > 0
and tps’ = tpsL t (ws[jj:=(1, Some 1)]) 0 1 (N\j. sim-move t ! §) (\j. sim-write t ! j)
shows traces (tmL67 jj) tps esL67 tps’
(proof)

lemma tmL67-left:
assumes jj < k
and tps = tpsL t zs (fmt n) 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length s = k
and zs ! jj = (1, Some 0)
and sim-move t ! jj = 0
and tps’ = tpsL t (ws[jj:=(1, Some 1)]) 0 1 (N\j. sim-move t ! ) (Aj. sim-write t ! j)
shows traces (tmL67 jj) tps esL67 tps’
(proof)

definition esL47 = esL46 @Q esL67

lemma len-esL47: length esL47 = 2 « TT + 2
(proof)

lemma tmL/j7-nonleft:
assumes jj < k
and tps = tpsL t zs 0 1 (N\j. sim-move ¢! j) (N\j. sim-write t ! j)
and length s = k
and zs ! jj = (0, Some 0)
and sim-move t ! jj # 0
and tps’ = tpsL t (zs[jj:=(1, Some 0)]) 0 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
shows traces (tmL47 jj) tps esL47 tps’
(proof)

lemma tmL/7-left:
assumes jj < k
and tps = tpsL t zs 0 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and zs ! jj = (0, Some 0)
and sim-move t ! jj = 0
and tps’ = tpsL t (ws[jj:=(1, Some 1)]) 0 1 (N\j. sim-move t ! §) (\j. sim-write t ! j)
shows traces (tmL47 jf) tps esL47 tps’
(proof)

lemma sem-cmdL§-nonright:
assumes jj < k
and tps = tpsL t zs i 1 (\j. sim-move t ! j) (A\j. sim-write t ! j)
and length xs = k
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and ¢ < TT
and sim-move t | jj # 2
and tps’ = tpsL t zs (Suc i) 1 (\j. sim-move t ! j) (N\j. sim-write t ! j)
shows sem (cmdL8 jj) (0, tps) = (0, tps’)
(proof)

lemma sem-cmdL8-TT"
assumes jj < k
and tps = tpsL t zs i 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length s = k

and i = TT
shows sem (cmdL8 jj) (0, tps) = (1, tps)
(proof )

lemma ezecute-tmL78-nonright-le-TT":
assumes jj < k
and tps = tpsL t s 0 1 (N\j. sim-move t ! j) (N\j. sim-write t ! j)
and length xs = k
and sim-move t ! jj # 2
and tt < TT
and tps’ = tpsL t zs tt 1 (Aj. sim-move t ! j) (Aj. sim-write t ! §)
shows ezecute (tmL78 jj) (0, tps) tt = (0, tps’)
(proof)

lemma ezecute-tmL78-nonright-eq-Suc-TT":
assumes jj < k
and t¢ps = tpsL t zs 0 1 (N\j. sim-move ¢! j) (N\j. sim-write t | j)
and length s = k
and sim-move t | jj # 2
and tps’ = tpsL t zs TT 1 (N\j. sim-move t ! j) (\j. sim-write t | §)
shows ezecute (tmL78 jj) (0, tps) (Suc TT) = (1, tps’)
{proof)

definition esL78 = map (Ai. (n + 1, Suc 7)) ([0.<TT]) @ [(n + 1, TT)]

lemma tmL78-nonright:
assumes jj < k
and tps = tpsL t s 0 1 (N\j. sim-move t ! j) (N\j. sim-write t ! j)
and length xs = k
and sim-move t ! jj # 2
and tps’ = tpsL t zs TT 1 ()\j. sim-move t ! j) (\j. sim-write t | §)
shows traces (tmL78 jj) tps esL78 tps’
(proof )

lemma sem-cmdL8-1:
assumes jj < k
and tps = tpsL t zs i 1 (\j. sim-move t ! j) (A\j. sim-write t ! j)
and length xs = k
and zs ! jj = (1, Some 0)
and i < exec t <#> jj
and sim-move t ! jj = 2
and tps’ = tpsL t zs (Suc i) 1 (\j. sim-move t ! j) (N\j. sim-write t ! j)
shows sem (cmdL8 jj) (0, tps) = (0, tps')
(proof)

lemma ezecute-tmL78-1:
assumes jj < k

and tps = tpsL t zs 0 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and zs ! jj = (1, Some 0)
and sim-move t ! jj = 2
and tt < exec t <#> jj
and tps’ = tpsL t zs tt 1 (\j. sim-move t ! j) (N\j. sim-write t ! j)
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shows execute (tmL78 jj) (0, tps) tt = (0, tps’)
{proof)

lemma sem-cmdL8-2:
assumes jj < k
and tps = tpsL t zs i 1 (\j. sim-move t ! j) (Aj. sim-write t ! j)
and length s = k
and zs ! jj = (1, Some 0)
and i = exec t <#H> jj
and sim-move t ! jj = 2
and tps’ = tpsL t (zs[jj:=(1, None)]) (Suc i) 1 (Nj. if j = jj then 3 else sim-move t ! j) (N\j. sim-write t ! §)
shows sem (cmdL8 jj) (0, tps) = (0, tps')
{proof)

lemma ezecute-tmL78-2:
assumes jj < k
and tps = tpsL t s 0 1 (N\j. sim-move t ! j) (N\j. sim-write t ! j)
and length xs = k
and zs ! jj = (1, Some 0)
and sim-move t | jj = 2
and tps’ = tpsL t (zs[jj:=(1, None)]) (Suc (ewec t <#> jj)) 1 (Nj. if j = jj then 3 else sim-move t ! §) (M\j.
sim-write t ! §)
shows execute (tmL78 jj) (0, tps) (Suc (exec t <#> jj)) = (0, tps’)
(proof)

lemma sem-cmdL8§-3:
assumes jj < k
and tps = tpsL t xs i 1 (Nj. if j = jj then 8 else sim-move t ! j) (N\j. sim-write t ! j)
and length xs = k
and zs ! jj = (1, None)
and i = Suc (exec t <#> jj)
and sim-move t | jj = 2
and tps’ = tpsL t (ws[jj:=(1, Some 1)]) (Suc i) 1 (Nj. sim-move t ! j) (Nj. sim-write t ! j)
shows sem (cmdL8 jj) (0, tps) = (0, tps’)
(proof)

lemma ezecute-tmL78-3:
assumes jj < k
and t¢ps = tpsL t zs 0 1 (N\j. sim-move t ! j) (N\j. sim-write t | j)
and length s = k
and zs ! jj = (1, Some 0)
and sim-move t ! jj = 2
and tps’ = tpsL ¢ (zs[jj:=(1, Some 1)]) (Suc (Suc (ezec t <#> jj))) 1 (Aj. sim-move t ! j) (Nj. sim-write
')
shows execute (tmL78 jj) (0, tps) (Suc (Suc (ezec t <#> j))) = (0, tps’)
(proof)

lemma sem-cmdL8-4:
assumes jj < k
and tps = tpsL t zs i 1 (\j. sim-move t ! j) (A\j. sim-write t ! j)
and length xs = k
and zs ! jj = (1, Some 1)
and i > Suc (exec t <#> jj)
and i < TT
and sim-move t ! jj = 2
and tps’ = tpsL t zs (Suc i) 1 (\j. sim-move t ! j) (N\j. sim-write t ! j)
shows sem (cmdL8 jj) (0, tps) = (0, tps’)
(proof)

lemma execute-tmL78-4:
assumes jj < k
and tps = tpsL t zs 0 1 (\j. sim-move ¢! j) (Aj. sim-write t ! j)
and length xs = k
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and zs ! jj = (1, Some 0)

and sim-move t | jj = 2

and ¢t > Suc (Suc (exec t <#> jj))

and tt < TT

and tps’ = tpsL t (xs[jj:=(1, Some 1)]) tt 1 (N\j. sim-move t ! j) (N\j. sim-write t ! 7)
shows execute (tmL78 i) (0, tps) tt = (0, tps’)
(proof)

lemma ezecute-tmL78-5:
assumes jj < k
and tps = tpsL t s 0 1 (N\j. sim-move t ! ) (N\j. sim-write t ! j)
and length zs = k
and zs ! jj = (1, Some 0)
and sim-move t | jj = 2
and tps’ = tpsL t (xs[jj:=(1, Some 1)]) TT 1 (\j. sim-move t ! j) (\j. sim-write t ! j)
shows execute (tmL78 jj) (0, tps) (Suc TT) = (1, tps’)
(proof)

lemma tmL78-right:
assumes jj < k
and t¢ps = tpsL t zs 0 1 (N\j. sim-move t ! j) (N\j. sim-write t | j)
and length s = k
and zs ! jj = (1, Some 0)
and sim-move t ! jj = 2
and tps’ = tpsL t (ws[jj:=(1, Some 1)]) TT 1 (\j. sim-move t ! j) (Nj. sim-write ¢ ! j)
shows traces (tmL78 jj) tps esL78 tps’
(proof)

lemma zip-cont-Stay:
assumes jj < k
and length s = k
and zs ! jj = (1, Some 0)
and sim-move t ! jj = 1
shows zip-cont t zs = zip-cont t (zs[jj:=(1, Some 1)])

(proof)

lemma tpsL-Stay:
assumes jj < k
and tps = tpsL t zs i 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length s = k
and zs ! jj = (1, Some 0)
and sim-move t ! jj = 1
shows tps = tpsL t (zs[jj:=(1, Some 1)]) i 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
(proof)

definition esL48 = esL/7 Q esL78

lemma len-esL48: length esL48 = 3 « TT + 3
(proof)

lemma tmL/48-left:
assumes jj < k
and tps = tpsL t zs 0 1 (\j. sim-move ¢! j) (Aj. sim-write t ! j)
and length xs = k
and zs ! jj = (0, Some 0)
and sim-move t ! jj = 0
and tps’ = tpsL t (ws[jj:=(1, Some 1)]) TT 1 (Nj. sim-move t ! j) (Aj. sim-write ¢ ! j)
shows traces (tmL48 jj) tps esL48 tps’
(proof)

lemma tmL48-right:

assumes jj < k
and tps = tpsL t zs 0 1 (N\j. sim-move ¢! j) (N\j. sim-write t | j)
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and length s = k

and zs ! jj = (0, Some 0)

and sim-move t ! jj = 2

and tps’ = tpsL t (ws[jj:=(1, Some 1)]) TT 1 (Nj. sim-move t ! j) (Aj. sim-write ¢ ! j)
shows traces (tmL48 jj) tps esL48 tps’
(proof)

lemma tmL/8-stay:
assumes jj < k
and tps = tpsL t xs 0 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and zs ! jj = (0, Some 0)
and sim-move t ! jj = 1
and tps’ = tpsL t (xs[jj:=(1, Some 1)]) TT 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
shows traces (tmL48 jf) tps esL48 tps’
(proof)

lemma tmL48:
assumes jj < k
and tps = tpsL t s 0 1 (N\j. sim-move t ! ) (N\j. sim-write t ! j)
and length xs = k
and zs ! jj = (0, Some 0)
and tps’ = tpsL t (xs[jj:=(1, Some 1)]) TT 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
shows traces (tmL48 jf) tps esL48 tps’
{proof)

definition esL{9 = esL48 @ map (A\i. (n + 1, 7)) (rev [0..<TT]) Q [(n + 1, 0)]

lemma len-esL/9: length esL49 = 4 « TT + 4
(proof)

lemma tmL/9:
assumes jj < k
and tps = tpsL t zs 0 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
and length xs = k
and zs ! jj = (0, Some 0)
and tps’ = tpsL t (xs[jj:=(1, Some 1)]) 0 1 (Aj. sim-move t ! j) (Aj. sim-write t ! j)
shows traces (tmL49 jj) tps esL49 tps’
(proof)

definition zs/9 :: nat = (nat X nat option) list where
zs49 j = replicate j (1, Some 1) @ replicate (k — j) (0, Some 0)

lemma length-zs49: j < k = length (zs49 j) = k
(proof)

lemma zs49-less:
assumes j < kand 7 < j
shows zs49 j ! i = (1, Some 1)
(proof)

lemma zs49-ge:
assumes j < kand i > jand i < k
shows zs49 j ! i = (0, Some 0)
(proof)

lemma zs49-upd:
assumes j < k
shows xs49 (Suc j) = (zs49 j)[j := (1, Some 1)]
(is ?lhs = ?rhs)

(proof)

lemma tmL/9-upt:
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assumes j < k

and tps' = tpsL t (2549 j) 0 1 (\j. sim-move t ! j) (N\j. sim-write t ! j)
shows traces (tmL49-upt 7) (tpsLj t) (concat (replicate j esL49)) tps’
(proof)

definition esL49-upt = concat (replicate k esL49)

lemma length-concat-replicate: length (concat (replicate m xs)) = m x length xs
(proof)

lemma len-esL49-upt: length esLi9-upt = k = (4 « TT + 4)
(proof)

corollary tmL/9-upt”
assumes tps’ = tpsL t (zs49 k) 0 1 (\j. sim-move t ! j) (N\j. sim-write t ! §)
shows traces (tmL49-upt k) (tpsL4 t) esLf9-upt tps’
(proof)

definition esL9 t = esLj t Q esL49-upt

lemma len-esL9: length (esL9t) =k (4 « TT + 4) +t+ 2« TT + 4
{proof)

lemma z549-k: ©s49 k = replicate k (1, Some 1)
(proof)

definition tpsL9 t = tpsL
t
(replicate k (1, Some 1))
0
1
(Aj. sim-move t ! j)
(Aj. sim-write t ! j)

lemma tmL9:
assumes t < TT
shows traces tmL9 (tpsL0 t) (esL9 t) (tpsL9 t)

(proof )
definition esL10t = esL9t Q esC' t

lemma len-esL10: length (esL10t) =k (4 * TT + 4) + 2+t + 2« TT + &
(proof)

definition tpsL10 t = tpsL
t
(replicate k (1, Some 1))
t
1

(Aj. sim-move t ! j)

(Aj. sim-write t ! j)

lemma tmL10:
assumes t < TT
shows traces tmL10 (tpsLO t) (esL10 t) (tpsL10 t)
(proof)

definition tpslL11 t = tpsL
(Suc t)
replicate k (0, Some 0))

—~ S

Aj. sim-move t ! j)
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(Aj. sim-write t ! j)

lemma enc-upd-2k:
assumes dec n = (map f [0..<k] @ map h [0..<k] Q [a, b])
shows enc-upd n (2 x k) 1 = enc (map f [0..<k] Q@ map h [0..<k] Q [1, b])
(proof)

lemma enc-upd-zip-cont:
assumes t < TT
and zs! = replicate k (1, Some 1)
and zs0 = (replicate k (0, Some 0))
shows enc-upd (zip-cont t xzs1 t) (2 x k) 1 = zip-cont (Suc t) zs0 ¢
{proof)

lemma enc-upd-zip-cont-upd:
assumes ¢t < TT
and zs! = replicate k (1, Some 1)
and zs0 = (replicate k (0, Some 0))
shows (zip-cont t zs1) (t:=enc-upd (zip-cont t zs1 t) (2 * k) 1) = zip-cont (Suc t) zs0
(proof)

lemma sem-cmdL11:
assumes t < TT
shows sem c¢mdL11 (0, tpsL10 t) = (1, tpsL11 t)

(proof )

definition esL11 t = esL10t Q [(n + 1, t)]

lemma len-esL11: length (esL11t) =k* (4 « TT + 4)+ 2+t + 2« TT 4+ 6
(proof)

lemma tmL11:
assumes t < TT
shows traces tmL11 (tpsLO t) (esL11 t) (tpsL11 t)

{proof)
definition esL12 t = esL11 t Q map (Ai. (n + 1, 1)) (rev [0..<t]) Q [(n + 1, 0)]

lemma len-esL12: length (esL12t) =k (4 * TT + 4) + 3 xt+ 2 x TT + 7
{proof)

definition tpsLi2 t = tpsL

(Suc t)

(replicate k (0, Some 0))
0

0

(Aj. sim-move t ! j)

(Aj. sim-write t ! j)

lemma tmL12:
assumes t < 1T
shows traces tmL12 (tpsLO t) (esL12t) (tpsL12 t)

(proof)

definition tpsL13 t = tpsL
(Suc t)
(replicate k (0, Some 0))
0
0
(M. 0)
(M. 0)

definition esL13 t = esL12t Q [(n + 1, 0)]

255



lemma len-esL13: length (esL18t) =k * (4 x TT + 4) + 8 xt+ 2 TT + 8
{proof)

lemma tmL13:
assumes t < TT
shows traces tmL13 (tpsLO t) (esL13 t) (tpsL13 t)
{proof)

corollary tmL13":
assumes t < TT
shows traces tmL13 (tpsC1 t) (esL18 t) (tpsL18 t)
(proof)

definition esLoop-while t =
esC t @ [(tpsC1 t #: 0, tpsC1 t :#: 1)] Q esL18t Q [(tpsL13 ¢ :#: 0, tpsL13 t :#: 1)]

definition esLoop-break = (esC TT) @ [(tpsC1 TT :#: 0, tpsC1 TT :#: 1)]

lemma len-esLoop-while: length (esLoop-while t) =k x (4 « TT + 4) + 4 xt+ 2« TT + 11
(proof)

lemma tmLoop-while:
assumes t < TT
shows trace tmLoop (0, tpsCO t) (esLoop-while t) (0, tpsL13 t)
{proof)

lemma tmLoop-while-end:
trace tmLoop (0, tpsCO 0) (concat (map esLoop-while [0..<TT))) (0, tpsCO TT)
(proof)

lemma len-esLoop-break: length esLoop-break = TT + 2
(proof)

lemma tmLoop-break: traces tmLoop (tpsCO TT) esLoop-break (tpsC1 TT)
(proof)

definition esLoop = concat (map esLoop-while [0..<TT]) @ esLoop-break

lemma len-esLoopl: v < TT = length (concat (map esLoop-while [0..<u])) < u = (k* (4 * TT + 4) + 4 *
TT + 2 « TT + 11)
{proof)

lemma len-esLoop2: length (concat (map esLoop-while [0.<TT)|) < TT % (kx (4 * TT + 4) + 4 = TT + 2
« TT + 11)

{proof)

lemma len-esLoop3: length esLoop < TT x (k* (4 * TT + 4) + 4« TT + 2« TT + 11) + TT + 2
{proof)

lemma len-esLoop: length esLoop < 28 x k x TT « TT
(proof)

lemma tmLoop: traces tmLoop (tpsC0O 0) esLoop (tpsC1 T'T)
(proof)

lemma tps9-tpsCO: tps9 = tpsCO 0
(proof)

definition es10 = es9 Q esLoop

lemma len-es10: length es10 < length (es-fmt n) + 40 * k « TT « TT
(proof)
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lemma tm10: traces tm10 tps0 es10 (tpsC1 TT)
{proof)

Cleaning up the output
abbreviation tps10 = tpsC1 TT

definition es!1 = es10 @ map (Ai. (n + 1, ©)) (rev [0..<TT]) Q [(n + 1, 0)]

lemma len-es11: length es11 < length (es-fmt n) + 40 * k « TT = TT + Suc TT
(proof)

definition tps11 = ¢ps10[1 := ltransplant (tps10 ! 1) (tps10 ! 1) ecl TT)

lemma tm11: traces tm11 tps0 esl1 tpsil
{proof)

definition esi2 = es11 Q [(n + 1, 1)]

The upper bound on the length of the trace will help us establish an upper bound of the total running
time.

lemma length-es12: length es12 < length (es-fmt n) + 43 x kx TT « TT
(proof )

definition tps12 = ps11[1 := tpsi1 | 1 |:=| (ecl (tpsil :.: 1)) |+]| 1]

lemma tm12: traces tm12 tps0 es12 tps12
(proof)

lemma tps11-0: (tpsi1 ::: 1) 0 = (zip-cont TT (replicate k (0, Some 0))) 0
{proof)

lemma tpsi1-gr0-exec:

assumes i > 0

shows (tpsi1 ::: 1) i = (exec TT <:> 1) 4
(proof)

definition tps12’ =
(Lzs), m + 1),
(exec TT <:> 1, 1),
[fst (exec TT)]] @
map (Ai. [O]) [0..<k] @
map (Ai. [O]) [0..<k]

lemma tpsi2”: tps12' = tpsi2
(proof )

lemma tm12": traces tm12 tps0 es12 tps12’
(proof)

end

5.3.4 Shrinking the Turing machine to two tapes

The simulator TM tm12 has 2k + 3 tapes, of which 2k + 1 are immobile and thus can be removed by the
memorization-in-states technique, resulting in a two-tape TM.

lemma immobile-tm12:
assumes j > l and j < 2 x k + 3
shows immobile tm12 j (2 * k + &)
(proof)

definition tpsi2' zs =
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[(|zs], length zs + 1),
(exec zs (Suc (fmt (length zs))) <:> 1, 1)]

lemma tpsi2'":
assumes bit-symbols zs
shows tps12' zs = take 2 (tps12' zs)
(proof)

This is the actual simulator Turing machine we are constructing in this section. It is tm12 stripped of
all memorization tapes:

definition tmO2T = icartesian (2 * k + 1) tm12 G’

lemma tmO2T-tm: turing-machine 2 G’ tmO2T
(proof)

The constructed two-tape Turing machine computes the same output as the original Turing machine.

lemma tmO27T:
assumes bit-symbols zs
shows traces tmO2T (snd (start-config 2 2s)) (es12 zs) (tps12'' zs)

(proof)

5.3.5 Time complexity

This is the bound for the running time of tmO2T":

definition TTT :: nat = nat where
TTT = An. length (es-fmt n) + 43 x k x Suc (fmt n) x Suc (fmt n)

lemma ezxecute-tmO2T:
assumes bit-symbols zs
shows execute tmO2T (start-config 2 zs) (TTT (length zs)) = (length tmO2T, tps12'' zs)

(proof )
The simulator TM tmO2T halts with the output tape head on cell 1.

lemma ezecute-tmO27T-1:
assumes bit-symbols zs
shows ezecute tmO2T (start-config 2 zs) (TTT (length zs)) <!> 1 =
(execute M (start-config k zs) (T (length zs)) <:> 1, 1)
(proof)

lemma poly-TTT: big-oh-poly TTT
(proof)

5.3.6 Obliviousness

The two-tape simulator machine is oblivious.

lemma tmO27T-oblivious:
assumes length zs1 = length zs2 and bit-symbols zs1 and bit-symbols zs2
shows es12 zs1 = es12 zs2

(proof )

end

5.4 NP and obliviousness

This section presents the main result of this chapter: For every language L € NP there is a polynomial-
time two-tape oblivious verifier TM that halts with the output tape head on a 1 symbol iff. in the
input (x,u), the string w is a certificate for . The proof combines two lemmas. First NP-output-len-1,
which says that we can assume the verifier outputs only one symbol (namely, 0 or 1), and second
two-tape.execute-tmO2T-1, which says that the two-tape oblivious TM halts with output tape head in
cell 1. This cell will contain either 0 or 1 by the first lemma.

258



lemma NP-imp-oblivious-2tape:

fixes L :: language

assumes L € NP

obtains M G T p where
big-oh-poly T and
polynomial p and
turing-machine 2 G M and
oblivious M and
Ny. bit-symbols y => fst (execute M (start-config 2 y) (T (length y))) = length M and

NAz. z € L <— (u. length u = p (length ) A execute M (start-config 2 (z; u)) (T (length (z; u))) <.> 1

(proof)

end
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Chapter 6

Reducing NP languages to SAT

theory Reducing
imports Satisfiability Oblivious
begin

We have already shown that SAT is in N'P. It remains to show that SAT is N"P-hard, that is, that every
language L € NP can be polynomial-time reduced to SAT. This, in turn, can be split in two parts. First,
showing that for every z there is a CNF formula ¢ such that « € L iff. ® is satisfiable. Second, that
® can be computed from x in polynomial time. This chapter is devoted to the first part, which is the
core of the proof. In the subsequent two chapters we painstakingly construct a polynomial-time Turing
machine computing ® from x in order to show something that is usually considered “obvious”.

The proof corresponds to lemma 2.11 from the textbook [2]. Of course we have to be much more explicit
than the textbook, and the first section describes in some detail how we derive the formula ®.

6.1 Introduction

Let L € N'P. In order to reduce L to SAT, we need to construct for every string z € {O,1}* a CNF
formula @ such that x € L iff. ® is satisfiable. In this section we describe how ® looks like.

6.1.1 Preliminaries
We denote the length of a string s € {O,1}* by |s|. We define

k if s = 1+0lsI=F,
|s|] +1 otherwise.

mum(s) = {

Essentially num interprets some strings as unary codes of numbers. All other strings are interpreted as
an “error value”.

For a string s and a sequence w € N™ of numbers we write s(w) for num(sy, - .. Sw, _,). Likewise for an
assignment o: N — {0, I} we write a(w) = num(a(wy) ... a(wp_1)).

We define two families of CNF formulas. Variables are written vy, v, v, ..., and negated variables are
written 9g, 1, U2, ... Let w € N” be a list of numbers. For k < n define

k-1 n—1
U(w, k) = /\ Vyy; A /\ Vo +
i=0 i=k

This formula is satisfied by an assignment « iff. a(w) = k. In a similar fashion we define for n > 2,

n—1

T(w) = vy A Uy A /\ Dy s
i=3

which is satisfied by an assignment « iff. a(w) € {2,3} = {0,1}, where as usual the boldface 0 and 1
refer to the symbols represented by the numbers 2 and 3.
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For a < b we write [a : b] for the interval [a,...,b — 1] € N®~2. For intervals the CNF formulas become:

at+k—1 b—1 b—1
U([a:b],k)= /\ v; A /\ on and Y([a: b)) =vg AvVat1 A /\ V.
i=a i=a+k i=a+3

Let ¢ be a CNF formula and let ¢ € N* be a sequence of variable indices such that for all variables v;
occurring in ¢ we have ¢ < |o|. Then we define the CNF formula o(y) as the formula resulting from
replacing every variable v; in ¢ by the variable v,,. This corresponds to our function relabel.

6.1.2 Construction of the CNF formula

Let M be the two-tape oblivious verifier Turing machine for L from lemma NP-imp-oblivious-2tape. Let
p be the polynomial function for the length of the certificates, and let T: N — N be the polynomial
running-time bound. Let G be M’s alphabet size.

Let z € {0, I}" be fixed thoughout the rest of this section. We seek a CNF formula ® that is satisfiable
iff. x € L. We are going to transform “x € L” via several equivalent statements to the statement “® is
satisfiable” for a suitable ® defined along the way. The Isabelle formalization later in this chapter does
not prove these equivalences explicitly. They are only meant to explain the shape of ®.

1st equivalence

From lemma NP-imp-oblivious-2tape about M we get the first equivalent statement: There exists a
certificate u € {0, 1} such that M on input (x,u) halts with the symbol 1 under its output tape
head. The running time of M is bounded by T'(|{x,u)|) = T (2n + 2 4+ 2p(n)). We abbreviate |{x,u)| =
2n + 2+ 2p(n) by m.

2nd equivalence

For the second equivalent statement, we define what the textbook calls “snapshots”. For every u €
{0, 1}7(™) let 2%(t) be the symbol under the input tape head of M on input (z,u) at step t. Similarly we
define z}(t) as the symbol under the output tape head of M at step ¢ and z¥(t) as the state M is in at
step t. A triple z"(¢) = (2§ (t), 2}:(t), 2%(t)) is called a snapshot. For the initial snapshot we have:

25 (0) = 2(0) = and 25(0) = 0. (Z0)

The crucial idea is that the snapshots for ¢ > 0 can be characterized recursively using two auxiliary
functions inputpos and prev.

Since M is oblivious, the positions of the tape heads on input (x,u) after ¢ steps are the same for all u
of length p(n). We denote the input head positions by inputpos(t).

For every ¢t we denote by prev(t) the last step before ¢ in which the output tape head of M was in the
same cell as in step ¢t. Due to M’s obliviousness this is again the same for all u of length p(n). If there
is no such previous step, because t is the first time the cell is reached, we set prev(t) = ¢. (This deviates
from the textbook, which sets prev(t) = 1.) In the other case we have prev(t) < t.

Also due to M’s obliviousness, the halting time on input {(x, u) is the same for all u of length p(n), and we
denote it by 77 < T'(|{z,u)|). Thus we have inputpos(t) < T’ for all ¢t. If we define the symbol sequence
y(u) = >(z,u)07", the first component of the snapshots is, for arbitrary t:

Zg)L (t) = y(u)’inputpos(t)' (Zl)

Next we consider the snapshot components z}'(t) for ¢ > 0. First consider the case prev(t) < t; that is,
the last time before ¢ when M’s output tape head was in the same cell as in step ¢ was in step prev(t).
The snapshot for step prev(t) has exactly the information needed to calculate the actions of M at step ¢:
the symbols read from both tapes and the state which M is in. In some sort of hybrid notation:

21 (t) = (M ! 23 (prev(t))) [z5 (prev(t)), 21 (prev(t))] [] 1. (Z2)

In the other case, prev(t) = t, the output tape head has not been in this cell before and is thus reading a
blank. It cannot be reading the start symbol because the output tape head was in cell zero at step t =0
already. Formally:

z1(t) = 0. (Z3)

261



The state 2§ (¢) for t > 0 can be computed from the state z¥ (¢ — 1) in the previous step and the symbols
z§(t — 1) and 2} (¢t — 1) read in the previous step:

2y (t) = fst (M ! 25(t = 1)) [z5(¢ = 1), 21 (£ = 1)]). (Z4)

For a string u € {0, 1}’ the equations (Z0) — (Z4) uniquely determine all the z*(0),...,2z%(T"). Con-
versely, the snapshots for u satisfy all the equations. Therefore the equations characterize the sequence
of snapshots.

The condition that M halts with the output tape head on 1 can be expressed with snapshots:
24T = 1. (Z5)

This yields our second equivalent statement: x € L iff. there is a u € {(D,]I}p(”) and a sequence
z2%(0),..., 2" (T") satisfying the equations (Z0) — (Z5).

3rd equivalence

The length of y(u) is m :==m+1+T" =3+ 2n+ 2p(n) + 1" because |(x,u)| = m plus the start symbol
plus the T” blanks.

For the next equivalence we observe that the strings y(u) for u € {0,1}*(™ can be characterized as
follows. Consider a predicate on strings y:

Yo = > (the start symbol);

YO0
Y1

Y2) yont1 = Yant2 = 1 (the separator in the pair encoding);
Y3) y2i41 =0 for i =0,...,n —1 (the zeros before z);
Y4) yoptoyoirr =0 fori=0,...,p(n) — 1 (the zeros before u);

(Y0) |y
(Y1)
(Y2)
(Y3)
(Y4)
(Y5)

Y5) Yontop(n)s+i = O for i =0,..., 7" — 1 (the blanks after the input proper);

0 if T; = (D7 . s .
(Y6) yoito = { 1 otherwiso for i =0,...,n—1 (the bits of z);

(YT7) yontatoi € {0,1} for i =0,...,p(n) — 1 (the bits of u).

Every y(u) for some u of length p(n) satisfies this predicate. Conversely, from a y satisfying the predicate,
a u of length p(n) can be extracted such that y = y(u).
From that we get the third equivalent statement: z € L iff. there isa y € {0,...,G — 1}”’/ with (Y0) —
(Y7) and a sequence z“(0),..., z*(T") with (Z0) — (Z5).

4th equivalence

Each element of y is a symbol from M’s alphabet, that is, a number less than G. The same goes for
the first two elements of each snapshot, z{(t) and 2¥(¢). The third element, z¥(¢), is a number less than
or equal to the number of states of M. Let H be the maximum of G and the number of states. Every
element of y and of the snapshots can then be represented by a bit string of length H using num (the
textbook uses binary, but unary is simpler for us). So we use 3H bits to represent one snapshot. There
are T" + 1 snapshots until M halts. Thus all elements of all snapshots can be represented by a string of
length 3H - (T” + 1). Together with the string of length N := H - m’ for the input tape contents y, we
have a total length of N +3H - (T" + 1).

The equivalence can thus be stated as z € L iff. there is a string s € {0, }NT3(T'+1) with certain
properties. To write these properties we introduce some intervals:

o vi=[H:(i+1)H] for i <m’,
o (o(t)=[N+3Ht: N+3Ht+ H| fort <T’,
« G(t)=[N+3Ht+H:N+3Ht+2H] for t <T,
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e ) =[N+3Ht+2H:N+3H(t+1)] fort<T.

These intervals slice the string s in intervals of length H. The string s must satisfy properties analogous
0 (Y0) — (Y7), which we express using the intervals ~;:

(Y0) |s| =N +3H(T'+1)

(Y1) s(y0) = (the start symbol);

(Y2) s(y2n+1) = s(yan+2) = 1 (the separator in the pair encoding);

(Y3) s(v2i41) =0 for i =0,...,n —1 (the zeros before z);

(Y4) s(vant2+2i+1) =0 for i =0,...,p(n) — 1 (the zeros before u);

(Y5) s(Van+2p(n)+3+i) = O for i =0,..., 7" — 1 (the blanks after the input proper);

1 otherwise for i =0,...,n — 1 (the bits of z);

(Y6) s(y2i42) = {
(YT7) s(vantat2i) € {0,1} for i =0,...,p(n) — 1 (the bits of ).

Moreover the string s must satisfy (Z0) — (Z5). For these properties we use the ( intervals.

(Z0) 5(¢0(0)) = 5(€1(0)) = > and 5(¢2(0)) = 0,

(Z1) 5(Co(t)) = s(Vinputposy) for t =1,...,T",

(Z2) 5(Ci (1)) = (M s(Ca(prev(?))) [s(Co(prev(?))), s(Gi(prev(t)))] [] 1 for t = 1,....T" with prev(t) <t,
(Z3) s(G1(t))=0for t=1,...,T" with prev(t) =t,

(Z4) 5(Ca(t)) = fst (M ! s(Ca(t = 1)) [s(Co(t = 1), 5(Ca(t = 1)) for t =1,.... T",

(Z5) s(C(T")) =1

5th equivalence

An assignment is an infinite bit string. For formulas over variables with indices in the interval [0 :
N + 3H(T' + 1)], only the initial N + 3H(T" + 1) bits of the assignment are relevant. If we had a CNF
formula ® over these variables that is satisfied exactly by the assignments « for which there is an s with
the above properties and a(i) = s; for all ¢ < |s|, then the existence of such an s would be equivalent to
® being satisfiable.

Next we construct such a CNF formula.

Most properties are easy to translate using the formulas ¥ and Y. For example, s(vy) = > corresponds
to a(y9) =>. A formula that is satisfied exactly by assignments with this property is ¥ (7o, 1). Likewise
the property s(Y2n+a+2i) € {0,1} corresponds to the CNF formula Y (vap4+442i)-

Property (Y0) corresponds to ® having only variables 0,..., N+3H (T"+1)—1. The other (Y-) properties
become:

(Y1) @1 :=¥(,1),

(Y2) @3 :=¥(v2n+1,3) A ¥(y2n42,3),
(Y3) ®3:= /\?:_01 ¥ (y2i+1,2),

(Yd) @4 := fﬁé)*l U(Y2nt242i+152),

(Y5) @5 := /\T/_1 U (Yan+2p(n)+3+i:0),
(Y6) @6:= \iZg ¥(r2it2, i +2),

(YT) @7 := ALY T (qansarai)-
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Property (Z0) and property (Z5) become these formulas:
(20) @0 := ¥(Co(0),1) A ¥(¢1(0),1) A ¥(¢2(0),0),
(Z5) @5 :=V(G(T"),3).

The remaining properties (Z1) — (Z4) are more complex. They apply to ¢t =1,...7". Let us first consider
the case prev(t) < t. With « for s the properties become:

(Zl) Oé((o(t)) = a(vinputpos(t))a
(22) a(Qi(t)) = (M ! e(Ga(prev(t)))) [aCo(prev(t))), a(Ci(prev(®)))]) [ 1,
(24) a(Ca(t)) = fst (M ! a(Ga(t = 1))) [a(Co(t — 1)), a(Cu(t = 1))))-

For any t the properties (Z1), (22), (Z4) use at most 10H variable indices, namely all the variable indices
in the nine (’s and in Yinpurpos(r), €ach of which have H indices.

Now if the set of all these variable indices was {0,...,10H — 1} we could apply lemma depon-ex-formula
to get a CNF formula ¢ over these variables that “captures the spirit” of the properties. We would then
merely have to relabel the formula with the actual variable indices we need for each t. More precisely,
let w; =[iH : (i +1)H] for i =0,...,9 and consider the following criterion for o on the variable indices
{0,...10H — 1}:

(F1) a(ws) = a(wy),
(F2) afwr) = (M ! a(ws)) [a(ws), a(ws)]) [] 1,
(F3) a(ws) = fst (M ! a(wz)) [a(wo), a(wy)]).

Lemma depon-ez-formula gives us a formula 1 satisfied exactly by those assignments « that meet the
conditions (F1), (F2), (F3). From this ¢ we can create all the formulas we need for representing the
properties (Z1), (Z2), (Z4) by substituting (“relabeling” in our terminology) the variables [0,10H) ap-
propriately. The substitution for step ¢ is

0t = Go(t=1)oCi(t—1)o(a(t —1)oCo(prev(t)) o Ci(prev(t)) o Ca(prev(t)) o Co(t) o C1(t) © C2(t) © Vinputpos(t)»
where o denotes the concatenation of lists. Then g;(v) is CNF formula satisfied exactly by the assignments
a satisfying (Z1), (Z2), (Z4).
For the case prev(t) = t we have a criterion on the variable indices {0,...,7H — 1}:
(F}) a(ws) = a(ws),
(F5) a(ws) =0,
(F3) a(ws) = fst (M ! a(wsz)) [e(wo), a(w))),
whence lemma depon-ex-formula supplies us with a formula v’. With appropriate substitutions
0r = Co(t —=1) o Gt — 1) 0 Ga(t — 1) 0 Co(t) 0 Cu(t) © Calt) © Vinputpos(t)
we then define CNF formulas x; for all t =1,...,T":

o) if prev(t) < t,
Xe= () it prev(t) = .

The point of all that is that we can hard-code 1 and ¢’ in the TM performing the reduction (to be built
in the final chapter) and for each ¢ the TM only needs to construct the substitution g; or g} and perform
the relabeling. Turing machines that perform these operations will be constructed in the next chapter.

Since all y; are in CNF, so is the conjunction

T
Cbg = /\ Xt -
t=1

Finally the complete CNF formula is:
P = (I)o/\(I)l/\‘I)Q/\(I)3/\(I)4/\(I)5/\¢)6/\(I)7/\(I)8/\q)9 .
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6.2 Auxiliary CNF formulas

In this section we define the CNF formula families ¥ and Y. In the introduction both families were
parameterized by intervals of natural numbers. Here we generalize the definition to allow arbitrary
sequences of numbers although we will not need this generalization.

The number of variables set to true in a list of variables:

definition numtrue :: assignment = nat list = nat where
numirue o vs = length (filter o vs)

Checking whether the list of bits assigned to a list vs of variables has the form I...IO...O:

definition blocky :: assignment = nat list = nat = bool where
blocky o vs k = Vi<length vs. a (vs ! i) «— i < k

The next function represents the notation «(y) from the introduction, albeit generalized to lists that are
not intervals ~.

definition unary :: assignment = nat list = nat where
unary « vs = if (k. blocky o vs k) then numtrue o vs else Suc (length vs)

lemma numtrue-remap:
assumes V s€set seq. s < length o
shows numtrue (remap o a) seq = numitrue o (reseq o seq)

(proof)

lemma unary-remap:
assumes VY s€set seq. s < length o
shows unary (remap o &) seq = unary « (reseq o seq)

(proof)

Now we define the family ¥ of CNF formulas. It is parameterized by a list vs of variable indices and
a number k < |vs|. The formula is satisfied exactly by those assignments that set to true the first k
variables in vs and to false the other variables. This is more general than we need, because for us vs will
always be an interval.

definition Psi :: nat list = nat = formula (<U») where
U vs k = map (As. [Pos s]) (take k vs) @ map (As. [Neg s]) (drop k vs)

lemma Psi-unary:
assumes k < length vs and o = ¥ vs k
shows unary o vs = k

(proof)

We will only ever consider cases where k < |vs|. So we can use blocky to show that an assignment satisfies
a U formula.

lemma satisfies-Psi:
assumes k < length vs and blocky o vs k
shows a = U wvs k

(proof )

lemma blocky-imp-unary:
assumes k < length vs and blocky o vs k
shows unary a vs = k

(proof)
The family T of CNF formulas also takes as parameter a list of variable indices.

definition Upsilon :: nat list = formula (<T»>) where
T vs = map (As. [Pos s]) (take 2 vs) @ map (As. [Neg s]) (drop 3 vs)

For |vs| > 2, an assignment satisfies Y (vs) iff. it satisfies ¥(vs,2) or ¥(vs, 3).

lemma Psi-2-imp-Upsilon:
fixes « :: assignment
assumes a = ¥ vs 2 and length vs > 2
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shows a = T wvs
(proof)

lemma Psi-3-imp-Upsilon:
assumes a = ¥ vs 3 and length vs > 2
shows a E T vs

(proof )

lemma Upsilon-imp-Psi-2-or-3:
assumes o = Y vs and length vs > 2
showsa EVuvs2VakEWouv3

(proof)

lemma Upsilon-unary:
assumes o = T vs and length vs > 2
shows unary o vs = 2 V unary o vs = 8

{proof)

6.3 The functions inputpos and prev

Sequences of the symbol 0:

definition zeros :: nat = symbol list where
zeros n = string-to-symbols (replicate n O)

lemma length-zeros [simp]: length (zeros n) = n
{proof)

lemma bit-symbols-zeros: bit-symbols (zeros n)
{proof)

lemma zeros: zeros n = replicate n 0
(proof)

The assumptions in the following locale are the conditions that according to lemma NP-imp-oblivious-2tape
hold for all AP languages. The construction of ® will take place inside this locale, which in later chapters
will be extended to contain the Turing machine outputting ® and the correctness proof for this Turing
machine.

locale reduction-sat =
fixes L :: language
fixes M :: machine
and G :: nat
and T p :: nat = nat
assumes T big-oh-poly T
assumes p: polynomial p
assumes tm-M: turing-machine 2 G M
and oblivious-M: oblivious M
and T-halt: Ny. bit-symbols y = fst (execute M (start-config 2 y) (T (length y))) = length M
and cert: Az.
z € L «— (Fu. length u = p (length z) A execute M (start-config 2 {(z; u)) (T (length (z; u))) <.> 1 = 1)
begin

The value H is an upper bound for the number of states of M and the alphabet size of M.

definition H :: nat where
H = maz G (length M)

lemma H-ge-G: H > G
(proof)

lemma H-gr-2: H > 2
(proof)
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lemma H-ge-3: H > 3
(proof)

lemma H-ge-length-M: H > length M
(proof)

The number of symbols used for encoding one snapshot is Z = 3H:

definition Z :: nat where
Z =8« H

The configuration after running M on input y for ¢ steps:

abbreviation ezc :: symbol list = nat = config where
exc y t = execute M (start-config 2 y) t

The function 7" is just some polynomial upper bound for the running time. The next function, 7T, is
the actual running time. Since M is oblivious, its running time depends only on the length of the input.
The argument zeros n is thus merely a placeholder for an arbitrary symbol sequence of length n.

definition TT :: nat = nat where
TT n = LEAST t. fst (exc (zeros n) t) = length M

lemma TT: fst (exc (zeros n) (TT n)) = length M
(proof)

lemma TT-le: TTn<Tn
(proof )

lemma less-TT: t < TT n => fst (exc (zeros n) t) < length M
{proof)

lemma oblivious-halt-state:
assumes bit-symbols zs
shows fst (exc zs t) < length M <— fst (exc (zeros (length zs)) t) < length M

(proof)

corollary less-TT":
assumes bit-symbols zs and t < TT (length zs)
shows fst (exc zs t) < length M

{proof)

corollary TT":
assumes bit-symbols zs
shows fst (exc zs (TT (length zs))) = length M

{proof)

lemma exc-TT-eq-exc-T":
assumes bit-symbols zs
shows ezc zs (TT (length zs)) = exc zs (T (length zs))

{proof)

The position of the input tape head of M depends only on the length n of the input and the step t, at
least as long as the input is over the alphabet {0,1}.

definition inputpos :: nat = nat = nat where

inputpos n t = exc (zeros n) t <#> 0

lemma inputpos-oblivious:

assumes bit-symbols zs

shows ezc zs t <#> 0 = inputpos (length zs) t
(proof)

The position of the tape head on the output tape of M also depends only on the length n of the input
and the step t.

lemma oblivious-headpos-1:

267



assumes bit-symbols zs
shows exc zs t <#> 1 = exc (zeros (length zs)) t <#> 1

(proof)

The value prev(t) is the most recent step in which M’s output tape head was in the same position as in
step t. If no such step exists, prev(t) is set to t. Again due to M being oblivious, prev depends only on
the length n of the input (and on ¢, of course).

definition prev :: nat = nat = nat where
prevn t =
if At'<t. exc (zeros n) t' <#> 1 = exc (zeros n) t <#> 1
then GREATEST t'. t' < t A exc (zeros n) t' <#> 1 = exc (zeros n) t <#> 1
else t

lemma oblivious-prev:
assumes bit-symbols zs
shows prev (length zs) t =
(if Ft'<t. exc zs t' <#> 1 = exc zs t <H#> 1
then GREATEST t'. t' < t A exc zs t' <#> 1 = exc 25t <#> 1
else t)

{proof)

lemma prev-less:
assumes 3 ¢'<t. exc (zeros n) t' <#> 1 = exc (zeros n) t <#> 1
shows prev nt < t A exc (zeros n) (prev n t) <#> 1 = exc (zeros n) t <#> 1

(proof)

corollary prev-less”:
assumes bit-symbols zs
assumes Jt'<t. exc zs t' <#> 1 = exc zs t <H#> 1
shows prev (length zs) t < t A exc zs (prev (length zs) t) <#> 1 = exc zs t <#H> 1

{proof)

lemma prev-greatest:
assumes t' < ¢t and exc (zeros n) t' <#> 1 = exc (zeros n) t <#> 1
shows t' < prev n t

(proof)

corollary prev-greatest”:
assumes bit-symbols zs
assumes t’' < t and exc 25 t' <#> 1 = exc zs t <#H> 1
shows t' < prev (length 2s) t

{proof)

lemma prev-eq: prev n t = t +— — (Ft'<t. exc (zeros n) t' <#> 1 = exc (zeros n) t <#> 1)
{proof)

lemma prev-le: prevn t <t
(proof)

corollary prev-eq”:
assumes bit-symbols zs
shows prev (length zs) t = t «— — (3t'<t. exc zs t' <#> 1 = exc 25 t <H#> 1)
(proof)

lemma prev-between:
assumes prevn t < t'and t' < t
shows exc (zeros n) t' <#> 1 # exc (zeros n) (prev n t) <#> 1

{proof)

lemma prev-write-read:
assumes bit-symbols zs and n = length zs
and prevn t < t and cfg = exc zs (prevn t) and t < TT n
shows exc zs t <.> 1 = (M ! (fst cfg)) [cfg <.> 0, cfg <.> 1] [] 1
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(proof )

lemma prev-no-write:
assumes bit-symbols zs and n = length zs
and prevnt=tand t < TTnand t > 0
shows exc zst <.> 1 =0

(proof )

The intervals v; and wy, ..., wg do not depend on x, and so can be defined here already.
definition gamma :: nat = nat list (<7>) where

vi=[i*x H.<Sucix HJ

lemma length-gamma [simp): length (y i) = H

2x7+H..<2xZ+2xH)|
2x7+2+H..<3xZ|
3%Z..<3%Z+H|

abbreviation wr
abbreviation wsg
abbreviation wg

(proof)
abbreviation wo = [0..<H]
abbreviation wy = [H..<2xH]
abbreviation wy = [2xH..<Z]
abbreviation w3 = [Z..<Z+H|
abbreviation wy = [Z+H..<Z+2x+H)|
abbreviation ws = [Z+2xH..<2xZ)
abbreviation we = [2%Z..<2xZ+H]

=
=
=

lemma unary-upt-eq:
fixes a1 s :: assignment
and lower upper k :: nat
assumes Vi<k. a1 i = a2 ¢ and upper < k
shows unary aq [lower..<upper] = unary oz [lower..<upper]

(proof)

For the case prev m ¢t < t, we have the following predicate on assignments, which corresponds to (F),
(F2), (F3) from the introduction:

definition F :: assignment = bool where

Fa=
unaTy o we = unary o wy A
unary o wy = (M ! (unary a ws)) [unary a ws, unary a wa] [] 1 A

unary « wg = fst (M ! (unary « w2)) [unary a wo, unary o wi))

lemma depon-F: depon (8 * Z + H) F
{proof)

There is a CNF formula 1 that contains the first 3Z + H variables and is satisfied by exactly the
assignments specified by F'.

definition psi :: formula («¢») where
Y = SOME .
fsizep < (8% Z+ H)x 2 (3xZ+ H)A
length p < 2 (8%« Z + H) A
variables ¢ C {.<3 « Z + H} A
VMa. Fa=al ¢)

lemma psi:
fsizep < (3% Z + H)x 2" (3xZ + H) A
length p < 2 (8« Z+ H) A
variables v C {.<8 « Z + H} A
MVa. Fa=akE1)
(proof)

lemma satisfies-psi:

assumes length 0 = 3 «x Z + H
shows « |= relabel o ¥ = remap o o |= ¢
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{proof)

lemma psi-F: remap 0 o = ¢ = F (remap o )
(proof)

corollary satisfies-F:
assumes length 0 = 3 « Z + H
shows « | relabel o ¢ = F (remap o «)

(proof)
For the case prev m t = t, the following predicate corresponds to (F}), (F5), (F4) from the introduction:

definition F' :: assignment = bool where
Fla=
unary o w3 = unary o we A
unary o wa = 0 A
unary « ws = fst (M ! (unary a w2)) [unary a wo, unary o wi))

lemma depon-F’: depon (2 x Z + H) F'
(proof)

The CNF formula v’ is analogous to 1 from the previous case.

definition psi’ :: formula («¢b"») where
' = SOME .
fsize p < (2%xZ+H) = 2~ (2+«Z+H) A
length ¢ < 2 7 (2«Z+H) A
variables ¢ C {.<2xZ+H} A
Va. Fla=aE @)

lemma psi”:
fsize ' < (2xZ+H) x 2~ (2xZ+H) A
length ' < 2 = (2xZ+H) A
variables ' C {.<2+xZ+H} A
Va. Fla=aE1y)
(proof)
lemma satisfies-psi’:

assumes length 0 = 2xZ+H
shows a |= relabel o ' = remap o o = 1’

{proof)

lemma psi’-F": remap o o =9’ = F' (remap o «)
(proof)

corollary satisfies-F:
assumes length 0 = 2xZ+H
shows a | relabel o ' = F' (remap o «)
(proof)

end

6.4 Snapshots

The snapshots and much of the rest of the construction of ® depend on the string x. We encapsulate
this in a sublocale of reduction-sat.

locale reduction-sat-r = reduction-sat +
fixes z :: string
begin

abbreviation n :: nat where
n = length z

Turing machines consume the string = as a sequence zs of symbols:

270



abbreviation zs :: symbol list where
xs = string-to-symbols x

lemma bs-zs: bit-symbols xs
(proof)

For the verifier Turing machine M we are only concerned with inputs of the form (x,u) for a string u of
length p(n). The pair (x,u) has the length m = 2n + 2p(n) + 2.

definition m :: nat where
m=2xn+2*«xpn+ 2

On input (z,u) the Turing machine M halts after T/ = TT(m) steps.

definition T’ :: nat where
T'=TTm

The positions of both of M’s tape heads are bounded by T".

lemma inputpos-less: inputpos m t < T’

(proof)

lemma headpos-1-less: exc (zeros m) t <#> 1 < T’

(proof)

The formula ® must contain a condition for every symbol that M is reading from the input tape. While
T’ is an upper bound for the input tape head position of M, it might be that 7" is less than the length
of the input (z,wu). So the portion of the input read by M might be a prefix of the input or it might be
the input followed by some blanks afterwards. This would make for an awkward case distinction. We do
not have to be very precise here and can afford to bound the portion of the input tape read by M by the
number m’ = 2n + 2p(n) + 3 + T”, which is the length of the start symbol followed by the input (x,w)
followed by T' blanks. This symbol sequence was called y(u) in the introduction. Here we will call it
ysymbols .

definition m’ :: nat where
m=2xn+2xpn+3+ T

definition ysymbols :: string = symbol list where
ysymbols u = 1 # (z; u) Q replicate T' 0

lemma length-ysymbols: length uw = p n = length (ysymbols u) = m’
(proof)

lemma ysymbols-init:

assumes i < length (ysymbols u)

shows ysymbols u | i = (start-config 2 (z; u) <:> 0) @
(proof )

lemma ysymbols-at-0: ysymbols u ! 0 = 1
(proof)

lemma ysymbols-first-at:
assumes j < length x
shows ysymbols u ! (2xj+1) = 2
and ysymbols u | (2xj+2) = (if z | j then 3 else 2)
(proof)

lemma ysymbols-at-2n1: ysymbols u ! (2xn+1) = 3
(proof)

lemma ysymbols-at-2n2: ysymbols u ! (2xn+2) = 3
(proof)

lemma ysymbols-second-at:
assumes j < length u
shows ysymbols u | (2xn+2+2%j+1) = 2
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and ysymbols u | (2xn+2+2xj+2) = (if u ! j then 8 else 2)
(proof )

lemma ysymbols-last:
assumes length u = pnand i > mand i <m + 1 + T’
shows ysymbols u ! i = 0
(proof)

The number of symbols used for unary encoding m’ symbols will be called N:

definition N :: nat where
N=Hsxm'

lemma N-e N=H=x* (2*xn+2xpn+ 38+ T
(proof)

lemma m” m’x H =N
(proof )

lemma inputpos-less”: inputpos m t < m’
(proof)

lemma T'-less: T' < N

(proof)

The three components of a snapshot:

definition 20 :: string = nat = symbol where
20ut=exc(z;u)y t <.>0

definition 21 :: string = nat = symbol where
2zl ut=exc (z; uy t <.> 1

definition 22 :: string = nat = state where
22 ut = fst (exc (z; u) t)

lemma 20-le: 20 ut < H
{proof)

lemma zi-le: z1 ut < H
(proof)

lemma 22-le: 22 ut < H

(proof)

The next lemma corresponds to (Z1) from the second equivalence mentioned in the introduction. It
expresses the first element of a snapshot in terms of y(u) and inputpos.

lemma 20:
assumes length u = p n
shows 20 u t = ysymbols u ! (inputpos m t)

(proof )

The next lemma corresponds to (Z2) from the second equivalence mentioned in the introduction. It
shows how, in the case prev(t) < t, the second component of a snapshot can be expressed recursively
using snapshots for earlier steps.

lemma z1:
assumes length u = pnand prevmt < tand t < T’
shows z1 ut = (M ! (22 u (prev m t))) [20 u (prev m t), z1 u (prev m t)] [.] 1

(proof)

The next lemma corresponds to (Z3) from the second equivalence mentioned in the introduction. It shows
that in the case prev(t) = ¢, the second component of a snapshot equals the blank symbol.

lemma 21"
assumes length u = pnand prevmt=tand 0 < tand t < T’
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shows z1 u t = O

(proof)

The next lemma corresponds to (Z4) from the second equivalence mentioned in the introduction. It shows
how the third component of a snapshot can be expressed recursively using snapshots for earlier steps.

lemma 22:

assumes length w = pnand t < T’

shows 22 u (Suc t) = fst (M ! (22 u t)) [20 u t, 21 u t])
(proof)

corollary 22"
assumes length u = pnand t > 0 and t < T’
shows 22 ut = fst (M ! (22u (¢t — 1)) [20u (t — 1), z1 u (t — 1)])
(proof)

The intervals (y, (1, and (s are long enough for a unary encoding of the three components of a snapshot:

definition zeta0 :: nat = nat list («Co>) where
Cot=[N+t*Z.<N + t* Z + H|

definition zetal :: nat = nat list («¢1>) where
GQt=[N+t«xZ+H.<N+1txZ+ 2« H

definition zeta2 :: nat = nat list («C2>) where
Gt=[N+txZ+ 2% H.<N + (Suct) x Z]

lemma length-zeta0 [simp): length (Co t) = H
(proof)

lemma length-zetal [simp): length (¢1 t) = H
(proof)

lemma length-zeta2 [simp): length (2 t) = H
(proof)

The substitutions g;, which have to be applied to ¥ to get the CNF formulas y; for the case prev(t) < t:

definition rho :: nat = nat list (<p») where
ot =
Co(t—1)QG (t—1)Q¢ (t—1)Q
Co (prev m t) @ ¢y (prev m t) Q (2 (prev m t) @
Cot@(¢ t@(st@
v (inputpos m t)

lemma length-rho: length (o t) = 3 x Z + H
{proof)

The substitutions g}, which have to be applied to ¢’ to get the CNF formulas x; for the case prev(t) = ¢:

definition rho’ :: nat = nat list (x¢’"») where
/
o't=
Co(t—1)Q¢ (t—1)Q¢ (t—1)Q
Cot@ ¢ t@(¢t@
v (inputpos m t)

lemma length-rho’: length (o’ t) = 2 x Z + H
(proof)

An auxiliary lemma for accessing the n-th element of a list sandwiched between two lists. It will be
applied to xs = g; or xs = g}:

lemma nth-append3:
fixes zs ys zs ws :: 'a list and n i :: nat
assumes zs = ys @ zs @Q ws and ¢ < length zs and n = length ys
shows zs ! (n + i) = 2s ! i
(proof)
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The formulas y; representing snapshots for 0 < ¢ < T":

definition chi :: nat = formula (<x>) where
X t = if prev m t < t then relabel (g t) ¢ else relabel (o’ t) ¥’

The crucial feature of the formulas x; for ¢ > 0 is that they are satisfied by exactly those assignments
that represent in their bits N to N + Z - (T” + 1) the T’ + 1 snapshots of M on input (x,u) when the
relevant portion of the input tape is encoded in the first IV bits of the assignment.

This works because the y; constrain the assignment to meet the recursive characterizations (Z1) — (Z4)
for the snapshots.

The next two lemmas make this more precise. We first consider the case prev(t) < t. The following
lemma says « satisfies x; iff. « satisfies the properties (Z21), (Z2), and (Z4).

lemma satisfies-chi-less:
fixes « :: assignment
assumes prev mt < t
shows a |E x t +—
unary « (Co t) = unary a (y (inputpos m t)) A
unary a (1 t) = (M ! (unary a (C2 (prev m t)))) [unary a ((o (prev m t)), unary o (¢1 (prev m t))] [] 1 A
unary o (Ca ) = fot (M ! (unary o (Ga (¢ — 1)))) [unary a (Co (t — 1)), anary a (C1 (t — 1))
(proof)

Next we consider the case prev(t) = t. The following lemma says « satisfies x iff. « satisfies the properties
(Z1), (Z2), and (Z3).

lemma satisfies-chi-eq:
assumes prev mt = tand t < T’
shows a | x t +—
unary « (Co t) = unary a (y (inputpos m t)) A
unary o (C1 t) = 0 A
unary a (Ca ) = fot (M ! (unary a (G2 (¢ — 1)))) [unary a (o (¢ — 1)), unary (1 (t — 1))
(proof)

6.5 The CNF formula ¢

We can now formulate all the parts @, ..., Pg of the complete formula ®, and thus & itself.
Representing the snapshot in step 0:

definition PHIO :: formula («®o>) where
D=V (Co0) 1 QU (¢ 0) 1 QT (¢ 0)0

The start symbol at the beginning of the input tape:

definition PHII :: formula (¢®1>) where
By = (y0) 1

The separator 11 between x and u:

definition PHI2 :: formula («®2>) where
Dy =V (v (2xn+1)) 3 QY (v (2xn+2)) 3

The zeros before the symbols of x:

definition PHI3 :: formula («®3») where
D3 = concat (map (Ai. VU (v (2xi+1)) 2) [0..<n])

The zeros before the symbols of u:

definition PHIj :: formula (<®4>) where
®4 = concat (map (Ai. ¥ (v (2xn+2+42x%i+1)) 2) [0..<p n])

The blank symbols after the input (x,u):

definition PHI5 :: formula («®5)) where
&5 = concat (map (\i. U (y (2%n + 2xpn + 8 + 1)) 0) [0..<T7)

The symbols of x:
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definition PHI6 :: formula («®s>) where
D = concat (map (ANi. ¥ (v (2%i+2)) (if z ! i then 3 else 2)) [0..<n])

Constraining the symbols of u to be from {0,1}:

definition PHI7 :: formula («®7>) where
&7 = concat (map (Ni. T (v (2xn+4+2xi))) [0..<p n])

Reading a 1 in the final step to signal acceptance of (x, u):

definition PHIS :: formula («®s») where
Ps =0 (¢1 T 3

The snapshots after the first and before the last:

definition PHI9 :: formula («®9>) where
&g = concat (map (At. x (Suc t)) [0..<T))

The complete formula:

definition PHI :: formula (1+®)) where
q)Eq)o@(I)1@@2@@3@@4@@5@@6@(137@‘1)8@@9

6.6 Correctness of the formula

We have to show that the formula ® is satisfiable if and only if © € L. There is a subsection for both of
the implications. Instead of x € L we will use the right-hand side of the following equivalence.

lemma L-iff-er-u: 1 € L +— (Ju. lengthu =pn A exc (z; u) T' <.> 1 =1)
(proof )

6.6.1 & satisfiable implies = € L

The proof starts from an assignment « satisfying ® and shows that there is a string u of length p(n) such
that M, on input (x,u), halts with the output tape head on the symbol 1. The overarching idea is that
«, by satisfying @, encodes a string u and a computation of M on u that results in M halting with the
output tape head on the symbol 1.

The assignment « is an infinite bit string, whose first N = m/ - H bits are supposed to encode the first m’
symbols on M’s input tape, which contains the pair (x,u). The first step of the proof is thus to extract
a u of length p(n) from the first NV bits of a. The Formula ®7 ensures that the symbols representing u
are 0 or 1 and thus represent a bit string.

Next the proof shows that the first IV bits of « encode the relevant portion y(u) of the input tape for the
u just extracted, that is, y(u); = a(v;) for i < m’. The proof exploits the constraints set by ®; to ®¢. In
particular this implies that y(u)imputpos(t) = ¢(Vinputpos(r)) for all t.

The next Z - (T" + 1) bits of a encode T” + 1 snapshots. More precisely, we prove zo(u,t) = a(¢t) and
21(u,t) = a(¢l) and z(u,t) = a(¢h) for all t < T’. This works by induction on t. The case t = 0 is
covered by the formula ®(. For 0 < ¢ < T’ the formulas y; are responsible, which make up ®9. Basically
Xt represents the recursive characterization of the snapshot z; in terms of earlier snapshots (of ¢ — 1 and
possibly prev(t)). This is the trickiest part and we need some preliminary lemmas for that.

Once that is done, we know that some bits of «, namely «(¢1(T")), encode the symbol under the output
tape head after T” steps, that is, when M has halted. Formula ®g ensures that this symbol is 1, which
concludes the proof.

lemma sat-PHI-imp-ex-u:
assumes satisfiable P
shows Ju. lengthu = pn A exc (z; u) T'<.> 1 =1

(proof )

6.6.2 1z € L implies ¢ satisfiable

For the other direction, we assume a string x € L and show that the formula ® derived from it is
satisfiable. From x € L it follows that there is a certificate u of length p(n) such that M on input (x,u)
halts after T" steps with the output tape head on the symbol 1.
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An assignment that satisfies ® must have its first N = m’ - H bits set in such a way that they encode
the relevant portion y(u) of the input tape, that is, with (z,u) followed by T” blanks. This will take care
of satisfying ®1,...,P7. The next Z - (T" + 1) bits of & must be set such that they encode the T + 1
snapshots of M when started on (z,u). This way &y and Py will be satisfied. Finally, ®g is satisfied
because by the choice of u the last snapshot contains a 1 as the symbol under the output tape head.

The following function maps a string u to an assignment as just described.

definition beta :: string = assignment (¢3>) where

Bui=

if © < N then
let
j =i div H;
k =i mod H
mn

ifj=0then k < 1
elseif j=2+«n+1Vji=2+«n+ 2thenk <38
elseif j>2+«n+2*xpn+ Sthenk < 0
else if odd j then k < 2
else if j < 2« nthen k < (ifz ! (j div 2 — 1) then 3 else 2)
else k < (ifu! (jdiv2 — n — 2) then 3 else 2)
else if i < N + Z % (Suc T') then
lett=(i— N)divZ; k= (i — N) mod Z in
ifk < Hthenk < z0 u t
elseif k < 2« Hthenk — H < z1 u't
elsek — 2+« H< 22ut
else False

In order to show that §(u) satisfies ®, we show that it satisfies all parts of ®. These parts consist mostly
of ¥ formulas, whose satisfiability can be proved using lemma satisfies-Psi. To apply this lemma, the
following ones will be helpful.

lemma blocky-gammal:
assumes N\k. k< H= a (j* H+ k)= (k<)
shows blocky a (v 7) 1
(proof)

lemma blocky-zetaOI:
assumes N\k. k< H = a (N +t*xZ+ k)= (k<]
shows blocky a (Co t) {

{proof)

lemma blocky-zetall:
assumes N\k. k< H—= a (N+txZ+ H+k)=(k<])
shows blocky a (¢1 t) 1

{proof)

lemma blocky-zeta2l:
assumes A\k. k< H= a (N +t+xZ+ 2« H+k)=(k<])
shows blocky a (C2 t) 1
(proof)

lemma beta-1: blocky (B u) (v 0) 1
(proof)

lemma beta-2a: blocky (8 u) (v (2xn+1)) 3
(proof)

lemma beta-2b: blocky (B u) (v (2+¢n+2)) 38
(proof)

lemma beta-3:

assumes i1 < n

shows blocky (B u) (v (2 xii + 1)) 2
(proof )
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lemma beta-4:
assumes 7 < p n and length u = p n
shows blocky (8 u) (v (2*%n+2+2xii+1)) 2
(proof)

lemma beta-5:

assumes i < T’

shows blocky (8 u) (v (2%n+2xp n + 3 + i) 0
(proof)

lemma beta-6:
assumes 1 < n
shows blocky (8 u) (v (2 x it + 2)) (if z ! 4 then 3 else 2)

(proof)

lemma beta-7:

assumes 7 < p n and length u = p n

shows blocky (B u) (v (2 x n 4+ 4 + 2 « it)) (if w! i then 3 else 2)
(proof)

lemma beta-zetal:
assumes t < T’
shows blocky (8 u) (Co t) (20 u t)

(proof )

lemma beta-zetal:
assumes t < T’
shows blocky (8 u) (C1 t) (21 ut)

(proof )

lemma beta-zeta2:
assumes t < T’
shows blocky (8 u) (C2 t) (22 u t)

(proof)

We can finally show that §(u) satisfies @ if u is a certificate for x.

lemma satisfies-beta-PHI:

assumes length u = p n and exc {(v; u) T'<.> 1 =1
shows f u = @

(proof)

corollary ex-u-imp-sat-PHI:
assumes length u = pn and exc (z; u) T'<.> 1 =1

shows satisfiable ®
(proof)

The formula ® has the desired property:

theorem L-iff-satisfiable: x € L <+— satisfiable ®
(proof)

end

end
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Chapter 7

Auxiliary Turing machines for
reducing NP languages to SAT

theory Auxz-TM-Reducing
imports Reducing
begin

In the previous chapter we have seen how to reduce a language L € N'P to SAT by constructing for every
string z a CNF formula ® that is satisfiable iff. € L. To complete the Cook-Levin theorem it remains to
show that there is a polynomial-time Turing machine that on input z outputs ®. Constructing such a TM
will be the subject of the rest of this article and conclude in the next chapter. This chapter introduces
several TMs used in the construction.

7.1 Generating literals

Our representation of CNF formulas as lists of lists of numbers is based on a representation of literals
as numbers. Our function literal-n encodes the positive literal v; as the number 2i + 1 and the negative
literal v; as 2i. We already have the Turing machine tm-times2 to cover the second case. Now we build
a TM for the first case, that is, for doubling and incrementing.

definition tm-times2incr :: tapeidr = machine where
tm-timesZincr j = tm-times2 j ;; tm-incr j

lemma tm-times2incr-tm:
assumes () < jand j < kand G > /4
shows turing-machine k G (tm-times2incr j)

{proof)

lemma transforms-tm-times2incrl [transforms-intros|:
fixes j :: tapeidz
fixes k :: nat and tps tps’ :: tape list
assumes k > 2 and j > 0 and j < k and length tps = k
assumes tps ! j = (|n]n, 1)
assumes t = 12 + 4 * nlength n
assumes tps’ = tps[j := (| Suc (2 * n)|n, 1)]
shows transforms (tm-times2incr j) tps t tps’
(proof)

lemma literal-n-rename:
assumes v div 2 < length o
shows 2 x o | (v div 2) + v mod 2 = (literal-n o rename o) (n-literal v)

(proof)

Combining tm-times2 and tm-times2incr, the next Turing machine accepts a variable index ¢ on tape
j1 and a flag b on tape jo and outputs on tape j; the encoding of the positive literal v; or the negative
literal o; if b is positive or zero, respectively.
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definition tm-to-literal :: tapeidr = tapeidr = machine where
tm-to-literal j1 j2 =
IF Ars. rs! j2 =0 THEN
tm-times2 j1
ELSE
tm-times2incr j1
ENDIF

lemma tm-to-literal-tm:
assumes k > 2 and G > / and 0 < jI and jI < kand j2 < k
shows turing-machine k G (tm-to-literal j1 j2)
(proof)

lemma transforms-tm-to-literall [transforms-intros):

fixes j1 j2 :: tapeidx
fixes tps tps’ :: tape list and ttt ki b :: nat
assumes 0 < jI j1 < kj2 < k 2 < k length tps = k
assumes

tps ! j1 = (i]n, 1)

tps 1j2 = ([b]n, 1)
assumes ttt = 13 + 4 * nlength ©
assumes tps’ = tps

[i1:=(2*i+ (if b= 0then 0 else 1)|n, 1)]
shows transforms (tm-to-literal j1 j2) tps ttt tps’
(proof)

7.2 A Turing machine for relabeling formulas

In order to construct ®g, we must construct CNF formulas x;, which have the form o(¢) or ¢'(¢'). So
we need a Turing machine for relabeling formulas. In this section we devise a Turing machine that gets
a substitution ¢ and a CNF formula ¢ and outputs o(¢). In order to bound its running time we first
prove some bounds on the length of relabeled formulas.

7.2.1 The length of relabeled formulas

First we bound the length of the representation of a single relabeled clause. In the following lemma the
assumption ensures that the substitution o has a value for every variable in the clause.

lemma nllength-rename:
assumes YV vEset clause. v div 2 < length o
shows nllength (map (literal-n o rename o) (n-clause clause)) < length clause x Suc (nllength o)

(proof)

Our upper bound for the length of the symbol representation of a relabeled formula is fairly crude. It
is basically the length of the string resulting from replacing every symbol of the original formula by the
entire substitution.

lemma nlllength-relabel:
assumes V clause€set p. VveEset (clause-n clause). v div 2 < length o
shows nlllength (formula-n (relabel o ¢)) < Suc (nllength o) * nlllength (formula-n ¢)
(proof)

A simple sufficient condition for the assumption in the previous lemma.

lemma variables-o:
assumes variables ¢ C {..<length o}
shows V clausec€set ¢.V vEset (clause-n clause). v div 2 < length o

(proof)

Combining the previous two lemmas yields this upper bound:

lemma nlllength-relabel-variables:
assumes variables ¢ C {..<length o}
shows nlllength (formula-n (relabel o ¢)) < Suc (nllength o) * nlllength (formula-n ¢)

{proof)
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7.2.2 Relabeling clauses

Relabeling a CNF formula is accomplished by relabeling each of its clauses. In this section we devise
a Turing machine for relabeling clauses. The TM accepts on tape j a list of numbers representing a
substitution ¢ and on tape j 4+ 1 a clause represented as a list of numbers. It outputs on tape j 4+ 2 the
relabeled clause, consuming the original clause on tape j + 1 in the process.

definition tm-relabel-clause :: tapeidz = machine where
tm-relabel-clause j =

WHILE ] ; Ars. rs | (j + 1) # O DO
tm-nextract | (j + 1) (j + 8) 3;
tm-mod2 (j + 3) (j + 4) 3;

tm-div2 (j + 3) 3;
tm-nth-inplace j (7 + 3) | ;;
tm-to-literal (j + 8) (j + 4) 3
tm-append (j + 2) (j + 3) 3;
tm-setn (j + 3) 0 ;;
tm-setn (j + 4) 0

DONE ;;

tm-cr (j + 2) 5

tm-erase-cr (j + 1)

lemma tm-relabel-clause-tm:
assumes G > Sand j+ 4 < kand 0 < j
shows turing-machine k G (tm-relabel-clause j)
(proof)

locale turing-machine-relabel-clause =
fixes j :: tapeidx

begin

definition tm1 = tm-nextract | (j + 1) (j + 3)
definition tm2 = tm1 ;; tm-mod2 (j + 3) ( + 4)
definition tm3 = tm2 ;; tm-div2 (j + 3)

definition tm4 = tm3 ;; tm-nth-inplace j (j + &) |
definition tm5 = tmj4 ;; tm-to-literal (j + 3) (j + 4)
definition tm6 = tm5 ;; tm-append (j + 2) (j + 3)
definition tm7 = tm6 ;; tm-setn (j + 3) 0

definition tm8 = tm7 ;; tm-setn (j + 4) 0
definition tmL = WHILE [] ; Ars. rs ! (j + 1) # O DO tm8 DONE
definition tm9 = tmL ;; tm-cr (j + 2)

definition tm10 = tm9 ;; tm-erase-cr (j + 1)

lemma tm10-eq-tm-relabel-clause: tm10 = tm-relabel-clause j
(proof)

context
fixes tps0 :: tape list and k :: nat and o clause :: nat list
assumes clause: YV vEset clause. v div 2 < length o
assumes jk: 0 < jj + 4 < k length tpsO = k
assumes tps0:
tpSO ']: (LUJNL, ])
tpsO ! (j + 1) = (| clause] N1, 1)

tps0 ! (j + 2) = (l0)~e, 1)

tps0 ! (j + 3) = ([0]w, 1)

tps0 ! (j + 4) = ([0]w, 1)
begin

definition tpsL t = tpsO
[j + 1 := nltape’ clause t,
Jj + 2 := nltape (take t (map literal-n (map (rename o) (n-clause clause))))]

lemma tpsL-eq-tps0: tpsL 0 = tpsO
(proof)
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definition tps! t = tps0
[j + 1 := nltape’ clause (Suc t),
i+ 2=

nltape (take t (map literal-n (map (rename o) (n-clause clause)))),
i+ 3:= (lclause ! t|n, 1)]
lemma tm1 [transforms-intros]:

assumes ¢ < length clause

and tit = 12 + 2 * nlength (clause ! t)

shows transforms tm1 (tpsL t) ttt (tpsl t)
{proof)

definition tps2 t = tps0
i+ 1:
Jj + 2 := nltape (take t (map literal-n (map (rename o) (n-clause clause)))),
Jj+ 3 := (lclause ! t|n, 1),

i+ 4 := (|(clause ! t) mod 2| n, 1)]

nltape’ clause (Suc t),

lemma tm2 [transforms-intros|:
assumes ¢ < length clause
and ¢t = 18 + 2 * nlength (clause ! t)

shows transforms tm2 (tpsL t) ttt (ips2 t)
{proof)

definition tps3 t = tps0
i+ 1:
Jj + 2 := nltape (take t (map literal-n (map (rename o) (n-clause clause)))),

j+ 3 := (lclause ! t div 2N, 1),
j+ 4 = (lclause ! t mod 2|n, 1)]

nltape’ clause (Suc t),

lemma tm3 [transforms-intros|:
assumes ¢ < length clause
and tit = 16 + 4 * nlength (clause ! t)
shows transforms tm3 (tpsL t) ttt (ips3 t)

(proof)

definition tps/ t = tps0
[j + 1 := nltape’ clause (Suc t),
j+ 2=

nltape (take t (map literal-n (map (rename o) (n-clause clause)))),
i+ 8 :=(lo! (clause ! t div 2)|n, 1),

j+ 4 := (lclause ! t mod 2]|n, 1)]
lemma tmj [transforms-intros|:
assumes t < length clause

and ttt = 28 + 4 * nlength (clause ! t) + 18 * (nllength o)*
shows transforms tm4 (tpsL t) ttt (tps4 t)

(proof)

definition tps5 t = tps0
[j + 1 := nltape’ clause (Suc t),
i+ 2=

nltape (take t (map literal-n (map (rename o) (n-clause clause)))),
i+ 8:= (2 * (c! (clause ! t div 2)) + clause ! t mod 2|n, 1),
j+ 4 := (lclause ! t mod 2]|n, 1)]

lemma tm& [transforms-intros|:
assumes t < length clause

and ttt = 41 + 4 * nlength (clause ! t) + 18 * (nllength o)* +
4 * nlength (o ! (clause ! t div 2))

shows transforms tmb (tpsL t) ttt (tps5 t)
(proof)

definition tps6 t = tps0
[j + 1 := nltape’ clause (Suc t),
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j + 2 := nltape (take (Suc t) (map literal-n (map (rename o) (n-clause clause)))),
i+ 3:=(2 = (c! (clause ! t div 2)) + clause ! t mod 2|n, 1),
j+ 4 := (lclause ! t mod 2]|n, 1)]

lemma tm6:
assumes t < length clause
and ttt = 47 + 4 * nlength (clause ! t) + 18 * (nllength o)* +
4 * nlength (o ! (clause ! t div 2)) +
2 x nlength (2 * o ! (clause ! t div 2) + clause ! t mod 2)
shows transforms tm6 (tpsL t) ttt (ips6 t)

{proof)

lemma nlength-o1:
assumes ¢ < length clause
shows nlength (clause ! t) < nllength o

(proof )

lemma nlength-02:
assumes t < length clause
shows nlength (o ! (clause ! t div 2)) < nllength o

{proof)

lemma nlength-03:
assumes ¢ < length clause
shows nlength (2 * o ! (clause ! t div 2) + clause | t mod 2) < Suc (nllength o)

(proof)

lemma tm6’ [transforms-intros]:
assumes ¢ < length clause
and tit = 49 + 28 * nllength ¢ ~ 2
shows transforms tm6 (tpsL t) ttt (ips6 t)

(proof)

definition tps7 t = tpsO
[j + 1 := nltape’ clause (Suc t),
j + 2 := nltape (take (Suc t) (map literal-n (map (rename o) (n-clause clause)))),
j+ 4 := (lclause ! t mod 2N, 1)]

lemma tm7:
assumes t < length clause
and ttt = 59 + 28 x nllength o ~ 2 +
2 x nlength (2 * o ! (clause ! t div 2) + clause | t mod 2)
shows transforms tm7 (tpsL t) ttt (tps7 t)

{proof)

lemma tm7’ [transforms-intros|:
assumes t < length clause
and tit = 61 + 30 * nllength o ~ 2
shows transforms tm7 (tpsL t) ttt (tps7 t)

(proof)

definition tps8 t = tpsO
[j + 1 := nltape’ clause (Suc t),
j + 2 := nltape (take (Suc t) (map literal-n (map (rename o) (n-clause clause))))]

lemma tm§:
assumes ¢ < length clause
and ttt = 61 + 30 * (nllength o) + (10 + 2 * nlength (clause ! t mod 2))
shows transforms tm8 (tpsL t) ttt (tps8 t)

(proof)

lemma tm8’ [transforms-intros]:
assumes ¢ < length clause
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and ttt = 71 + 32 * (nllength o)?
shows transforms tm8 (tpsL t) ttt (tpsL (Suc t))
(proof)

lemma tmL [transforms-intros]:
assumes ttt = length clause * (73 4+ 32 * (nllength 0)?) + 1
shows transforms tmL (tpsL 0) ttt (tpsL (length clause))

{proof)

lemma tpsL-length: tpsL (length clause) = tpsO
[j + 1 := nltape’ clause (length clause),
j + 2 := nltape (map literal-n (map (rename o) (n-clause clause)))]
(proof)

definition tps9 = tpsO
[j + 1 := nltape’ clause (length clause),
j+ 2 := (|map literal-n (map (rename o) (n-clause clause))|nr, 1)]

lemma tm9:
assumes {tt = 4 + length clause * (73 + 32 * (nllength 0)?) +
nllength (map (literal-n o rename o) (n-clause clause))
shows transforms tm9 (tpsL 0) ttt tps9

{proof)

lemma tm9’ [transforms-intros]:
assumes ttt = 4 + 2  length clause * (73 + 32 * (nllength o)?)
shows transforms tm9 tps0 tit tps9

(proof )

definition tps10 = tps0

U+ 1:= e, 1),
j + 2 := (|map literal-n (map (rename o) (n-clause clause))|nr, 1)]

lemma tm10:
assumes it = 11 + 2 * length clause * (73 + 32 x (nllength 0)?) + 8 * nllength clause
shows transforms tm10 tps0 ttt tps10

(proof)

lemma tm10"
assumes ttt = 11 + 64 * nllength clause * (3 + (nllength o)?)
shows transforms tm10 tps0 ttt tps10

(proof )

end
end

lemma transforms-tm-relabel-clausel [transforms-intros]:
fixes j :: tapeidx
fixes tps tps’ :: tape list and ttt k :: nat and o clause :: nat list
assumes 0 < jj+ 4 < klength tps = k
and Vveset clause. v div 2 < length o
assumes
tps!j = (lo]ne, 1)
tps! (j + 1) = (lclause]nL, 1)
tps ! ( + 2) = ([Ine, 1)
tps! (j+ 3) = (10]n, 1)
tps ! (7 + 4) = (L0)w, 1)
assumes ttt = 11 + 64 * nllength clause * (3 + (nllength o)?)
assumes tps’ = tps
[j +1:= (l_HJNLv 1)1
j + 2 := (| clause-n (map (rename o) (n-clause clause))|nr, 1)]
shows transforms (tm-relabel-clause j) tps ttt tps’
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(proof )

7.2.3 Relabeling CNF formulas

A Turing machine can relabel a CNF formula by relabeling each clause using the TM ¢m-relabel-clause.
The next TM accepts a CNF formula as a list of lists of literals on tape j; and a substitution o as a list
of numbers on tape jo + 1. It outputs the relabeled formula on tape jo, which initially must be empty.

definition tm-relabel :: tapeidr = tapeidr = machine where
tm-relabel j1 j2 =
WHILE || ; Ars. rs ! j1 # 0 DO
tm-nextract § j1 (2 + 2) ;;
tm-relabel-clause (j2 + 1) ;;
tm-appendl j2 (j2 + 3) ;;
tm-erase-cr (j2 + 3)
DONE ;;
tm-cr j1 3
tm-cr j2

lemma tm-relabel-tm:
assumes G > 6 and j2 + 5 < k and 0 < jI and jI < j2
shows turing-machine k G (tm-relabel j1 j2)

(proof)

locale turing-machine-relabel =
fixes j1 j2 :: tapeidx
begin

definition tmL1 = tm-nextract § j1 (j2 + 2)

definition tmL2 = tmL1 ;; tm-relabel-clause (j2 + 1)
definition tmL3 = tmL2 ;; tm-appendl j2 (j2 + 3)

definition tmL4 = tmL3 ;; tm-erase-cr (j2 + 3)

definition tmL = WHILE || ; Ars. rs ! j1 # 0O DO tmL4 DONE
definition tm2 = tmL ;; tm-cr j1

definition tm8 = tm2 ;; tm-cr j2

lemma tm3-eq-tm-relabel: tm3 = tm-relabel j1 j2
(proof)

context
fixes tps0 :: tape list and k :: nat and o :: nat list and ¢ :: formula
assumes variables: variables ¢ C {..<length o}
assumes jk: 0 < j1 j1 < j232 + 5 < k length tpsO0 = k
assumes tps0:
tps0 ! j1 = (|formula-n ¢|NLL, 1)
tps0 ! 52 = (|ll~nzz, 1)

tpsO ! (j2 + 1) = (lo)NL, 1)

tps0 ! (2 + 2) = ([[lJ~nr, 1)

tps0 ! (2 + 3) = ([[lJ~vr, )

tps0 ! (j2 + 4) = (0]~ 1

tps0 ! (52 + 5) = (10w, )
begin

abbreviation ny :: nat list list where
np = formula-n ¢

definition tpsL :: nat = tape list where
tpsL t = tpsO
[i1 := nlitape’ nep t,
j2 = nlltape (formula-n (take t (relabel o ¢)))]

lemma tpsL-eq-tps0: tpsL 0 = tps0
(proof)
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definition tpsL! :: nat = tape list where
tpsL1 t = tpsO
[j1 := nlitape’ ny (Suc t),
j2 = nlltape (formula-n (take t (relabel o ¢))),
j2 + 2 = (lnp ! tnr, 1)]

lemma tmL1 [transforms-intros]:

assumes ttt = 12 + 2 * nllength (np ! t)
and t < length ¢

shows transforms tmL1 (tpsL t) tit (tpsL1 t)
{proof)

definition tpsL2 :: nat = tape list where
tpsL2 t = tpsO
[1 := nlltape’ ny (Suc t),
j2 = nlltape (formula-n (take t (relabel o ¢))),
i2 + 2= (llne, 1),

j2 + 3 := (| clause-n (map (rename o) (n-clause (np ! t)))|nr, 1)]

lemma tmL2 [transforms-intros|:

assumes it = 23 + 2 * nllength (np ! t) + 64 * nllength (np ! t) * (3 + (nllength 0)?)
and t < length ¢

shows transforms tmL2 (tpsL t) ttt (tpsL2 t)
(proof)

definition tpsL3 :: nat = tape list where
tpsL3 t = tps0O
[j1 := nlitape’ ny (Suc t),
342 := nlltape
(formula-n (take t (relabel o )) Q [clause-n (map (rename o) (n-clause (np ! t)))]),
32 + 2= ([ll~vc, 1),

j2 + 3 := (| clause-n (map (rename o) (n-clause (np ! t)))|nL, 1)]

lemma tmL3 [transforms-intros]:
assumes ttt = 29 + 2 * nllength (np ! t) +
64 * nllength (np ! t) * (3 + (nllength 0)?) +

2 x nllength (clause-n (map (rename o) (n-clause (ne ! t))))
and t < length ¢

shows transforms tmLS8 (tpsL t) ttt (tpsL3 t)
{proof)

definition tpsL4 :: nat = tape list where
tpsL4 t = tpsO
[j1 := nlitape’ ny (Suc t),
j2 = nlltape

(formula-n (take t (relabel o ¢)) Q [clause-n (map (rename o) (n-clause (np ! t)))]),
iz + 2= (e, 1)]

lemma tmL4:
assumes ttt = 36 + 2 * nllength (np ! t) +

64 * nllength (np ! t) * (3 + (nllength 0)?) +

4 * nllength (clause-n (map (rename o) (n-clause (np ! t))))
and t < length ¢

shows transforms tmL/j (tpsL t) tit (tpsL4 t)
(proof)

lemma nllength-1:
assumes t < length ¢

shows nllength (ne ! t) < nlllength ny
(proof)

lemma nllength-2:
assumes t < length ¢
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shows nllength (clause-n (map (rename o) (n-clause (ne ! t)))) < nlllength (formula-n (relabel o ¢))
(is 71 < 2r)
(proof)

definition tpsL4’ t = tps0
[j1 := nlitape’ np (Suc t),
j2 = nlltape (formula-n (take (Suc t) (relabel o ¢)))]

lemma tpsLj:
assumes t < length ¢
shows tpsLj t = tpsLj't
(proof)

lemma tpsLj'-eq-tpsL: tpsLj’' t = tpsL (Suc t)
(proof)

lemma tmLj’ [transforms-intros]:
assumes (tt = 36 + 65 * nlllength np * (8 + (nllength 0)?) + 4 * nlllength (formula-n (relabel o ))
and t < length ¢
shows transforms tmL4 (tpsL t) ttt (tpsL (Suc t))

(proof )

lemma tmL:

assumes ttt = length ¢ * (38 + 65 * nlllength ng * (3 + (nllength )?) + 4 * nlllength (formula-n (relabel
o)) + 1

shows transforms tmL (tpsL 0) tit (tpsL (length ¢))

(proof)

lemma tmL’' [transforms-intros]:
assumes ttt = 107 * nlllength npo ~ 2 % (3 + nllength o ~ 2) + 1
shows transforms tmL (tpsL 0) tit (tpsL (length ¢))

(proof)

definition tps! :: tape list where
tps1 = tpsO
[1 := nlltape’ ny (length p),
j2 := nlltape (formula-n (relabel o ¢))]

lemma tpsi-eg-tpsL: tpsl = tpsL (length @)
{proof)

definition tps2 = tpsO
[72 := nlltape (formula-n (relabel o ¢))]

lemma tm2 [transforms-intros|:
assumes ttt = Suc (107 * (nlllength ne)? * (3 + (nllength 0)%)) +
Suc (Suc (Suc (nlllength ny)))
shows transforms tm2 (tpsL 0) tit tps2

{proof)

definition tps3 = tpsO
[j2 := nlltape’ (formula-n (relabel o ¢)) 0]

lemma tm3:
assumes ttt = 7 + (107 * (nlllength np)® * (3 + (nllength o)?)) +
nlllength ne + nlllength (formula-n (relabel o ¢))
shows transforms tm3 (tpsL 0) tit tps3

(proof)

lemma tm3’ [transforms-intros]:
assumes ttt = 7 + (108 * (nlllength np)? * (3 + (nllength 0)?))
shows transforms tm3 tps0 tit tps3

(proof )
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end
end

lemma transforms-tm-relabell [transforms-intros]:
fixes j1 j2 :: tapeidx
fixes tps tps’ :: tape list and ttt k :: nat and o :: nat list and ¢ :: formula
assumes 0 < jI and jI < j2 and j2 + 5 < k and length tps = k
and wvariables ¢ C {..<length o}
assumes
tps | j1 = (|formula-n ¢|nLL, 1)
tps ! j2 = ([lIvre, 1)
tps ! (j2 + 1) = (lo|nr, 1)

tps ! (32 + 2) = ([ll~ve, 1)
tps ! (32 + 3) = (lI~ve, 1)
tps ! (j2 + 4) = ([0]n, 1)
tps! (j2 + 5) = (|0]w, 1)

assumes tps’ = tps

[j2 := nlltape’ (formula-n (relabel o ¢)) 0]
assumes ttt = 7 + (108 * (nlllength (formula-n p))? * (3 + (nllength 0)?))
shows transforms (tm-relabel j1 j2) tps ttt tps’

(proof)

7.3 Listing the head positions of a Turing machine

The formulas x; used for ®g require the functions inputpos and prev, or more precisely the substitutions
o+ and g} do.

In this section we build a TM that simulates a two-tape TM M on some input until it halts. During the
simulation it creates two lists: one with the sequence of head positions on M’s input tape and one with
the sequence of head positions on M’s output tape. The first list directly provides inputpos; the second
list allows the computation of prev using the TM ¢m-prev.

7.3.1 Simulating and logging head movements

At the core of the simulation is the following Turing command. It interprets the tapes j 4+ 7 and j + 8
as input tape and output tape of a two-tape Turing machine M and the symbol in the first cell of tape
j+6 as the state of M. It then applies the actions of M in this configuration to the tapes j+ 7 and j + 8
and adapts the state on tape j + 6 accordingly. On top of that it writes (“logs”) to tape j the direction
in which M’s input tape head has moved and to tape j 4+ 3 the direction in which M’s work tape head
has moved.

The head movement directions are encoded by the symbols [J, >, and 0 for Left, Stay, and Right, respec-
tively.

The command is parameterized by the TM M and its alphabet size G (and as usual the tape index j).
The command does nothing if the state on tape j + 6 is the halting state or if the symbol read from the
simulated tape j 4+ 7 or j + 8 is outside the alphabet G.

definition direction-to-symbol :: direction = symbol where
direction-to-symbol d = (case d of Left = O | Stay = > | Right = 0)

lemma direction-to-symbol-less: direction-to-symbol d < 8
(proof)

definition cmd-simulog :: nat = machine = tapeidr = command where
cmd-simulog G M j rs =
(1,
ifrs! (j+ 6) >length MV rs! (j+7)>GVrs!(j+8)>G
then map (Az. (z, Stay)) rs
else
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map (Xi. let sas = (M !V (rs! (j+ 6))) [rs! G+ 7), rs! (G + 8)] in
if © = j then (direction-to-symbol (sas [~] 0), Stay)
else if i = j + 8 then (direction-to-symbol (sas [~] 1), Stay)
else if i = j + 6 then (fst sas, Stay)
else if i = j + 7 then sas [!] 0
else if i = j + 8 then sas [!] 1
else (rs | i, Stay))

[0..<length Ts])

lemma turing-command-cmd-simulog:
fixes G H :: nat
assumes turing-machine 2 G M and k > j+ 9 and j > 0 and H > Suc (length M) and H > G
shows turing-command k 1 H (emd-simulog G M j)

(proof)

The logging Turing machine consists only of the logging command.

definition tm-simulog :: nat = machine = tapeidc = machine where
tm-simulog G M j = [emd-simulog G M j]

lemma tm-simulog-tm:
fixes H :: nat
assumes turing-machine 2 G M and k > j+ 9 and j > 0 and H > Suc (length M) and H > G
shows turing-machine k H (tm-simulog G M j)

{proof)

lemma transforms-tm-simulogl [transforms-intros]:

fixes G :: nat and M :: machine and j :: tapeidz

fixes k :: nat and tps tps’ :: tape list and zs :: symbol list

assumes turing-machine 2 G M and k > j+ 9 and j > 0
and symbols-lt G zs
and cfg = execute M (start-config 2 xs) t and fst c¢fg < length M
and length tps = k

assumes
tps | j = [dummyl]
tps ! (j + 8) = [dummy2]
tps ! (j + 6; = [fst cfg]

tps ! (j+ 7) = cfg <!> 0
tps! (j+ 8) = cfg <!> 1
assumes tps’ = tps

[§ := [direction-to-symbol ((M ! (fst cfg)) (config-read cfg) [~] 0)]
j + 3 := [direction-to-symbol (M ! (fst cfg)) (config-read cfg) [~
j+ 6 := [fst (execute M (start-config 2 zs) (Suc t))],
j+ 7 := execute M (start-config 2 zs) (Suc t) <!> 0,
j+ 8 := execute M (start-config 2 zs) (Suc t) <!> 1]

shows transforms (tm-simulog G M j) tps 1 tps’

(proof )

1 1)1,

7.3.2 Adjusting head position counters

The Turing machine tm-simulog logs the head movements, but what we need is a list of all the head
positions during the execution of M. The next TM maintains a number for a head position and adjusts
it based on a head movement symbol as provided by tm-simulog.

More precisely, the next Turing machine accepts on tape j a symbol encoding a direction, on tape 5 + 1
a number representing a head position, and on tape j + 2 a list of numbers. Depending on the symbol
on tape j it decreases, increases or leaves unchanged the number on tape j + 1. Then it appends this
adjusted number to the list on tape j + 2.

definition tm-adjust-headpos :: nat = machine where
tm-adjust-headpos j =
IF A\rs. rs! j =0 THEN
tm-decr (7 + 1)
ELSE
IF Ars. rs! j = 0 THEN
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tm-incr (j + 1)
ELSE
{
ENDIF
ENDIF
tm-append (j + 2) (j + 1)

lemma tm-adjust-headpos-tm:
assumes G > Sand j+ 2 < k
shows turing-machine k G (tm-adjust-headpos j)
(proof)

locale turing-machine-adjust-headpos =
fixes j :: tapeidz
begin

definition tm1 = IF Ars. rs | j = 0 THEN tm-incr (j
definition tm2 = IF Ars. rs | j = O THEN tm-decr (j
definition tm8 = tm2 ;; tm-append (j + 2) (j + 1)

+ 1) ELSE [| ENDIF
+ 1) ELSE tm1 ENDIF
lemma tm3-eg-tm-adjust-headpos: tm3 = tm-adjust-headpos j

(proof)

context
fixes tps :: tape list and jj :: tapeidr and k t :: nat and zs :: symbol list
fixes M :: machine
fixes G cfg
assumes jk: length tps =kk > j+ 33 < 2
assumes M: turing-machine 2 G M
assumes zs: symbols-lt G zs
assumes cfg: cfg = execute M (start-config 2 zs) t fst cfg < length M
assumes tps0:
tps | j = [direction-to-symbol (M ! (fst cfg)) (config-read cfg) [~] )]
tps ! (j + 1) = (Lefg <#> jjln, 1)
tps ! (j + 2) = nltape (map (At. (execute M (start-config 2 zs) t <#> jj)) [0..<Suc t])
begin

lemma k-ge-2: 2 < k
(proof)

abbreviation ezc :: symbol list = nat = config where
exc y tt = execute M (start-config 2 y) tt

lemma read-tps-j: read tps ! j = direction-to-symbol ((M ! (fst cfg)) (config-read cfg) [~] j7)
(proof)

lemma write-symbol:
Fv. execute M (start-config 2 xs) (Suc t) <!> jj = act (v, (M ! (fst cfg)) (config-read cfg) [~] 3j) (cfg <!> #)
(proof)

lemma tm1 [transforms-intros]:
assumes it = 7 + 2 * nlength (cfg <#> jj)
and (M ! (fst cfg)) (config-read cfy) [*] i # Left
and tps’ = tps[j + 1 := (|execute M (start-config 2 zs) (Suc t) <#> jjln, 1)]
shows transforms tm1 tps ttt tps’
(proof)

lemma tm2 [transforms-intros|:
assumes ttt = 10 + 2 * nlength (cfg <#> jj)
and tps’ = tps[j + 1 := (|execute M (start-config 2 zs) (Suc t) <#> jjln, 1)]
shows transforms tm2 tps ttt tps’
(proof)
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lemma tm3:
assumes tit = 16 + 2 * nlength (cfg <#> jj) + 2 * nlength (exc zs (Suc t) <#> 7j)
and tps’ = tps
[j + 1 := (lexecute M (start-config 2 xs) (Suc t) <#> jj|n, 1),
Jj + 2 := nltape (map (A\t. (execute M (start-config 2 xs) t <#> jj)) [0..<Suc (Suc t)])]
shows transforms tm3 tps ttt tps’
(proof)

end
end

lemma transforms-tm-adjust-headposI [transforms-intros]:
fixes j :: tapeidz
fixes tps tps’ :: tape list and k jj t :: nat and zs :: symbol list
and M :: machine and G :: nat and cfg :: config
assumes turing-machine 2 G M
and length tps = kand k£ > j + 3 and jj < 2
and symbols-it G zs
and cfg: cfg = execute M (start-config 2 zs) t fst cfg < length M
assumes
tps | j = [direction-to-symbol (M ! (fst cfg)) (config-read cfg) [~] jj)]
tps ! (j + 1) = (Lcfg <#> jj]n, 1)
tps ! (j + 2) = nitape (map (\t. (ezecute M (start-config 2 xs) t <#> 7)) [0..<Suc t])
assumes maz-head-pos: ¥ t. execute M (start-config 2 xs) t <#> jj < maz-head-pos
assumes (tt: tit = 16 + 4 * nlength max-head-pos
assumes tps’ = tps
j + 1 := (lexecute M (start-config 2 xs) (Suc t) <#> jjln, 1),
j + 2 := nltape (map (A\t. (execute M (start-config 2 xs) t <#> jj)) [0..<Suc (Suc t)])]
shows transforms (tm-adjust-headpos j) tps ttt tps’

(proof )

7.3.3 Listing the head positions

The next Turing machine is essentially a loop around the TM ¢tm-simulog, which outputs head movements,
combined with two instances of the TM tm-adjust-headpos, each of which maintains a head positions lists.
The loop ends when the simulated machine reaches the halting state. If the simulated machine does not
halt, neither does the simulator, but we will not consider this case when we analyze the semantics. The
TM receives an input on tape j 4+ 7. During the simulation of M this tape is a replica of the simulated
machine’s input tape, and tape j + 8 is a replica of the work/output tape. The lists of the head positions
will be on tapes j 4+ 2 and j + 5 for the input tape and work/output tape, respectively.

definition tm-list-headpos :: nat = machine = tapeide = machine where
tm-list-headpos G M j =

tm-right-many {j + 1,5+ 2,5+ 4, j+ 5} 5

tm-write (5 + 6) O 3;

tm-append (j + 2) (j + 1) 3;

tm-append (j + 5) (j + 4) 3;

WHILE [] ; Ars. rs ! (j + 6) < length M DO
tm-simulog G M j s;
tm-adjust-headpos j ;;
tm-adjust-headpos (j + 3) ;;
tm-write-many {j, j + 3} >

DONE

tm-write (j + 6) > 3;

tm-cr (j + 2) 53

tm-cr (j + 5)

lemma tm-list-headpos-tm:
fixes H :: nat
assumes turing-machine 2 G M and k > j + 9 and j > 0 and H > Suc (length M) and H > G
assumes H > 5
shows turing-machine k H (tm-list-headpos G M j)
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{proof)

locale turing-machine-list-headpos =
fixes G :: nat and M :: machine and j :: tapeidz
begin

definition tm1 = tm-right-many {j + 1,5+ 2,5+ 4,j + 5}
definition tm2 = tm1 ;; tm-write (j + 6) O

definition tm3 = tm2 ;; tm-append (j + 2) (j + 1)
definition tm4 = tm3 ;; tm-append (j + 5) (j + 4)
definition tmL1 = tm-simulog G M j

definition tmL2 = tmL1 ;; tm-adjust-headpos j

definition tmL3 = tmL2 ;; tm-adjust-headpos (j + 3)
definition tmLj = tmL3 ;; tm-write-many {j, j + 3} >
definition tmL = WHILE [] ; Ars. rs ! (j + 6) < length M DO tmLj} DONE
definition tm5 = tm4 ;; tmL

definition tm6 = tm5 ;; tm-write (j + 6) >

definition tm7 = tmé6 ;; tm-cr (j + 2)

definition tm8 = tm7 ;; tm-cr (j + 5)

lemma tm§-eq-tm-list-headpos: tm8 = tm-list-headpos G M j
(proof)

context

fixes tps0 :: tape list

fixes thalt k :: nat and s :: symbol list

assumes M: turing-machine 2 G M

assumes jk: k > j + 9j > 0 length tpsO0 = k

assumes thalt:
Vt<thalt. fst (execute M (start-config 2 xs) t) < length M
fst (exzecute M (start-config 2 xs) thalt) = length M

assumes zs: symbols-lt G xs

assumes tps0:

tps0 ! j = [>]

tps0 ! (j+ 1) = (|0]w, 0)

tps0 ! (j + 2) = (l[lJ~nz, 0)

tps0 ! (j + 3) = [>]

tps0 ! (j + 4) = (|0]n, 0)

tps0 ! (j + 5) = (l[lJnz, 0)

tps0 ! (j + 6) = [>]

tpsO0 ! (j + 7) = (lzs], 0)

tps0 ! (5 + 8) = (LI}, 0)
begin

abbreviation ezec :: nat = config where
exec t = execute M (start-config 2 xs) t

lemma maz-head-pos-0: Vt. exec t <#> 0 < thalt
(proof)

lemma maz-head-pos-1: Vt. exec t <#> 1 < thalt
(proof)

definition tps! = tps0

G+ 2)=lll~e, 1),
(G+4):=(0]n, 1),
G+ 38) = UlnNe, 1),
(j + 6) = [>]]

lemma tm1 [transforms-intros|:
assumes ttt = 1
shows transforms tm1 tps0 ttt tpsi
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{proof)

definition tps2 = tpsO

(G + 1) == (l0]~, 1),

G+ 2):=lne, 1),
(G+4):=(0]n, 1),

G+ 8) = Ullne, 1),
(j + 6) = [0O]]

lemma tm2 [transforms-intros|:
assumes ttt = 2
shows transforms tm2 tps0 tit tps2
(proof)

definition tps3 = tps0

G+ 1) = (L0]w, 1),

(j + 2) := nltape 0],

(J+4) = (10]w~, 1),

G+ 8)=ll~nc, 1),
(G + 6) = [O]]

lemma tm3 [transforms-intros|:
assumes it = 8
shows transforms tm3 tps0 tit tps3

{proof)

definition tps/ = tps0
G+ 1) = ([0]w, 1),

(j + 2) := nltape 0],
(G +4)=(0]n, 1),
(j + 5) := nltape [0],
G+ 6) = [0]]

lemma tm/ [transforms-intros]:
assumes it = 14
shows transforms tm4 tps0 ttt tps4

(proof)

The tapes after t iterations:

definition tpsL t = tps0O
(G + 1) == (Lewec t <#> 0]n, 1),

( + 2) := nltape (map (At. exec t <#> 0) [0..<Suc t]),
(G +4) = (lewec t <#> 1]n, 1),

(4 + 5) := nltape (map (At. exec t <#> 1) [0..<Suc t]),
(G + 6) := [fst (exec 1)],

G+ 7) = ezect <!> 0,

(G + 8) = exec t <!> 1]

lemma lentpsL: length (tpsL t) = k
{proof)

lemma tpsL-0-eq-tps4: tpsL 0 = tps4
(proof)

definition tpsL1 t = tps0
[j := [direction-to-symbol ((M ! fst (exec t)) (config-read (ezec t)) [~] 0)],
j+ 1:=(lexec t <#> 0|n, 1),
Jj + 2 := nltape (map (At. exec t <#> 0) [0..<Suc t]),
Jj+ 3 := [direction-to-symbol (M ! fst (exec t)) (config-read (exec t)) [~] 1)],
J+ 4= (lexec t <#> 1|n, 1),
j+ 5 := nltape (map (At. ezec t <#> 1) [0..<Suc t]),
j+ 6 := [fst (exec (Suc t))],
j+ 7 := exec (Suct) <!> 0,
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j+ 8 := exec (Suct) <!> 1]

lemma lentpsL1: length (tpsL1t) = k
(proof)

lemma tmL1 [transforms-intros]:
assumes fst (ezec t) < length M
shows transforms tmL1 (tpsL t) 1 (tpsL1 t)
(proof)

definition tpsL2 t = tps0
[§ := [direction-to-symbol ((M ! fst (exec t)) (config-read (ezec t)) [~] 0)],
j+ 1 := (lexec (Suct) <#> 0]n, 1),
Jj+ 2 := nltape (map (A\t. ezec t <#> 0) [0..<Suc (Suc t)]),
j+ 8 := [direction-to-symbol (M ! fst (exec t)) (config-read (exec t)) [~] 1)],
J+ 4 = (lexec t <#> 1]|n, 1),
Jj+ 5 := nltape (map (At. exzec t <#> 1) [0..<Suc t]),
j+ 6 := [fst (exec (Suc t))],
j+ 7 := exec (Suct) <!> 0,
j+ 8 := exec (Suct) <!> 1]

lemma lentpsL2: length (tpsL2t) = k
(proof)

lemma tmL2 [transforms-intros]|:
assumes fst (exec t) < length M
and tit = 17 + 4 * nlength thalt
shows transforms tmL2 (tpsL t) ttt (tpsL2 t)
{proof)

definition tpsL3 t = tps0
[j := [direction-to-symbol ((M ! fst (exec t)) (config-read (exzec t)) [~] 0)],
Jj+ 1 := (lexec (Suct) <#> 0]n, 1),
j + 2 := nltape (map (At. exec t <#> 0) [0..<Suc (Suc t)]),
Jj + 3 := [direction-to-symbol (M ! fst (exec t)) (config-read (exec t)) [~] 1)],
Jj+ 4 = (lewec (Suc t) <#> 1]|n, 1),
j + 5 := nltape (map (At. exec t <#> 1) [0..<Suc (Suc t)]),
j+ 6 := [fst (exec (Suc t))],
j+ 7 := exec (Suct) <!> 0,
Jj+ 8 := exec (Suct) <!> 1]

lemma lentpsL3: length (tpsL3t) = k
(proof)

lemma tmL3 [transforms-intros]:
assumes fst (exec t) < length M and ttt = 33 + 8 * nlength thalt
shows transforms tmLS8 (tpsL t) ttt (tpsL3 t)
{proof)

definition tpslL4 t = tps0

[j + 1 := (lexec (Suc t) <#> 0]n, 1),

j + 2 := nltape (map (At. exec t <#> 0) [0..<Suc (Suc t)]),
J+ 4 := (lexec (Suc t) <#> 1]|n, 1),

Jj+ 5 := nltape (map (At. exec t <#> 1) [0..<Suc (Suc t)]),
Jj+ 6 :=[fst (exec (Suct))],

j+ 7 := exec (Suct) <!> 0,

Jj+ 8 := exec (Suct) <!> 1]

lemma lentpsL4: length (tpsL4 t) = k
(proof )

lemma tmLj:
assumes fst (ezec t) < length M
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and ttt = 34 + 8 * nlength thalt
shows transforms tmLj (tpsL t) ttt (tpsL4 t)
(proof)

lemma tpsLj-Suc: tpsLj t = tpsL (Suc t) (is 2l = ?r)
(proof )

lemma tmLj":
assumes fst (exec t) < length M
and ttt = 34 + 8 * nlength thalt
shows transforms tmL4 (tpsL t) ttt (tpsL (Suc t))
(proof)

lemma tmL:
assumes it = thalt * (36 + 8 * nlength thalt) + 1
shows transforms tmL (tpsL 0) ttt (tpsL thalt)
{proof)

lemma tmL’ [transforms-intros]:
assumes ttt = thalt * (36 + 8 * nlength thalt) + 1
shows transforms tmL tps4 ttt (tpsL thalt)
(proof)

definition tps5 = tps0O
[(j + 1) := (|exec thalt <#> 0|n, 1),

(j + 2) := nltape (map (At. exec t <#> 0) [0..<Suc thalt]),
(G + 4) = (lexec thalt <#> 1]|n, 1),

(j + 5) := nltape (map (At. exec t <#> 1) [0..<Suc thalt)),
(j + 6) := [fst (exec thalt)],

(j + 7) := exec thalt <!> 0,

(J + 8) := exec thalt <!> 1]

lemma tms:
assumes (it = thalt * (36 + 8 * nlength thalt) + 15
shows transforms tmb tps0 ttt (tpsL thalt)
(proof)

lemma tms5’ [transforms-intros]:
assumes it = thalt * (36 + 8 * nlength thalt) + 15
shows transforms tmb tps0 ttt tpsd

{proof)

definition tps6 = tps0O
[(j + 1) := (|ezec thalt <#> 0|n, 1),

(j + 2) := nltape (map (At. exec t <#> 0) [0..<Suc thalt)),
(j + 4) = (lexec thalt <#> 1N, 1),

(j + 5) := nltape (map (At. exec t <#> 1) [0..<Suc thalt]),
( + 7) = exec thalt <!> 0,

(J + 8) := exec thalt <!> 1]

lemma tm6 [transforms-intros|:
assumes ttt = thalt * (36 + 8 * nlength thalt) + 16
shows transforms tm6 tps0 tit tps6

{proof)

definition tps7 = tps0
[( + 1) := (|exec thalt <#> 0]|n, 1),

(G + 2) := (Imap (At. exec t <#> 0) [0..<Suc thalt]|nL, 1),
(j + 4) = (lexec thalt <#> 1N, 1),

(j + 5) := nltape (map (At. exec t <#> 1) [0..<Suc thalt]),
(j + 7) = exec thalt <!> 0,

(4 + 8) := ewec thalt <!> 1]
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lemma tm?7 [transforms-intros|:
assumes ttt = thalt * (36 + 8 * nlength thalt) + 19 + nllength (map (\t. exec t <#> 0) [0..<Suc thalt])
shows transforms tm7 tps0 tit tps7

{proof)

definition tps8 = tps0
[(j + 1) := (| exec thalt <#> 0|n, 1),

(G + 2) := (|map (At. exec t <#> 0) [0..<Suc thalt]|nL, 1),
(G + 4) = (| exec thalt <#> 1]|n, 1),

(G + 5) == (Imap (At. exec t <#> 1) [0..<Suc thalt]|nr, 1),
(j+ 7) := exec thalt <!> 0,

( + 8) := exec thalt <!> 1]

lemma tm$:
assumes {tt = thalt * (36 + 8 * nlength thalt) + 22 + nllength (map (At. exec t <#> 0) [0..<Suc thalt]) +
nllength (map (At. (exec t) <#> 1) [0..<Suc thalt])
shows transforms tm8 tps0 tit tps8

{proof)

lemma tm8"
assumes ttt = 27 x Suc thalt * (9 + 2 * nlength thalt)
shows transforms tm8 tps0 ttt tps8

(proof)

end
end

lemma transforms-tm-list-headposl [transforms-intros]:
fixes G :: nat and j :: tapeide and M :: machine
fixes tps tps’ :: tape list
fixes thalt k ttt :: nat and s :: symbol list
assumes turing-machine 2 G M
assumes length tps = kand k> j+ 9 and j > 0
assumes
Vt<thalt. fst (execute M (start-config 2 xs) t) < length M
fst (execute M (start-config 2 xs) thalt) = length M
assumes symbols-lit G s
assumes tps | j = [>]

s ! G+ 1) = ([0]n, 0)
tps! (j+ 2) = (LlJvz, 0)
s (j+ 3) = o]
tps ! (j + 4) = ([0]~, 0)
tps! (j + 5) = (LlJvz, 0)
s ! (j + 6) = o]
s ! (G + 7) = ([zs], 0)
tps 1 (j + 8) = (L], 0)
assumes ttt = 27 x Suc thalt * (9 + 2 * nlength thalt)
assumes tps’ = tps
G+ 1):= (L(ea:ecute M (start-config 2 xs) thalt) <#> 0|n, 1),
(4 + 2) := (|map (At. (execute M (start-config 2 xs) t) <#> 0) [0..<Suc thalt]|nL, 1),
G+ 4):= (L(execute M (start-config 2 zs) thalt) <#> 1]|n, 1),
(G + 5) := (|map (At. (execute M (start-config 2 xs) t) <#> 1) [0..<Suc thalt]|nL, 1),
(4 + 7) := (execute M (start-config 2 xs) thalt) <!> 0,

(4 + 8) := (execute M (start-config 2 xs) thalt) <!> 1]
shows transforms (tm-list-headpos G M j) tps ttt tps’

(proof )

7.4 A Turing machine for ¥ formulas

CNF formulas from the ¥ family of formulas feature prominently in ®. In this section we first present
a Turing machine for generating arbitrary members of this family and later a specialized one for the ¥
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formulas that we need for ®.

7.4.1 The general case

The next Turing machine generates a representation of the CNF formula ¥(vs, k). It expects vs as a list
of numbers on tape j and the number k on tape j + 1. A list of lists of numbers representing ¥(vs, k) is
output to tape j + 2.

The TM iterates over the elements of vs. In each iteration it generates a singleton clause containing the
current element of vs either as positive or negative literal, depending on whether k is greater than zero
or equal to zero. Then it decrements the number k. Thus the first k variable indices of vs will be turned
into k positive literals, the rest into negative ones (provided |vs| > k).

definition ¢m-Psi :: tapeidr = machine where
tm-Psi j =
WHILE [] ; Ars. rs ! j # 0 DO
tm-nextract | j (j + 3) 3;
tm-times2 (j + 3)
IF Ars.rs! (j + 1
tm-incr (j + 3)
ELSE
(
ENDIF ;;
tm-to-list (j + &) 3;
tm-appendl (5 + 2) (j + 3) 3
tm-decr (j + 1) 3;
tm-erase-cr (j + 3)
DONE
tm-cr (j + 2) 3
tm-erase-cr j

)

) # 0 THEN

lemma tm-Psi-tm:
assumes 0 < jand j+ 8 < kand G > 6
shows turing-machine k G (tm-Psi j)

{proof)

Two lemmas to help with the running time bound of tm-Ps::

lemma sum-list-mono-nth:
fixes zs :: ‘a list and f ¢ :: 'a = nat
assumes YV i<length zs. f (zs ! 1) < g (zs ! 7)
shows sum-list (map f xs) < sum-list (map g zs)
(proof)

lemma sum-list-plus-const:
fixes zs :: ‘a list and f :: ‘a = nat and c :: nat
shows sum-list (map (Az. ¢ + fx) xs) = ¢ * length zs + sum-list (map f zs)
(proof)

locale turing-machine-Psi =
fixes j :: tapeidz
begin

definition tm1 = tm-nextract | j (j + 3)

definition tm2 = tm1 ;; tm-times2 (j + 3)

definition tm23 = IF Ars. rs ! (j + 1) # O THEN tm-incr (j + 8) ELSE [| ENDIF
definition tm& = tm2 ;; tm238

definition tm4 = tm3 ;; tm-to-list (j + 3)

definition tm5 = tm4 ;; tm-appendl (7 + 2) (j + 3)

definition tm6 = tmb ;; tm-decr (j + 1)

definition tm7 = tm6 ;; tm-erase-cr (j + 3)

definition tmL = WHILE [] ; Ars. rs ! j # 0O DO tm7 DONE

definition tm8 = tmlL ;; tm-cr (j + 2)
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definition tm9 = tmé8 ;; tm-erase-cr j

lemma tm9-eq-tm-Psi: tm9 = tm-Psi j
(proof)

context
fixes tps0 :: tape list and k kk :: nat and ns :: nat list
assumes jk: length tps0 = k0 < jj+ 3 < k
and kk: kk < length ns
assumes tps0:
tps0 ! j = (|ns|nL, 1)
tpsO ! (j + 1) = (|kk]n, 1)
tps0 ! (j+ 2) = (Il~vre, 1)
tps0 ! (5 + 8) = (L), 1)
begin

definition tpsL :: nat = tape list where
tpsL t = tps0O
[j := nltape’ ns t,
j+ 1= (lkk— t]n, 1),
j + 2 := nlltape (map (At. [2 * ns ! ¢t + (if t < kk then 1 else 0)]) [0..<t])]

lemma tpsL-eq-tps0: tpsL 0 = tps0
(proof )

definition tpsL1 :: nat = tape list where
tpsL1 t = tpsO
[j := nltape’ ns (Suc t),
j+ 1= (lkk— t]n, 1),
Jj+ 2 := nlitape (map (At. [2 x ns | t + (if t < kk then 1 else 0)]) [0..<t]),
j+ 3 :=(|ns! t|n, 1)]

lemma tm1 [transforms-intros]:
assumes t < length ns
and tit = 12 + 2 * nlength (ns ! t)
shows transforms tm1 (tpsL t) ttt (tpsL1 t)
(proof)

definition tpsL2 :: nat = tape list where
tpsL2 t = tps0O
[j := nitape’ ns (Suc t),
j+ 1= (Lkk =t 1),
j + 2 := nlltape (map (At. [2 * ns ! ¢t + (if t < kk then 1 else 0)]) [0..<t]),
j+3:=(2xns!t|n, 1)]

lemma tm2 [transforms-intros|:
assumes t < length ns
and tit = 17 + 4 * nlength (ns ! t)
shows transforms tm2 (tpsL t) ttt (tpsL2 t)
(proof)

definition tpsL3 :: nat = tape list where
tpsL3 t = tpsO
[j := nltape’ ns (Suc t),
j+1:=(lkk—t]n, 1),
j + 2 := nlltape (map (At. [2 * ns ! ¢t + (if t < kk then 1 else 0)]) [0..<t]),
j+ 8 :=(l2*ns!t+ (ift < kk then 1 else 0)|n, 1)]

lemma tm23 [transforms-intros):
assumes t < length ns
and ttt = 7 + 2 = nlength (2 * ns ! t)
shows transforms tm23 (tpsL2 t) tit (tpsL3 t)
(proof)
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lemma tm3:
assumes t < length ns
and it = 24 + 4 * nlength (ns! t) + 2 % nlength (2 * ns ! t)
shows transforms tm3 (tpsL t) ttt (tpsL3 t)
(proof)

lemma tm3’ [transforms-intros|:
assumes ¢ < length ns and tit = 26 + 6 * nlength (ns! t)
shows transforms tm3 (tpsL t) ttt (tpsL3 t)

(proof)

definition tpsL4 :: nat = tape list where
tpsL4 t = tps0O

[j := nltape’ ns (Suc t),

j 1= (LK — ]y, 1),

j + 2 := nlltape (map (At. [2 * ns ! t + (if t < kk then I else 0)]) [0..<t]),
J+ 8= ([2*ns!t+ (ift < kkthen I else 0)]|nL, 1)]

lemma tm4:
assumes t < length ns
and ttt = 81 + 6 * nlength (ns ! t) + 2 * nlength (2 x ns ! t + (if t < kk then 1 else 0))
shows transforms tmj (tpsL t) ttt (tpsL4 t)
(proof)

lemma tm/ ' [transforms-intros|:
assumes ¢ < length ns and tit = 33 + 8 * nlength (ns ! t)
shows transforms tm4 (tpsL t) ttt (tpsLi t)

(proof)

definition tpsL5 :: nat = tape list where
tpsL5 t = tps0O

[j := nltape’ ns (Suc t),

j+1:=(lkk—t|n, 1),

j + 2 := nlltape (map (At. [2 * ns | ¢t + (if t < kk then I else 0)]) [0..<Suc t]),
J+ 8= ([2*ns!t+ (if t < kkthen I else 0)]|nL, 1)]

lemma tm5 [transforms-intros]:
assumes t < length ns
and ttt = 89 + 8 * nlength (ns ! t) + 2 * nllength [2 * ns | ¢t + (if t < kk then 1 else 0)]
shows transforms tm& (tpsL t) ttt (tpsL5 t)
(proof)

definition tpsL6 :: nat = tape list where
tpsL6 t = tpsO
[j := nltape’ ns (Suc t),

j+1:=(kk—-t—1]|n,1),
Jj 4+ 2 := nlltape (map (At. [2 x ns ! t + (if t < kk then 1 else 0)]) [0..<Suc t]),
J+ 8 :=(l[2*ns!t+ (if t < kk then 1 else 0)]|nL, 1)]

lemma tmé6:
assumes t < length ns
and ttt = 39 + 8 * nlength (ns ! t) +
2 x nllength [2 * ns ! t + (if t < kk then I else 0)] +
(8 + 2 * nlength (kk — t))
shows transforms tm6 (tpsL t) ttt (tpsL6 t)
(proof)

lemma nllength-elem: nllength [2 x ns ! t + (if t < kk then 1 else 0)] < 2 + nlength (ns ! t)
(proof )

lemma tm6’ [transforms-intros]:
assumes t < length ns
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and ttt = 43 + 10 * nlength (ns!t) + (8 + 2 * nlength (kk — t))
shows transforms tm6 (tpsL t) ttt (tpsL6 t)
(proof)

definition tpsL7 :: nat = tape list where
tpsL7 t = tpsO
[j := nltape’ ns (Suc t),
j+ 1:= (lkk — Suc t|n, 1),
j + 2 := nlltape (map (Mt. [2 * ns | ¢t + (if t < kk then 1 else 0)]) [0..<Suc t]),
i+ 8= (0 1)]

lemma tm?7:
assumes t < length ns
and ¢ttt = 51 + (10 * nlength (ns! t) + 2 x nlength (kk — t)) +
(7 + 2 * length (numlist [2 * ns ! t + (if t < kk then 1 else 0)]))
shows transforms tm7 (tpsL t) ttt (tpsL7 t)
(proof)

lemma tm7"
assumes t < length ns and tit = 62 + 1 * nllength ns
shows transforms tm7 (tpsL t) ttt (tpsL7 t)

(proof )

lemma tpsL7-eq-tpsL: tpsL7 t = tpsL (Suc t)
(proof)

lemma tm7" [transforms-intros]:
assumes t < length ns and ttt = 62 + 14 * nllength ns
shows transforms tm7 (tpsL t) ttt (tpsL (Suc t))

{proof)

lemma tmL [transforms-intros]:
assumes ttt = length ns x (62 + 14 * nllength ns + 2) + 1
shows transforms tmL (tpsL 0) ttt (tpsL (length ns))

{proof)

definition tps8 :: tape list where
tps8 = tps0O
[j := nltape’ ns (length ns),
j 4 1= (10)n, 1),
J 4 2 := nlltape’ (map (At. [2 x ns ! t + (if t < kk then I else 0)]) [0..<length ns]) 0]

lemma tm§:
assumes ttt = Suc (length ns * (64 + 14 * nllength ns)) +
Suc (Suc (Suc (nlllength (map (At. [2 * ns | ¢ + (if t < kk then 1 else 0)]) [0..<length ns]))))
shows transforms tm8 (tpsL 0) tit tps8

(proof)

lemma tm8’ [transforms-intros|:
assumes it = 4 + 81 x nllength ns ~ 2
shows transforms tm8 tps0 tit tps§

(proof)

definition tps9 :: tape list where
tps9 = tpsO
[ = (L0, 1),
j+ 1= (0]~ 1),
j + 2 := nlltape’ (map (A\t. [2 x ns ! t + (if t < kk then I else 0)]) [0..<length ns]) 0]

lemma tm9:
assumes tit = 11 + 81 * nllength ns ~ 2 + 3 x nllength ns
shows transforms tm9 tps0 tit tps9

{proof)
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lemma tm9"
assumes it = 11 + 84 = nllength ns ~ 2
shows transforms tm9 tps0 ttt tps9

(proof)
end
end

lemma transforms-tm-Psil [transforms-intros]:
fixes j :: tapeidx
fixes tps tps’ :: tape list and ttt k kk :: nat and ns :: nat list
assumes length tps = k0 < jj+ 3 <k
and kk < length ns
assumes
tps ! j = (Ins|nr, 1)
tps ! (j + 1) = (lkk]n, 1)
tps ! (j + 2) = (llll~vee, 1)
tps ! ( + 8) = (L0, 1)
assumes it = 11 + 84 * nllength ns ~ 2
assumes tps' = tps
= (L), 1),
j+ 1= (0], 1),
j + 2 := nlltape’ (map (A\t. [2 x ns ! t + (if t < kk then I else 0)]) [0..<length ns]) 0]
shows transforms (tm-Psi j) tps tit tps’
{proof)

7.4.2 For intervals

To construct ® we need only ¥ formulas where the variable index list is an interval ; = [iH, (i + 1)H).
In this section we devise a Turing machine that outputs U([start, start + len), k) for arbitrary start, len,
and &.

definition nli-Psi :: nat = nat = nat = nat list list where
nll-Psi start len k = map (Ni. [2 * (start + @) + (if { < &k then 1 else 0)]) [0..<len]

lemma nli-Psi: nll-Psi start len k = formula-n (¥ [start..<start+len] k)
(is ?lhs = ?rhs)

(proof )

lemma nlllength-nll-Psi-le: nlllength (nll-Psi start len k) < len x (3 + nlength (start + len))
(proof )

lemma nlllength-nll-Psi-le":
assumes start] < start2
shows nlllength (nll-Psi startl len k) < len * (3 + nlength (start2 + len))

(proof)

lemma H/-nlength:
fixes x y H :: nat
assumes ¢ < yand H > 38
shows H ™/ x (nlength z)* < H ™4 * (nlength y)*
(proof)

The next Turing machine receives on tape j a number ¢, on tape j + 1 a number H, and on tape j + 2 a
number s. It outputs U([i- H, (i + 1) - H), k).

definition ¢m-Psigamma :: tapeidx = machine where
tm-Psigamma j =
tm-multj G+ 1) (G+ 3) 5
tm-range (j + 3) (j + 1) (j + 4) 3
tm-copyn (j + 2) (j + 5) 5
tm-Psi (j + 4) 3
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tm-erase-cr (j + 3)

lemma tm-Psigamma-tm:
assumes G > 6and j + 7 < k
shows turing-machine k G (tm-Psigamma j)
(proof)

locale turing-machine-Psigamma =
fixes j :: tapeidz
begin

definition tm! = tm-mult j (j + 1) (j + )

definition tm2 = tml1 ;; tm-range (j + 8) (G + 1) (G + 4)
definition tm3 = tm2 ;; tm-copyn (j + 2) (j + 5)
definition tmj = tm3 ;; tm-Psi (j + 4)

definition tm5 = tm4 ;; tm-erase-cr (j + 3)

lemma tms-eg-tm-Psigamma: tm5 = tm-Psigamma j
(proof)

context
fixes tps0 :: tape list and H k idx k :: nat
assumes jk: length tps0 = k0 < jj+ 7 <k
and H: H > &
and k: kK < H
assumes tps0:

tps0 ! j = (lidz]n, 1)

tps0 ! (j+ 1) = (|H|n, 1)
tps0 ! (j + 2) = (|&]n, 1)
tps0 ! (5 + 3) = (L[], 1)
tps0 ! (5 + 4) = (L), 1)
tps0 ! (5 + 5) = (1), 1)
tps0 ! (j + 6) = (L[], 1)
tps0 V (j+ 7) = (LI}, 1)

begin

definition tps! = tps0O
[j + 8 := (lide x H|n, 1)]

lemma tm1 [transforms-intros|:
assumes ttt = 4 + 26 x (nlength idz + nlength H) ~ 2
shows transforms tm1 tps0 tit tpst
(proof)

definition tps2 = tpsO
i+ 3 = (lide « H]x, 1),
j+ 4 :=(|[ide x H.<ide « H + H]|nL, 1)]

lemma tm2 [transforms-intros|:
assumes ttt = 4 + 26 * (nlength idz + nlength H)? 4+ Suc H * (43 + 9 * nlength (idz *+ H + H))
shows transforms tm2 tps0 tit tps2
(proof)

definition tps3 = tpsO
[j+ 8 :=(lide x H|n, 1),
j+ 4 :=([ide * H.<ide « H + H]|nL, 1),
J+ 5= (lsln, 1)]

lemma tm3 [transforms-intros]:

assumes ttt = 18 + 26 * (nlength ide + nlength H)?> + Suc H * (43 + 9 x nlength (ide x H + H)) + 3 *
nlength k

shows transforms tm3 tps0 tit tps3

{proof)
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definition tps/ = tps0O
[j + 8 :=(lide x H|n, 1),
J+4 =l 1),
i+ 5= (0]n, 1),
j 4 6 := nlltape’
(map (At. [2 * [ide « H..<idz « H + H| ! t + (if t < K then 1 else 0)])
[0..<length [idz x H..<idz « H + H]]) 0]

lemma tm4:
assumes ttt = 29 + 26 * (nlength idx + nlength H)? + Suc H x (43 + 9 % nlength (idz + H + H)) +
3 * nlength k + 84 * (nllength [idy + H..<idz + H + HJ)?
shows transforms tmj tps0 ttt tps/
(proof)

definition tps/’' = tps0
[j + 8 :=(lide x H|n, 1),
J+4 =l 1),
i+ o= (0]~ 1),
j + 6 := nlitape’ (map (A\t. [2 * (idz x H + t) + (if t < x then 1 else 0)]) [0..<H]) 0]

lemma tps4 '-eq-tps4: tps4’' = tpss
(proof )

lemma tm/’' [transforms-intros]:
assumes {tt = 29 + 26 * (nlength idx + nlength H)? + Suc H x (43 + 9 * nlength (idz + H + H)) +
3 * nlength k + 84 * (nllength [idz * H..<idr + H + H])?
shows transforms tm4 tps0 ttt tpsj’

(proof)

definition tps5 = tps0
[+ 3:=(lll 1),
J+ 4= 1),
Jj+ 6= (0]~ 1),

j+ 6 := nlltape’ (map (At. [2 = (idz * H 4+ t) + (if t < K then 1 else 0)]) [0..<H]) 0]

lemma tmb:
assumes ttt = 36 + 26 * (nlength idz + nlength H)? + Suc H x (43 + 9 * nlength (idz + H + H)) +
3 * nlength k + 84 * (nllength [ide x H..<idz x H + H])*> +
2 x nlength (idz + H)
shows transforms tms tps0 tit tpss
(proof)

definition tps5' = tps0
[i + 6 :== (|nll-Psi (idz x H) H k]nLL, 1)]

lemma tps5’-eq-tpss: tpss5' = tps
(proof)

lemma tm5":
assumes ttt = 1851 = HJ * (nlength (Suc idz)) 2
shows transforms tmb tps0 ttt tps5’

(proof)

end
end

lemma transforms-tm-Psigammal [transforms-intros|:
fixes j :: tapeidx
fixes tps tps’ :: tape list and ttt H k idz & :: nat
assumes length tps = kand 0 < jand j + 7 < k
and H > 8
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and Kk < H

assumes

tps ! j = (lidz|n, 1)

tps! (j+ 1) = ([H]n, 1)
tps ! (j + 2) = (l&]w, 1)
tps ! (j + 8) = (L), 1)
tps ! (G + 4) = (L0, 1)
tps ! (7 + 5) = (L[], 1)
tps ! (j + 6) = (L), 1)
tps ! (G + 7) = (L, 1)

assumes ttt = 1851 * H ™ * (nlength (Suc idz)) 2
assumes tps’ = tps

[j + 6 := (|nll-Psi (ide * H) H k|nLL, 1)]
shows transforms (tm-Psigamma j) tps ttt tps’

(proof)

7.5 A Turing machine for T formulas

The CNF formula ®; is made of CNF formulas Y(v;) with v; = [i - H,(¢ + 1) - H). In this section we
build a Turing machine that outputs such CNF formulas.

7.5.1 A Turing machine for singleton clauses

The T formulas, just like the ¥ formulas, are conjunctions of singleton clauses. The next Turing machine
outputs singleton clauses. The Turing machine has two parameters: a Boolean incr and a tape index
j. It receives a variable index on tape j, a CNF formula as list of lists of numbers on tape j + 2 and
a number H on tape j + 3. The TM appends to the formula on tape j 4+ 2 a singleton clause with a
positive or negative (depending on incr) literal derived from the variable index. It also decrements H and
increments the variable index, which makes it more suitable for use in a loop constructing an T formula.

Given our encoding of literals, what the TM actually does is doubling the number on tape j + 1 and
optionally (if incr is true) incrementing it.

definition tm-times2-appendl :: bool = tapeidr = machine where
tm-times2-appendl incr j =

tm-copyn j (j + 1) 5

tm-times2 (j + 1) 3;

(if incr then tm-incr (j + 1) else []) 3;

tm-to-list (j + 1) 3;

tm-appendl (j + 2) (j + 1) 33

tm-erase-cr (j + 1) 3;

tm-incr j ;;

tm-decr (j + 3)

lemma tm-times2-appendl-tm:
assumes (0 < jand j+ 8 < kand G > 6
shows turing-machine k G (tm-times2-appendl incr j)
(proof)

locale turing-machine-times2-appendl =
fixes j :: tapeidz
begin

context
fixes tps0 :: tape list and v H k :: nat and nss :: nat list list and incr :: bool
assumes jk: length tps0 = k0 < jj+ 3 <k
assumes tps0:
tps0 ! j = (lv|n, 1)
tps0 ! (5 + 1) = (L], 1)
tps0 ! (j + 2) = nlltape nss
tpsO ! (j+ 8) = (|H]n, 1)
begin
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definition tm! = tm-copyn j (j + 1)

definition tm2 = tm1 ;; tm-times2 (j + 1)

definition tm3 = tm2 ;; (if incr then tm-incr (j + 1) else [])
definition tm4 = tm3 ;; tm-to-list (j + 1)

definition tm5 = tm4 ;; tm-appendl (7 + 2) (j + 1)
definition tm6 = tmb ;; tm-erase-cr (j + 1)

definition tm7 = tmé6 ;; tm-incr j

definition tm8 = tm7 ;; tm-decr (j + 3)

lemma tm§-eq-tm-times2appendl: tm8 = tm-times2-appendl incr j
(proof)

definition tps! = tps0

U+ 1:=(lvln, 1)]

lemma tm1 [transforms-intros]:
assumes tit = 1/ + & * nlength v
shows transforms tm1 tps0 tit tpst

{proof)

definition tps2 = tpsO
G+ 1= (12 % o), 1)

lemma tm2 [transforms-intros|:
assumes ttt = 19 + 5 * nlength v
shows transforms tm2 tps0 tit tps2

{proof)

definition tps3 = tps0O
[f+ 1:=([2* v+ (if incr then 1 else 0)]|n, 1)]

lemma tm3-True:
assumes it = 24 + 5 * nlength v + 2 * nlength (2 * v) and incr
shows transforms tm3 tps0 ttt tps3
(proof)

lemma tm3-False:
assumes tit = 19 + 5 * nlength v and — incr
shows transforms tm3 tps0 tit tps3
{proof)

lemma tm3:
assumes tit = 24 + 5 x nlength v + 2 * nlength (2 * v)
shows transforms tm3 tps0 tit tps3
(proof)

lemma tm3’ [transforms-intros]:
assumes ttt = 26 + 7 x nlength v
shows transforms tm3 tps0 ttt tps3

(proof)

definition tps/ = tps0O
i + 1 :=(l[2 x v+ (if incr then 1 else 0)]|nL, 1)]

lemma tm4:
assumes it = 31 + 7 * nlength v + 2 x nlength (2 * v + (if incr then 1 else 0))
shows transforms tm4 tps0 ttt tps4
(proof)

lemma tmJ ' [transforms-intros]:
assumes ttt = 33 + 9 * nlength v
shows transforms tm4 tps0 tit tps)

(proof )
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definition tps5 = tps0O
[j+ 1 :=([2 % v+ (if incr then 1 else 0)]|n1L, 1),
Jj + 2 := nlltape (nss Q [[2 * v + (if incr then 1 else 0)]])]

lemma tm5 [transforms-intros]:
assumes ttt = 39 + 9 x nlength v + 2 * nllength [2 x v + (if incr then 1 else 0)]
shows transforms tmb tps0 tit tpsd

{proof)

definition tps6 = tpsO
[§ + 2 := nlltape (nss Q [[2 * v + (if incr then 1 else 0)]])]

lemma tmé6:
assumes ttt = 46 + 9 * nlength v + 4 * nllength [2 x v + (if incr then 1 else 0)]
shows transforms tmé6 tps0 ttt tps6
(proof)

lemma tm6’ [transforms-intros]:
assumes ittt = 54 + 13 * nlength v
shows transforms tm6 tps0 tit tpsé

(proof )

definition tps7 = tpsO

b == ([Suc v]w, 1),
Jj + 2 := nlltape (nss Q [[2 x v + (if incr then 1 else 0)]])]

lemma tm7 [transforms-intros|:
assumes itt = 59 + 15 * nlength v
shows transforms tm7 tps0 tit tps7

{proof)

definition tps8 = tps0O
b == ([Suc v]w, 1),
j + 2 := nlltape (nss Q [[2 x v + (if incr then 1 else 0)]]),
i+ 8= (H - 1]n, 1)]

lemma tm$:
assumes ttt = 67 + 15 * nlength v + 2 * nlength H
shows transforms tm8 tps0 ttt tps8

(proof)

end

end

lemma transforms-tm-times2-appendll [transforms-intros|:
fixes j :: tapeidx and incr :: bool

fixes tps tps’ :: tape list and ttt v H k :: nat and nss :: nat list list
assumes length tps = kand 0 < jand j + 3 < k

tps ' j = (lv]n, 1)

tps ' (j + 1) = (LI}, 1)
tps ! ( + 2) = nlltape nss
tps ' (j + 3) = ([H]n, 1)

assumes tit = 67 + 15 * nlength v + 2 % nlength H
assumes tps’ = tps
[j := (|Suc v|n, 1),
j + 2 := nlltape (nss Q [[2 * v + (if incr then 1 else 0)]]),
j+ 3 :=(H~-1]n, 1)]
shows transforms (tm-times2-appendl incr j) tps tit tps’

(proof)
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7.5.2 A Turing machine for Y(~;) formulas

We will not need the general T formulas, but only Y(v;) for v; = [i - H, (i + 1) - H). Represented as list
of lists of numbers they look like this (for H > 3):

definition nll-Upsilon :: nat = nat = nat list list where
nll-Upsilon idx len = [[2 = (idz = len) + 1], [2 * (idz * len + 1) + 1]] @ map (Ni. [2 = (idz = len + 1)])
[8..<len]

lemma nll-Upsilon:

assumes len > 3
shows nll-Upsilon idz len = formula-n (Y [idzxlen..<idzxlen+len])

(is ?lhs = ?rhs)

(proof )

lemma nlllength-nll-Upsilon-le:
assumes len > 3
shows nlllength (nll-Upsilon idx len) < len * (4 + nlength idxz + nlength len)

(proof)

The next Turing machine outputs CNF formulas of the shape Y(v;), where v; = [i - H, (i + 1) - H). It
expects a number ¢ on tape j and a number H on tape j + 1. It writes a representation of the formula
to tape 7 + 4.

definition ¢m-Upsilongamma :: tapeidex = machine where
tm-Upsilongamma j =

tm-copyn (j + 1) ( + 5) 33

tm-mult j (j+ 1) (G + 2) 3

tm-times2-appendl True (j + 2) ;;

tm-times2-appendl True (7 + 2) ;;

tm-decr (j + 5) 3;

tm-incr (j + 2) 5

WHILE [| ; Ars. rs ! (j + 5) # 0 DO
tm-times2-appendl False (j + 2)

DONE

tm-erase-cr (j + 2) 3;

tme-cr (j + 4)

lemma tm-Upsilongamma-tm:
assumes (0 < jand j+ 5 < kand G > 6
shows turing-machine k G (tm-Upsilongamma j)

{proof)

locale turing-machine-Upsilongamma =
fixes j :: tapeidz
begin

definition tm1 = tm-copyn (j + 1) (j + 5)

definition tm2 = tm1 ;; tm-mult j (j + 1) (j + 2)
definition tm3 = tm2 ;; tm-times2-appendl True (j + 2)
definition tmj = tm3 ;; tm-times2-appendl True (j + 2)
definition tm5 = tm4 ;; tm-decr (j + 5)
definition tm6 = tm5 ;; tm-incr (j + 2)
definition tmB = tm-times2-appendl False (j +
definition tmL = WHILE [ ; Ars. rs ! (j + 5)
definition tm7 = tmé6 ;; tmL

definition tm8 = tm7 ;; tm-erase-cr (j + 2)
definition tm9 = tm8 ;; tm-cr (j + 4)

2)
# 0 DO tmB DONE

lemma tm9-eq-tm-Upsilongamma: tm9 = tm-Upsilongamma j
(proof)

context

fixes tps0 :: tape list and idx H k :: nat
assumes jk: length tpsO0 = k0 < jj+ 5 <k
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and H: H > &
assumes tps0:

tps0 ! j = (lidz|n, 1)

tpsO0 ! (j+ 1) = (|H|n, 1)

tps0 ! (7 + 2) = (L[], 1)

tps0 ! (5 + 3) = (1), 1)

tpsO ! (5 + 4) = (L), 1)

tps0 ' (5 + 5) = (LllJ, 1)
begin

definition tps! = tps0O
[+ 6 :=(H]n, 1)]

lemma tm1 [transforms-intros]:
assumes {tt = 14 + 3 * nlength H
shows transforms tm1 tps0 ttt tpsi
(proof)

definition tps2 = tps0
U + 5= (I_HJN7 1)7
j+ 2 :=(lidz x H|n, 1)]

lemma tm2 [transforms-intros|:
assumes ttt = 18 + 3 x nlength H + 26 = (nlength idx + nlength H) 2
shows transforms tm2 tps0 ttt tps2
(proof)

definition tps3 = tps0
G+ 5= (LH — 1]n, 1),
Jj+4 nlltape ([[2 * (idz x H) + 1]]),
j+ 2:=(lidt *x H+ 1]n, 1)]

lemma tm3 [transforms-intros|:
assumes it = 85 + 5 * nlength H + 26 * (nlength idc + nlength H) "2 + 15 % nlength (idz * H)
shows transforms tm3 tps0 tit tps3
(proof)

definition tps/ = tps0O
[i+6:=(H- 2]n, 1),
i+ 4 nlltape ([[2 * (idz « H) + 1], [2 * (idz x H + 1) + 1]]),
j+ 2:=(lide * H+ 2]y, 1)]

lemma tmj [transforms-intros|:
assumes ttt = 152 + 5 * nlength H + 26 * (nlength idz + nlength H)"2 + 15 * nlength (idz x H) +
15 % nlength (Suc (idz * H)) + 2 * nlength (H — 1)
shows transforms tm4 tps0 tit tps/
(proof)

definition tps5 = tps0O
j+5:=(H-8]n, 1),
Jj+ 4 = nlltape ([[2 * (ide « H) + 1], [2 * (ide « H + 1) + 1]]),
j+ 2:=(lidc « H+ 2|n, 1)]

lemma tm5 [transforms-intros|:
assumes ttt = 160 + 5 = nlength H 4+ 26 = (nlength idxz + nlength H) 2 + 15 x nlength (idx » H) +
15 x nlength (Suc (idz * H)) + 2 * nlength (H — 1) + 2 x nlength (H — 2)
shows transforms tmb tps0 ttt tpsd
(proof)

definition tps6 = tpsO
U+ 6= (4H-3]n, 1),
Jj+ 4 = nlltape ([[2 * (idx x H) + 1], [2 * (idz x H + 1) + 1]]),
j+ 2:=(lide * H+ 3]n, 1)]

307



lemma tm6:
assumes it = 165 + 5 x nlength H + 26 * (nlength idz + nlength H)"2 + 15 * nlength (idz * H) +
15 % nlength (Suc (idx * H)) + 2 * nlength (H — 1) + 2 x nlength (H — 2) +
2 * nlength (Suc (Suc (idx x H)))
shows transforms tm6 tps0 tit tps6
(proof)

lemma tm6’ [transforms-intros]:
assumes it = 165 + 41 * nlength (Suc idz «+ H) + 26 % (nlength idz + nlength H) 2
shows transforms tm6 tps0 tit tps6

(proof)

definition tpsL t = tpsO

U+o:=(H-3—tln, 1),

Jj+ 4 = nlltape ([[2 * (idz « H) + 1], [2 % (ide * H + 1) + 1]] @ map (Ai. [2 * (idz « H + 7)]) [3..<8 +
),
j+ 2:=(lide « H+ 8+ t|n, 1)]

lemma tpsL-eq-tps6: tpsL 0 = tps6
(proof)

lemma map-Suc-append: a < b = map f [a..<Suc b] = map f [a..<b] Q [f b]
(proof)

lemma tmB:
assumes ttt = 67 + 15 = nlength (ide x H + 3 + t) + 2 = nlength (H — 3 — t)
shows transforms tmB (tpsL t) ttt (tpsL (Suc t))
{proof)

lemma tmB’ [transforms-intros|:
assumes ttt = 67 + 15 x nlength (Suc idx * H) + 2 * nlength H
and t < H — 3
shows transforms tmB (tpsL t) ttt (tpsL (Suc t))
(proof)

lemma tmlL:
assumes ttt = H x (70 + 17 * nlength (Suc idz * H))
shows transforms tmL (tpsL 0) ttt (tpsL (H — 3))
(proof)

definition tps7 = tpsO
U+ 95:= (0]~ 1),
J+ 4 := nlltape ([[2 * (idz « H) + 1], [2 * (idz * H + 1) + 1]] @ map (Ai. [2 * (idz * H + 1)]) [3..<H]),
j+ 2 :=(|Sucidx * H|n, 1)]

lemma tpsL-eq-tps7: tpsL (H — 8) = tps7
(proof )

lemma tmL’ [transforms-intros]:
assumes ttt = H x (70 + 17 * nlength (Suc idz * H))
shows transforms tmL tps6 ttt tps7

(proof)

lemma tm7 [transforms-intros|:
assumes ttt = 165 + 41 * nlength (H + idz * H) + 26 * (nlength idz + nlength H)? +
H % (70 + 17 % nlength (H + idz + H))
shows transforms tm7 tps0 ttt tps7
(proof)

definition tps8 = tps0O

U+ 6 :=(10]n, 1),
J+ 4 = nlltape ([[2 * (idx * H) + 1], [2 * (¢dz * H + 1) + 1]] @ map (Ai. [2 * (idz * H + 7)]) [3..<H]),
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J+ 2= (0l 1)

lemma tmé§:
assumes ttt = 172 + 43 * nlength (H + idz « H) + 26 * (nlength idx + nlength H)* +
H % (70 + 17 % nlength (H + idx x H))
shows transforms tm8 tps0 tit tps8
(proof)

definition tps8’ = tps0[j + 4 := nlltape (nll-Upsilon idx H))

lemma tps8’-eq-tps8: tps8’ = tps8
(proof )

lemma tm8' [transforms-intros|:
assumes ttt = 199 * H * (nlength idz + nlength H) 2
shows transforms tm8 tps0 ttt tps8’

(proof)

definition tps9 = tpsO
[j + 4 := (|nll-Upsilon idz H|NLL, 1)]

lemma tm9:
assumes ttt = 199 x H x (nlength idz + nlength H)"2 + Suc (Suc (Suc (nlllength (nll-Upsilon idz H))))
shows transforms tm9 tps0 tit tps9

{proof)

lemma tm9’ [transforms-intros]:
assumes ttt = 205 * H * (nlength idz + nlength H) 2
shows transforms tm9 tps0 tit tps9

(proof )

end
end

lemma transforms-tm-Upsilongammal [transforms-intros):
fixes j :: tapeidz
fixes tps tps’ :: tape list and ttt idz H k :: nat
assumes length tps = kand 0 < jand j + 5 < k

and H > 38

assumes
tps | j = (lidz|n, 1)
tps! (j+ 1) = ([H]n, 1)
tps ! (5 + 2) = (L[], 1)
tps ! (j + 8) = (LI, 1)
tps ! (5 +4) = (L[], 1)
tps ! (j + 5) = (LI, 1)

assumes ttt = 205 * H * (nlength idz + nlength H) 2
assumes tps’ = tps[j + 4 = (| nll-Upsilon idz H|nr1, 1)]
shows transforms (tm-Upsilongamma j) tps ttt tps’

(proof )

end

7.6 Turing machines for the parts of ¢

theory Sat-TM-CNF
imports Auz-TM-Reducing
begin

In this section we build Turing machines for all parts ®g,..., P9 of the CNF formula ®. Some of
them (®g, @1, P2, and Pg) are just fixed-length sequences of ¥ formulas constructible by fixed-length
sequences of tm-Psigamma machines. Others (®3, 4, P55, Pg) are variable-length and require looping
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over a tm-Psigamma machine. The TM for &7 is a loop over tm-Upsilongamma. Lastly, the TM for ®q
is a loop over a TM that generates the formulas y;.

Ideally we would want to prove the semantics of the TMs inside the locale reduction-sat, in which ® was
defined. However, we use locales to prove the semantics of TMs, and locales cannot be nested. For this
reason we have to define the TMs on the theory level and prove their semantics there, too, just as we
have done with all TMs until now. In the next chapter the semantics lemmas will be transferred to the
locale reduction-sat.

Unlike most TMs so far, the TMs in this section are not meant to be reusable but serve a special purpose,
namely to be combined into one large TM computing ®. For this reason the TMs are somewhat peculiar.
For example, they write their output to the fixed tape 1 rather than having a parameter for the output
tape. They also often expect the tapes to be initialized in a very special way. Moreover, the TMs often
leave the work tapes in a “dirty” state with remnants of intermediate calculations. The combined TM
for all of ® will simply allocate a new batch of work tapes for every individual TM.

7.6.1 A Turing machine for ¢,

The next Turing machine expects a number ¢ on tape j and a number H on tape j+1 and outputs to tape
1 the formula U([i... H, (i+1)...H),)AV([(i+1)... H, (i4+2) ... H), )AV([(i+2)... H, (i4+3)...H),0),
which is just ®¢ for suitable values of ¢ and H.

definition tm-PHIO :: tapeidz = machine where

tm-PHIO j =
tm-setn (5 + 2) 1 ;;
tm-Psigamma j ;;
tm-extendl-erase 1 (j + 6) 3;
tm-incr j ;;
tm-Psigamma j ;;
tm-extendl-erase 1 (j + 6) ;;
tm-incr j ;;
tm-setn (j + 2) 0 ;
tm-Psigamma j ;;
tm-extendl 1 (j + 6)

lemma tm-PHIO-tm:
assumes 0 < jand j+ 8 < kand G > 6
shows turing-machine k G (tm-PHIO j)

{proof)

locale turing-machine-PHI0 =
fixes j :: tapeidz
begin

definition tm1 = tm-setn (j + 2) 1

definition tm2 = tml1 ;; tm-Psigamma j
definition tm3 = tm2 ;; tm-extendl-erase 1 (j + 6)
definition tm5 = tm3 ;; tm-incr j

definition tmé6 = tm5 ;; tm-Psigamma j
definition tm7 = tmo6 ;; tm-extendl-erase 1 (j + 6)
definition tm9 = tm7 ;; tm-incr j

definition tm10 = tm9 ;; tm-setn (j + 2) 0
definition tm11 = tm10 ;; tm-Psigamma j
definition tm12 = tm1i1 ;; tm-extendl 1 (j + 6)

lemma tm12-eq-tm-PHIO: tm12 = tm-PHIO j
(proof)

context
fixes tps0 :: tape list and k idz H :: nat
assumes jk: length tpsO0 = k1 < jj+ 8 <k
and H: H > 8
assumes tps0:
tps0 1 1 = (|[]J, 1)
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tpsO !
tpsO !
tpsO !
tpsO !
tpsO !
tpsO !
tpsO !
tps0 !
tps0 !
begin

coocooooos
+A
S
NNNNNNNZ
Sz

definition tps! = tpsO
U+ 2:= (1]~ 1)

lemma tm1 [transforms-intros|:
assumes tit = 12
shows transforms tm1 tps0 tit tpst

{proof)

definition tps2 = tps0O

[+ 2:=(1]n, 1),
j+ 6 :=(|nll-Psi (idz « H) H1|nLL, 1))

lemma tm2 [transforms-intros|:
assumes ttt = 12 + 1851 x H ™ 4 * (nlength (Suc idz))?
shows transforms tm2 tps0 tit tps2
(proof)

definition tps3 = tps0O
U+ 2:= (1]~ 1),
1 := nlltape (nll-Psi (idz = H) H (Suc 0)),
j+ 6= (0, 1)

lemma tm3 [transforms-intros|:
assumes ttt = 23 + 1851 *+ H ™4 * (nlength (Suc idz))?
4 * nlllength (nll-Psi (idz + H) H (Suc 0))
shows transforms tm3 tps0 ttt tps3
(proof)

definition tps5 = tps0O
U+ 2:=(1]n, 1),
1 := nlltape (nll-Psi (idz * H) H (Suc 0)),
i+ 6= (0], 1),
j = (| Suc idz|n, 1)]

lemma tm5 [transforms-intros|:
assumes ttt = 28 + 1851 *+ H ™4 * (nlength (Suc idz))* +
4 * nlllength (nll-Psi (ide « H) H 1) +
2 x nlength idx
shows transforms tms tps0 tit tpss

{proof)

definition tps6 = tps0
[7 := (| Suc idz|n, 1),
i+ 2= (1~ 1),
j+ 6 := (|nll-Psi (Suc idz x H) H (Suc 0)|nLL, 1),
1 := nlltape (nll-Psi (idx * H) H 1)]

lemma tm6 [transforms-intros]:
assumes ttt = 28 + 1851 x H ™4 * (nlength (Suc idz))?
4 * nlllength (nll-Psi (ide « H) H 1) + 2 * nlength idx +
1851 « H ™ 4 * (nlength (Suc (Suc idz)))?
shows transforms tmé6 tps0 ttt tps6
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{proof)

definition tps7 = tpsO
[7 := (| Suc idz]n, 1),
i+ 2= (l1]n, 1),
j+6=(0) 1),
1 := nlltape (nll-Psi (ide * H) H 1 Q nll-Psi (H + ide x H) H 1)]

lemma tm7 [transforms-intros]:
assumes tit = 39 + 1851 * H ™ 4 * (nlength (Suc idz))? +
4 = nlllength (nll-Psi (idz « H) H 1) +
2 x nlength idz + 1851 * H ~ 4 * (nlength (Suc (Suc idz)))? +
4 * nlllength (nll-Psi (H + idz « H) H 1)
shows transforms tm7 tps0 tit tps7
(proof)

definition tps9 = tps0O
[7 := (| Suc (Suc idz)|nN, 1),
j+2:=(1]n, 1),
1 := nlltape (nll-Psi (idz * H) H 1 @ nll-Psi (H + idz x H) H 1)]

lemma tm9 [transforms-intros]:
assumes ttt = 44 + 1851 x+ H ™ 4 * (nlength (Suc idz))* +
4 * nlllength (nll-Psi (ide x H) H 1) + 2 * nlength idz +
1851 * H ™ 4 x (nlength (Suc (Suc idz)))? + 4 * nlllength (nll-Psi (H + ide = H) H 1) +
2 x nlength (Suc idz)
shows transforms tm9 tps0 ttt tps9
{proof)

definition tps10 = tps0
[§ := (| Suc (Suc idz)|nN, 1),
i+ 2:= (LOJNv 1)7
j+6:= (L) 1),
1 := nlitape (nll-Psi (ide * H) H 1 @ nll-Psi (H + idz x H) H 1)]

lemma tm10 [transforms-intros]:
assumes ttt = 56 + 1851 *+ H ~ 4 * (nlength (Suc idz))® +
4 * nlllength (nll-Psi (ide « H) H 1) + 2 * nlength idz +
1851 = H ~ 4 * (nlength (Suc (Suc idz)))® 4+ 4 = nlllength (nll-Psi (H + idz = H) H 1) +
2 x nlength (Suc idz)
shows transforms tm10 tps0 ttt tps10
(proof)

definition tpsi1 = tps0
[ := (| Suc (Suc idz)|n, 1),
J+ 2= ([0]n, 1),
j+ 6 := (|nll-Psi (Suc (Suc idz) + H) H 0|nLL, 1),
1 := nlltape (nll-Psi (idz « H) H 1 @Q nlli-Psi (H + ide « H) H 1)]

lemma tm11 [transforms-intros]:
assumes tit = 56 + 1851 * H ™ 4 * (nlength (Suc idz))? +
4 * nlllength (nll-Psi (idez « H) H 1) + 2 * nlength idz +
1851  H ™4 * (nlength (Suc (Suc idz)))? + 4 * nlllength (nll-Psi (H + idx *+ H) H 1) +
2 x nlength (Suc idx) + 1851 x H ™ 4 * (nlength (Suc (Suc (Suc idz))))?
shows transforms tm11 tps0 ttt tpsi1
(proof)

definition tpsi2 = tps0
[7 := (| Suc (Suc idz)|nN, 1),
j+2:=(0]n, 1),
j+ 6 := (|nll-Psi (Suc (Suc idz) * H) H 0|nLL, 1),
1 := nlltape (nll-Psi (idz x H) H 1 Q nll-Psi (H + idz * H) H 1 @ nll-Psi (Suc (Suc idz) * H) H 0)]
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lemma tm12:

assumes ttt = 60 + 1851 *+ H ~ 4 * (nlength (Suc idz))?
4 * nlllength (nll-Psi (ide « H) H 1) + 2 * nlength idz +
1851  H ™ 4 * (nlength (Suc (Suc idz)))?® + 4 * nlllength (nll-Psi (H + idz * H) H 1) +
2 x nlength (Suc idz) + 1851 + H ™ 4 * (nlength (Suc (Suc (Suc idz))))* +
2 * nlllength (nll-Psi (H + (H + ide * H)) H 0)

shows transforms tm12 tps0 ttt tps12

(proof)

lemma tmi12":
assumes it = 5627 * H ™4 x (8 + nlength (8 * H + idz x H))?
shows transforms tm12 tps0 tit tps12

(proof)

end
end

lemma transforms-tm-PHIOI:
fixes j :: tapeidz
fixes tps tps’ :: tape list and ttt k ide H :: nat
assumes length tps=kand I <jand j+ 8 < kand H > 38
assumes
tps ! 1 = (U0, 1)
tps ! j = (lidz|n, 1)
s 1 (j + 1) = (LH]n, 1)
tps !
tps !
tps !
tps !
tps !
tps !
tps !
assumes tps’ = tps
[j := (| Suc (Suc idz)|n, 1),
i+ 2:=(0]n, 1),
j+ 6 :=(|nll- Psz (Suc (Suc idz) * H) H 0|nLL, 1),
1 := nlltape (nll-Psi (ide * H) H 1 @ nll-Psi (H + idz « H) H 1 Q nll-Psi (Suc (Suc idz) x H) H 0)]
assumes ttt = 5627 * H ™4 x (8 + nlength (8 * H + idx x H))?
shows transforms (tm-PHIO j) tps ttt tps’
(proof)

7.6.2 A Turing machine for &,

The next TM expects a number H on tape j + 1 and appends to the formula on tape 1 the formula
¥([0,H),1).

definition tm-PHI1 :: tapeidz = machine where
tm-PHI1 j =
tm-setn (j + 2) 1
tm-Psigamma j ;;
tm-extendl 1 (j + 6)

lemma tm-PHI1-tm:
assumes 0 < jand j+ 7 < kand G > 6
shows turing-machine k G (tm-PHI1 j)
(proof)

locale turing-machine-PHI1 =
fixes j :: tapeidx

begin

definition tm! = tm-setn (j + 2) 1
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definition tm2 = tm1 ;; tm-Psigamma j
definition tm3 = tm2 ;; tm-extendl 1 (j + 6)

lemma tm3-eq-tm-PHI1: tm83 = tm-PHII j
(proof)

context
fixes tps0 :: tape list and k idx H :: nat and nss :: nat list list
assumes jk: length tpsO = k1 <jj+ 7 <k
and H: H > &8
assumes tps0:
tps0 ! 1 = nlltape nss
tps0 ! j = (10N, 1)
tps0 !
tps0 !
tps0 !
tps0O !
tps0 !
tps0 !
tps0O !
begin

definition tps! = tps0O
[+ 2:=(l1]n, 1)]

lemma tm1 [transforms-intros]:
assumes tit = 12
shows transforms tm1 tps0 ttt tps1

{proof)

definition tps2 = tps0O
U +2:= (I_ZJN7 1)7
i+ 6 = (Lnll—Psi OH]JNLL, 1)]

lemma tm2 [transforms-intros]:
assumes {tt = 12 + 1851 « H ~ J
shows transforms tm2 tps0 ttt tps2

{proof)

definition tps3 = tps0O
G+ 2= ([1]n, 1),
j+ 6 = (LTL”—PS?: OH]JNLL, 1),
1 := nlltape (nss @Q nll-Psi 0 H 1)]

lemma tm3:
assumes it = 16 + 1851 « H ~ 4 + 2 x nlllength (nll-Psi 0 H 1)
shows transforms tm3 tps0 tit tps3

{proof)

lemma tm3"
assumes ttt = 1875 « H ~
shows transforms tm3 tps0 ttt tps3

(proof)
end
end
lemma transforms-tm-PHI1I:
fixes j :: tapeidx
fixes tps tps’ :: tape list and ttt k H :: nat and nss :: nat list list

assumes length tps = kand I <jandj+ 7 < kand H > 3
assumes
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tps ! 1 = nlltape nss
tps!j = (L0]n, 1)

tps ' (j + 1) = ([H]n, 1)
tps 1 (G + 2) = (LI}, 1)
tps ! (G + 3) = (L}, 1)
tps ! (G +4) = (L0J, 1)
tps 1 (5 + 5) = (LI}, 1)
tps ' (G + 6) = (L0, 1)
tps 1 (G +7) = (L), 1)

assumes tps’ = tps
U+ 2:=(1]n, 1),
i+ 6:= (L’nll—Psi OH]JNLL, 1),
1 := nlltape (nss @ nll-Psi 0 H 1)]
assumes ttt = 1875 « H ~
shows transforms (tm-PHI1 j) tps ttt tps’
(proof)

7.6.3 A Turing machine for o,

The next TM expects a number 7 on tape j and a number H on tape j + 1. It appends to the formula
on tape 1 the formula U([(2i + 1)H, (2 +2)H),3) A Y ([(2i + 2)H, (2 + 3)H), 3).

definition tm-PHI2 :: tapeidx = machine where
tm-PHI2 j =
tm-times2 j ;;
tm-incr j ;;
tm-setn (j + 2) 8 3;
tm-Psigamma j ;;
tm-extendl-erase 1 (j + 6) ;;
tm-incr j ;;
tm-Psigamma j ;;
tm-extendl 1 (j + 6)

lemma tm-PHI2-tm:
assumes (0 < jand j+ 8 < kand G > 6
shows turing-machine k G (tm-PHI2 j)
(proof)

locale turing-machine-PHI2 =
fixes j :: tapeidx
begin

definition tm!1 = tm-times2 j

definition tm2 = tm1 ;; tm-incr j

definition tm3 = tm2 ;; tm-setn (j + 2) 8
definition tm4 = tm3 ;; tm-Psigamma j
definition tmb = tm4 ;; tm-extendl-erase 1 (j + 6)
definition tm7 = tms ;; tm-incr j

definition tm8 = tm7 ;; tm-Psigamma j
definition tm9 = tm8 ;; tm-extendl 1 (j + 6)

lemma tm9-eq-tm-PHI2: tm9 = tm-PHI2 j
(proof)

context
fixes tps0 :: tape list and k idx H :: nat and nss :: nat list list
assumes jk: length tpsO = k1 <jj+ 7 <k
and H: H > 3§
assumes tps0:
tps0 ! 1 = nlltape nss
tps0 ! j = (|idz]n, 1)
tps0 ! (j+ 1) = (|H]n~, 1)
tps0 ! (5 + 2) = (L), 1)
tps0 ! (j + 3) = (L0, 1)
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definition tps! = tps0
[ = (12 * idz|n, 1)]

lemma tm1 [transforms-intros]:
assumes tit = 5 + 2 * nlength idx
shows transforms tm1 tps0 tit tpst

{proof)

definition tps2 = tps0O
= (12 * ide + 1]n, 1)]

lemma tm2:
assumes ttt = 10 + 2 * nlength idz + 2 * nlength (2 x idx)
shows transforms tm2 tps0 tit tps2
(proof)

lemma tm2' [transforms-intros|:
assumes ttt = 12 + 4 * nlength idx
shows transforms tm2 tps0 ttt tps2

(proof)

definition tps3 = tps0
[j:=(12 *ide + 1N, 1),
J+ 2= (3N, 1)]

lemma tm3 [transforms-intros]:
assumes ttt = 26 + 4 * nlength idx
shows transforms tm3 tps0 ttt tps3

{proof)

definition tps/ = tps0O
[j:=(2*idz + 1N, 1),
ji+ 2= ([3]n, 1),
j+ 6 := (|nll-Psi (Suc (2 * idz) * H) H 3|nLL, 1))

lemma tmj [transforms-intros]:
assumes ttt = 26 + 4 * nlength ide + 1851 * H ™ 4  (nlength (Suc (Suc (2 * idz))))?
shows transforms tm4 tps0 ttt tps4
(proof)

definition tps5 = tps0O
[f:=(2*idz+ 1]n, 1),
i+ 2:=([3]n, 1),
1 := nlltape (nss @ nll-Psi (H + 2 * idz * H) H 3)]

lemma tm5 [transforms-intros]:
assumes ttt = 37 + 4 * nlength ide + 1851  H ~ 4 * (nlength (Suc (Suc (2 * idz))))* +
4 * nlllength (nll-Psi (H + 2 * idz « H) H 3)
shows transforms tms tps0 tit tpss
(proof)

definition tps7 = tps0
[j:= (2 * ide + 2]n, 1),
Jj+ 2= (I.‘S)JJ\“ 1)7
1 := nlltape (nss @ nll-Psi (H + 2 * idz * H) H 3)]
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lemma tm7:
assumes ttt = 42 + 4 * nlength ide + 1851 + H ™ 4 % (nlength (Suc (Suc (2 * idz))))? +
4 * nlllength (nll-Psi (H + 2 % idz « H) H 8) + 2 * nlength (Suc (2 x idzx))
shows transforms tm7 tps0 tit tps7
(proof)

lemma tm7’ [transforms-intros|:
assumes ttt = 44 + 6 * nlength ide + 1851 *+ H ™ 4 * (nlength (Suc (Suc (2 * idz))))? +
4 * nlllength (nll-Psi (H + 2 * idz « H) H 3)
shows transforms tm7 tps0 tit tps7
(proof )

definition tps8 = tps0O
[f:= (2 * idz + 2]n, 1),
i+ 2= (I_‘-[’JJN’ Z)a
j+ 6 := (|nll-Psi (Suc (Suc (2 * idz)) * H) H 3|nLL, 1),
1 := nlltape (nss @ nll-Psi (H + 2 * idz * H) H 3)]

lemma tm8 [transforms-intros|:
assumes it = 44 + 6 * nlength ide + 1851 * H ~ 4 * (nlength (Suc (Suc (2 * idz))))* +
4 * nlllength (nll-Psi (H + 2 * ide « H) H 8) +
1851 * H ™ 4 x (nlength (Suc (Suc (Suc (2 * idz)))))?
shows transforms tm8 tps0 tit tps§
(proof)

definition tps9 = tpsO
[j:= (2 * ide + 2]n, 1),
i+ 2:= (I_SJNv 1)7
j+ 6 := (|nll-Psi (Suc (Suc (2 % idz)) * H) H 3|nrL, 1),
1 := nlltape (nss @Q nll-Psi (H + 2 x idx * H) H8 Q nll-Psi (2 * H + 2 % ide x H) H 3)]

lemma tm9:
assumes ttt = 48 + 6 * nlength ide + 1851 * H ™ 4 * (nlength (Suc (Suc (2 * idx))))* +
4 * nlllength (nll-Psi (H + 2 = idz « H) H 3) +
1851  H ™ 4 * (nlength (Suc (Suc (Suc (2 * idz)))))* +
2 x nlllength (nll-Psi (2 * H + 2 * idz « H) H 3)
shows transforms tm9 tps0 tit tps9
(proof)

lemma tm9”"
assumes ttt = 3764 * H "4 * (3 + nlength (8 * H + 2 % idz x H))?
shows transforms tm9 tps0 ttt tps9

(proof)

end
end

lemma transforms-tm-PHI2I:
fixes j :: tapeidx
fixes tps tps’ :: tape list and ttt k ide H :: nat and nss :: nat list list
assumes length tps = kand I < jand j+ 8 < k
and H > 38
assumes
tps ! 1 = nlltape nss
tps | j = (lidz|n, 1)
tps! G+ 1)=(1H|n~, 1)

tps ! (j 4+ 2) = (L), 1)
tps ! (5 + 3) = (L[I), 1)
tps ! (i + 4) = (L), 1)
tps ! (j + 5) = (L[I), 1)
tps ! (j + 6) = ([[I), 1)
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tps ' (G + 7) = (L), 1)
tps ! (j + 8) = (LI}, 1)
assumes ttt = 3764 «+ H "4 * (3 + nlength (8 * H + 2 * idz * H))?
assumes tps’ = tps
[j:= (|2 x ide + 2N, 1),
i+ 2 := (L‘?JNv 1)7
j+ 6 := (|nll-Psi (Suc (Suc (2 = idz)) * H) H 3|~nLL, 1),
1 := nlltape (nss @ nll-Psi (H + 2 * ide x H) H 8 Q nll-Psi (2 * H 4+ 2 * idz « H) H 3)]
shows transforms (tm-PHI2 j) tps ttt tps’
(proof)

N~

7.6.4 Turing machines for ®3;, ,, and ®;

The CNF formulas @3, &4, and &5 have a similar structure and can thus be handled by the same Turing
machine. The following TM has a parameter step and the usual tape parameter j. It expects on tape
J a number idz, on tape j + 1 a number H, on tape j + 2 a number «, and on tape j + 8 the number
idzx + step - numiter for some number numiter. It appends to the CNF formula on tape 1 the formula

qj(’yidxa H) A \IJ(’Yiderstep(numiterfl)v '%)7 where Yi = [ZHv (Z + 1)H)

definition tm-PHI345 :: nat = tapeidz = machine where
tm-PHI345 step j =
WHILE tm-equalsn j (j + 8) (j + 3) ; Ars. rs | (j + 3) =0 DO
tm-Psigamma j ;;
tm-extendl-erase 1 (j + 6) ;;
tm-plus-const step j
DONE

lemma tm-PHI345-tm:
assumes G > 6 and 0 < jand j + 8 < k
shows turing-machine k G (tm-PHI345 step )

{proof)

locale turing-machine-PHI345 =
fixes step :: nat and j :: tapeidx
begin

definition tmC = tm-equalsn j (j + 8) (j + 3)

definition tm!1 = tm-Psigamma j

definition tm2 = tm1 ;; tm-extendl-erase 1 (j + 6)

definition tm4 = tm?2 ;; tm-plus-const step j

definition tmL = WHILE tmC ; Ars. rs ! (j + 8) = 0O DO tm4 DONE

lemma tmL-eq-tm-PHI345: tmL = tm-PHI3/5 step j
(proof)

context
fixes tps0 :: tape list and numiter H k idz kappa :: nat and nss :: nat list list
assumes jk: length tpsO = k1 <jj+ 8 <k
and H: H > &
and kappa: kappa < H
and step: step > 0
assumes tps0:
tps0 ! 1 = nlltape nss
tps0 ! j = (lidz|n, 1)

tps0 ' (j + 1) = ([H]n, 1)

tps0 ! (j + 2) = (Lkappa]n, 1)

tps0 ! (j + 3) = (L), 1)

tps0 ' (j + 4) = (L0, 1)

tps0 ! (5 + &) = (L), 1)

tps0 ! (j + 6) = (L], 1)

tps0 L (j + 7) = (L0, 1)

tpsO ! (j + 8) = (lidz + step * numiter|n, 1)
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begin

definition t¢psL :: nat = tape list where
tpsL t = tps0O
[j := (lidz + step = t|n, 1),
1 := nlltape (nss @ concat (map (Ai. nll-Psi (H * (idz + step * 7)) H kappa) [0..<t]))]

lemma tpsL-eq-tps0: tpsL 0 = tps0
(proof)

definition tpsC :: nat = tape list where
tpsC t = tpsO
[j := (lidz + step * t|n, 1),
1 := nlltape (nss @ concat (map (Ai. nll-Psi (H * (idz + step * 1)) H kappa) [0..<t])),
j+ 3 := (|t = numiter|p, 1)]

lemma tmC:
assumes t < numiter
and ttt = 8 * nlength (idrz + step x t) + 7
shows transforms tmC (tpsL t) tit (tpsC t)
(proof)

lemma tmC"’ [transforms-intros|:
assumes t < numiter
and ¢t = 8 * nlength (idz + step * numiter) + 7
shows transforms tmC (tpsL t) ttt (tpsC t)
(proof)

definition tpsL0 :: nat = tape list where
tpsL0O t = tps0O
[j := (lidz + step * t|n, 1),
1 := nlltape (nss @ concat (map (Ai. nll-Psi (H * (idz + step * 7)) H kappa) [0..<t]))]

lemma tpsL0-eq-tpsC':
assumes t < numiter
shows tpsL0 t = tpsC' t
{proof)

definition tpsL1 :: nat = tape list where
tpsL1 t = tpsO
[j := (lidz + step = t|n, 1),
1 := nlltape (nss @ concat (map (Ni. nll-Psi (H * (idz + step = i)) H kappa) [0..<t])),
Jj + 6 := (|nll-Psi ((idz+stepxt) x H) H kappa|nrrL, 1)]

lemma tm1 [transforms-intros]:
assumes t < numiter
and ttt = 1851 * H ~ 4 * (nlength (Suc (idz+stepxt)))?
shows transforms tm1 (tpsL0 t) ttt (tpsL1 t)
(proof)

definition tpsL2 :: nat = tape list where
tpsL2 t = tpsO
[j :== (lidz + step = t|n, 1),
1 := nlltape (nss @ concat (map (Ni. nll-Psi (H * (idz + step = i)) H kappa) [0..<t])),
1 := nlltape ((nss @ concat (map (\i. nll-Psi (H * (idz + step x 7)) H kappa) [0..<t])) @ nll-Psi ((idz+ stepxt)
x H) H kappa)]

lemma tm2:
assumes t < numiter
and ttt = 1851 * H " 4 * (nlength (Suc (idx + step * t)))* +
(11 + 4 = nlllength (nll-Psi ((idz + step x t) * H) H kappa))
shows transforms tm2 (tpsL0 t) ttt (tpsL2 t)
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{proof)

definition #psL2’ :: nat = tape list where
tpsL2' t = tpsO
[j := (lidz + step = t|n, 1),
i+ 6= (1 1),
1 := nlltape (nss @ concat (map (Ai. nll-Psi (H * (idz + step x i)) H kappa) [0..<t]) @ nll-Psi ((idx+stepxt)
x H) H kappa)]

lemma tpsL2': tpsL2 t = tpsL2't
(proof)

lemma tm2"
assumes t < numiter
and ttt = 1851 * H ~ 4 * (nlength (idz + step * numiter))® +
(11 + 4 = nlllength (nll-Psi ((idz + step = t) * H) H kappa))
shows transforms tm2 (tpsL0 t) tit (tpsL2' t)
{proof)

definition tpsL2" :: nat = tape list where
tpsL2' t = tps0
[j := (lidz + step * t|n, 1),
1 := nlltape (nss @ concat (map (Ai. nll-Psi (H * (idz + step * 1)) H kappa) [0..<Suc t])),
j+ 6= (0], 1)

lemma tpsL2': tpsL2'" t = tpsL2’ t
(proof)

lemma nlllength-nli-Psi:

assumes t < numiter

shows nlllength (nll-Psi ((idz + step x t) x H) H kappa) < 5 « H ~ 4 * nlength (idz + step *x numiter) 2
(proof)

lemma tm2"' [transforms-intros]:
assumes ¢ < numiter and ttt = 1871 x H ™4 * (nlength (idz + step * numiter))? + 11
shows transforms tm2 (tpsL0 t) ttt (tpsL2" t)

(proof)

definition tpsL4 :: nat = tape list where
tpsL4 t = tpsO
[j := (lidz + step * Suc t|n, 1),
1 := nlltape (nss @ concat (map (Ni. nll-Psi (H * (idz + step * i)) H kappa) [0..<Suc t])),
i+ 6:= (0], 1)]

lemma tm4:
assumes t < numiter
and ttt = 1871 * H ~ 4 * (nlength (idz + step * numiter))® + 11 +
step * (5 + 2 x nlength (idz + step = t + step))
shows transforms tm4 (tpsLO t) ttt (tpsL4 t)
(proof)

lemma tmj":
assumes t < numiter
and ttt = (6 * step + 1882) x H ~ 4 * (nlength (idz + step * numiter))?
shows transforms tm4 (tpsC t) ttt (tpsLi t)
(proof)

lemma tmj "’ [transforms-intros]:
assumes t < numiter
and ttt = (6 * step + 1882) x H ~ 4 * (nlength (idz + step * numiter))?
shows transforms tm4 (tpsC t) ttt (tpsL (Suc t))
(proof)
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lemma tmlL:
assumes ttt = Suc numiter * (9 + (6 * step + 1885) * (H ™4 * (nlength (idx + step * numiter))?))
and nn = numiter
shows transforms tmL (tpsL 0) ttt (tpsC nn)

{proof)

lemma tmL"
assumes ttt = Suc numiter * (9 + (6 * step + 1885) x (H ™4 * (nlength (idx + step * numiter))?))
shows transforms tmL tps0 ttt (tpsC numiter)
(proof)

end
end

lemma transforms-tm-PHI3}51:
fixes j :: tapeidz
fixes tps tps’ :: tape list and ttt step numiter H k idx kappa :: nat and nss :: nat list list
assumes length tps = kand I < jand j + 8§ <k
and H > 3§
and kappa < H
and step > 0
assumes
tps | 1 = nlltape nss
tps | j = (lidz|n, 1)
tps ! (j + 1) = (|H]n, 1)

tps ! (j + 2) = (Lkappaln, 1)

tps ' (5 + 3) = (L), 1)

tps ! (j + 4) = (L), 1)

tps ' (5 4+ 5) = (L), 1)

tps ' (j + 6) = (LI}, 1)

tpS'(J+ 7) = (L), 1)

tps ! (j + 8) = (lidz + step x numiter|n, 1)

assumes ttt = Suc numiter * (9 + (6 * step + 1885) * (H ™ 4  (nlength (idx + step * numiter))?))

assumes tps’ = tps
[j:= (lidz + step * numiter|n, 1),
1 := nlltape (nss @ concat (map (Ni. nll-Psi (H * (idz + step = i)) H kappa) [0..<numiter])),
i+ 3= (1]n, 1)]
shows transforms (tm-PHIS345 step j) tps ttt tps’
(proof)

7.6.5 A Turing machine for ®¢

The next Turing machine expects a symbol sequence zs on input tape 0, the number 2 on tape j, and

a number H on tape j + 1. It appends to the CNF formula on tape 1 the formula /\LZ:S(l)f1 U (Ya42i, 2i)s
where z; is 2 or 3 if zs; is 0 or 1, respectively.

definition tm-PHI6 :: tapeidx = machine where
tm-PHI6 j =
WHILE [] ; Ars. rs | 0 # O DO
IF Ars. rs ! 0 = 0 THEN
tm-setn (j + 2) 2
ELSE
tm-setn (j + 2) 8
ENDIF 3
tm-Psigamma j ;;
tm-extendl-erase 1 (j + 6) ;;
tm-setn (j + 2) 0 ;;
tm-right 0 ;;
tm-plus-const 2 j
DONE

lemma tm-PHI6-tm:
assumes G > 6and 0 < jand j+ 7 < k
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shows turing-machine k G (tm-PHI6 j)
{proof)

locale turing-machine-PHI6 =
fixes j :: tapeidz
begin

definition tm! = IF Ars. rs | 0 = 0 THEN tm-setn (j + 2) 2 ELSE tm-setn (j + 2) 8 ENDIF
definition tm2 = tm1 ;; tm-Psigamma j

definition tm3 = tm2 ;; tm-extendl-erase 1 (j + 6)

definition tmj4 = tm3 ;; tm-setn (j + 2) 0

definition tm5 = tm4 ;; tm-right 0

definition tm6 = tm5 ;; tm-plus-const 2 j

definition tmL = WHILE [] ; Ars. s ! 0 # O DO tm6 DONE

lemma tmL-eq-tm-PHI6: tmL = tm-PHI6 j
(proof)

context
fixes tps0 :: tape list and k H :: nat and zs :: symbol list and nss :: nat list list
assumes jk: length tpsO = k1 <jj+ 7<k
and H: H > &8
and zs: bit-symbols zs
assumes tps0:
tpsO ! 0 = (|zs], 1)
tps0 ! 1 = nlltape nss
tps0 ! j = (12]n, 1)

tps0 ! (j+ 1) = (|H|n, 1)
tps0 ! (j + 2) = (0w, 1)
tps0 ! (5 + 3) = (L[], 1)
tps0 ! (5 + 4) = (L), 1)
tps0 ! (5 + 5) = (1), 1)
tps0 ! (j + 6) = (L[], 1)
tps0 V (j+ 7) = (LI}, 1)
begin

lemma HO: H > 0
(proof )

lemma H-mult: t < Hxzxz <z x H
(proof )

definition tpsL :: nat = tape list where
tpsL t = tpsO
[0 := (|zs], Suc t),
j=(2+ 2=x*t|n, 1),
1 := nlltape (nss @ concat (map (Ai. nll-Psi (H * (2 + 2 = 1)) H (2s ! 7)) [0..<1]))]

lemma tpsL-eq-tps0: tpsL 0 = tpsO
(proof)

definition tpsL1 :: nat = tape list where
tpsL1 t = tpsO
[0 := (|zs], Suc t),
jim (12 + 2+ thy, 1),
j+ 2:=(lzs!t|n, 1),
1 := nlltape (nss @ concat (map (Ni. nll-Psi (H * (2 + 2 x 1)) H (25! 1)) [0..<{]))]

lemma tm1 [transforms-intros]:
assumes ttt = 16 and t < length zs
shows transforms tm1 (tpsL t) ttt (tpsL1 t)

{proof)
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definition tpsL2 :: nat = tape list where
tpsL2 t = tpsO

[0 := (|zs], Suc t),

L? + 2 % tJN, 1),

(l_ZS ! tJNa J)a

(|nll-Psi (2« H+ 2% t* H) H (28! t)]~nLL, Suc 0),

:= nlltape (nss @ concat (map (Ni. nll-Psi (H * (2 + 2 x 1)) H (25! 1)) [0..<t]))]

=
i+ 2
j+6
1

lemma tm2 [transforms-intros]:

assumes ttt = 16 + 1851 x H ~ 4 * (nlength (Suc (Suc (Suc (2 * t)))))?
and t < length zs

shows transforms tm2 (tpsL t) ttt (tpsL2 t)
(proof)

definition tpsL3 :: nat = tape list where
tpsL3 t = tpsO
[0 := (|zs], Suc t),
12 + 2 x t|n, 1),
= (lzs ! t]w, 1),
= (), 1),

:= nlltape (nss @ concat (map (Ai. nll-Psi (2 «x H + H % (2 % 1)) H (zs ! 1)) [0..<Suc t]))]

=
i+ 2
j+6
1

lemma tm3 [transforms-intros]:

assumes ttt = 27 + 1851 *+ H ™4 * (nlength (Suc (Suc (Suc (2 * t)))))? +
4 * nlllength (nll-Psi (2 « H+ 2 xt« H) H (zs ! t))
and t < length zs

shows transforms tm3 (tpsL t) ttt (tpsL3 t)
(proof)

definition tpsL4 :: nat = tape list where
tpsL4 t = tpsO
[0 := (|zs], Suc t),
=2+ 2=«*t|n, 1),
j+2:= (0]~ 1),
j+ 6= (L0 1),

1 := nlltape (nss @ concat (map (Ai. nll-Psi (2 * H+ H % (2 x 1)) H (zs! 1)) [0..<Suc t]))]
lemma tmj [transforms-intros]:

assumes ttt = 41 + 1851 * H ™4 * (nlength (Suc (Suc (Suc (2 * t)))))? +
4 * nlllength (nll-Psi (2 x H + 2 x t « H) H (25! t))
and t < length zs

shows transforms tm4 (tpsL t) ttt (tpsLi t)
(proof)

definition tpsL5 :: nat = tape list where
tpsL5 t = tpsO
[0 := (|zs], Suc (Suc t)),
= (L? + 2 % tJN, ]),
j+2:= (0]~ 1),

1 := nlltape (nss @ concat (map (Ai. nll-Psi (2 + H + H % (2 % 1)) H (2s ! 7)) [0..<Suc t]))]
lemma tm5 [transforms-intros]:

assumes ttt = 42 + 1851 * H ™4 * (nlength (Suc (Suc (Suc (2 * t)))))? +
4 * nlllength (nll-Psi (2 x H + 2 xt « H) H (25! t))
and t < length zs

shows transforms tm& (tpsL t) ttt (tpsL5 t)
(proof)

definition tpsL6 :: nat = tape list where
tpsL6 t = tpsO
[0 := (|zs], Suc (Suc t)),
j=1(2+ 2 % (Suc t)|n, 1),
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i+ 2:= (0]~ 1),

1 := nlltape (nss @ concat (map (\i. nll-Psi (2 x H + H % (2 % 1)) H (zs ! 1)) [0..<Suc {]))]

lemma tm6:
assumes ttt = 52 + 1851 *+ H ~ 4 * (nlength (Suc (Suc (Suc (2 * t)))))* +
4 * nlllength (nll-Pst (2 « H + 2+ t* H) H (zs!t)) +
4 * nlength (4 + 2 * t)
and t < length zs
shows transforms tm6 (tpsL t) ttt (tpsL6 t)

{proof)

lemma tpsL6-eq-tpsL: tpsL6 t = tpsL (Suc t)
(proof)

lemma tm6 "
assumes ttt = 133648 * H ~ 6 * length zs 2
and t < length zs
shows transforms tm6 (tpsL t) ttt (tpsL (Suc t))

(proof)

lemma tmL:
assumes ttt = 133650 * H ~ 6 * length zs ~— 8 + 1
shows transforms tmL (tpsL 0) ttt (tpsL (length zs))

{proof)

lemma tmL"
assumes ttt = 133650 * H ~ 6 * length zs ~— 8 + 1
shows transforms tmL tps0 ttt (tpsL (length zs))
(proof)

end
end

lemma transforms-tm-PHI6I:
fixes j :: tapeidz
fixes tps tps’ :: tape list and tit k H :: nat and zs :: symbol list and nss :: nat list list
assumes length tps = kand I < jand j+ 7 < k
and H > 38
and bit-symbols zs
assumes
tps ! 1 = nlltape nss
tps ! 0 = (|zs], 1)

tps'] = (L'QJNv )
tps ! (j + 1) = ([H]n, 1)
tps ! (j + 2) = ([0]n, 1)
tps ! (5 + 3) = (L[J, 1)
tps ! (5 + 4) = (1), 1)
tps 1 (5 + 5) = (L[], 1)
tps ! (7 + 6) = (L[], 1)
tps | (j + 7) = (Ll 1)
assumes tps = ips

[0 := (|zs], Suc (length zs)),

j:= (|2 + 2 x length zs|n, 1),

1 := nlltape (nss @ concat (map (Ai. nll-Psi (H % (2 + 2 * 1)) H (25! 7)) [0..<length zs]))]
assumes ttt = 133650 * H ~ 6 * length zs ~— 3 + 1
shows transforms (tm-PHI6 j) tps ttt tps’

(proof)
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7.6.6 A Turing machine for ¢,

The next Turing machine expects a number ¢dxr on tape j, a number H on tape 5 + 1, and a number
numiter
T

numiter on tape j + 6. It appends to the CNF formula on tape 1 the formula A, (Vidw+2t) with
vi = [iH, (i + 1)H). This equals ®7 if ide = 2n + 4 and numiter = p(n).

definition tm-PHI7 :: tapeidx = machine where
tm-PHI7 j =

WHILE [] ; Ars. rs ! (j + 6) # 0 DO
tm-Upsilongamma j ;;
tm-extendl-erase 1 (j + 4) 3
tm-plus-const 2 j ;;
tm-decr (j + 6)

DONE

lemma tm-PHI7-tm:
assumes 0 < jand j+ 6 < kand 6 < Gand 2 <k
shows turing-machine k G (tm-PHI7 j)
(proof)

locale turing-machine-tm-PHI7 =
fixes step :: nat and j :: tapeidx
begin

definition tmL! tm-Upsilongamma j

definition tmL2 = tmL1 ;; tm-extendl-erase 1 (j + 4)

definition tmL4 = tmL2 ;; tm-plus-const 2 j

definition tmL5 = tmL/ ;; tm-decr (j + 6)

definition tmL = WHILE [] ; Ars. rs ! (j + 6) # O DO tmL5 DONE

lemma tmL-eq-tm-PHI7: tmL = tm-PHI7 j
(proof)

context
fixes tps0 :: tape list and numiter H k idz :: nat and nss :: nat list list
assumes jk: length tps0 = k1 < jj+ 6 <k
and H: H > &8
assumes tps0:
tps0 ! 1 = nlltape nss
tps0 ! j = (lidz|n, 1)

tps0 ! (j + 1) = ([H]n, 1)

tps0 ! (5 + 2) = ([l}, 1)

tps0 ! ( + 3) = ([l], 1)

tps0 ! (G + 4) = (L), 1)

tps0 ! (5 + 5) = (LI}, 1)

tps0 ! (j + 6) = (|numiter|n, 1)
begin

lemma nlength-H: nlength H > 1
(proof)

definition tpsL :: nat = tape list where
tpsL t = tpsO
[j:= (lide + 2 * t|n, 1),
j+ 6 = (|numiter — t|n, 1),
1 := nlltape (nss @ concat (map (At. nll-Upsilon (ide + 2 = t) H) [0..<1]))]

lemma tpsL-eq-tps0: tpsL 0 = tpsO
(proof)

definition tpsL1 :: nat = tape list where
tpsL1 t = tpsO
[j:= (lide + 2 * t|n, 1),
j+ 6 := (|numiter — t|n, 1),
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1 := nlltape (nss @ concat (map (At. nll-Upsilon (idz + 2 = t) H) [0..<t])),
j + 4 = (|nll-Upsilon (idz + 2 x t) H|nLL, 1)]

lemma tmL1 [transforms-intros]:
assumes ¢t < numiter
and ttt = 205 * H * (nlength (idz 4+ 2 % t) + nlength H)?
shows transforms tmL1 (tpsL t) tit (tpsL1 t)
(proof)

definition tpsL2 :: nat = tape list where
tpsL2 t = tpsO
= (lide + 2 = t|n, 1),
j + 6 := (|numiter — t|n, 1),
1 := nlitape (nss Q concat (map (At. nll-Upsilon (ide + 2 x t) H) [0..<t]) @Q (nll-Upsilon (idz + 2 = t) H)),
j+ 4=l 1]

lemma tmL2 [transforms-intros]:
assumes t < numiter
and ttt = 11 + 205 + H = (nlength (idv + 2 * t) + nlength H)? +
4 * nlllength (nll-Upsilon (ide + 2 = t) H)
shows transforms tmL2 (tpsL t) ttt (tpsL2 t)
(proof)

definition tpsL4 :: nat = tape list where
tpsL4 t = tpsO
[j := (lidz + 2 * Suc t|n, 1),
j + 6 := (|numiter — t|n, 1),
1 := nlltape (nss Q concat (map (At. nll-Upsilon (ide + 2 = t) H) [0..<t]) Q (nll-Upsilon (idx + 2 * t) H)),
j+ 4= () D)

lemma tmLJ [transforms-intros|:
assumes ¢ < numiter
and ttt = 21 + 205 x H * (nlength (idz + 2 * t) + nlength H)? +
4 * nlllength (nll-Upsilon (ide + 2 = t) H) + 4 * nlength (Suc (Suc (idz + 2 * t)))
shows transforms tmL4 (tpsL t) ttt (tpsL4 t)
(proof)

definition tpsL5 :: nat = tape list where
tpsL5 t = tps0O
[j:= (lide + 2 % Suc t|n, 1),
j + 6 := (|numiter — Suc t|n, 1),
1 := nlltape (nss Q concat (map (At. nll-Upsilon (ide + 2 * t) H) [0..<t]) @Q (nll-Upsilon (idz + 2 = t) H)),
j+ 4=l 1]

lemma tmL5:
assumes t < numiter
and ttt = 29 + 205 * H * (nlength (idz + 2 * t) + nlength H)* +
4 * nlllength (nll-Upsilon (idz + 2 = t) H) + 4 * nlength (Suc (Suc (idz + 2 * t))) +
2 x nlength (numiter — t)
shows transforms tmL5 (tpsL t) tit (tpsL5 t)
(proof )

lemma tpsL5-eq-tpsL: tpsL5 t = tpsL (Suc t)
(proof)

lemma tmL5’ [transforms-intros]:
assumes t < numiter
and ttt = 256 * H x (nlength (idv + 2 * numiter) + nlength H)?
shows transforms tmL5 (tpsL t) ttt (tpsL (Suc t))
(proof)

lemma tmL:
assumes ttt = numiter * (257 * H x (nlength (ide + 2 * numiter) + nlength H)?) + 1
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shows transforms tmL (tpsL 0) ttt (tpsL numiter)
{proof)

lemma tmL"
assumes ttt = numiter x 257 * H * (nlength (idz + 2 * numiter) + nlength H)*> + 1
shows transforms tmL tps0 ttt (tpsL numiter)
(proof)

end
end

lemma transforms-tm-PHI7I:
fixes tps tps’ :: tape list and ttt numiter H k idz :: nat and nss :: nat list list and j :: tapeidz
assumes length tps = kand I < jand j+ 6 < k
and H > 8
assumes
tps ! 1 = nlltape nss
tps | j = (lidz|n, 1)
tps ! (j + 1) = (|H]n, 1)

tps ' (5 + 2) = (L), 1)
tps ' (5 + 3) = (L), 1)
tps ! (j + 4) = (L), 1)
tps ' (j + 5) = (Lll), 1)
tps ! (j + 6) = (|numiter|n, 1)

assumes (tt = numiter x 257 * H * (nlength (idz + 2 * numiter) + nlength H)?
assumes tps’ = tps
[7:= (lide + 2 * numiter|n, 1),
j+6:=([0]n, 1),
1 := nlltape (nss @Q concat (map (At. nll-Upsilon (idz + 2 * t) H) [0..<numiter]))]
shows transforms (tm-PHI7 j) tps ttt tps’
(proof)

7.6.7 A Turing machine for &g

The next TM expects a number idx on tape j and a number H on tape j + 1. It appends to the formula
on tape 1 the formula U([idx - H, (idz + 1)H), 3).

definition tm-PHIS :: tapeidx = machine where
tm-PHIS j =
tm-setn (j + 2) 3 3;
tm-Psigamma j ;;
tm-extendl 1 (j + 6)

lemma tm-PHIS-tm:
assumes 0 < jand j+ 7 < kand G > 6
shows turing-machine k G (tm-PHIS j)

{proof)

locale turing-machine-PHI8 =
fixes j :: tapeidx
begin

tm-setn (j + 2) 8
tm1 ;; tm-Psigamma j
tm2 ;; tm-extendl 1 (j + 6)

definition tm1
definition tm2
definition tm3

lemma tm3-eq-tm-PHIS: tm3 = tm-PHIS j
(proof)

context
fixes tps0 :: tape list and k ide H :: nat and nss :: nat list list
assumes jk: length tpsO = k1 <jj+ 7 <k
and H: H > 3§
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assumes tps0:

tps0
tpsO

! 1 = nlltape nss
j = (lidz]n, 1)

tps0 ! (j+ 1) = (|H|n, 1)
tps0 ! (j
tps0 ! (
tps0 ! (
tps0 ! (
tps0 ! (
tps0 ! (
begin

definition tps! = tps0
U+ 2:= (3]~ 1)]

lemma tm1 [transforms-intros]:
assumes it = 14
shows transforms tm1 tps0 tit tpst

{proof)

definition tps2 = tpsO
U+ 2:= (3]~ 1),
j+ 6 := (|nll-Psi (ide « H) H 3|nrL, 1)]

lemma tm2 [transforms-intros|:
assumes ttt = 14 + 1851 * H ~ J * nlength (Suc idz) ~ 2
shows transforms tm2 tps0 tit tps2
(proof)

definition tps3 = tpsO
[1 := nlltape (nss @ nll-Psi (ide «+ H) H 3),
i+ 2:= (|_3JN7 1)7
j+ 6 := (|nll-Psi (ide « H) H 3]nrL, 1))

lemma tm3:
assumes ttt = 18 + 1851 * H ™4 * (nlength (Suc idz))? +
2 % nlllength (nll-Psi (ide « H) H 3)
shows transforms tm3 tps0 tit tps3
(proof)

lemma tm3"
assumes ttt = 18 + 1861 x H ~ 4 * (nlength (Suc idz))?
shows transforms tm3 tps0 ttt tps3

(proof)

end
end

lemma transforms-tm-PHISI:
fixes j :: tapeidx
fixes tps tps’ :: tape list and ttt k ide H :: nat and nss :: nat list list
assumes length tps = kand I < jand j+ 7 < k
and H > 38
assumes
tps ! 1 = nlltape nss
tps | j = (lidz|n, 1)
tps! G+ 1)=(1H|n~, 1)

tps ! (j 4+ 2) = (L), 1)
tps ! (5 + 3) = (L[I), 1)
tps ! (i + 4) = (L), 1)
tps ! (j + 5) = (L[I), 1)
tps ! (j + 6) = ([[I), 1)
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s G+ 7) = (), 1)
assumes tps’ = tps
[1 := nlltape (nss @ nll-Psi (ide *x H) H 3),
i+ 2= (LSJJN’ Z)a
j+ 6 := (|nll-Psi (ide « H) H 3]nLL, 1)]
assumes ttt = 18 + 1861 * H ™ 4 * (nlength (Suc idz))?
shows transforms (tm-PHIS j) tps ttt tps’

(proof)

7.6.8 A Turing machine for &g

The CNF formula g = /\tT:/1 is the most complicated part of ®. Clearly, the main task here is to generate
the formulas y;

A Turing machine for y;

A lemma that will help with some time bounds:

lemma pow2-le-2pow2: z ~ 2 < 2 7 (2xz) for z :: nat

(proof)

The next Turing machine can be used to generate x;. It expects on tape 1 a CNF formula, on tape j;
the list of positions of M’s input tape head, on tape jo the list of positions of M’s output tape head, on
tapes js, ..., J3+3 the numbers N, G, Z, and T, on tape j3+4 the formula v, on tape j3+ 5 the formula
', and finally on tape j3 + 6 the number ¢t. The TM appends the formula x; to the formula on tape 1,
which should be thought of as an unfinished version of ®.

The TM first computes prev(t) using tm-prev and compares it with t. Depending on the outcome of this
comparison it generates either g; or g, by concatenating ranges of numbers generated using tm-range.
Then the TM uses tm-relabel to compute g;(1)) or g;(v)"). The result equals x: and is appended to tape 1.
Finally ¢ is incremented and T is decremented. This is so the TM can be used inside a while loop that
initializes T with 7”7 and ¢ with 1.

definition tm-chi :: tapeide = tapeidz = tapeidz = machine where
tm-chi j1 j2 j3 =
tm-prev j2 (33 + 6) ;;
tm-equalsn (j3 + 11) (8 + 6) (j3 + 13) 3;
tm-decr (j8 + 6) ;;
tm-mult (j8 + 6) (J3 + 2) (3 + 7) 3
tm-add j3 (j3 + 7) 3;
tm-range (33 + 7) (j3 + 2) (j8 + 8) ;;
tm-extend-erase (j8 + 12) (43 + 8) 3;
tm-setn (43 + 7) 0 3;
IF Ars. rs! (j8 + 13) = O THEN
tmemadt (8 + 11) (53 + 2) (53 + 7) 3;
tm-add j3 (j3 + 7) 3;
tm-range (33 + 7) (j3 + 2) (j8 + 8) ;;
tm-extend-erase (j3 + 12) (j3 + 8) ;;
tm-setn (43 + 7) 0
ELSE
[
ENDIF ;
tm-incr (j3 + 6) ;;
tm-mult (j8 + 6) (j3 + 2) (i3 + 7) 3
tm-add j3 (j3 + 7) 3
tm-range (33 + 7) (j3 + 2) (j8 + 8) ;;
tm-extend-erase (j8 + 12) (43 + 8) 3;
tm-setn (43 + 11) 0 ;;
tmenth j1 (8 + 6) (i3 + 11) 4 3;
tm-setn (43 + 7) 0 3;
tm-mult (38 + 11) (j3 + 1) (8 + 7) 3;
tm-range (33 + 7) (j3 + 1) (j8 + 8) ;;
tm-extend-erase (j8 + 12) (43 + 8) 3;
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tm-setn (33 + 7) 0 3;
tm-erase-cr (j8 + 11) 3;
tm-cr (j8 + 12) 3;
IF Ars. rs 1 (j8 + 18) = O THEN
tm-relabel (j8 + 4) (j3 + 11)
ELSE
tm-erase-cr (j8 + 13) ;;
tm-relabel (j8 + 5) (j3 + 11)
ENDIF 3
tm-erase-cr (j8 + 12) 3;
tm-extendl-erase 1 (j8 + 11) 3;
tm-incr (j8 + 6) ;;
tm-decr (j8 + 3)

lemma tm-chi-tm:
assumes 0 < jI and jI < j2 and j2 < j3 and j8 + 17 < kand G > 6
shows turing-machine k G (tm-chi j1 j2 j3)
(proof)

locale turing-machine-chi =
fixes j1 j2 j3 :: tapeidz
begin

tm-prev j2 (j3 + 6)
tm1 ;; tm-equalsn (j8 + 11) (43 + 6) (j3 + 13)

definition tm1 =
definition tm2 =
definition tm3 = tm2 ;; tm-decr (43 + 6)

definition tm4 = tm3 ;; tm-mult (j8 + 6) (8 + 2) (3 + 7)
definition tm5 = tm/ ;; tm-add j3 (j3 + 7)

definition tm6 = tm5 ;; tm-range (8 + 7) (3 + 2) (43 + 8)
definition tm7 = tm6 ;; tm-extend-erase (3 + 12) (j3 + 8)

definition tm8 = tm7 ;; tm-setn (j3 + 7) 0

definition tmT1 = tm-mult (j8 + 11) (j3 + 2) (j8 + 7)
definition tmT2 = tmT1 ;; tm-add j8 (j8 + 7)

definition tmT3 = tmT2 ;; tm-range (j8 + 7) (j8 + 2) (j&8 + 8)
definition tmT4 = tmT3 ;; tm-extend-erase (33 + 12) (j8 + 8)
definition tmT5 = tmT/ ;; tm-setn (j3 + 7) 0

definition tm89 = IF Ars. rs | (j8 + 18) = O THEN tmT5 ELSE || ENDIF
definition tm10 = tm8 ;; tm89

definition tm11 = tm10 ;; tm-incr (j8 + 6)

definition tm13 = tmi1 ;; tm-mult (j3 + 6) (jS + 2) (8 + 7)
definition tm14 = tm13 ;; tm-add j3 (j8 + 7)

definition tm15 = tm14 ;; tm-range (j3 + 7) (j8 + 2) (j8 + 8)
definition tm16 = tm15 ;; tm-extend-erase (j3 + 12) (j8 + 8)
definition tm17 = tm16 ;; tm-setn (j8 + 11) 0

definition tm18 = tm17 ;; tm-nth j1 (j8 + 6) (j8 + 11) 4
definition tm19 = tmi18 ;; tm-setn (j3 + 7) 0

definition tm20 = tm19 ;; tm-mult (j3 + 11) (j8 + 1) (38 + 7)
definition tm21 = tm20 ;; tm-range (j3 + 7) (8 + 1) (j8 + 8)
definition tm22 = tm21 ;; tm-extend-erase (j3 + 12) (3 + 8)
definition tm23 = tm22 ;; tm-setn (j3 + 7) 0

definition tm24 = tm23 ;; tm-erase-cr (43 + 11)

definition tm25 = tm2/ ;; tm-cr (j8 + 12)

definition tmEI! = tm-erase-cr (j3 + 13)
definition tmE2 = tmFE1 ;; tm-relabel (j8 + 5) (j8 + 11)
definition tmTT1 = tm-relabel (33 + 4) (3 + 11)

definition tm2526 = IF Ars. rs ! (j8 + 13) = 0O THEN tmTT1 ELSE tmE2 ENDIF
definition tm26 = tm25 ;; tm2526
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definition tm27
definition tm28
definition tm29
definition tm30

tm26 ;; tm-erase-cr (43 + 12)

tm27 ;; tm-extendl-erase 1 (j3 + 11)
tm28 ;; tm-incr (j8 + 6)

tm29 ;; tm-decr (j3 + 3)

lemma tm30-eq-tm-chi: tm30 = tm-chi j1 j2 j3
(proof)

context
fixes tps0 :: tape list and k G N Z T' T t :: nat and hp0 hpl :: nat list and ¥’ :: formula
fixes nss :: nat list list
assumes jk: length tpsO0 = k1 < j1jl1 < j23j2 < 3343 + 17 <k
and G: G > 38
and Z: Z = 3 x G
and N: N > 1
and len-hp0: length hp0 = Suc T’
and hp0: Vi<length hp0. hp0 ! i < T’
and len-hp1: length hpl = Suc T’
and hpl: Vi<length hpl. hp1 ! i < T’
and t: 0 < tt< T’
and T: 0 < TT < T’
and T T' < N
and psi: variables ¢ C {..<3%Z+G} fsize Y < (3%Z+G) x 2 ~ (3xZ+Q) length p < 2 ~ (3*xZ+G)
and psi”: variables ¢’ C {..<2+Z+G} fsize ' < (2+Z+G) x 2 = (2xZ+G) length ¢’ < 2 7 (2xZ+ Q)
assumes tps0:
tps0 ! 1 = nlltape nss
tps0 ! j1 = (|hp0|n1L, 1)
tps0 ! j2 = (|hpl|nL, 1)
tps0 !j3 = (|N]n, 1)

tps0 ! (3 + 1) = (|G]wn, 1)

tps0 ! (33 + 2) = (| Z]n~, 1)

tps0 ! (j3 + 3) = ([Tn, 1)

tps0 ! (38 + 4) = (|formula-n Y| Nnrr, 1)

tps0 ! (j8 + &) = ([ formula-n ¥'|nrL, 1)

tps0 ! (j3 + 6) = ([t|n, 1)

Ni. 6 <i= i< 17 = tps0! (53 + i) = ([}, 1)

begin

lemma Z-ge-1: Z > 1
(proof)

lemma Z-ge-9: Z > 9
(proof)

lemma T'-ge-1: T' > 1
(proof)

lemma tps0”: Ni. 1 < i= i< 11 = tps0 ! (j3 + 6 + i) = (|[]], 1)
(proof)

The simplifier turns 53 + 6 + 3 into 9 + j3. The next lemma helps with that.

lemma tpsO-sym: N\i. 6 < i = i < 17 = tpsO ! (i + j8) = (1[], 1)
(proof)

lemma previous-hp1-le: previous hpl t < t
(proof)

definition tps! = tps0
[13 + 11 := (|previous hpl t|n, 1)]

lemma tm1 [transforms-intros]:

assumes {tt = 71 + 153 * nllength hpl ~ 3
shows transforms tm1 tps0 tit tpst
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{proof)

definition tps2 = tpsO
(18 + 11 := (|previous hpl t|n, 1),
j8 + 13 := (| previous hpl t = t|pg, 1)]

lemma tm2 [transforms-intros|:
assumes it = 78 + 153 * nllength hpl ~ 3 4+ 3 * nlength (min (previous hpl t) t)
shows transforms tm2 tps0 tit tps2
{proof)

definition tps3 = tpsO
(18 + 11 := (|previous hpl t|n, 1),
j8 + 13 := (| previous hpl t = t|g, 1),
33+ 6= (1t - 1]n, 1)]

lemma tm3 [transforms-intros|:
assumes it = 86 + 153 * nllength hpl ~ 3 + 3 * nlength (min (previous hpl t) t) + 2 x nlength t
shows transforms tm3 tps0 ttt tps3
{proof)

definition tps/ = tps0O
[13 + 11 := (|previous hpl t|n, 1),
j8 + 13 := (| previous hpl t = t|B, 1),
J8 4+ 6= (|t — 1]n, 1),
B+ 7=(t-1)*Z|n, 1)

lemma tm/ [transforms-intros]:
assumes ttt = 90 + 153 * nllength hpl ~ 3 + 3 * nlength (min (previous hpl t) t) + 2 * nlength t +
26 x (nlength (t — 1) + nlength Z) ~ 2
shows transforms tmj tps0 ttt tps/
(proof)

definition tps5 = tps0
[j3 4+ 11 := (|previous hpl t|n, 1),
j8 + 13 := (| previous hpl t = t|p, 1),
8+ 6 :=(t—1|n, 1),
B+ 7T =(N+(t—-1)xZ|n, 1)]

lemma tm5 [transforms-intros|:
assumes ttt = 100 + 153 * nllength hpl ~ 3 + 8 x nlength (min (previous hpl t) t) + 2 * nlength t +
26 « (nlength (t — 1) + nlength Z) ~ 2 + 3 % max (nlength N) (nlength ((t — 1) * Z))
shows transforms tms tps0 ttt tpsd
(proof)

definition tps6 = tps0O
[j3 4+ 11 := (|previous hpl t|n, 1),
j8 + 13 := (| previous hpl t = t|p, 1),
j8+ 6= ([t — 1]|n, 1),
j8 4+ 7= (N + (t — 1) % Z|n, 1),
B+8=(N+({t—-1)*Z. <N+ (t—1)*Z+ Z]|nL, 1)]

lemma tm6 [transforms-intros|:
assumes it = 100 + 153 * nllength hpl ~ 3 + 8 = nlength (min (previous hpl t) t) + 2 =
26 * (nlength (t — 1) + nlength Z) ~ 2 + 3 x max (nlength N) (nlength ((t — 1) * Z)) +
Suc Z x (43 + 9 * nlength (N + (t — 1) * Z + Z))
shows transforms tmé6 tps0 ttt tps6
(proof)

nlength t +

definition tps7 = tpsO
[18 + 11 := (|previous hpl t|n, 1),
j8 + 13 := (| previous hpl t = t|gB, 1),
8+ 6 :=(t—1]|n, 1),
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3+ 7 =(N+(t—-1)xZ]n, 1),
j8 + 12 := nltape [N + (¢t — 1) * Z.<N + (t — 1) x Z + Z]]

lemma tm?7 [transforms-intros|:
assumes ttt = 111 + 153 * nllength hpl — 3 + 8 x nlength (min (previous hpl t) t) + 2 =
26 * (nlength (t — 1) + nlength Z) ~ 2 + 3 * maxz (nlength N) (nlength ((t — 1) x Z)) +
Suc Z x (43 + 9 x nlength (N + (t — 1) *x Z + Z)) +
4 = nllength [N + (t — Suc 0) * Z..<N + (t — Suc 0) * Z + Z]
shows transforms tm7 tps0 tit tps7
(proof)

nlength t +

definition tps8 = tps0O
(18 + 11 := (|previous hpl t|n, 1),
j8 + 13 := (| previous hpl t = t|g, 1),
j3 + 6= (Lt - JJNv 1)7
38+ 7= (0]n, 1),
j8 + 12 := nltape [N + (¢t — 1) * Z.<N + (t — 1) x Z + Z]]

lemma tm§:
assumes it = 121 + 153 * nllength hpl ~ 3 + 8 = nlength (min (previous hpl t) t) +
2 x nlength t + 26 * (nlength (¢ — 1) + nlength Z) ~ 2 4+ 3 * maz (nlength N) (nlength ((t — 1) * Z)) +
Suc Z * (43 + 9 = nlength (N + (t — 1)« Z + Z)) + 4 = nllength [N + (t — 1) * Z.<N + (t — 1) x Z
+Z) +
2 x nlength (N + (¢t — 1) x Z)
shows transforms tm8 tps0 ttt tps8
(proof)

For the next upper bound we have no scruples replacing log7’, log N, and logZ by T', N and Z,
respectively. All values are polynomial in n (Z is even a constant), so the overall polynomiality is not in
jeopardy.

lemma nllength-le:
fixes nmaz :: nat and ns :: nat list
assumes V neset ns. n < nmazx
shows nllength ns < Suc nmax * length ns

(proof )

lemma nllength-upt-le:

fixes a b :: nat

shows nllength [a..<b] < Suc b * (b — a)
(proof)

lemma nllength-hp1: nllength hpl < Suc T' * Suc T’
(proof )

definition 8 = 168 + 158 «» Suc T' "6 + 5« t + 26 x (t + Z) "2 + 47 % Z + 15 « Z » (N + t x Z)

lemma tm8’ [transforms-intros): transforms tm8 tps0 ttt8 tps8
(proof)

definition tpsT1 = tps0
[13 + 11 := (|previous hpl t|n, 1),
j8 + 138 := (| previous hpl t = t|B, 1),
33+ 6= ([t — 1]N, 1),
j8 + 7 := (| previous hpl t x Z]|n, 1),
j8 + 12 :=nltape [N + (t — 1) x Z.<N + (t — 1) * Z + Z]]

lemma tmT1 [transforms-intros]:
assumes it = 4 + 26 x (nlength (previous hpl t) + nlength Z) ~ 2
shows transforms tmT1 tps8 tit tpsT1

{proof)

definition tpsT2 = tps0
[j3 + 11 := (|previous hpl t|n, 1),
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j8 + 18 := (| previous hpl t = t|B, 1),

J8+ 6= ([t — 1]n, 1),

j8 + 7 := (|N + previous hpl t *x Z]|n, 1),

j8 + 12 :=nltape [N + (t — 1) x Z.<N + (t — 1) * Z + Z]]

lemma tmT2 [transforms-intros]:

assumes ttt = 14 + 26 = (nlength (previous hpl t) + nlength Z) ~ 2 +
3 * maz (nlength N) (nlength (previous hpl t * 7))

shows transforms tmT2 tps8 tit tpsT2

{proof)

definition tpsT3 = tps0
(18 + 11 := (|previous hpl t|n, 1),
j8 + 13 := (| previous hpl t = t|g, 1),
j3 + 6= (Lt - JJNv 1)7
j8 + 7 := (|N + previous hpl t x Z]|n, 1),
j8 + 12 := nltape [N + (¢t — 1) * Z.<N + (t — 1) x Z + Z],

j8 + 8 :== (|[N + previous hpl t x Z..<N + previous hpl t * Z + Z]|nr, 1)]

lemma tmT3 [transforms-intros]:
assumes it = 14 + 26 * (nlength (previous hpl t) + nlength Z) ~ 2 +
3 x maz (nlength N) (nlength (previous hpl t * Z)) +

Suc Z * (43 + 9 * nlength (N + previous hpl t x Z + 7))
shows transforms tmT3 tps8 tit tpsT3

{proof)

definition tpsT/ = tps0

(8 + 11 := (|previous hpl t|n, 1),

j8 + 13 := (| previous hpl t = t|gB, 1),

j8+ 6 :=(t— 1]|n, 1),

j8 + 7 = (|N + previous hpl t x Z]|n, 1),

j8 + 12 := nltape
(IN+(t—-—1)*Z.<N+(t—1)xZ+ Z]Q
[N + previous hpl t x Z..<N + previous hpl t x Z + Z]),

38+ 8= (L), 1]

lemma tmT4 [transforms-intros]:
assumes ttt = 25 + 26 * (nlength (previous hpl t) + nlength Z) ~ 2 +
3 x maz (nlength N) (nlength (previous hpl t * Z)) +
Suc Z * (43 + 9 * nlength (N + previous hpl t * Z + Z)) +
4 x nllength [N + previous hpl t x Z..<N + previous hpl t * Z + Z]
shows transforms tmT4 tps8 ttt tpsT4
(proof)

definition tpsT5 = tps0

[13 + 11 := (| previous hp! t|n, 1),

j8 + 13 := (| previous hpl t = t|gB, 1),

§8 4+ 6= (|t — 1]n, 1),

i8 + 7:=([0]~, 1),

j8 + 12 := nltape
(IN+(t—1)*Z.<N+ (t— 1)+ Z+ Z] @
[N + previous hpl t x Z..<N + previous hpl t * Z + Z]),

j2+ 8= (), 1)

lemma tmT5 [transforms-intros]:

assumes ttt = 35 + 26 = (nlength (previous hpl t) + nlength Z) ~ 2 +
3 x max (nlength N) (nlength (previous hpl t * Z)) +
Suc Z * (43 + 9 * nlength (N + previous hpl t * Z + Z)) +
4 * nllength [N + previous hpl t x Z..<N + previous hpl t * Z + Z] +
2 x nlength (N + previous hpl t x Z)

shows transforms tmT¥5 tps8 tit tpsT5

(proof)
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definition tps9 = tpsO
[13 + 11 := (|previous hpl t|n, 1),
j8 + 18 := (| previous hpl t = t|B, 1),
J8 4+ 6= (|t — 1]n, 1),
J8 + 7= ([0]~, 1),
j3 4+ 12 := nltape
(IN+(t—1)*«Z.<N+(t—1)«Z+ Z] @

(if previous hpl t # ¢ then [N + previous hpl t * Z..<N + previous hpl t x Z + Z] else [])),
38 + 8 = ([llJ, 1)]

lemma tm89 [transforms-intros):

assumes ttt = 37 + 26 = (nlength (previous hpl t) + nlength Z) ~ 2 +
3 x max (nlength N) (nlength (previous hpl t * Z)) +

Suc Z * (43 + 9 * nlength (N + previous hpl t x Z + Z)) +

4 * nllength [N + previous hpl t x Z..<N + previous hpl t * Z + Z] +
2 x nlength (N + previous hpl t x Z)

shows transforms tm89 tps8 ttt tps9
(proof)

definition it10 = ttt8 + 37 + 26 * (nlength (previous hpl t) + nlength Z) ~ 2 +
3 x maz (nlength N) (nlength (previous hpl t * Z)) +

Suc Z * (43 + 9 * nlength (N + previous hpl t * Z + Z)) +

4 nllength [N + previous hpl t x Z..<N + previous hpl t x Z + Z] +
2 x nlength (N + previous hpl t x Z)

lemma tm10 [transforms-intros]: transforms tm10 tps0 ttt10 tps9

{proof)

definition tpsi1 = tpsO
[j8 + 11 := (|previous hpl t|n, 1),
j8 + 138 := (|previous hpl t = t|B, 1),
J3 4+ 6= ([tln, 1),
i8+ 7:=(0]n, 1),
38 4+ 12 := nltape
(N+(t—-—1)«Z.<N+({t—-1)xZ+ Z]Q

(if previous hpl t # ¢ then [N + previous hpl t x Z..<N + previous hpl t * Z + Z] else [])),
33 + 8 = (0, 1)]

lemma tm11 [transforms-intros]:

assumes ttt = ttt10 + 5 + 2 = nlength (t — 1)

shows transforms tm11 tps0 ttt tpsil
(proof)

definition tpsi3 = tpsO
[13 + 11 := (| previous hp! t|n, 1),
j8 + 13 := (| previous hpl t = t|p, 1),
38 + 6 = ([t|n, 1),
38+ 7= (It x Z]n, 1),
38 4+ 12 := nltape
(IN+(t—-1)*Z.<N+(t—-1)xZ+ Z]Q

(if previous hpl t # t then [N + previous hpl t x Z..<N + previous hpl t * Z + Z] else [])),
38 + 8 = (), 1)]

lemma tm13 [transforms-intros):

assumes ttt = ttt10 + 9 + 2 = nlength (t — 1) + 26 * (nlength t + nlength Z) ~— 2
shows transforms tm13 tps0 ttt tps13

{proof)

definition tpsi1/ = tps0
[13 + 11 := (| previous hp! t|n, 1),
j8 + 13 := (| previous hpl t = t|g, 1),
j8 + 6 := (|t]n, 1),
§8 + 7:= (IN + t * Z]n, 1),
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33 + 12 := nltape

(IN+(t—-1)*Z.<N+(t—-1)xZ+ Z]Q

(if previous hpl t # ¢ then [N + previous hpl t ¥+ Z..<N + previous hpl t x Z + Z] else [])),
38 + 8 = (), 1)]

lemma tm1j [transforms-intros):
assumes it = tt10 + 19 + 2 = nlength (t — 1) + 26 % (nlength t + nlength Z) ~ 2 +
3 * maz (nlength N) (nlength (t * Z))

shows transforms tm1/ tps0 ttt tpsiy
(proof)

definition tpsi5 = tpsO
(18 + 11 := (|previous hpl t|n, 1),
j8 + 13 := (| previous hpl t = t|g, 1),
j3+ 6= (LtJNv 1)7
J3+ 7= (N + t* Zln, 1),
38 + 12 := nltape
(IN+(t—-1)*Z.<N+(t—1)xZ+ Z]Q

(if previous hpl t # t then [N + previous hpl t x Z..<N + previous hpl t * Z + Z] else [])),
B+8=(N+t«xZ.<N+t«2Z+ Z]|nr, 1)]

lemma tm15 [transforms-intros):

assumes ttt = tt10 + 19 + 2 = nlength (t — 1) + 26 * (nlength t + nlength Z) ~ 2 +

3 * maz (nlength N) (nlength (t * Z)) + Suc Z % (43 + 9 = nlength (N + t * Z + Z))
shows transforms tm15 tps0 tit tps15

{proof)

definition tps16 = tps0
[j3 + 11 := (|previous hpl t|n, 1),
j8 + 13 := (| previous hpl t = t|p, 1),
J3 4+ 6= ([t]n, 1),
j8 + 7= (N + t* Z]n, 1),
j3 4+ 12 := nltape
(IN+ (t— Suc0)* Z.<N + (t — Suc 0) * Z + Z] Q

(if previous hpl t # ¢ then [N + previous hpl t * Z..<N + previous hpl t x Z + Z] else []) @
[N+ t* Z.<N + t+ 7+ Z]),

33 + 8 = (0, 1)]

lemma tm16 [transforms-intros):

assumes ttt = ttt10 + 30 + 2 = nlength (t — 1) + 26 * (nlength t + nlength Z) ~ 2 +

3 * maz (nlength N) (nlength (t * Z)) + Suc Z x (43 + 9 = nlength (N + t x Z + Z)) +
4 * nllength [N + t x Z.<N + t * Z + Z]

shows transforms tm16 tps0 ttt tps16
(proof)

definition tps17 = tps0
3 + 11 = (10)n, 1),
j8 + 13 := (| previous hpl t = t|p, 1),
i3 + 6 = ([t]n, 1),
j8 + 7= (N +t*Z|n, 1),
j3 + 12 := nltape
(IN+ (t = Suc0)x Z.<N + (t — Suc 0) « Z + Z] Q

(if previous hpl t # ¢ then [N + previous hpl t * Z..<N + previous hpl t x Z + Z] else []) @
[N+t Z.<N+t* 2+ %)),

38 + 8 = (L), 1)]

lemma tm17 [transforms-intros):

assumes ttt = ttt10 + 40 + 2 = nlength (t — 1) + 26 * (nlength t + nlength Z) ~ 2 +
3 * maz (nlength N) (nlength (t * Z)) + Suc Z = (43 + 9 = nlength (N + t x Z + Z)) +

4 * nllength [N + t x Z..<N + t * Z + Z] + 2 % nlength (previous hp! t)
shows transforms tm17 tps0 ttt tps17

{proof)
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definition tpsi8 = tpsO

[13 + 11 := (|hp0 ! t]N, 1),

j8 + 18 := (| previous hpl t = t|B, 1),

38+ 6= (t]n, 1),

j8+ 7= (IN +t* Z|n, 1),

j8 + 12 := nltape
(IN+ (t — Suc0) %« Z.<N + (t — Suc 0) * Z + Z] Q
(if previous hpl t # ¢ then [N + previous hpl t * Z..<N + previous hpl t x Z + Z] else []) @
[N+t Z.<N+ t* Z+ Z]),

j3 + 8 = (I, 1)

lemma tm18 [transforms-intros):

assumes it = tt10 + 66 + 2 = nlength (t — 1) + 26 % (nlength t + nlength Z) ~ 2 +
3 * maz (nlength N) (nlength (t * Z)) + Suc Z * (43 + 9 * nlength (N + t x Z + Z)) +

4 * nllength [N + t x Z..<N + t * Z + Z] + 2 * nlength (previous hpl t) +
21 « (nllength hp0)?

shows transforms tm18 tps0 ttt tpsi18
(proof)

definition tps19 = tps0

[18 + 11 := (|hp0 ! t]N, 1),

j8 + 138 := (|previous hpl t = t|B, 1),

38 + 6 = ([t|n, 1),

38+ 7= (0], 1),

33 + 12 := nltape
(IN+ (t— Suc0)* Z.<N + (t — Suc 0) * Z + Z] Q
(if previous hpl t # ¢ then [N + previous hpl t x Z..<N + previous hpl t * Z + Z] else []) @
[N+ txZ.<N+tx 2+ 7)),

j3 +8 = (1), 1)

lemma tm19 [transforms-intros):

assumes ttt = tt10 + 76 + 2 = nlength (t — 1) + 26 * (nlength t + nlength Z) ~ 2 +
3 * maz (nlength N) (nlength (t * Z)) + Suc Z x (43 + 9 = nlength (N + t x Z + Z)) +
4 * nllength [N + t x Z..<N + t * Z + Z] + 2 % nlength (previous hp! t) +
21 * (nllength hp0)?® + 2 * nlength (N + t * Z)

shows transforms tm19 tps0 ttt tps19

(proof)

definition tps20 = tps0
[8 + 11 := (|hp0 ! t|n, 1),
j8 + 13 := (| previous hpl t = t|g, 1),
98+ 6 = (|t|n, 1),
J8 + 7 := (lhp0 ' t x G]n, 1),
j8 + 12 := nltape
(IN+ (t — Suc 0) * Z.<N + (t — Suc 0) * Z + Z] Q

(if previous hpl t # t then [N + previous hpl t x Z..<N + previous hpl t * Z + Z] else []) @
[N+t Z.<N+t*Z+ Z]),

33 + 8 = (0, 1)]

definition 20 = ttt10 + 80 + 2 * nlength (t — 1) + 26 = (nlength t + nlength Z) ~ 2 +
3 * maz (nlength N) (nlength (t * Z)) + Suc Z * (43 + 9 = nlength (N + t x Z + Z)) +
4 = nllength [N + t * Z.<N + t x Z + Z] + 2 * nlength (previous hpl t) +
21 * (nllength hp0)* + 2 % nlength (N + t * Z) + 26 * (nlength (hp0 ! t) + nlength G) ~ 2

lemma tm20 [transforms-intros|: transforms tm20 tps0 ttt20 tps20
(proof)

definition tps21 = tps0
18 + 11 := (|hp0 ! t]N, 1),
j8 + 13 := (| previous hpl t = t|, 1),
j3 + 6= ([t 1),
J8 + 7 :=(lhp0 !t x G]n, 1),
j3 + 12 := nltape
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(IN+ (t — Suc0) %« Z.<N + (t — Suc 0) * Z + Z] Q
(if previous hpl t # ¢ then [N + previous hpl t * Z..<N + previous hpl t x Z + Z] else []) @
[N+t Z.<N+t*Z+ Z]),

j8+ 8 :=([[p0 't x G.<hp0 ! t x G + G]|nL, 1)]

lemma tm21 [transforms-intros):
assumes it = 620 + Suc G * (48 + 9 * nlength (hp0 ! t * G + G))
shows transforms tm21 tps0 ttt tps21
(proof)

abbreviation o =
[N+ (t—1)*«Z. <N+ (t—1)* Z+ Z] @
(if previous hpl t # t then [N + previous hpl t x Z..<N + previous hpl t x Z + Z] else []) @
[N+txZ.<N+txZ+ 7] Q
[hp0 !t * G.<hp0 ! t x G + G]

definition tps22 = tpsO
[13 + 11 := (|hp0 ! t|N, 1),
j8 + 138 := (|previous hpl t = t|B, 1),
j8 + 6 := (|t]n~, 1),
ji8 4+ 7= (0!t Gln, 1),
33 + 12 := nltape o,
38+ 8= (L), 1)]

lemma tm22 [transforms-intros):
assumes ttt = tt20 + 11 + Suc G x (43 + 9 = nlength (hp0 ! t * G + G)) +
4 * nllength [hp0 ! t x G..<hp0 !t * G + G|
shows transforms tm22 tps0 tit tps22
(proof)

definition tps23 = ips0
[13 + 11 := (|hp0 ! t]N, 1),
j8 + 13 := (| previous hpl t = t|p, 1),
i3+ 6 = (|t|n, 1),
j8 + 7:=(|0]n, 1),
i3 + 12 := nltape o,
38 + 8 = (L0, 1)]

lemma tm23 [transforms-intros):
assumes tit = ttt20 + 21 + Suc G * (43 + 9 * nlength (hp0 ! t x G + G)) +
4 * nllength [hp0 ! t * G..<hp0 !t * G + G] + 2 * nlength (hp0 ! t x G)
shows transforms tm23 tps0 ttt tps23
(proof)

definition tps24 = tpsO
3 + 11 := (lll], 1),
j8 + 13 := (|previous hpl t = t]p, 1),
33+ 6= ([tln, 1),
33+ 7:=(10]~, 1),
i3 4+ 12 := nltape o,
33+ &= (L), 1]

lemma tm2/ [transforms-intros):
assumes (tt = 4120 + 28 + Suc G x (43 + 9 = nlength (hp0 ! t * G + G)) +
4 = nllength [hp0 ! t * G..<hp0 ! t x G + G| + 2 * nlength (hp0 ! t x G) +
2 x nlength (hp0 ! t)
shows transforms tm24 tps0 tit tps2)
(proof)

definition tps25 = tpsO
g + 11 == (L), 1),
j8 + 13 := (|previous hpl t = t]p, 1),
J8 + 6 = ([t]n, 1),
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i8 + 7:=(|0]~, 1),
§8 + 12 := (lo)n1, 1),
38 + 8 = (1], 1)]

lemma tm25 [transforms-intros):
assumes ttt = ttt20 + 31 + Suc G * (43 + 9 * nlength (hp0 ! t x G + G)) +
4 = nllength [hp0 ! t * G..<hp0 ! t x G + G| + 2 * nlength (hp0 ! t x G) +
2 x nlength (hp0 ! t) + nllength o
shows transforms tm25 tps0 ttt tps25
{proof)

definition tpsE1 = itpsO
g + 11 == (L[], 1)
38+ 13 = (lllJ, 1)
i+ 6 = (|t|n, 1)
8+ 7:=(0]w, 1),
i3+ 12 = (LUJNL, ]),
38 + 8 = (l[J, 1)]

I
I
I

lemma tmFE1:
assumes it = 7 + 2 * nlength (if previous hpl t = t then 1 else 0)
shows transforms tmFE1 tps25 tit tpsE1
(proof)

lemma tmE1’ [transforms-intros|:
assumes tit = 9
shows transforms tmE1 tps25 tit tpsE1
(proof)

definition tpsE2 = tpsO
[18 + 11 := nlltape’ (formula-n (relabel o ') 0,
38 + 18 = (L[lJ, 1),
J8 + 6 == ([t|n, 1),
J8 + 7= (10]n, 1),
i3 4+ 12 = (LUJNL, ]),
j8 + 8 = ([l], 1)]

lemma tmE2 [transforms-intros|:
assumes ttt = 16 + 108 * (nlllength (formula-n '))? * (8 4+ (nllength o))
and previous hpl t =t
shows transforms tmE2 tps25 tit tpsE2
(proof)

definition tpsTT1 = tps0
[i8 + 11 := nlltape’ (formula-n (relabel o b)) 0,
Jg + 13 = (L[], 1),
J8 + 6 == ([t|n, 1),
i8+ 7:=(0]n, 1),
j8 + 12 := (lo]nr, 1),
38 + 8 = ([, 1)]

lemma tmTT1 [transforms-intros]:
assumes ttt = 7 + 108 * (nlllength (formula-n ¥))* * (3 + (nllength o)?)
and previous hpl t # t
shows transforms tmTT1 tps25 ttt tpsTT1
(proof)

definition tps26 = tps0
[18 + 11 := nlltape’ (formula-n (relabel o (if previous hpl t = t then ¥’ else ))) 0,
j3 + 13 = ([, 1),
J3 + 6= (ltln, 1),
i3+ 7= (0]~, 1),
33+ 12 := (lo|nr, 1),
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33 + 8 = (L1, 1)]

lemma nlllength-psi: nlllength (formula-n ) < 24 « Z =2 % 2 = (4*Z)
(proof )

lemma nlllength-psi’: nlllength (formula-n ¥') < 24 * Z 72 x 2 ~ (4*Z)
(proof )

lemma tm2526:
assumes ttt = 17 + 108 x (24 * Z "2 % 2 " (4*2))* x (8 + (nllength 0)?)
shows transforms tm2526 tps25 ttt tps26
(proof)

lemma nllength-o: nllength 0 < 12 * T' % 272 + 4 * Z x N
(proof )

lemma tm2526' [transforms-intros|:
assumes ttt = 17 + 108 % (24 * Z "2 % 2 ~(4*Z)> x (3 + (12 * T' % Z°2 + 4 x Z * N)?)
shows transforms tm2526 tps25 tit tps26

(proof)

lemma tm26 [transforms-intros):
assumes ttt = tt20 + 31 + Suc G x (43 + 9 = nlength (hp0 ! t x G + G)) +
4 * nllength [hp0 ! t * G..<hp0 ! t * G + G] + 2 x nlength (hp0 ! t * G) +
2 « nlength (hp0 ! t) + nllength o +
174+ 108 % (24 + Z 2% 2 (4*2)* « (8 + (12« T' % Z°2 + 4 % Z x N)?)
shows transforms tm26 tps0 ttt tps26
(proof)

definition tps27 = tps0
[i8 + 11 := nlltape’ (formula-n (relabel o (if previous hpl t = t then 3’ else 1))) 0,
38+ 18 = ([}, 1),
i+ 6 = (lt|n, 1),
i3+ 7= ([0]~, 1),
38+ 12 := (LI}, 1),
38 + 8 = (L0, 1)]

lemma tm27:
assumes (it = 120 + 38 + Suc G x (43 + 9 = nlength (hp0 ! t * G + G)) +
4 = nllength [hp0 ! t * G..<hp0 ! t x G + G| + 2 * nlength (hp0 ! t x G) +
2 x nlength (hp0 ! t) + 3 * nllength o +
174108 % (24 + Z 72 % 2 " (4*2)* « 8+ (12« T' % Z°2 + 4 * Z x N)?)
shows transforms tm27 tps0 ttt tps27
(proof)

definition tps27’ = tps0
[18 + 11 := nlltape’ (formula-n (relabel o (if previous hp1 t = t then v’ else ))) 0]

lemma tps27": tps27 = tps27’
(proof)

definition 27 = t#t20 + 38 + Suc G * (48 + 9 * nlength (hp0 ! t x G + G)) +
4 x nllength [hp0 ! t * G..<hp0 ! t x G + G| + 2 * nlength (hp0 ! t x G) +
2 x nlength (hp0 ! t) + 38 * nllength o +
17+ 108 % (24 Z 2% 2 " (4*2)* % (3 + (12« T' % Z°2 + 4 x Z x N)?)

lemma tm27' [transforms-intros|: transforms tm27 tps0 ttt27 tps27’
(proof)

definition tps28 = tpsO
[1 := nlltape (nss @ formula-n (relabel o (if previous hpl t = t then ' else v))),
38+ 11 = ([[l], 1)]
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lemma tm28:
assumes tit = ttt27 + (11 + 4 * nlllength (formula-n (relabel o (if previous hpl t = t then ¥’ else ))))
shows transforms tm28 tps0 ttt tps28

{proof)

lemma nlllength-relabel-chi-t:
nlllength (formula-n (relabel o (if previous hpl t = t then ¢’ else ¥))) <
Suc (nllength o) x 24 * Z ~ 2 % 2 = (4xZ)
(is nlllength (formula-n (relabel o ?phi)) < -)
(proof)

definition #ps28’ = tps0
[1 := nlltape (nss @ formula-n (relabel o (if previous hpl t = t then ¢’ else 1)))]

lemma tps28": tps28’ = tps28
(proof)

lemma tm28’ [transforms-intros|:
assumes ttt = 427 + (11 + 4 = (Suc (nllength o) * 24 x Z ~ 2 x 2 7 (4x2)))
shows transforms tm28 tps0 ttt tps28’
(proof)

definition tps29 = tps0
[1 := nlltape (nss @ formula-n (relabel o (if previous hpl t = t then ¥’ else 1))),
j8 + 6 = (| Suc t]n, 1)]

lemma tm29 [transforms-intros):
assumes it = ttt27 + 16 + 4 = (Suc (nllength o) * 24 « Z ~ 2 % 2~ (4*Z)) + 2 = nlength t
shows transforms tm29 tps0 ttt tps29
(proof)

definition tps30 = tps0
[1 := nlltape (nss @ formula-n (relabel o (if previous hpl t = t then ¥’ else ))),
j8 + 6 = (| Suc t|n, 1),
i+ 38 :=(T-1]n, 1)

lemma tm30:
assumes ttt = tit27 + 24 + 4 * (Suc (nllength o) * 24 %« Z =2 % 2 7 (4*Z)) + 2 * nlength t + 2 * nlength T
shows transforms tm30 tps0 ttt tps30
{proof)

Some helpers for bounding the running time:

lemma powj-le-2pows: z ~ 4 < 2 7 (4xz) for z :: nat
(proof )

lemma pow8-le-2pow8: z ~ 8 < 2 ~ (8%z) for z :: nat

(proof)

lemma Z-sq-le: Z72 < 27(16%Z)
(proof)

lemma time-bound:

ttt27 + 24 + 4 * (Suc (nllength o) x 24 « Z ~ 2 % 2~ (4xZ)) + 2 * nlength t + 2 * nlength T < 16114765
x 27(16%Z) « N6
(proof)

lemma tm30":
assumes it = 16114765 * 27(16%xZ) « N6
shows transforms tm30 tps0 ttt tps30
(proof)

end
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end

lemma transforms-tm-chi:
fixes j1 j2 j3 :: tapeidx
fixes tps tps’ :: tape list and k G N Z T' T t :: nat and hp0 hpl :: nat list and ¢ ¥’ :: formula
fixes nss :: nat list list
assumes length tps = k
and 1 < jljl <j2j2 < j3j3 + 17 <k
and G > 3
and Z = 3 x G
and N > 1
and length hp0 = Suc T’

and Vi<length hp0. hp0 ! i < T’
and length hpl = Suc T’
and Vi<length hpl. hp1 ! i < T’

and 0 < tt < T’

and 0 < TT < T’

and T' < N

and variables ¥ C {..<3%xZ+G} fsize v < (3xZ+G) x 2 ~(8+%Z+G) length ¢ < 2 ~ (3xZ+G)

and variables ' C {..<2xZ+G} fsize ' < (2xZ+G) * 2 7 (2xZ+G) length ' < 2 7 (2xZ+Q)
assumes

tps ! 1 = nlltape nss

tps ! j1 = (Lhp0|nr, 1)

tps ! j2 = (Lhpl]nr, 1)

tps 1 j3 = (IN|w, 1)

tps ! (j8 + 1) = (LGJM

tps! (j3 + 2) = (| Z]n, )

tps ! (j3 + 8) = ([T]n, 1)

tps ! (43 + 4) = (Lformula nY|NLL, 1)
tps ! (j3 + &) = (|formula-n '|nrL, 1)
tps! (j3 + 6) = ([t]wn, 1)

Ni. 6 <i=i<17=tps! (53 +14) = (]]], 1)
assumes tps’ = tps
[1 := nlltape (nss Q formula-n (relabel
(IN+(t—-1)*xZ.<N+(t—-1)xZ+ Z] @
(if previous hpl t # t then [N + previous hpl t x Z..<N + previous hpl t x Z + Z] else []) @
IN+txZ.<N+txZ+2]1Q
[hp0 ! t x G.<hp0 !t x G + G])
(if previous hpl t = t then ' else v))),
j& + 6 := (| Suc t]n, 1),
8+ 8:=(T- 1]n, 1)]
assumes it = 16114765 x 2 ~ (16%Z) « N6
shows transforms (tm-chi j1 j2 j3) tps ttt tps’
(proof)

A Turing machine for ®¢ proper

The formula ®g is a conjunction of formulas y;. The TM t¢m-chi decreases the number on tape j3 + 3.
If this tape is initialized with T”, then a while loop with tm-chi as its body will generate ®9. The next
TM is such a machine:

definition tm-PHI9 :: tapeidz = tapeidr = tapeidz = machine where
tm-PHI9 j1 j2 j8 = WHILE [] ; Ars. rs | (j8 + 8) # O DO tm-chi j1 j2 j3 DONE

lemma tm-PHI9-tm:
assumes 0 < jI and jI < j2 and j2 < j3 and j3 + 17 < kand G > 6
shows turing-machine k G (tm-PHI9 j1 j2 j3)
(proof)

lemma map-nth:
fixes zs ys fn 1
assumes zs = map f [0..<n] and i < length zs
shows zs ! i = f1
(proof)
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lemma concat-formula-n:
concat (map (At. formula-n (¢ t)) [0..<n]) = formula-n (concat (map (At. ¢ t) [0..<n]))
(proof)

lemma upt-append-upt:
assumes ¢ < band b < ¢
shows [a..<b] @ [b..<c] = [a..<(]
(proof)

The semantics of the TM ¢m-PHI9 can be proved inside the locale reduction-sat-x because it is a fairly
simple TM.

context reduction-sat-z
begin

The TM tm-chi is the first TM whose semantics we transfer into the locale reduction-sat-zx.

lemma tm-chi:
fixes tps0 :: tape list and k t' t :: nat and jI j2 j3 :: tapeidz
fixes nss :: nat list list
assumes jk: length tpsO0 = k 1 < jl1j1 < j2j2 < j348 + 17 <k
and t: 0 < tt< T’
and T: 0 < t' t' < T’
assumes hp0) = map (At. exc (zeros m) t <#> 0) [0..<Suc T
assumes hpl = map (At. exc (zeros m) t <#> 1) [0..<Suc T
assumes tps0:
tps0 | 1 = nlltape nss
tps0 ! j1 = (|hp0]n1r, 1)
tps0 ! j2 = (|hp!|NL, 1)
tps0 ! j8 = ([N]n, 1)

tps0 ! (j8 + 1) = (|H]n, 1)
tps0 ! (j8 + 2) = (| Z]n, 1)
tps0 ! (j3 + 3) = ([t'|n, 1)
tps0 ! (j8 + 4) = (| formula-n ¥ |nrL, 1)
tps0 ! (j8 + 5) = (|formula-n '|nLL, 1)
tps0 ! (j3 + 6) = ([t|n, 1)

Ni. 6 <i=1i<17=tps0! (8 + )= (], 1)
assumes tps’ = tps0
[1 := nlltape (nss @ formula-n (x t)),
j8 4+ 6 = (| Suc t]n, 1),
j3 + 8 :=([t' — 1]n, 1)]
assumes it = 16114765 x 27(16%Z) « N ~ 6
shows transforms (tm-chi j1 j2 j3) tps0 ttt tps’
(proof)

lemma Z-sq-le: Z72 < 27(16%2)
{proof )

lemma tm-PHI9 [transforms-intros|:

fixes tps0 tps’ :: tape list and k :: nat and j1 j2 j3 :: tapeidz
fixes nss :: nat list list
assumes jk: length tpsO = k 1 < j1j1 < j23j2 < j3j3 + 17 <k
assumes hp0 = map (At. exc (zeros m) t <#> 0) [0..<Suc T’
assumes hpl = map (At. exc (zeros m) t <#> 1) [0..<Suc T
assumes tps0:

tpsO ! 1 = nlltape nss

tps0 ! j1 = (|hp0|n1L, 1)

tps0 ! j2 = (|hp!]|NL, 1)

tps0 ! j3 = (|N]n, 1)

tps0 ! (j3 + 1) = (|H|n, 1)

tps0 ! (8 + 2) = (| Z]~, 1)
tps0 ! (j8 + 3) = (| T'|w~, 1)
tps0 ! (i3 + 4) = ([formula-n psi|nrr, 1)
tps0 ! (j8 + 5) = (|formula-n psi’|nrr, 1)
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tps0 ! (8 + 6) = (|1 ]w, 1)
Nio 6 <i=>i< 17 = tps0 ! (55 + 1) = (L[, 1)
assumes tps’: tps’ = tps0
[1 := nlltape (nss @ formula-n Pg),
j8 + 6 := (| Suc T'|n, 1),
i+ 8:=(|0]n, 1)]
assumes it = 16114767 « 2 ~ (16 =« Z) * N 7
shows transforms (tm-PHI9 j1 j2 j3) tps0 ttt tps’
(proof)

end

end
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Chapter 8

Turing machines for reducing NP
languages to SAT

theory Reduction-TM
imports Sat-TM-CNF Oblivious-2-Tape
begin

At long last we are going to create a polynomial-time Turing machine that, for a fixed language L € NP,
computes for every string z a CNF formula ® such that x € L iff. ® is satisfiable. This concludes the
proof of the Cook-Levin theorem.

The CNF formula @ is a conjunction of formulas @, ..., ®g, and the previous chapter has provided us
with Turing machines tm-PHIO0, tm-PHI1, etc. that are supposed to generate these formulas. But only for
®g has this been proven yet. So our first task is to transfer the Turing machines tm-PHIO, ..., tm-PHIS
into the locale reduction-sat-r and show that they really do generate the CNF formulas @, ..., ®g.

The TMs require certain values on their tapes prior to starting. Therefore we build a Turing machine
that computes these values. Then, in a final effort, we combine all these TMs to create this article’s
biggest Turing machine.

8.1 Turing machines for parts of ¢ revisited

In this section we restate the semantic lemmas transforms-tm-PHI0 etc. of the Turing machines tm-PHI0
etc. in the context of the locale reduction-sat-r. This means that the lemmas now have terms like
formula-n ®g in them instead of more complicated expressions. It also means that we more clearly see
which values the tapes need to contain initially because they are now expressed in terms of values in the
locale, such as n, p(n), or m'.

context reduction-sat-z
begin

lemma tm-PHIO [transforms-intros]:
fixes tps tps’ :: tape list and j :: tapeidr and ttt k :: nat
assumes length tps = kand I < jand j + 8§ < k

tps 11 = ([[l), 1)

tps 1 j = (l_m,h\” 1)

tps! (j + 1) = ([H]n, 1)
tps 1 (G + 2) = (L[], 1)
tps ! (j + 3) = (1), 1)
tps ! (5 +4) = (L), 1)
tps 1 (G + 5) = (L], 1)
tps ! (j + 6) = (), 1)
tps 1 (G + 7) = (L[], 1)
tps ! (5 + &) = (U], 1)
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= ([Suc (Suc m")], 1),
i+ 2 (LOJJ\U 1)7
i + 6 := (|nll-Psi (Suc (Suc m") x H) HO|nrLL, 1),
1 := nlltape (formula-n Po)]
assumes ttt = 5627 * H "4 x (3 + nlength (3 * H + m' x H))?
shows transforms (tm-PHIO j) tps ttt tps’
(proof)

lemma tm-PHI1 [transforms-intros]:
fixes tps tps’ :: tape list and j :: tapeidr and ttt k :: nat and nss :: nat list list
assumes length tps = kand I < jand j+ 7 < k
assumes
tps ! 1 = nlltape nss
tps'j = (10]n, 1
tps ! (] +1)=
tps
tps
tps
tps
tps
tps
assumes tps’ = tps
[+ 2:=(1]n, 1),
i+ 6 = (Lnll—PSZ' 0H ZJNLL, 1),
1 := nlltape (nss @ formula-n ®1)]
assumes {tt = 1875 « H ~
shows transforms (tm-PHI1 j) tps ttt tps’

(proof )

lemma tm-PHI2 [transforms-intros|:
fixes tps tps’ :: tape list and j :: tapeidr and ttt k :: nat and nss :: nat list list
assumes length tps = kand I < jand j + 8§ < k
assumes idr = n
assumes
tps ! 1 = nlltape nss
tps ! j = (Lid‘TJNv 1)

tps ' (j + 1) = ([H]n, 1)

tps! (j + 2) = (L), 1)

tps 1 (5 + 3) = (L), 1)

tps ' (j +4) = (L}, 1)

tps ! (j + 5) = (L0}, 1)

tps ' (j + 6) = (LI}, 1)

tps ' (G + 7) = (LI}, 1)

tps ! (G + 8) = (L0, 1)
assumes ttt = 3764 * H "4 * (3 + nlength (8 * H + 2 * idz x H))?
assumes tps’ = tps

[j:= (|2  ide + 2N, 1),
i+ 2= (3]~ 1),
Jj+ 6 := ([nll-Psi (Suc (Suc (2 * idz)) « H) H 3|~nLL, 1),
1 := nlltape (nss @ formula-n ®3)]
shows transforms (tm-PHI2 j) tps ttt tps’

(proof)

lemma PHI3-correct: concat (map (Ai. nll-Psi (H % (1 + 2 = i)) H 2) [0..<n]) = formula-n ®3
(proof)

lemma tm-PHIS:
fixes tps tps’ :: tape list and j :: tapeidr and ttt k :: nat and nss :: nat list list
assumes length tps = kand I < jand j + 8§ < k
assumes
tps ! 1 = nlltape nss
tps ! j = (1], 1)
tps! G+ 1)=(1H|n, 1)
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\S]
~
~—

tps! (j + 2) = ([2]n,
tps ! (7 + 3) = (L[], 1)
tps ! (G +4) = (L), 1)
tps ! (j + 5) = (L), 1)
tps ! (7 + 6) = (L[]}, 1)
tps ! (j + 7) = (L, 1)
tps! G+ 8)=(1+ 2=*n|n, 1)
assumes ttt = Suc n * (9 + 1897 x (H ™4 * (nlength (1 + 2 x n))?))

assumes tps’ = tps

=1+ 2xn]n, 1),

1 := nlltape (nss @ formula-n ®3),

j+ 3= (1]n, 1)]
shows transforms (tm-PHIS345 2 j) tps ttt tps’
(proof)

lemma PHI/-correct:

assumes idr = 2 x n + 2 + 1 and kappa = 2 and step = 2 and numiter = p n

shows concat (map (Ni. nll-Psi (H * (idz + step x 1)) H kappa) [0..<numiter]) = formula-n ®4
(proof)

lemma tm-PHI/:
fixes tps tps’ :: tape list and j :: tapeidr and tit step k :: nat and nss :: nat list list
assumes length tps = k and I < jand j + 8 < k assumes
tps | 1 = nlltape nss
tpslj=(2*n+ 2+ 1]|n, 1)

tps ! (j + 1) = ([H]n, 1)

tps! 4+ 2) = (|2]w, 1)

tps ! (G + 3) = (L), 1)

tps ! (5 + 4) = (L), 1)

tps ! (j + 5) = (L), 1)

tps ! (j + 6) = (L), 1)

tps ! (5 + 7) = (L[), 1)

tps ! G+ 8) = (| n+2+4+1+2xpn|n, 1)

—~
% =

assumes ttt = Suc (p n) * (9 + 1897 x (H "4 * (nlength (2 x n + 2 + 1 + 2 % p n))?))
assumes tps’ = tps

f=0(2*xn+2+1+2=xpn|n, 1),

1 := nlltape (nss @ formula-n P4),

j+ 8= (1]n, 1)]
shows transforms (tm-PHI345 2 j) tps ttt tps’

{proof)

lemma PHI5-correct:

assumes idr = 2 *x n + 2 * pn + 3 and kappa = 0 and step = 1 and numiter = T’

shows concat (map (Ni. nll-Psi (H * (idz + step = i)) H kappa) [0..<numiter]) = formula-n ®5
(proof )

lemma tm-PHI5:
fixes tps tps’ :: tape list and j :: tapeide and ttt k :: nat and nss :: nat list list
assumes length tps = kand I < jand j + 8§ <k
assumes
tps | 1 = nlltape nss
tpslj=((2*xn+2*pn—+ 3|n, 1)

tps! (j+ 1) = ([H]n, 1)

tps! (j+ 2) = (|0]w, 1)

tps ! (5 + 3) = (L[], 1)

tps ! (G + 4) = (LI, 1)

tps ! (j + 5) = (L), 1)

tps ! (7 + 6) = ([[l], 1)

tps ! (j + 7) = (LI, 1)

tps! G+8)=(2*xn+2%xpn+ 8+ T'|n, 1)

assumes ttt = Suc T'* (9 + 1891 x (H ~ 4 * (nlength (2 x n + 2 x pn + 3 + T)?))
assumes tps’ = tps
[=(2xn+2xpn+ 38+ TN, 1),
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1 := nlltape (nss @ formula-n ®s),

j+ 3= (1]n, 1)]
shows transforms (tm-PHI345 1 j) tps ttt tps’
(proof)

lemma PHI6-correct:

concat (map (Ni. nll-Psi (H % (2 + 2 x 1)) H (xs! 1)) [0..<length zs]) = formula-n Pg

(proof)

lemma tm-PHI6 [transforms-intros|:

fixes tps tps’ :: tape list and j :: tapeidr and ttt k :: nat and nss ::

assumes length tps = kand 1 < jand j + 7 < k
assumes

tps ! 1 = nlltape nss

tps ! 0 = (|zs], 1)

tps ! j=(12]n, 1

tps !

tps !

tps !

tps !

tps !

tps !

tps !
assumes tps’ = tps

[0 := (|zs], Suc n),

j=(2+ 2x*n|n, 1),

1 := nlltape (nss Q formula-n Pe)]
assumes ttt = 133650 « H 6 xn ~ 3 + 1
shows transforms (tm-PHI6 j) tps tit tps’
(proof)

lemma PHI7-correct:
assumes idx = 2 * n + 4 and numiter = p n

nat list list

shows concat (map (\i. nll-Upsilon (ide + 2 % i) H) [0..<numiter]) = formula-n ®7

(proof)

lemma tm-PHI7 [transforms-intros]:

fixes tps tps’ :: tape list and j :: tapeidz and ttt numiter k idz :

assumes length tps = kand I < jand j+ 6 < k
assumes

tps ! 1 = nlltape nss

tpslj=(2*n+ 4]n, 1)

tps ! (G + 1) = ([H|n, 1)

tps ! (j + 2) = (L[I), 1)
tps ! (G + 3) = (LI, 1)
tps ! (G + 4) = (L0, 1)
tps ! (j + 5) = (L), 1)
tps ! (j + 6) = (lp nln, 1)

nat and nss :

nat list list

assumes ttt = p n * 257 * H * (nlength (2 x n + 4 + 2 x p n) + nlength H)*> + 1

assumes tps’ = tps
f=02xn+4+2xpn|n, 1),
j+ 6= (l0)w, 1),
1 := nlltape (nss @ formula-n ®7)]
shows transforms (tm-PHI7 j) tps ttt tps’
(proof)

lemma tm-PHIS [transforms-intros|:
fixes tps tps’ :: tape list and j :: tapeids and ttt k idr ::
assumes length tps = kand I < jand j + 7 < k
assumes idz = 1 + 3« T' + m’
assumes
tps ! 1 = nlltape nss
tps!j=(1+ 38T +m'n, 1)
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tps ' (j + 1) = ([H]n, 1)
tps ' (G + 2) = (L), 1)
tps ' (j 4+ 3) = (L), 1)
tps ' (G +4) = (L0, 1)
tps ' (G + 5) = (L}, 1)
tps ' (j + 6) = (LI}, 1)
tps 1 (G + 7) = (L), 1)

assumes (ps

~

= Ips

[1 := nlltape (nss @ formula-n ®g),
i+ 2= (LS)JN’ Z)a
j+ 6 := (|formula-n ®s|nrL, 1))
assumes ttt = 18 + 1861 + H ~ 4 * (nlength (Suc (1 + 8 * T’ + m’)))?
shows transforms (tm-PHIS j) tps ttt tps’
(proof)

end

8.2 A Turing machine for initialization

As we have seen in the previous section, the Turing machines tm-PHI( etc. expect some tapes to contain
certain values that depend on the verifier TM M. In this section we construct the TM tm-PHI-init that
computes theses values.

The TM expects the string  on the input tape. Then it determines the length n of x and stores it on
tape 11. Then it computes the value p(n) and stores it on tape 15. Then it computes m = 2n+2p(n) + 2
and stores it on tape 16. It then writes 0™ to tape 9 and runs tm-list-headpos, which writes the sequences
of head positions for the input and work/output tape of the verifier TM M to tapes 4 and 7, respectively.
The length of these lists determines T”, which is written to tape 17. From this and m the TM computes
m’ and writes it to tape 18. It then writes H, which is hard-coded, to tape 19 and finally N = H - m/ to
tape 20.

We assume that the TM starts in a configuration where the input tape head and the heads on tapes with
index greater than 10 are positioned on cell number 1, whereas all other tapes are on cell number 0 as
usual. The TM has no tape parameters, as all tapes are fixed to work with the final TM later.

As with other TMs before, we will define and analyze the TM on the theory level and then transfer the
semantics to the locale reduction-sat-zx.

definition ¢m-PHI-init :: nat = machine = (nat = nat) = machine where
tm-PHI-init G M p =
tm-right 9 3;
tm-length-input 11 ;;
tm-polynomial p 11 3;
tm-copyn 15 16 ;;
tm-add 11 16 ;;
tm-incr 16 3;
tm-times2 16 ;;
tm-copyn 16 17 3;
tm-write-replicate 2 17 9 3;
tm-left 9 ;;
tm-list-headpos G M 2 ;;
tm-count 4 17 4 3;
tm-decr 17 ;;
tm-copyn 16 18 ;;
tm-incr 18 3;
tm-add 17 18 3;
tm-setn 19 (mazxz G (length M)) ;;
tm-mult 18 19 20

lemma tm-PHI-init-tm:
fixes H k
assumes turing-machine 2 G M and k > 20 and H > Suc (length M) and H > G
assumes H > 5
shows turing-machine k H (tm-PHI-init G M p)
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{proof)

locale turing-machine-PHI-init =
fixes G :: nat and M :: machine and p :: nat = nat
begin

definition tm3 = tm-right 9

definition tm4 = tm3 ;; tm-length-input 11
definition tm5 = tm4 ;; tm-polynomial p 11
definition tm6 = tm5 ;; tm-copyn 15 16
definition tm7 = tm6 ;; tm-add 11 16

definition tm8 = tm7 ;; tm-incr 16

definition tm9 = tm8 ;; tm-times2 16

definition tm10 = tm9 ;; tm-copyn 16 17
definition tm11 = tm10 ;; tm-write-replicate 2 17 9
definition tm12 = tml11 ;; tm-left 9

definition tm13 = tm12 ;; tm-list-headpos G M 2
definition tm1/ tm13 ;; tm-count 4 17 4
definition tm15 = tm14 ;; tm-decr 17

definition tm16 = tm15 ;; tm-copyn 16 18
definition tm17 = tm16 ;; tm-incr 18

definition tm18 = tm17 ;; tm-add 17 18
definition tm19 = tm18 ;; tm-setn 19 (maz G (length M))
definition tm20 = tm19 ;; tm-mult 18 19 20

lemma tm20-eq-tm-PHI-init: tm20 = tm-PHI-init G M p
(proof)

context
fixes k H thalt :: nat and tps0 :: tape list and xs zs :: symbol list
assumes poly-p: polynomial p
and M-tm: turing-machine 2 G M
and k: k = length tps0 20 < k
and H: H = maz G (length M)
and zs: bit-symbols s
and zs: zs = 2 # 2 # replicate (2 * length s + 2 * p (length zs)) 2
assumes thalt:
V t<thalt. fst (execute M (start-config 2 zs) t) < length M
fst (execute M (start-config 2 zs) thalt) = length M
assumes tps0:
tps0 ! 0 = (|=zs], 1)
Ni. 0 <i= i< 10 = tps0!i=([]], 0
Ni. 10 <i= i< k= tpsO!i=(]]], 1
begin

)
)
lemma G: G > 4

(proof)

lemma H: H > length M H > G
(proof)

definition tps3 = tps0O

[9 = (L), 1]

lemma tm3 [transforms-intros]: transforms tm3 tps0 1 tps3
(proof)

abbreviation n = length xs
definition tps4 = tps0

[9 = (L1, 1),
11 := (|n]n~, 1)]
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lemma tmj [transforms-intros]:
assumes it = 5 + 11 * (length xs)?
shows transforms tm4 tps0 tit tps)
{proof)

definition tps5 = tps0O
(9 := (L0, 1),
11 = (Inn, 1),
15 := (|p n]n, 1)]

lemma tm5 [transforms-intros|:
assumes ttt = 5 + 11 * (length zs)? + (d-polynomial p + d-polynomial p * (nlength (length xs))?)
shows transforms tmb tps0 ttt tpsd
(proof)

definition tps6 = tpsO
(9 = (], 1),
11 := (In]n, 1),
15 := (lp n]n, 1),
16 == (lp n|n, 1)]

lemma tm6 [transforms-intros|:
assumes {tt = 19 + 11 * n® + (d-polynomial p + d-polynomial p * (nlength n)?) + 8 * nlength (p n)
shows transforms tm6 tps0 tit tps6
(proof)

definition tps7 = tpsO
(9 := (L0, 1),
11 = (I_nJN7 1),
= (lp nJn, 1),
15 =(ln+pnln, 1)]

lemma tm7 [transforms-intros|:
assumes ttt = 29 + 11 * n® + (d-polynomial p + d-polynomial p * (nlength n)?) +
3 * nlength (p n) + 3 * maz (nlength n) (nlength (p n))
shows transforms tm7 tps0 tit tps7
(proof)

definition tps8 = tps0O
[9 = (L0, 1),
11 = (I_TZJN, 1),
15 = (lp nJn, 1),
= ([Suc (n + p n)|n, 1)]

lemma tm8 [transforms-intros|:
assumes ttt = 34 + 11 * n® + (d-polynomial p + d-polynomial p * (nlength n)?) +
3 * nlength (p n) + 3 * maz (nlength n) (nlength (p n)) + 2 * nlength (n + p n)
shows transforms tm8 tps0 tit tps§
(proof)

definition tps9 = tpsO
(9 == (], 1),
11 = (I_TZJN, 1)7
= (lp nlw, 1),
16 = (|2 * Suc (n + p n)|n, 1)]

lemma tm9 [transforms-intros|:
assumes ttt = 39 + 11 * n® + (d-polynomial p + d-polynomial p * (nlength n)?) +
3 x nlength (p n) + 3 * max (nlength n) (nlength (p n)) + 2 * nlength (n + p n) +
2 x nlength (Suc (n + p n))
shows transforms tm9 tps0 ttt tps9
(proof)
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definition tps10 = tps0
(9 = (], 1),
11 = ([nx. 1),
15 := (lp n]n, 1),
16 := (|2 * Suc (n + pn)|n, 1),
17 := (|2 * Suc (n + p n)|n, 1)]

lemma tm10 [transforms-intros):
assumes ttt = 53 + 11 * n® + (d-polynomial p + d-polynomial p * (nlength n)?) +
3 x nlength (p n) + 3 * maxz (nlength n) (nlength (p n)) + 2 * nlength (n + p n) +
2 x nlength (Suc (n + p n)) + & = nlength (Suc (Suc (2 x n 4+ 2 * p n)))
shows transforms tm10 tps0 ttt tps10
(proof)

definition tpsi1 = tpsO
[9 = (lzs], 1),
11 = (I.nJN7 1)7
15 = (Lp nJNv 1)7
16 := (|2 * Suc (n + pn)|n, 1),
17 := (|0]n, 1)]

lemma tm11 [transforms-intros]:
assumes ttt = 57 + 11 * n® + (d-polynomial p + d-polynomial p * (nlength n)?) +
3 * nlength (p n) + 3 * maxz (nlength n) (nlength (p n)) + 2 * nlength (n + p n) +
2 % nlength (Suc (n + p n)) + & = nlength (Suc (Suc (2 * n + 2 % p n))) +
Suc (Suc (2 * n+ 2 * pn)) * (12 + 2 * nlength (Suc (Suc (2 x n + 2 * p n))))
shows transforms tm11 tps0 ttt tpsil

(proof )
definition tpsi2 = tps0
[9 == ([zs], 0),
11 := (|n]n, 1),
15 = (lp nJn, 1),
16 := (|2 * Suc (n + pn)|n, 1),
17 := (|0]n, 1)]

lemma tm12 [transforms-intros]:
assumes it = 82 + 11 * n® + (d-polynomial p + d-polynomial p * (nlength n)?) +
3 * nlength (p n) + 3 * max (nlength n) (nlength (p n)) + 2 * nlength (n + p n) +
2 « nlength (Suc (n + p n)) + 7 * nlength (Suc (Suc (2 xn + 2 * p n))) +
(2*xn+ 2xpn)x (12 + 2 x nlength (Suc (Suc (2 x n 4+ 2 * p n))))
shows transforms tm12 tps0 ttt tps12
(proof)

abbreviation ezc :: nat = config where
exc t = execute M (start-config 2 zs) t

definition tpsi3 = tpsO
[9 := exc thalt <!> 0,
11 := (|n]n, 1),

15 = (Lp nJN7 )7

16 := (|2 * Suc (n + p n)|n, 1),

17 :(I_OJNv )s

3 := (|exc thalt <#> 0]|n, 1),

4 = (|map (At. exc t <#> 0) [0..<Suc thalt]|nr, 1),
6 = (lexc thalt <#> 1N, 1),

7= (Lmap (At. exc t <#> 1) [0..<Suc thalt]|nL, 1),

10 := exc thalt <!> 1]

lemma tm13 [transforms-intros):
assumes ttt = 82 + 11 * n® + (d-polynomial p + d-polynomial p * (nlength n)?) +
3 x nlength (p n) + 3 * max (nlength n) (nlength (p n)) + 2 x nlength (n + p n) +
2 x nlength (Suc (n + p n)) + 7 * nlength (Suc (Suc (2 x n + 2 * p n))) +
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(2%xn+ 2xpn)x (12 + 2 x nlength (Suc (Suc (2 x n + 2 * p n)))) +
(27 + 27 « thalt) * (9 + 2 * nlength thalt)

shows transforms tm13 tps0 ttt tps13

(proof)

definition tpsA = tps0
[9 := exc thalt <!> 0,
3 := (lexc thalt <#> 0]n, 1),
6 := (| exc thalt <#> 1]|n, 1),
10 := exc thalt <!> 1]

definition tpsi4 = tps0
[9 := exc thalt <!> 0,
11 = (I_nJN7 7
15 == (|p n]n, 1),
]6 = (|2 * Suc (n + p n)|n, 1),
= (| Suc thalt|n, 1),
lezc thalt <#> 0]n, 1
I
I

)

( )
(Lmap (At. exc t <#> 0) [0..<Suc thalt]|nL, 1),
= (|ezc thalt <#>1]|n, 1),

(Lmap (At. exc t <#> 1)
10 := exc thalt <!> 1]

3 :
4
6 :

7 [0..<SUC thalt]JNL, 1),

lemma tm1j:

assumes ttt = 87 + 11 * n® + (d-polynomial p + d-polynomial p * (nlength n)?) +
3 * nlength (p n) + 3 * maz (nlength n) (nlength (p n)) + 2 * nlength (n + p n) +
2 x nlength (Suc (n + p n)) + 7 * nlength (Suc (Suc (2 x n + 2 * p n))) +
(2xn+ 2*pn)x (12 + 2 x nlength (Suc (Suc (2 * n + 2 x p n)))) +
(27 + 27 « thalt) * (9 + 2 * nlength thalt) +
14 * (nllength (map (\t. exc t <#> 0) [0..<thalt] Q [exc thalt <#> 0]))>

shows transforms tm14 tps0 tit tps1)

(proof)

definition tpsi}’ = tpsA
[11 = (I_TLJN, 7
15 = (lp nln, 1),
= (2 = Suc (n + p n)|n, 1),
1 = (| Suc thalt|n, 1),
4 (Lmap (At. exc t <#> 0) [0..<Suc thalt]|nL, 1),
7 := (Imap (At. exc t <#> 1) [0..<Suc thalt]|Nr, 1)]

lemma tps14’: tpsl)’ = tpsi)
{proof)

lemma len-tpsA: length tpsA = k
{proof)

lemma tm1/’ [transforms-intros|:

assumes ttt = 87 + 11 * n® + (d-polynomial p + d-polynomial p * (nlength n)?) +
3 x nlength (p n) + 3 * max (nlength n) (nlength (p n)) + 2 * nlength (n + p n) +
2 x nlength (Suc (n + p n)) + 7 * nlength (Suc (Suc (2 x n + 2 * p n))) +
(2xn+ 2*pn)x (12 + 2 x nlength (Suc (Suc (2 * n + 2 x pn)))) +
(27 + 27 x thalt) * (9 + 2 x nlength thalt) +
14 * (nllength (map (\t. exc t <#> 0) [0..<thalt] @ [exc thalt <#> 0]))*

shows transforms tm1/ tps0 ttt tpsij’

(proof)

definition tps15 = tpsA
[ = (I.nJN7 1)7
15 = ([p nlw, 1),
16 = (]2 % Suc (n + pn)|n, 1),
= ([thalt|n, 1),
(Lmap (At. exc t <#> 0) [0..<Suc thalt]|nL, 1),
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7 = (lmap (At. exc t <#> 1) [0..<Suc thalt]|nL, 1)]

lemma tm15 [transforms-intros):

assumes ttt = 95 + 11 * n® + (d-polynomial p + d-polynomial p * (nlength n)?) +
3 * nlength (p n) + 3 * maz (nlength n) (nlength (p n)) + 2 * nlength (n + p n) +
2 * nlength (Suc (n + p n)) + 7 = nlength (Suc (Suc (2 x n + 2 * p n))) +
(2xn+ 2*pn)x (12 + 2 x nlength (Suc (Suc (2 * n + 2 x p n)))) +
(27 + 27 x thalt) * (9 + 2 * nlength thalt) +
14 * (nllength (map (M. exc t <#> 0) [0..<thalt] @ [exc thalt <#> 0]))* +
2 x nlength (Suc thalt)

shows transforms tm15 tps0 ttt tps1s

{proof)

definition tpsi16 = tpsA
(11 := (ln]N, 1),

15 = ([p nlw 1),
= (|2 * Suc (n + pn)|n, 1),

1’7 —(LthaltJN, ),

4 = (lmap (At. exc t <#> 0) [0..<Suc thalt]|nL, 1),

7= (\_map (At. exc t <#> 1) [0..<Suc thalt]|nL, 1),

18 = (|2 * Suc (n + p ), 1)

lemma tm16 [transforms-intros):

assumes ttt = 109 + 11 * n® + (d-polynomial p + d-polynomial p * (nlength n)?) +
3 % nlength (p n) + 3 * max (nlength n) (nlength (p n)) + 2 * nlength (n + p n) +
2 x nlength (Suc (n + p n)) + 10 * nlength (Suc (Suc (2 * n + 2 x p n))) +
(2xn+ 2+*pn)x (12 + 2 x nlength (Suc (Suc (2 * n + 2 x p n)))) +
(27 + 27 * thalt) = (9 + 2 * nlength thalt) +
14 * (nllength (map (M. exc t <#> 0) [0..<thalt] @ [exc thalt <#> 0]))* +
2 x nlength (Suc thalt)

shows transforms tm16 tps0 tit tps16

{proof)

definition tps17 = tpsA

[11 := ([n]n, 1),

15 = (lp nJn, 1),

16 = (|2 * Suc (n + pn)|n, 1),
(I_thaltJN, 1)7

4 (Lmap (At. exc t <#> 0) [0..<Suc thalt]|nL, 1),
L
=(

7 = ( map (At. exc t <#> 1) [0..<Suc thalt]|nr, 1),
[ Suc (2 * Suc (n + p n))|n, 1)]

lemma tm17 [transforms-intros]:

assumes ttt = 114 + 11 * n®> + (d-polynomial p + d-polynomial p * (nlength n)?) +
3 * nlength (p n) + 3 * max (nlength n) (nlength (p n)) + 2 * nlength (n + p n) +
2 « nlength (Suc (n + p n)) + 10 * nlength (Suc (Suc (2 *x n + 2 * p n))) +
(2xn+ 2*pn)x (12 + 2 x nlength (Suc (Suc (2 * n + 2 x p n)))) +
(27 + 27 « thalt) * (9 + 2 = nlength thalt) +
14 * (nllength (map (M. exc t <#> 0) [0..<thalt] Q [exc thalt <#> 0]))* +
2 x nlength (Suc thalt) + 2 * nlength (Suc (Suc (2 x n + 2 * p n)))

shows transforms tm17 tps0 ttt tps17

(proof)

definition tpsi18 = tpsA
(11 := (|n]N, 1),
15 = (lp n)n, 1),
= ([2 % Suc (n+ pn)|w, 1),
(| thalt|n, 1),
4 = (\_map (At. exc t <#> 0) [0..<Suc thalt]|nL, 1),
= ([map (At. exc t <#> 1) [0..<Suc thalt]|nL, 1),
:= (| thalt + Suc (2 * Suc (n + pn))|n, 1)]

lemma tm18 [transforms-intros):
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assumes ttt = 124 + 11 * n> + (d-polynomial p + d-polynomial p * (nlength n)?) +
3 * nlength (p n) + 3 * maz (nlength n) (nlength (p n)) + 2 * nlength (n + p n) +
2 * nlength (Suc (n + p n)) + 10 * nlength (Suc (Suc (2 * n + 2 * p n))) +
(2xn+ 2+*pn)x (12 + 2 x nlength (Suc (Suc (2 * n + 2 x p n)))) +
(27 + 27 x thalt) * (9 + 2 * nlength thalt) +
14 * (nllength (map (M. exc t <#> 0) [0..<thalt] @ [exc thalt <#> 0]))* +
2 « nlength (Suc thalt) + 2 * nlength (Suc (Suc (2 x n + 2 *x pn))) +
3 * maz (nlength thalt) (nlength (Suc (Suc (Suc (2 * n 4+ 2 % p n)))))

shows transforms tm18 tps0 ttt tpsi18

{proof)

definition tps19 = tpsA

(11 := (|n]~, 1),

15 = (lp nJn, 1),
= (2 * Suc (n + pn)|n, 1),

1’7 = ([thalt] N, 1),
= ([map (At. exc t <#> 0) [0..<Suc thalt]|nr, 1),
(Lmap (At. exc t <#> 1) [0..<Suc thalt]|nL, 1),
= ([thalt + Suc (2 * Suc (n + p n))|n, 1),
= (|maz G (length M)|n, 1)]

lemma tm19 [transforms-intros):

assumes {tt = 134 + 11 * n®> + (d-polynomial p + d-polynomial p * (nlength n)?) +
3 * nlength (p n) + 3 * maxz (nlength n) (nlength (p n)) + 2 * nlength (n + p n) +
2 % nlength (Suc (n + p n)) + 10 * nlength (Suc (Suc (2 * n + 2 % p n))) +
(2xn+ 2xpn)x (12 + 2 x nlength (Suc (Suc (2 x n 4+ 2 * p n)))) +
(27 + 27 « thalt) * (9 + 2 = nlength thalt) +
14 * (nllength (map (\t. exc t <#> 0) [0..<thalt] @ [exc thalt <#> 0]))* +
2 x nlength (Suc thalt) + 2 = nlength (Suc (Suc (2 x n + 2 * p n))) +
3 * maz (nlength thalt) (nlength (Suc (Suc (Suc (2 *x n + 2 % p n))))) +
2 x nlength (maz G (length M))

shows transforms tm19 tps0 ttt tps19

(proof)

definition tps20 = tpsA

(11 := (|n]n, 1),

15 - (Lp nJNv )7

= (12 * Suc (n +pn)ln, 1),

17 = (| thalt] N, 1),
|map (At. exc t <#> 0) [0..<Suc thalt] N1, 1),
\_map (At. exc t <#> 1) [0..<Suc thalt]|nL, 1),
= (
= (
= (

—~

| thalt + Suc (2 * Suc (n + p n))|n, 1),
|maz G (length M)|n, 1),
| (thalt + Suc (2 * Suc (n + p n))) * maz G (length M)|n, 1)]

lemma tm20:
assumes ttt = 138 4+ 11 * n® + (d-polynomial p + d-polynomial p * (nlength n)?) +
3 * nlength (p n) + 3 * max (nlength n) (nlength (p n)) + 2 * nlength (n + p n) +
2 x nlength (Suc (n + p n)) + 10 * nlength (Suc (Suc (2 * n + 2 * p n))) +
(2xn+ 2*pn)x (12 + 2 x nlength (Suc (Suc (2 * n + 2 x p n)))) +
(27 + 27 « thalt) * (9 + 2 = nlength thalt) +
14 * (nllength (map (M. exc t <#> 0) [0..<thalt] Q [exc thalt <#> 0]))* +
2 x nlength (Suc thalt) + 2 * nlength (Suc (Suc (2 x n + 2 x pn))) +
3 * maz (nlength thalt) (nlength (Suc (Suc (Suc (2 * n + 2 % p n))))) +
2 * nlength (maz G (length M)) +
26 « (nlength (Suc (Suc (Suc (thalt + (2 * n 4+ 2 % p n))))) + nlength (maz G (length M))) *
(nlength (Suc (Suc (Suc (thalt + (2 * n 4+ 2 % p n))))) + nlength (maz G (length M)))
shows transforms tm20 tps0 ttt tps20
(proof)

lemma tm20’ [transforms-intros|:
assumes ttt = (2 * d-polynomial p + 826) * (mazx G (length M) + thalt + Suc (Suc (Suc (2 x n + 2 *x p
n))) "4
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shows transforms tm20 tps0 tit tps20
(proof)

end
end

lemma transforms-tm-PHI-initl:
fixes G :: nat and M :: machine and p :: nat = nat
fixes k H thalt :: nat and tps tps’ :: tape list and xs zs :: symbol list
assumes poly-p: polynomial p
and M-tm: turing-machine 2 G M
and k: k = length tps 20 < k
and H: H = maz G (length M)
and zs: bit-symbols s
and zs: zs = 2 # 2 # replicate (2  length xs + 2 * p (length xs)) 2
assumes thalt:
Vt<thalt. fst (execute M (start-config 2 zs) t) < length M
fst (exzecute M (start-config 2 zs) thalt) = length M
assumes tps0:
tps ! 0 = (|as], 1)
Ni. 0 <i= i< 10 = tps!i=(]]], 0)
Ni. 10 <i= i< k= tps!'i=(|[]], 1)
assumes ttt = (2 * d-polynomial p + 826) x (maz G (length M) + thalt + Suc (Suc (Suc (2 * (length zs) +
2« p (length 15))))) " 4
assumes tps’ = tps
[9 := execute M (start-config 2 zs) thalt <!> 0,
3 = (| execute M (start-config 2 zs) thalt <#> 0|n, 1),
6 := (lexecute M (start-config 2 zs) thalt <#> 1|n, 1),
10 := execute M (start-config 2 zs) thalt <!> 1,
11 := (|length zs|n, 1),
15 := (lp (length zs)|n, 1),
16 := (|2 = Suc ((length zs) + p (length zs))|n, 1),
17 := (|thalt|n, 1),
4 = (|map (At. execute M (start-config 2 zs) t <#> 0) [0..<Suc thalt]|nL, 1),
7 = ({map (At. execute M (start-config 2 zs) t <#> 1) [0..<Suc thalt]|nz, 1),
18 = ([thalt + Suc (2 * Suc ((length zs) + p (length zs)))|n, 1),
19 := (|maz G (length M)|n, 1),
20 := (|(thalt + Suc (2 * Suc ((length zs) + p (length zs)))) * maz G (length M)|n, 1)]
shows transforms (tm-PHI-init G M p) tps ttt tps’
(proof)

Next we transfer the semantics of ¢tm-PHI-init to the locale reduction-sat-zx.

lemma (in reduction-sat-z) tm-PHI-init [transforms-intros]:
fixes k :: nat and tps tps’ :: tape list
assumes k = length tps and 20 < k
assumes
tps ! 0 = (|zs], 1)
Ni. 0 <i= i< 10 = tps!i=(|[]], 0)
Ni. 10<i=i<k=tps!i=(|]]], 1)
assumes ttt = (2 x d-polynomial p + 826) * (H + T' + Suc (Suc (Suc (2 * n + 2 x pn)))) 4
assumes tps’ = tps
[9 := exc (zeros m) T' <!> 0,
3 := (lexc (zeros m) T' <#> 0]n, 1),
6 := (lexc (zeros m) T' <#> 1]|n, 1),
10 := exc (zeros m) T' <!> 1,

11 = (), 1),
15 := (lp n|n, 1),

16 == (|2 * Suc (n + pn)|n, 1),

17 == (|T'|n, 1),

4 := (Imap (At. exc (zeros m) t <#> 0) [0..<Suc T'||Nr, 1),

7 := (Imap (At. exc (zeros m) t <#> 1) [0..<Suc T')|nL, 1),
18 :== (| T' + Suc (2 * Suc (n + p n))|n, 1),
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19 == (|H]n~, 1),
20 := ([(T' + Suc (2 * Suc (n + pn))) x H|n, 1)]
shows transforms (tm-PHI-init G M p) tps ttt tps’
(proof)

8.3 The actual Turing machine computing the reduction

In this section we put everything together to build a Turing machine that given a string x outputs
the CNF formula ® defined in Chapter 6. In principle this is just a sequence of the TMs ¢tm-PHI-init,
tm-PHIO, ..., tm-PHI9, where tm-PHI3/5 occurs once for each of the formulas ®3, ®4, and ®5. All these
TMs are linked by TMs that copy values prepared by tm-PHI-init to the tapes where the following TM
expects them. Also as the very first step the tape heads on tapes 0 and 11 and beyond must be moved
one cell to the right to meet tm-PHI-init’s expectations.

The TM will have 110 tapes because we just allocate another batch of tapes for every TM computing a
®,, rather than cleaning up and reusing tapes.

The Turing machine for computing ® is to be defined in the locale reduction-sat. We save the space to
write the TM in closed form.
context reduction-sat

begin

definition ¢tm1
definition tm2

tm-right-many {i. ¢ < 1 vV 10 < i}
tm1 ;; tm-PHI-init G M p

definition tm3 = tm2 ;; tm-copyn 18 21
definition tm4 = tm3 ;; tm-copyn 19 22
definition tm5 = tm4 ;; tm-right 1
definition tm6 = tms ;; tm-PHI0 21

definition tm7 = tm6 ;; tm-setn 29 H
definition tm8 = tm7 ;; tm-PHI1 28

definition tm9 = tm8 ;; tm-copyn 11 35
definition tm10 = tm9 ;; tm-setn 36 H
definition tm11 tm10 ;; tm-PHI2 35

definition tmi12 = tmi11 ;; tm-setn 42 1
definition tm13 = tmi12 ;; tm-setn 43 H
definition tm14 = tm13 ;; tm-setn 44 2
definition tm15 = tm14 ;; tm-copyn 11 50
definition tm16 = tm15 ;; tm-times2incr 50
definition tmi17 = tmi16 ;; tm-PHI3}5 2 42
definition tm18 = tm17 ;; tm-setn 52 H
definition tm19 = tm18 ;; tm-setn 53 2
definition tm20 = tm19 ;; tm-copyn 11 51
definition tm21 = tm20 ;; tm-times2 51
definition tm22 = tm21 ;; tm-plus-const 8 51
definition tm23 = tm22 ;; tm-copyn 16 59
definition tm24 = tm23 ;; tm-incr 59
definition tm25 = tm2/ ;; tm-PHI345 2 51
definition tm26 = tm25 ;; tm-setn 61 H
definition tm27 = tm26 ;; tm-copyn 16 60

definition tm28 = tm27 ;; tm-incr 60

definition tm29 = tm28 ;; tm-copyn 60 68
definition tmS30 = tm29 ;; tm-add 17 68
definition tm31 tm30 ;; tm-PHI345 1 60
definition tm32 = tm31 ;; tm-setn 69 2
definition tmS33 = tm32 ;; tm-setn 70 H
definition tm84 = tm33 ;; tm-PHI6 69
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definition tm35
definition tm36
definition tm37
definition tm38
definition tm39
definition tm40

tm34 ;; tm-copyn 11 77
tm35 ;; tm-times2 77
tm36 ;; tm-plus-const 4 77
tm37 ;; tm-setn 78 H
tm38 ;; tm-copyn 15 83
tm39 ;; tm-PHI7 77

definition tm41
definition tm42
definition tm43
definition tm44
definition tm45
definition tm46
definition tm47

tm40 ;; tm-copyn 18 84
tm41 ;; tm-add 17 84
tm42 ;; tm-add 17 84
tm48 ;; tm-add 17 84
tm44 ;; tm-incr 84
tm45 ;; tm-setn 85 H
tm46 ;; tm-PHIS 8/

definition tm48
definition tm49
definition tmb0
definition tmb1
definition tmb2
definition tmb53
definition tmb/
definition tmb5

tm47 ;; tm-copyn 20 91

tm48 ;; tm-setn 92 H

tm49 ;; tm-setn 93 Z

tmb0 ;; tm-copyn 17 94

tm51 ;; tm-set 95 (numlistlist (formula-n 1))
tm52 ;; tm-set 96 (numlistlist (formula-n "))
tmb3 ;; tm-setn 97 1

tmb4 ;; tm-PHI9 4 7 91

definition tmb6
definition tmb57
definition tm58
definition tmb59
definition tm60

tmbd 35 tm-cr 1

tmb6 ;; tm-cp-until 1 109 {0}
tmb7 ;; tm-erase-cr 1

tmb8 ;55 tm-cr 109

tmb9 ;; tm-binencode 109 1

definition H' :: nat where
H' = Suc (Suc H)

lemma H-gr-3: H > 3
(proof)

lemma H’: H' > Suc (length M) H' > G H' > 6
(proof)

lemma tmj0-tm: turing-machine 110 H' tm40
(proof)

lemma tm&5-tm: turing-machine 110 H' tm55
(proof)

lemma tm60-tm: turing-machine 110 H' tm60
{proof)

end

Unlike before, we prove the semantics inside locale reduction-sat-z since we need not be concerned with
“polluting” the namespace of the locale. After all there will not be any more Turing machines.

context reduction-sat-z
begin

context
fixes tps0 :: tape list
assumes k: 110 = length tps0
assumes tps0:
tps0 ! 0 = (|zs], 0)
Ni. 0 < i = i< 110= tps0 ! i = (|[]], 0)
begin
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definition tps! = map (N\j. if j < 1 V 10 < j then tps0 ! j |+| 1 else tpsO ! j) [0..<110]

lemma lentpsi: length tps1 = 110
(proof)

lemma tpsi:
0<j=j< 10 = tps1'j= (1,
10 < j=j< 110 = tpst ' j=(|[]}, 1)
{proof)

lemma tpsi”: tps1 ! 0 = (|xs], 1)
(proof )

lemma tm1 [transforms-intros|: transforms tml tps0 1 tpsi
{proof)

abbreviation zs = zeros m

definition tpsA = tpsl
[9 :=exc2zs T' <!> 0,
3 = (lezc zs T' <#> 0]|n, 1),
6 := (lexc zs T' <#> 1|n, 1),
10 == exc 2s T' <!> 1]

lemma tpsA:
tpsA! 0 = (|zs], 1)
tpsA 1 1 = (L[], 0)
10<j=j< 110 = tpsA!j= ([}, 1)

(proof)
lemma lentpsA: length tpsA = 110
(proof)
definition tps2 = tpsA
(11 := (|n]|~, 1),
15 = (Lp nJNv )a

(I_mJNv )7
17 = (LT"]~, 1),
|map (At. exc zs t <#> 0) [0..<Suc T'||nrL, 1),
\_map (At. exc zs t <#> 1) [0..<Suc T'||ni, 1),
= (
= (
= (

—~

LmJN, )

lemma lentps2: length tps2 = 110
(proof)

lemma tm2 [transforms-intros|:
assumes ttt = 1 + (2 * d-polynomial p + 826) x (H + m’) ~ 4
shows transforms tm2 tps0 tit tps2

(proof)
definition tps3 = tpsA

(11 := (n]nN, 1),

15 := (|p n]n, 1),

16 = LmJNv 1)7

17 .= (| T'|w, 1),

(
E
: (Imap (At. exc zs t <#> 0) [0..<Suc T'||Nr, 1),
7 = (|map (\t. exc zs t <#> 1) [0..<Suc T'||nr, 1),

(

(

(
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21 = (Im']n, 1)]

lemma lentps3: length tps3 = 110
(proof)

lemma tm3 [transforms-intros]:
assumes ttt = 15 + (2 * d-polynomial p + 826) x (H + m’) ~ 4 + 3 x nlength m’
shows transforms tm3 tps0 tit tps3
(proof)

definition tps/ = tpsA
(11 := (In)n, 1),
15 = (|p nln, 1),
16 := (|m]n~, 1),

Lm/JNv I)a

lemma lentpsj: length tps4 = 110
(proof)

lemma tm/ [transforms-intros]:
assumes ttt = 29 + (2 x d-polynomial p + 826) x (H + m') ~ 4 + 3 * nlength m’ + 8 * nlength H
shows transforms tm4 tps0 tit tps)
(proof)

definition tps5 = tpsA
[11 = ([n)w, 1),
15 = ([p nlw, 1),
16 := (|m]n~, 1),

4 := (Imap (At. exc zs t <#> 0) [0..<Suc T'||n1, 1),

<
|
—

(
(
(
I
I
18 := (Im'|n, 1),
= (
(
(
(
I

lemma lentpss: length tpsd = 110
(proof)

lemma tm& [transforms-intros|:
assumes ttt = 30 + (2 * d-polynomial p + 826) x (H + m’) 4 + 3 * nlength m’ + 8 * nlength H
shows transforms tms tps0 tit tpsd
(proof)
definition tps6 = tpsA
[11 == (In)w, 1),
15 := (|p n]n, 1),

LT/JN7 1)7
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21 = (Im']n, 1),

22 = (I_HJN7 1)7

1 := nlltape (formula-n ®o),

21 = (| Suc (Suc m’)|n, 1),

21 & 2= ([0)x, 1),

21 + 6 := (|nll-Psi (Suc (Sucm”) « H) HO|nrL, 1)]

lemma lentps6: length tps6 = 110
(proof)

lemma tm6 [transforms-intros|:
assumes ttt = 30 + (2 * d-polynomial p + 826) *
5627 « H ™4 % (8 + nlength (8 + H + m' x H))?
shows transforms tm6 tps0 tit tps6
(proof)

(H + m’)

definition tpsB = tpsA
(21 = (Im']n, 1),
22 .= (|H|n, 1),
21 := ([ Suc (Suc m")|n, 1),
21 + 2 :=(|0]n~, 1),
21 + 6 := (|nll-Psi (Suc (Sucm’) « H) HO|nrL, 1)]

lemma tpsB: j > 27 = j < 110 = tpsB ' j = (|[]J, 1)
(proof)

lemma lentpsB: length tpsB = 110
(proof)

lemma tps6: tps6 = tpsB
(11 := (ln]n, 1),
15 = (I_p TLJN7 1)7
16 == (|m|n, 1),
17 = (LT'|n, 1),
= (lmap (At. exc zs t <#> 0) [0..<Suc T'||~n1, 1),
(Lmap (M\t. exc zs t <#> 1) [0..<Suc T'||nr, 1),
(Lm]wn, 1),
(I_HJNv 1)7
(lm" = H]n, 1),
= nlltape (formula-n o))
<p7’00f>

lemma tps6” j > 27 = j < 110 = tps6 ' j = ([[]], 1)
(proof )

definition tps7 = tpsB

(11 := (|n]n~, 1),
= (lp nJn, 1),
16 = (lm]n, 1),
17 = (I_TJN7 )7
= (|map (At. exc zs t <#> 0) [0..<Suc T'||nrL, 1),
= (Imap (At. exc zs t <#> 1) [0..<Suc T'|nL, 1),
18 - (I.mJNv 7
19:= ([H]x 1),

= (l_m * HJNa 1)7

1 := nlltape (formula-n ®o),
29 := (|H]n, 1)]

lemma tm7 [transforms-intros]:

assumes tit = 40 + (2 * d-polynomial p + 826) = (H + m’)

~4 + 3 * nlength m’ + 3 * nlength H +

~4 + 8 x nlength m’ + 8 * nlength H +

*
5627 x H ™ 4 % (3 + nlength (3 x H + m' * H))*> + 2 % nlength H

shows transforms tm7 tps0 tit tps7
(proof)
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definition tps8 = tpsB
[11 = (LnJN, ),

~
<
li

f(LTJNy )

4 = (|map (At. exc zs t <#> 0) [0..<Suc T'||nrL, 1),
= (map (At. exc zs t <#> 1) [0..<Suc T'|n1L, 1),

18 = (Im']n, 1),

19 == (|H]|n~, 1),

20 := (Im'* H|n, 1),

1 := nlltape (formula-n ®o @ formula-n ®1),

29 := (|H|n, 1),

28 4+ 2= (|1, 1),

28 + 6 = (Lnll—PSZ' OHJJNLL, 1)}

lemma tm8 [transforms-intros|:
assumes ttt = 40 + (2 * d-polynomial p + 826) x (H + m') ~ 4 +
8 * nlength m’ + 8 * nlength H + 5627 + H "4 % (8 + nlength (8 + H + m' x H))?
2 x nlength H + 1875 x H ™ J
shows transforms tm8 tps0 tit tps8

{proof)

definition tpsC = tpsB
(29 = (|H|n, 1),
28 + 2 :=(|1]n, 1),
28 + 6 = (Lnll—PSi OHJJNLL, ])}

lemma tpsC: j > 84 = j < 110 = tpsC ! j = (]}, 1)
(proof )

lemma lentpsC: length tpsC = 110
(proof)

lemma tps8: tps8 = tpsC

(11 := (|n]n, 1),

15 = (Lp nJNv )7

(I_mJNv )7

17 = (LT"]~, 1),
|map (At. exc zs t <#> 0) [0..<Suc T'||nrL, 1),
\_map (At. exc zs t <#> 1) [0..<Suc T'||ni, 1),
(
(
= (

—~

Lm JNa )7

LHJN7 )7

|m’* H|n, 1),

= nlltape (formula-n o @ formula-n ®1)]
)

<p7’00f

definition tps9 = tpsC
[11 == ([n]n, 1),
15 = (lp nln, 1),
= (lm]n, 1),
= (LT"]~, 1),
= (lmap (At. exc zs t <#> 0) [0..<Suc T'||n1, 1),
= (|map (At. exc zs t <#> 1) [0..<Suc T'||nrL, 1),
- (l_m/JN7 1)7
(I_HJNv 1)7
= (lm'* H|n, 1),
1 := nlltape (formula-n ®9 Q formula-n ®1),
35 == (In]n, 1)]

17
18

lemma tm9 [transforms-intros|:
assumes ttt = 5/ + (2 * d-polynomial p + 826) * (H + m’) ~ 4 + 3 * nlength m' +
5 % nlength H + 5627 x H ™4 * (3 + nlength (3 x H+ m'* H))? + 1875 » H ™4 +
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8 x nlength n
shows transforms tm9 tps0 tit tps9
(proof)

definition tps10 = tpsC
(11 := ([n]N, 1),
15 := (lp n|n, 1),
16 := (I_mJN7 1)7
17:= ([ T"]n, 1),
4 = (lmap (At. ezc zs t <#> 0) [0..<Suc TN, 1),
= (lmap (At. exc zs t <#> 1) [0..<Suc TN, 1),
= (Im]n, 1),
19 = (i, 1),
20 := (Im'* H|n, 1),
1 := nlltape (formula-n @9 Q formula-n ®1),
35 = (lnln, 1),
36 = ([H]x, 1)

lemma tm10 [transforms-intros):
assumes ttt = 64 + (2 x d-polynomial p + 826) x (H + m’) ~ 4 +
8 * nlength m’ + 5 * nlength H + 5627 + H ™4 % (8 + nlength (3 * H + m' x H))?
1875 x H ™ 4 + 8 * nlength n + 2 * nlength H
shows transforms tm10 tps0 ttt tps10
(proof)

definition tpsi1 = tpsC
(11 := (In)n, 1),
15 = (lp nln, 1),
16 = (I.mJN7 )7

17 = (| T']~, 1),
4 = (|map (\t. exc zs t <#> 0) [0..<Suc T'||nr, 1),
'7 = (|map (\t. exc zs t <#> 1) [0..<Suc T'||nrL, 1),
= (lm']n, 1),
19 —(LHJM 1),
20 = (I.m * HJN7 1)7
nlltape ((formula-n ®9 @ formula-n ®1) @ formula-n ®2),
:(LnJNa 1),
:(I_HJNv )7
= ([2*n+ 2]n, 1),
3’5 + 2= ([3]~, 1),
35 4+ 6 := (|nll-Psi (Suc (Suc (2 * n)) x H) H8|~nrLL, 1)]

lemma tm11 [transforms-intros]:
assumes ttt = 64 + (2 * d-polynomial p + 826) x (H + m') ~ 4 +
3 * nlength m’ + 7 % nlength H + 5627 « H ™4 x (3 + nlength (3 x H + m’ x H))?
1875 x H ™4 + 8 * nlength n + 3764  H ™4 x (83 + nlength (3 * H + 2 x n x H))?
shows transforms tm11 tps0 ttt tpsil
(proof)

definition tpsD = tpsC

[5’5 = (In]N, 1),

= (lH]n~, 1),
:(I_Q *n+2JN7 )7
35 + 2:=(|%]n, 1),
35 + 6 := (|nll-Psi (Suc (Suc (2 * n)) x H) H3|nLL, 1)]

lemma tpsD: 41 < j = j < 110 = tpsD ! j = (|[]], 1)

(proof )

lemma lentpsD: length tpsD = 110
(proof)

lemma tpsi1: tpsil = tpsD
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[11 := (ln]n, 1),
15 == (|lp n]n~, 1),
16 = (|m|n~, 1),
17 = ([ T"]~, 1),
4 = (|map (\t. exc zs t <#> 0) [0..<Suc T'||nrL, 1),
7 = (Lmap (At exc zs t <#> 1) [0..<Suc T'||nL, 1),
= (lm']n, 1),
19 = (I_HJN7 )7
20 = (lm'* H|n, 1),
= nlltape ((formula-n ®o @ formula-n ®1) Q formula-n P2)]
<pr00f>

definition tps12 = tpsD
[11 = (I.nJN7 1)7
15 := (lp n]n, 1),
15 = (Im]w, 1),
(I_T/JN7 1)7
4 = (Lmap (At exc zs t <#> 0) [0..<Suc T'||nL, 1),

7 := (Imap (At. exc zs t <#> 1) [0..<Suc T||nL, 1),
18 = (I.mJN7 )s
19 = ([H]n, 1),

20 := (Im'x H|n, 1),
1 := nlltape ((formula-n ®o Q formula-n ®1) Q formula-n ®3),
42 = (1]n, 1)]

lemma tm12 [transforms-intros):
assumes it = 76 + (2 * d-polynomial p + 826) x (H + m') =4 + 8 * nlength m’ + 7 * nlength H +
5627 « H ™4 = (3 + nlength (3 + H + m’ + H))? + 1875 « H "4 +
8 % nlength n + 8764 * H ™4 x (3 + nlength (3 * H + 2 * n * H))?
shows transforms tm12 tps0 ttt tpsi2
(proof)

definition tps13 = tpsD
[11 == ([n]nN, 1),
15 = (I.p nJN7 )7
16 := (Im|n~, 1),
17 = (LT, 1),
= (Imap (At. exc zs t <#> 0) [0..<Suc T'||n1, 1),
= (|map (At. exc zs t <#> 1) [0..<Suc T'||n1L, 1),

18 = (lm']n, 1),
(I_HJNv )7
= (lm'* H]n, 1),
1 nlitape ((formula-n ®q Q formula-n ®1) Q formula-n ®2),
42 (L1]w, 1),
48 = ([H]|nN, 1)]

lemma tm13 [transforms-intros):
assumes tit = 86 + (2 * d-polynomial p + 826) x (H + m') ~ 4 + 8 * nlength m’ + 9 * nlength H +
5627 x H ™4 % (3 + nlength (3 x H +m’ x H))> + 1875 « H ™4 +
8 * nlength n + 8764 * H ™4 x (3 + nlength (3 * H + 2 * n * H))?
shows transforms tm13 tps0 ttt tps13
(proof)

definition tpsi4 = tpsD

[11 = (|n]n, 1),

15 := (|p n]n, 1),
16 := (|m]nN, 1),
17 .= (| T'|w, 1),

(

E

|map (Mt. exc zs t <#> 0) [0..<Suc T'||nL, 1),
7 := (Imap (At. exc zs t <#> 1) [0..<Suc T'||nL, 1),

(

(

(
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1 := nlltape ((formula-n &9 Q formula-n ®1) Q formula-n ®2),

42 = (1]~, 1),
43 = (lH]n, 1),
44 = (12]~, 1)]

lemma tm1j [transforms-intros):
assumes ttt = 100 + (2 * d-polynomial p + 826) x (H + m') 4 + 3 x nlength m’ + 9 * nlength H +
5627 x H ™4 % (3 + nlength (3 x H+ m’ x H))> + 1875 « H ™4 +
8 * nlength n + 8764 * H ™4 = (3 + nlength (3 * H + 2 * n * H))?
shows transforms tm14 tps0 tit tps1)
(proof)

definition tps15 = tpsD
[11 = (I.nJN7 1)7
15 := (lp n]n, 1),
15 = (Im]w, 1),
(I_T/JN7 1)7
4 = (Lmap (At exc zs t <#> 0) [0..<Suc T'||nL, 1),

7 := (Imap (At. exc zs t <#> 1) [0..<Suc T||nL, 1),
18 = (I.mJN7 )s
19 = ([H]n, 1),

20 = (Lm/ * HJNv 1)7
1 := nlltape ((formula-n ®o Q formula-n ®1) Q formula-n ®3),

42 = (l1]~, 1),
43 = (lH]|n, 1),
44 = ([2]~, 1),

50 := (|n]|n, 1)]

lemma tm15 [transforms-intros):
assumes it = 114 + (2 * d-polynomial p + 826) x (H + m') ~ 4 + 8 * nlength m' + 9 * nlength H +
5627 x H ™4 % (3 + nlength (3 x H +m’ x H))> + 1875 « H ™4 +
6 * nlength n 4 3764 «+ H ™4 * (8 + nlength (3 * H 4+ 2 * n x H))?
shows transforms tm15 tps0O ttt tps15

(proof)
definition tps16 = tpsD
[11 := ([n]N, 1),
15 = (lp nln, 1),
16 := (|m]n, 1),
17 = (|T'|n, 1),
= (lmap (At. exc zs t <#> 0) [0..<Suc T'||n1, 1),
(Lmap (M\t. exc zs t <#> 1) [0..<Suc T'||nrL, 1),
= (lm']n, 1),
19 = (I_HJNv )7
20 = (lm'* H|n, 1),
nlitape ((formula-n @9 Q formula-n ®1) Q formula-n ®2),
(L D,
48 = (|H]|n, 1),
44 = (L‘QJNv )
50 := (|1 + 2 % n]n, 1)]

lemma tm16 [transforms-intros):
assumes ttt = 126 + (2 * d-polynomial p + 826) x (H + m') 4 + 3 * nlength m’ + 9 * nlength H +
5627 x H ™4 % (3 + nlength (3 x H + m’ x H))> + 1875 « H "~ 4 +
10 * nlength n + 3764 + H ™4 % (3 + nlength (3 * H 4+ 2 x n x H))?
shows transforms tm16 tps0 ttt tpsl16
(proof)

definition tps17 = tpsD
(11 := (ln]n, 1),
15 = (I_p nJN7 )7
16 = (I_mJNv )7
17 = ([ T"]~, 1),
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4 := (Imap (At. exc zs t <#> 0) [0..<Suc T'||nL, 1),
7 (\_map (At. exc zs t <#> 1) [0..<Suc T'|nrL, 1),
18 = (Im']n, 1),
1 = ([H]~, 1),
(I_m * HJN7 1)7
1 = nlltape (formula-n @9 @ formula-n ®1 Q formula-n ®2 Q formula-n P3),
42 = (l1]n, 1),
43 = (I_HJN7 1)7
44 = (L'QJNv 1)7
50 .= (|1 4+ 2 * n|n, 1),
42 .= (|1 + 2 xn|nN, 1),
42 + 8 = (1]n, 1)]

lemma tm17 [transforms-intros):
assumes tit = 126 + (2 * d-polynomial p + 826) x (H + m') ~ 4 + 8 * nlength m' + 9 * nlength H +
5627  H ™4 % (3 + nlength (3 + H + m’  H))? + 1875 « H ™/ +
10 * nlength n + 3764 « H ™4 % (3 + nlength (3 x H 4+ 2 x n x H))* +
Sucn x (9 + 1897  (H ™4 * (nlength (1 + 2 * n))?))
shows transforms tm17 tps0 tit tps17

(proof)
definition tpsE = tpsD
[42 (I_IJN7 ),
43 = (H]n, 1),
44 :(L'?JNv )7
50 == (|1 + 2 * n]n, 1),
42 = (1 + 2% n|n, 1),
42 + 3 = (1]n, 1)]
lemma tpsE: 50 < j = j < 110 = tpsE ! j = (|[]], 1)
(proof)

lemma lentpsE: length tpsE = 110
(proof)

lemma tps17: tps17 = tpsk

[11 := (ln]N, 1),

15 = (lp nln, 1),
16 := (|m]n~, 1),
17 = (|T'|n, 1),
= (lmap (At. exc zs t <#> 0) [0..<Suc T'||n1, 1),
= (|map (At. exc zs t <#> 1) [0..<Suc T'|n1L, 1),
= (lm')w, 1),
19 = ([Hw 1)
20 = (lm'* H|n, 1),
:= nlltape (formula-n ®9 Q formula-n 1 Q formula-n @2 Q formula-n P3)]
<p7”00f>

definition tpsi8 = tpsE
[ = (I.nJN7 1)7
15 = (Ip nln, 1),
16 = ([m], 1),
17 == (I_T/JN7 1),
4 = (lmap (At. exzc zs t <#> 0) [0..<Suc TN, 1),
= (lmap (At. exc zs t <#> 1) [0..<Suc T'|n1L, 1),
(I_m/JN7 1)7
19 = (A, 1),
20 := (Im'* H|n, 1),
1 := nlltape (formula-n ®9 Q formula-n ®1 Q formula-n ®2 @ formula-n ®3),
52 .= (|H]nw, 1)]

lemma tm18 [transforms-intros):
assumes tit = 136 + (2 * d-polynomial p + 826) = (H + m') ™4 + 8 * nlength m' + 11 * nlength H +
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5627 x H ™4 % (3 + nlength (3 x H + m’ « H))> + 1875 « H ™4 +
10 * nlength n + 3764 « H ™4 % (3 + nlength (3 x H 4+ 2 x n x H))?* +
Sucn x (9 + 1897 * (H ™4 * (nlength (1 + 2 * n))?))

shows transforms tm18 tps0 tit tps18

(proof)

definition tps19 = tpsE
[11 - (I.nJN7 1)7
15 := (lp n]n, 1),
16 := (Im]w, 1),
1’7 = (T'|n, 1),
= (lmap (At. exc zs t <#> 0) [0..<Suc T'||n1r, 1),
= (Lmap (At. exc zs t <#> 1) [0..<Suc T'||nL, 1),
18 - (I_m/JN7 1)7
19 5= (], 1)
(Lm’ * Hln, 1),
nlltape (formula-n ®9 Q formula-n ®1 Q formula-n ®2 Q formula-n ®3),
= (LH]n, 1),
(12]~, 1)]

lemma tm19 [transforms-intros):
assumes ttt = 150 + (2 * d-polynomial p + 826) x (H + m') 4 + 3 x nlength m’ + 11 * nlength H +
5627 x H ™4 % (3 + nlength (3 x H +m’ x H))> + 1875 « H ™4 +
10 * nlength n 4+ 8764 * H "4 % (3 + nlength (3 * H + 2 % n x H))?
Suc n (9 + 1897 x (H ™4 * (nlength (1 + 2 % n))?))
shows transforms tm19 tps0 ttt tps19
(proof)

definition tps20 = tpsE
[11 := (In)w, 1),
15 == ([p nln, 1),
16 (I.mJN7 1)7
(LT, 1),
4 (\_map (At. exc zs t <#> 0) [0..<Suc T'||nL, 1),
'7 = (lmap (At. exc zs t <#> 1) [0..<Suc T'|nL, 1),
([mln, 1),
19 —(LHJN, 1),
(I.ml * HJN7 1),
nlltape (formula-n ®9 Q formula-n ®1 Q formula-n ®2 @ formula-n P3),
(LH]w, 1),
(I_QJNv 1),
(In)w, 1)]

lemma tm20 [transforms-intros):
assumes tit = 164 + (2 * d-polynomial p + 826) « (H + m') ™4 + 8 * nlength m’ + 11 * nlength H +
5627 x H ™4 x (3 + nlength (3 x H + m’ * H))?> + 1875 x H ™4 +
18 * nlength n + 3764 « H ™4 % (3 + nlength (3 * H + 2 x n x H))*> +
Sucn x (9 + 1897 x (H ~ 4 * (nlength (1 + 2 * n))?))
shows transforms tm20 tps0 ttt tps20
(proof)

definition tps21 = tpsE
[11 := ([n]n, 1),
= (lp nJn, 1),
= (lm]n~, 1),
:(I_TJNv )7
([map (At. exc zs t <#> 0) [0..<Suc T'||n1L, 1),
I
=(
(

15 =
16 :=
17

4

’7 = ( map (At. exc zs t <#> 1) [0..<Suc T')|nr, 1),
I_mJN7 )7
19 = LHJNv )7
20 := (Im'* H|n, 1),
1 := nlltape (formula-n ®9 Q formula-n ®1 @ formula-n ®2 @ formula-n ®3),
52 .= (|H|n, 1),
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58 = (L?JN, 1),
51 := (|2 * n]n, 1)]

lemma tm21 [transforms-intros):
assumes ttt = 169 + (2 * d-polynomial p + 826) x (H + m') ~4 + 8 * nlength m’ + 11 * nlength H +
5627 « H ™4 % (8 + nlength (3 * H 4+ m'+ H))> + 1875 x H "4 +
15 * nlength n + 3764 + H ™4 * (3 + nlength (3 * H 4+ 2 x n x H))?
Sucn x (9 + 1897 x (H ™ 4 * (nlength (1 + 2 % n))?))
shows transforms tm21 tps0 ttt tps21
(proof)

definition tps22 = tpsE
(11 := (|n]~, 1),
15 = (lp nln, 1),
= (lm]n, 1),
17 = (LT"]n, 1),
4 = (Imap (At. exc zs t <#> 0) [0..<Suc T'|nL, 1),
= (Lmap (At. exc zs t <#> 1) [0..<Suc T'||nL, 1),
18 = (lm'|n, 1),
19 := (|H]n~, 1),
20 := (Im'* H|n, 1),
1 := nlltape (formula-n ®9 Q formula-n ®1 Q formula-n ®2 Q formula-n P3),
52 .= (|H|n, 1),
58 = (2w, 1),
51 = (|2 *n+ 3N, 1)]

lemma tm22 [transforms-intros):
assumes ttt = 18/ + (2 * d-polynomial p + 826) * (H + m') "4 + 3 x nlength m' + 11 * nlength H +
5627 x H ™4 % (3 + nlength (3 x H +m’ x H))> + 1875 « H ™4 +
15 % nlength n 4+ 8764 * H "4 % (3 + nlength (3 * H + 2 x n x H))?
Suc n (9 + 1897  (H "4 * (nlength (1 + 2 % n))?)) + 6 * nlength (2 * n + 3)
shows transforms tm22 tps0 ttt tps22

(proof)
definition ips23 = tpsE
(11 := ([n]N, 1),
15 = (lp nl~, 1),
(I_mJNv 1),
17 = (LT"]n, 1),
4 = (lmap (At. exc zs t <#> 0) [0..<Suc TN, 1),
= (|map (At. exc zs t <#> 1) [0..<Suc T'||nL, 1),
18 = (Im'Jn, 1),
= ([H]w, 1),
= (I_m * H|n, 1),
nlltape (formula-n ®9 Q formula-n ®1 Q formula-n ®2 @ formula-n P3),
:(LHJM 1),
53 = (I_QJNv )s
51 =(2*xn+ 3], 1),
9 = (Im]n, 1)]

lemma tm23 [transforms-intros):
assumes ttt = 198 + (2 * d-polynomial p + 826) * (H + m’) 4 + 3 = nlength m' + 11 * nlength H +
5627 « H ™4 % (3 + nlength (3 * H+ m'x H))> + 1875 x H "4 +
15 * nlength n + 8764 + H ™4 * (3 + nlength (3 x H + 2 % n * H))?
Sucn x (9 + 1897  (H ™4 * (nlength (1 + 2 % n))?)) + 6 * nlength (2 x n + 3) +
8 * nlength m
shows transforms tm23 tps0 tit tps23

(proof)

definition tps24 = tpsE
(11 := (ln]N, 1),
15 := (|p n]n, 1),
16 := (|m]nN, 1),
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17:= (LT, 1),
4 (\_map (At. exc zs t <#> 0) [0..<Suc T |nrL, 1),
7 := (Imap (\t. exc zs t <#> 1) [0..<Suc T'||nL, 1),
18 = (Im'|n, 1),
19 := ([H|x, 1),
20 —(Lm *HJN,I),
nlltape (formula-n ®9 Q formula-n ®1 Q formula-n 2 Q formula-n P3),
52 (e D,

53 = ([2]w~, 1),
= (2 *n+ 3N, 1),
= (|Suc m]n, 1)]

lemma tm24 [transforms-intros):
assumes ttt = 203 + (2 * d-polynomial p + 826) x (H + m') ~4 + 8 * nlength m’ + 11 * nlength H +
5627 « H ™4 % (8 + nlength (3 * H 4+ m'x H))> + 1875 « H "4 +
15 * nlength n + 3764 + H ™4 % (3 + nlength (3 * H 4+ 2 x n x H))?
Sucn x (9 + 1897 x (H ™4 * (nlength (1 + 2 % n))?)) + 6 * nlength (2 x n + 3) +
5 *x nlength m
shows transforms tm24 tps0 tit tps2)

(proof)
definition tp525 = tpskE
[11 = (I_nJN7 ),
15 = (lp nJn, 1),
= (lm]~, 1),
17 — ([T']w, 1),
= ({map (At. exzc zs t <#> 0) [0..<Suc TN, 1),
= (lmap (At. exc zs t <#> 1) [0..<Suc TN, 1),
18 = (I_mJNv ),
— ([H]x, 1),
— ([m’ + H]n, 1),
nlltape (formula-n ®9 Q formula-n ®1 Q formula-n P2 @ formula-n ®3 Q formula-n P4),
= (lH]n, 1),
55’ = (2]~ 1),
51 = (2 *n+ 3|n, 1),
= ([Suc m|n, 1),
:(Lg*n—l—,?—i—l—i—,?*anN, 1),
5 + 3= (1]~ 1)]

lemma tm25 [transforms-intros]:

assumes ttt = 203 + (2 * d-polynomial p + 826) * (H + m') "4 + 8 x nlength m’ + 11 * nlength H +
5627 « H ™4 x (3 + nlength (3 x H + m’ « H))*> + 1875 x H ™4 +
15 * nlength n + 3764 « H ™4 % (3 + nlength (3 * H 4+ 2 x n x H))* +
Sucn * (9 + 1897 x (H ™4  (nlength (1 + 2 % n))?)) + 6 * nlength (2 * n + 3) +
5 % nlength m + Suc (p n) * (9 4+ 1897 * (H ~ 4 * (nlength (Suc m))?))

shows transforms tm25 tps0 ttt tps25

{proof)

definition tpsF = tpsE
[52 ( I_HJ N, )7

93 = (21w, 1),
51 .= (|2 *n+ 3|n, 1),
59 := (| Suc m|n, 1),
51 :=(2*n+2+1+4+2x*pn|n, 1),
51+ 3= (L1]n, 1)]
lemma tpsF: 59 < j = j < 110 = tpsF' | j = (|[]], 1)
(proof)

lemma lentpsF: length tpsF = 110
(proof)

lemma tps25: tps25 = tpsF
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(11 := (|n]N, 1),

15 := (lp n]n, 1),

16 := (|m]n, 1),

17 = (T"]n, 1),

4 = (|map (M. exc zs t <#> 0) [0..<Suc T'||nr, 1),

7 — (Lmap (At exc zs t <#> 1) [0..<Suc T'||nL, 1),
= (Im'In, 1),

19 = (|H|n, 1),

20 := (Im'x H|n, 1),

1 := nlltape (formula-n ®o Q formula-n 1 Q formula-n ®2 @ formula-n ®3 Q formula-n D4)]
(proof)

definition tps26 = tpsF
[11 = (I.nJN7 1)7
15 := (lp n]n, 1),
15 = (Im]w, 1),
(I_T/JN7 1)7
4 = (Lmap (At exc zs t <#> 0) [0..<Suc T'||nL, 1),

7 := (Imap (At. exc zs t <#> 1) [0..<Suc T||nL, 1),
18 = (I.mJN7 )s
19 = ([H]n, 1),

20 := (Lm/ * HJNv 1)7
1 := nlltape (formula-n ®o Q formula-n ®1 Q formula-n ®2 @ formula-n 3 Q formula-n Py4),
61 := (|H]n, 1)]

lemma tm26 [transforms-intros):
assumes it = 213 + (2 * d-polynomial p + 826) x (H + m') ~ 4 + 8 * nlength m’ + 18 * nlength H +
5627 x H ™4 % (3 + nlength (3 + H + m' « H))* + 1875 « H "4 +
15 % nlength n + 3764 + H ™4 % (3 + nlength (3 x H 4+ 2 x n x H))* +
Sucn * (9 + 1897 x (H ™4 * (nlength (1 + 2 * n))?)) + 6 * nlength (2 x n + 3) +
5 * nlength m + Suc (p n) * (9 + 1897 x (H ~ 4 * (nlength (Suc m))?))
shows transforms tm26 tps0 ttt tps26

(proof)
definition ips27 = tpsF
(11 := ([n]N, 1),
15 = (lp nl~, 1),
(I_mJNv 1),
17 = (LT"]n, 1),
4 = (lmap (At. exc zs t <#> 0) [0..<Suc TN, 1),
= (|map (At. exc zs t <#> 1) [0..<Suc T'||nL, 1),
18 = (Imn, 1),
= (lH]~, 1),
= (lm'* H|n, 1),
nlltape (formula-n ®o @Q formula-n ®1 Q formula-n P2 Q formula-n ®3 @ formula-n Pa),
= (H]~, 1),
= (lm]n, 1)]

lemma tm27 [transforms-intros):
assumes ttt = 227 + (2 * d-polynomial p + 826) x (H + m”) ™4 + 8 * nlength m’ + 13 * nlength H +
5627 x H ™4 % (3 + nlength (3 x H + m’ x H))> + 1875 « H ™ 4 +
15 % nlength n + 3764 « H ™4 % (3 + nlength (3 x H 4+ 2 x n x H))* +
Sucn x (9 + 1897  (H ™ 4 * (nlength (1 + 2 % n))?)) + 6 * nlength (2 x n + 3) +
8 * nlength m + Suc (p n) * (9 + 1897 * (H ~ 4 * (nlength (Suc m))?))
shows transforms tm27 tps0 ttt tps27

(proof)
definition tps28 = tpsF
(11 := ([n]n, 1),
15 = (lp nJn, 1),
15 = (Im]~, 1),
(I_T/JN7 1)7
(Lmap (At. exc zs t <#> 0) [0..<Suc T'||n1L, 1),
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7 := (Imap (At. exc zs t <#> 1) [0..<Suc T||nL, 1),
18 := ([m'|n, 1),

19 == (|H]n, 1),

20 := (Lm’ x H|n, 1),

~

nlltape (formula-n ®q Q formula-n ®1 Q formula-n ®2 @ formula-n ®3 Q formula-n P4),
61 = ([H]x, 1),
60 = (| Suc m|n, 1)]

lemma tm28 [transforms-intros):
assumes ttt = 232 + (2 * d-polynomial p + 826) * (H + m') "4 + 3 x nlength m’ + 18 * nlength H +
5627 x H ™4 % (3 + nlength (3 x H +m’ x H))> + 1875 « H ™4 +
15 * nlength n + 8764 « H ™ 4 *(3+nlength(3*H+2*n*H)) +
2

Suc n (9 + 1897 x (H ™4 * (nlength (1 + 2 % n))?)) + 6 * nlength (2 x n + 3) +
10 * nlength m 4+ Suc (p n) * (9 + 1897 x (H ~ 4 * (nlength (Suc m))?))
shows transforms tm28 tps0 ttt tps28
(proof)
definition tps29 = tpsF
[11 = (Inl, 1),
15 := ([p nlw, 1),
16 := ([mlx, 1),
17 .= (|T'|w, 1),
4 := (lmap (At. exc zs t <#> 0) [0..<Suc T'||nL, 1),
7 := (Imap (Mt. exc zs t <#> 1) [0..<Suc T||nL, 1),
18 := (Im')w, 1),
19 == (|H]|n~, 1),
20 = (Lm’ x H|n, 1),
1 nlltape (formula-n @9 Q formula-n ®1 Q formula-n ®2 Q formula-n ®3 @ formula-n P4),
(I.HJN7 )7
60 = ([Suc m]n, 1),
68 = (| Suc m|n, 1)]

lemma tm29 [transforms-intros):

assumes ttt = 246 + (2 * d-polynomial p + 826) x (H + m') 4 + 3 = nlength m' + 13 * nlength H +
5627 x H ™4 % (3 + nlength (3 x H +m’ x H))> + 1875 « H ™4 +
15 * nlength n + 3764 « H "~ 4 % (3 + nlength (3 x H 4+ 2 x n x H))? +
Sucn (9 + 1897  (H ™4 * (nlength (1 + 2 % n))?)) + 6 * nlength (2 x n + 3) +
10 * nlength m + Suc (p n) * (9 + 1897 * (H ~ 4 * (nlength (Suc m))?)) +
3 * nlength (Suc m)

shows transforms tm29 tps0 ttt tps29

(proof)

definition tps30 = tpsF

[ = (I.nJN7 1)7

15 = (Lp nJN7 )7

16 = (Im]n~, 1),

17 = (I_TJN7 )7
|map (At. exc zs t <#> 0) [0..<Suc T'||nL, 1),
|map (At. exc zs t <#> 1) [0..<Suc T'||n1L, 1),

—~

18 —(I_mJN, ),
= (lH]n, 1),
:(l_m *HJNa )7

1 := nlltape (formula-n ®9 Q formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n P4),
61 := (|H]n, 1),

60 ([Suc m]n, 1),

(T + Suc m|n, 1)]

lemma tm30 [transforms-intros):
assumes ttt = 256 + (2 * d-polynomial p + 826) * (H + m') "4 + 3 x nlength m’ + 13 * nlength H +
5627 + H ™4 % (3 + nlength (3 + H + m' % H))? + 1875 « H "} +
15 * nlength n + 8764 « H ~ 4 x (3 + nlength (3*H+2*n>«<H)) +
Sucn x (9 + 1897  (H ™ 4 * (nlength (1 + 2 % n))?)) + 6 * nlength (2 x n + 3) +
10 * nlength m + Suc (p n) * (9 + 1897 + (H ~ 4 * (nlength (Suc m))?)) +
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3 * nlength (Suc m) + 8 x maz (nlength T') (nlength (Suc m))
shows transforms tm30 tps0 ttt tps30
(proof)

definition tps31 = tpsF
(11 := ([n]N, 1),

15 = (Lp nJN7 1)’

16 = (Im]n~, 1),

17 = ([T'|n, 1),
= (|map (At. exc zs t <#> 0) [0..<Suc T'||nrL, 1),
(\_map (At. exc zs t <#> 1) [0..<Suc T'||ni, 1),
(LmlJNa 1)’

]9 = (|H]n~, 1),

20 := (Im'* H|n, 1),

1 := nlltape

(formula-n ®9 @ formula-n ®1 Q formula-n 2 @ formula-n ®3 Q formula-n &4 Q
formula-n ®@s),

61 = (LH]n, 1),

60 := (| Suc m]n, 1),

68 := (| T' + Suc m|n, 1),

60 := (|[Suc m + T'|n, 1),

60 + 3 :=([1]|n, 1)]

definition ttt31 = 256 + (2 * d-polynomial p + 826) x (H + m') ~ 4 + 8 * nlength m’ + 18 * nlength H +
5627 x H ™4 % (8 + nlength (8 + H+m'x H))> + 1875 + H ™4 +
15 * nlength n + 8764 x H ™4 x (8 + nlength (3 x H + 2 x n x H))? +
Sucn x (9 + 1897 * (H "4 * (nlength (1 + 2 % n))?)) + 6 * nlength (2 x n + 8) +
10 * nlength m + Suc (p n) * (9 + 1897 x (H ~ 4 * (nlength (Suc m))?)) +
3 * nlength (Suc m) + 8 x maz (nlength T') (nlength (Suc m)) +
Suc T' % (9 + 1891 x (H ~ 4 * (nlength (Suc m + T'))?))

lemmale-N: y < 2*n+2xpn+38+ T = y<N
(proof )

lemma n-le-N: n < N
(proof)

lemma H-le-N: H < N
(proof)

lemma N-ge-1: N > 1
(proof)

lemma pow2-sum-le:

fixes a b :: nat

shows (a +b) "2<a "2+ (2xa+1)xb"2
(proof)

lemma ttt81: ttt31 < (32 * d-polynomial p + 222011) « H ~ 4 « N ~ 4
(proof)

lemma tm31 [transforms-intros|: transforms tm31 tps0 ttt31 tps31
(proof)

definition tpsG = tpsF
[61 ( I_HJ N, )7

60 := (| Suc m|n, 1),
68 := (|T' + Suc m|n, 1),
60 := ([Suc m + T'|n, 1),
60 + 3 := ([1]n, 1)]
lemma tpsG: 68 < j = j < 110 = tpsG ! j = (|[]J, 1)
(proof)
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lemma lentpsG: length tpsG = 110
(proof)

lemma tps31: tps31 = tpsG
[11 == ([n]nN, 1),
15 := (|lp nln, 1),
16 := (I_mJN7 1)7
17 == ([ T']n, 1),
4 = (|map (At. exc zs t <#> 0) [0..<Suc T'||nrL, 1),
(\_map (At. exc zs t <#> 1) [0..<Suc T'|nrL, 1),
= (
(

Lm/JNa 1)7
]9 = LHJN71)7
20 := (Im'* H|n, 1),

1 := nlltape
(formula-n @9 Q formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 Q
formula-n ®s)]

{proof)

definition tps32 = tpsG

(11 := (ln)n, 1),

15 = (lp n]n, 1),

16 := (|m]n~, 1),

17 = (| T']~, 1),

4 = (|map (At. exc zs t <#> 0) [0..<Suc T'||nrL, 1),
= (map (At. exc zs t <#> 1) [0..<Suc T'||n1L, 1),

18 = (lm']n, 1),

19 == (|H]|n~, 1),

20 := (Im'* H|n, 1),

1 := nlltape
(formula-n @9 @ formula-n ®1 Q formula-n 2 @ formula-n ®3 Q formula-n &4 Q@
formula-n ®5),

69 = (|2]n, 1)]

lemma tm32 [transforms-intros):
assumes tit = tit31 + 14
shows transforms tm32 tps0 ttt tps32

(proof)
definition tps83 = tpsG
[11 = (|n]n, 1),
15 = (lp nlw, 1),
= (lm]~, 1),
17 = (I_T/JN7 1),
= (lmap (At. exzc zs t <#> 0) [0..<Suc TN, 1),
= (Imap (At. exc zs t <#> 1) [0..<Suc T'|nL, 1),
13 = (Im'|n, 1),
]9 = (|H]n, 1),
= (Im"* H|n, 1),
1 = nlltape

(formula-n ®9 @ formula-n ®1 Q formula-n ®2 @ formula-n ®3 Q formula-n &4 @
formula-n ®@s),

69 = (I_QJN, 1),
70 == (|H]n, 1)]

lemma tm33 [transforms-intros):
assumes ttt = ttt31 + 24 + 2 x nlength H
shows transforms tm33 tps0 ttt tps33
(proof)

definition tps8) = tpsG

(11 := ([n]N, 1),
15 = (lp n]n, 1),
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6 = (|m]n, 1),
7= (\T]n, 1),
4 = (|map ()\t exc zs t <#> 0) [0..<Suc T'||n1, 1),
7 = (|map (\t. exc 2zs t <#> 1) [0..<Suc T'||nrL, 1),
8 = (Im']n, 1),
19 = (2]~ 1),
20 = (|m'* H|n, 1),
1 := nlltape

(formula-n ®9 @ formula-n ®1 Q formula-n ®2 @ formula-n ®3 Q formula-n &4 @
formula-n ®5 Q formula-n D),
59 = (2]~ 1),
= (lH]n, 1),
(\_ s|, Suc n),
=([2 + 2 * nlN, 1)]

lemma tm34 [transforms-intros):
assumes ttt = tt31 + 24 + 2 = nlength H + (133650 x H ~6 *n ~ 8 + 1)
shows transforms tm34 tps0 ttt tps34
(proof)

definition tpsH = tpsG
[69 := (|2]~, 1),
70 .= (|H]n, 1),
0 := (lzs], Suc n),
9:= (12 + 2 % nl, 1]

lemma tpsH: 76 < j = j < 110 = tpsH ! j = (|[]], 1)

(proof)
lemma lentpsH: length tpsH = 110
(proof)
lemma tps34: tps34 = tpsH
(11 := (|n]~, 1),
15 := (lp n]n, 1),
15 = (Im]n, 1),
= (LT"]n, 1),
4 = (\_map (At. exc zs t <#> 0) [0..<Suc T'||nL, 1),
’7 = (Lmap (At exc zs t <#> 1) [0..<Suc T'||nL, 1),
= (lm'In, 1),
19 = ([H]n, 1),
20 :== (Im'* H|n, 1),

1 := nlltape
(formula-n ®9 @ formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 Q
formula-n ®5 Q formula-n Dg)]

{proof)

definition tps35 = tpsH
(11 := (ln]N, 1),

15 = (I_p nJN7 1)7
]6 = (Im]n, 1),
= (LT"]n, 1),
4 = (\_map (At exc zs t <#> 0) [0..<Suc T'||nL, 1),
7 = (|map (\t. exc zs t <#> 1) [0..<Suc T'||nr, 1),
= (l_m/JN7 1)7
19 = (H]n, 1),
20 := (Im'* H|n, 1),
1 := nlltape

(formula-n ®9 @ formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 Q
formula-n ®5 Q formula-n Pg),
77 := (In]n, 1)]

lemma tm35 [transforms-intros):
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assumes it = ttt31 + 38 + 2 = nlength H + (133650 * H ~6 * n ~ 8 + 1) + 3 * nlength n
shows transforms tm35 tps0 ttt tps35

{proof)

definition tps36 = tpsH
[11 == ([n]nN, 1),
15 := (|lp nln, 1),
16 = (I_mJN7 1)7
17 == ([ T']n, 1),
4 = (|map (At. exc zs t <#> 0) [0..<Suc T'||nrL, 1),
(\_map (At. exc zs t <#> 1) [0..<Suc T'|nrL, 1),
= (
(

Lm/JNa 1)7
]9 = LHJN71)7
20 := (Im'* H|n, 1),
1 := nlltape

(formula-n @9 Q formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 Q
formula-n ®5 Q formula-n Pg),
77 .= (|2 * n]n, 1)]

lemma tm36 [transforms-intros):
assumes it = tt31 + 43 + 2 = nlength H + (183650 x H 6 * n ~ 8 + 1) + 5 * nlength n
shows transforms tm36 tps0 tit tps36
{proof)

definition tp33’7 = tpsH
[11 = (I_nJN7 ),
15 == (|lp n|n, 1),
16 = (lm]~, 1),
17 := ([ T"]n, 1),
4 = (lmap (At. exzc zs t <#> 0) [0..<Suc TN, 1),
= (lmap (At. exc zs t <#> 1) [0..<Suc TN, 1),
18 = (m'|n, 1),
19 = (|H]n, 1),
20 := (Im'* H|n, 1),
1 := nlltape
(formula-n ®9 @ formula-n ®1 Q formula-n ®2 @ formula-n ®3 Q formula-n &4 Q
formula-n ®5 Q formula-n Pg),
77 :=(2*n+ 4]n, 1)]

lemma tm37 [transforms-intros]:
assumes ttt = ttt31 + 63 + 2 = nlength H + (183650 « H 6 xn ~ 8 + 1) + 5 = nlength n +
8 * nlength (2 * n + 4)
shows transforms tm37 tps0 ttt tps37
(proof)

definition tps38 = tpsH
(11 := (ln]N, 1),
= (lp n]n, 1),
16 := ([m]x, 1),
17 == (I_TJN7 1),
4 = (lmap (At. ezc zs t <#> 0) [0..<Suc TN, 1),
= (Imap (At. exc zs t <#> 1) [0..<Suc T'|nL, 1),
18 = (lm'|n, 1),
19 := ([H]n, 1),
20 := (Im'* H|n, 1),
1 := nlltape
(formula-n ®9 @ formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 Q
formula-n &5 Q formula-n Pg),
77 :=(2*n+ 4]|n, 1),
78 == (|H]n, 1)]

lemma tm38 [transforms-intros):
assumes ttt = ttt31 + 78 + 2 * nlength H + (183650 « H "6 «xn ~ 3 + 1) +
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5 % nlength n + 8 * nlength (2 x n + 4) + 2 x nlength H
shows transforms tm38 tps0 ttt tps38

{proof)

definition tps39 = tpsH
(11 := ([n]N, 1),

15 = (Lp nJN7 1)’

16 = (Im]n~, 1),

17 = ([T'|n, 1),
= (|map (At. exc zs t <#> 0) [0..<Suc T'||nrL, 1),
(\_map (At. exc zs t <#> 1) [0..<Suc T'||ni, 1),
(LmlJNa 1)’

]9 = (|H]n~, 1),

20 := (Im'* H|n, 1),

1 := nlltape

(formula-n @9 Q formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 Q

formula-n ®5 Q formula-n Pg),
7T =(2*xn+ 4N, 1),

78 = ([H|n, 1),
83 := (lp nln, 1)]

lemma tm39 [transforms-intros):

assumes it = tt31 + 87 + 2 = nlength H + (183650 x H ~ 6 * n —

8 x nlength (2 * n + 4) + 2 * nlength H + 3 * nlength (p n)
shows transforms tm39 tps0 tit tps39
{proof)

definition tps40 = tpsH

[11 = (I_nJN7 ),

15 = (Lp 'flJN, )7

16 .= (|m]nN, 1),

17 = ([T']n, 1),
= (|map (At. exc zs t <#> 0) [0..<Suc T'||nrL, 1),
= (lmap (At. exc zs t <#> 1) [0..<Suc T'|n1L, 1),

18 = (Im'|n, 1),

19 := (|H]n, 1),

20 := (Im'* H|n, 1),

1 := nlltape

3 4+ 1)+ 5 nlength n +

(formula-n ®9 @ formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 Q

formula-n ®5 Q formula-n ®¢ @ formula-n P7),
77 =(2*n+4In, 1),
(LH]N, 1),
(lp nln, 1),
(l2*n+4+2%pn|n, 1),
6 :=(l0]n, 1)]

+|| i

’77

lemma tm40 [transforms-intros):

assumes it = ttt31 + 88 + 2 * nlength H + (183650 x H ~ 6 * n —

8 x nlength (2 * n + 4) + 2 * nlength H + 3 * nlength (p n) +
pnx 257 x H x (nlength (2 x n + 4 + 2 x p n) + nlength H)?
shows transforms tm40 tps0 ttt tps40
(proof)

definition tpsl = tpsH

[77 =([2*n+4]n, 1),

(I_HJNv )7

(lp nln, 1),
([2*xn+4+2xpnln, 1),
6 := ([0]~, 1)]

+ W

77

lemma tpsl: 83 < j = j < 110 = tpsI ! j = (|[]], 1)
(proof)
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lemma lentpsl: length tpsl = 110
(proof)

lemma tps}0: tps40 = tpsl
(11 := (n]n~, 1),
15 = (lp n)n, 1),
16 := (|m]n, 1),
17 = (I_T'JN7 1),
4 = (lmap (At. exc zs t <#> 0) [0..<Suc T'||n1r, 1),
= (Lmap (At. exc zs t <#> 1) [0..<Suc T'|nL, 1),
18 - (I_m/JN7 1)7
19 := ([Hi, 1),
20 = (Im’+ H]x, 1),
1 := nlltape
(formula-n ®9 @ formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 Q
formula-n ®5 Q formula-n ¢ Q formula-n P7)]
(proof)

definition tpsf1 = tpsl
[11 == (|n]w, 1),
15 = ([p nJw, 1),
16 = ([m|n, 1),
17 .= (| T'|w, 1),
4 = (lmap (At. exc zs t <#> 0) [0..<Suc T'||nL, 1),
= (lmap (At. exzc zs t <#> 1) [0..<Suc TN, 1),
18 = (I.m/JN7 1),
19 = ([H]n, 1),
20 == (Im’ + H]w, 1),
1 := nlltape
(formula-n ®9 @ formula-n ®1 Q formula-n ®2 @ formula-n ®3 Q formula-n &4 Q
formula-n ®5 Q formula-n ®¢ @ formula-n P7),

84 = (Im'In, 1)]

lemma tmj1 [transforms-intros]:
assumes it = tt31 + 102 + 2 = nlength H + (133650 x H ~6 * n ~ 8 + 1) + 5 * nlength n +
8 x nlength (2 * n + 4) + 2 * nlength H + 3 * nlength (p n) +
pnx 257 x H x (nlength (2 x n 4+ 4 + 2 % p n) + nlength H)?> +
3 * nlength m’
shows transforms tm41 tps0 ttt tps41

(proof)
definition tps{2 = tpsl
(11 := (|n]~, 1),
15 = (lp nln, 1),
]6 = (Im]n, 1),
LT, 1),
4 =

7 = ( map (At. exc zs t <#> 1) [0..<Suc T||nL, 1),
LmJN7 )7
19 = ([Hw 1)
20 := (Im'* H|n, 1),
1 := nlltape
(formula-n ®9 @ formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 @
formula-n ®5 Q formula-n ®¢ @ formula-n ®7),
84 = (IT" + m'|n, 1)

(
=
(\_map (At. exc zs t <#> 0) [0..<Suc T'||nL, 1),
|
= (
= (

lemma tm42 [transforms-intros):
assumes ¢ttt = ttt81 + 112 + 2 = nlength H + (133650 * H 6 * n ~ 8 + 1) + 5 * nlength n +
8 x nlength (2 * n + 4) + 2 * nlength H + 3 * nlength (p n) +
pn o 257 % H * (nlength (2 * n + 4 + 2 % pn) + nlength H)*> + 8 * nlength m’ +
3 * maz (nlength T') (nlength m")
shows transforms tm42 tps0 ttt tps42

{proof)
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definition tps/3 = tpsl
[11 = (LnJN, ),

17 = (LTJM )
= (|map (At. exc zs t <#> 0) [0..<Suc T'||nrL, 1),
= (map (At. exc zs t <#> 1) [0..<Suc T'|n1L, 1),
18 :(LmJN’ )7
19 == (|H]n~, 1),
20 := (Im'* H|n, 1),
1 := nlltape

(formula-n ®9 Q formula-n ®1 Q formula-n ®2 @ formula-n ®3 Q formula-n &4 Q
formula-n ®5 Q formula-n ¢ Q formula-n ®7),
84 = ([2* T+ m'|n, 1)]

lemma tm43 [transforms-intros):

assumes it = tt31 + 122 + 2 = nlength H + (133650 x H ~6 * n ~ 8 + 1) + 5 * nlength n +
8 x nlength (2 * n + 4) + 2 * nlength H + 3 * nlength (p n) +
pnx 257 x H x (nlength (2 x n 4+ 4 + 2 % p n) + nlength H)*> + 3 * nlength m’ +
3 * maz (nlength T') (nlength m’) +
3 * maz (nlength T') (nlength (T’ + m’))

shows transforms tm43 tps0 ttt tps43

(proof)

definition tps/4 = tpsl

(11 := (ln]N, 1),

15 := (lp n|n, 1),

16 = (I_mJNv 1),

= (LT"]n, 1),

(\_map (At. exc zs t <#> 0) [0..<Suc T'||nL, 1),
|

(

(

4 =

'7 = (lmap (At. exc zs t <#> 1) [0..<Suc T'|nL, 1),
= Lm/JNv 1),

19 = ([H]n~, 1),

20 := (Im'* H|n, 1),

1 := nlltape

(formula-n @9 Q formula-n &1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 Q
formula-n ®5 Q formula-n ®¢ Q formula-n ®7),
84 = ([3* T+ m'|n, 1)]

lemma tmJj4 [transforms-intros):

assumes it = ttt31 + 132 + 2 = nlength H + (133650 x H 6 * n ~ 8 + 1) + 5 * nlength n +
8 x nlength (2 * n + 4) + 2 * nlength H + 3 * nlength (p n) +
pnx 257 x H x (nlength (2 x n 4+ 4 + 2 % p n) + nlength H)> + 3 * nlength m’ +
3 * maz (nlength T') (nlength m') +
3 * maz (nlength T') (nlength (T' + m')) +
3 * maz (nlength T') (nlength (2 x T' + m’))

shows transforms tm44 tps0 ttt tps44

(proof)

definition tps45 = tpsl
[11 = ([n)w, 1),
15 = (lp n)n, 1),
16 = ([m]n, 1),
17:= (T 1)
= ({map (At. exc zs t <#> 0) [0..<Suc T'||nr, 1),
= (|map (At. exc zs t <#> 1) [0..<Suc T'|n1L, 1),
18 = ([m']n, 1),
19 = (I_HJNv )7
20 := (Im'* H|n, 1),
1 := nlltape
(formula-n ®9 @ formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 Q
formula-n ®5 Q formula-n ®¢ @ formula-n ®7),
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=1 +38* T+ m'|n, 1)]

lemma tm45 [transforms-intros):

assumes it = ttt31 + 137 + 2 = nlength H + (133650 « H 6 * n ~ 8 + 1) + 5 * nlength n +
8 x nlength (2 * n + 4) + 2 * nlength H + 3 * nlength (p n) +
pnx 257 % H x (nlength (2 x n 4+ 4 + 2 % p n) + nlength H)> + 3  nlength m’ +
3 * maz (nlength T') (nlength m’) +
3 * maz (nlength T') (nlength (T' + m')) +
3 * maz (nlength T') (nlength (2 * T' + m")) +
2 « nlength (8 x T' + m’)

shows transforms tm45 tps0 ttt tps4d

(proof)

definition tpsj6 = tpsl
(11 := (ln]N, 1),

(
(
= (T, 1),
4 = (|map (\t. exc zs t <#> 0) [0..<Suc T'||nr, 1),
7 I

(

18 = (|m'|n, 1),

19 := (|H]|n~, 1),

20 := (Im'x H|n, 1),
1 := nlltape

(formula-n @9 Q formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 Q
formula-n ®5 Q formula-n ®¢ Q formula-n ®7),

84 = (1 +38xT +m'n, 1),

85 .= (|H]nw, 1)]

lemma tmj6 [transforms-intros):

assumes ttt = ttt31 + 147 + 2 * nlength H + (133650 « H 6 xn ~ 38 + 1) + 5 * nlength n +
8 * nlength (2 x n + 4) + 4 * nlength H + 3 * nlength (p n) +
pnx 257 % H x (nlength (2 x n 4+ 4 + 2 % p n) + nlength H)> + 3 * nlength m’ +
3 * maz (nlength T') (nlength m') +
3 x max (nlength T') (nlength (T' + m’)) +
3 * maz (nlength T') (nlength (2 * T' + m')) +
2 * nlength (3 * T' + m’)

shows transforms tm46 tps0 ttt tps46

(proof)

definition tps}7 = tpsl
(11 := (ln)n, 1),
15 = (lp nln, 1),
16 = (I_mJNv )7
17 = (| T']~, 1),
4 = (Imap (At. exc zs t <#> 0) [0..<Suc T'|nr, 1),
= (|map (At. exc zs t <#> 1) [0..<Suc T'||nr, 1),
18 = (lm']n, 1),
19 := (|H]|n~, 1),
20 = (I_m * HJN, 1),
1 := nlltape
(formula-n @9 Q formula-n &1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 Q@
formula-n @5 Q formula-n ®¢ Q formula-n ®7 @ formula-n Ps),
84 = (1 +38 T +m'n, 1),
85 == ([H]w, 1),
84 + 2 :=(|3]n, 1),
84 + 6 = (|formula-n ®s|nrL, 1)]

definition ¢tt)7 = ttt31 + 166 +
6 * nlength H +
138650 « H "6 xn — 3 +
5 * nlength n +
8 * nlength (2 * n + 4) +
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3 % nlength (p n) +

pnx 257  H x (nlength (2 x n 4+ 4 + 2 % p n) + nlength H)? +
3 * nlength m’ +

3 * maz (nlength T') (nlength m’) +

3 * maz (nlength T') (nlength (T' + m')) +

3 * maz (nlength T') (nlength (2 * T' + m')) +

2 « nlength (3 x T'+ m’) +

1861 * H ™ 4 * (nlength (Suc (1 + 8 * T' + m")))?

lemma ttt47: ttt47 < (32 * d-polynomial p + 864343) « H ~ 6 « N ~ 4
(proof)

lemma tm47 [transforms-intros]: transforms tm47 tps0 tit47 tps47
(proof)

definition tpsJ = tpsl
84 :=(1+ 38T +m'|n, 1),
85 = ([H]n, 1),
84 + 2 :=(3]n, 1),
+ 6 :

84 + 6 := (|formula-n ®s|NrL, 1)]
lemma tpsJ: 90 < j = j < 110 = tpsJ ' j = (]|, 1)
(proof)
lemma lentpsJ: length tpsJ = 110
(proof)
lemma tps47: tps4’7 = tpsJ
[11 = (I_nJN7 ),
15 = (lp n]n, 1),
16 .= (|m]nN, 1),
17:—(LTJN, 1),
= (|map (At. exc zs t <#> 0) [0..<Suc T'||nrL, 1),
= (lmap (At. exc zs t <#> 1) [0..<Suc T'|n1L, 1),
18 = (Im'|n, 1),
19 := (|H]n, 1),
20 := (Im'* H|n, 1),
1 := nlltape

(formula-n ®9 @ formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 Q
formula-n ®5 Q formula-n ®¢ @ formula-n @7 Q formula-n Ps)]
(proof)

definition tps/8 = tpsJ
(11 := (ln]N, 1),
15 := (lp n]n, 1),
16 := (Im]n, 1),
17 = (I_T JN7 1),
= (lmap (At. exzc zs t <#> 0) [0..<Suc TNz, 1),
= (lmap (At. exc zs t <#> 1) [0..<Suc T'|nL, 1),
18 = (|m'|n, 1),
19 := ([H]n, 1),
20 = (l_m * HJNa 1)7
1 := nlltape
(formula-n ®9 @ formula-n ®1 Q formula-n ®2 @ formula-n ®3 Q formula-n &4 Q
formula-n ®5 Q formula-n ®¢ Q formula-n ®7 @ formula-n Ps),
91 = ([N, 1)]
lemma tm/8 [transforms-intros):
assumes ttt = ttt47 + 14 + 3 * nlength N

shows transforms tm48 tps0 tit tps48
(proof)

definition tpsf9 = tpsJ
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[11 := (|n]n, 1),

15 .= (lp n]n, 1),

16 := (|m]n, 1),

17 := (| T']n, 1),

4 = (Imap (At. exc zs t <#> 0) [0..<Suc T'||nL, 1),
7 := (Imap (\t. exc zs t <#> 1) [0..<Suc T'||nL, 1),
18 = (|m'|n, 1),

19 —(I_HJI\H )7

20 = (|m'* H|n, 1),

1 := nlltape

(formula-n @9 Q formula-n ®1 Q formula-n ®2 @ formula-n ®3 Q formula-n &4 Q@
formula-n ®5 @ formula-n ¢ Q formula-n ®7 @ formula-n Ps),

91 .= (|N|n, 1),

92 = (|H]n, 1)]

lemma tm49 [transforms-intros):
assumes titt = tit47 + 24 + 3 * nlength N + 2 * nlength H
shows transforms tm49 tps0 ttt tps49
(proof)

definition tps50 = tpsJ
[11 == (|n]nN, 1),
15 := (|p n]n, 1),
15 = (lm]n, 1),
LTIJN’ I)a
( map (At. exc zs t <#> 0) [0..<Suc T'|nrL, 1),

= (
4 I
(Lmap (\t. exc zs t <#> 1) [0..<Suc T']|n1, 1),
= (
= (

’7

Lm/J N, 1 )7
19 = (|H]n, 1),
20 := (Im'* H|n, 1),
1 := nlltape
(formula-n ®9 @ formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 @
formula-n ®5 @ formula-n ¢ Q formula-n ®7 @ formula-n Ps),
91 == (IN]n, 1),
92 := (|H|n, 1),
3= ([Z]n, 1)

lemma tm50 [transforms-intros):
assumes tit = tit47 + 34 + 3 * nlength N + 2 * nlength H + 2 * nlength Z
shows transforms tmb50 tps0 ttt tps50

{proof)

definition tps51 = tpsJ
(11 := (ln]N, 1),
15 := (lp n]n, 1),
16 := (Im]n, 1),
17 = (I_TJN7 )7
= (|map (At. exc zs t <#> 0) [0..<Suc T'||nrL, 1),
= (lmap (At. exc zs t <#> 1) [0..<Suc T'|nL, 1),
18 - (I.m JN7 7
19 := ([H]n, 1),
20 := (Im'* H|n, 1),
1 := nlltape
(formula-n ®9 @ formula-n ®1 Q formula-n ®2 @ formula-n ®3 Q formula-n &4 Q
formula-n ®5 Q formula-n ®¢ Q formula-n ®7 @ formula-n Ps),

91 := ([N]n, 1),
92 := ([H]|n, 1),
98 = ([Z]n, 1),
94 = (LT'|n, 1)]

lemma tmb1 [transforms-intros):
assumes ttt = ttt47 + 48 + 3 * nlength N + 2 x nlength H + 2 * nlength Z + 3 * nlength T’
shows transforms tm&1 tps0 tit tps51
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{proof)

definition tps52 = tpsJ

LmJNv )a
19 - I_HJN7 )7
20 := (Im'* H|n, 1),
1 := nlltape
(formula-n @9 Q formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 Q@
formula-n ®5 @ formula-n ¢ Q formula-n ®7 @ formula-n Ps),
91 = ([N, 1),
92 = (I_HJN, ]),
98 = (|Z]n, 1),
94 = (LT"]n, 1),
95 := (| formula-n Y |nrL, 1)]

(11 := (|n]n, 1),
15 = (lp n]n, 1),
16 = (|m]n, 1),
= (LT"]~, 1),
4 = (\_map (At. exc zs t <#> 0) [0..<Suc T nrL, 1),
’7 = (Lmap (\t. exc zs t <#> 1) [0..<Suc T'||nr, 1),
=(
=(

lemma tmb2 [transforms-intros):
assumes tit = tit47 + 58 + 3 * nlength N + 2 x nlength H + 2 x nlength Z +
3 * nlength T' + 2 * nlllength (formula-n )
shows transforms tm&2 tps0 tit tps52

(proof)
definition tps55’ = tpsJ

[11 = (I_nJN7 ),

15 = (lp n]n, 1),

16 .= (|m]nN, 1),

17:—(LTJN, 1),
= (|map (At. exc zs t <#> 0) [0..<Suc T'||nrL, 1),
= (lmap (At. exc zs t <#> 1) [0..<Suc T'|n1L, 1),

18 = (Im'|n, 1),

19 := (|H]n, 1),

20 := (Im'* H|n, 1),

1 := nlltape

(formula-n ®9 @ formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 Q
formula-n ®5 Q formula-n ¢ Q formula-n ®7 @ formula-n Ps),
91 := (IN|n, 1),

92 = ([H]n, 1),
93 = (1Z]n, 1),
94 = (LT"|n, 1),
95 := (|formula-n Y |nrL, 1),
96 = (|formula-n ¢'|nLL, 1)]

lemma tm53 [transforms-intros):
assumes tit = ttt47 + 68 + 3 * nlength N + 2 x nlength H + 2 x nlength Z + 3 * nlength T' +
2 % nlllength (formula-n ) + 2 x length (numlistlist (formula-n "))
shows transforms tmb53 tps0 ttt tps53

(proof)

definition tps54 = tpsJ
(11 := (n]nN, 1),
15 := (|p n]n, 1),
16 = LmJNv 1)7
17 .= (| T'|w, 1),

(
E
: (Imap (At. exc zs t <#> 0) [0..<Suc T'||Nr, 1),
7 = (|map (\t. exc zs t <#> 1) [0..<Suc T'||nr, 1),

(

(

(
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1 := nlltape
(formula-n @9 Q formula-n ®1 Q formula-n ®2 Q formula-n ®3 Q formula-n &4 Q@
formula-n ®5 @ formula-n ¢ Q formula-n &7 @ formula-n Ps),

91 := ([N]n, 1),

92 = (I_HJN7 1)7
98 := (| Z]n, 1),
94 = (LT']n, 1),
95 := (| formula-n ¥ |nrL, 1),
96 := (|formula-n ¥'|nrL, 1),
97 := (1]n, 1)]

lemma tmb4 [transforms-intros]:
assumes tit = ttt47 + 80 + 3 * nlength N 4+ 2 x nlength H + 2 x nlength Z + 3 * nlength T' +
2 x nlllength (formula-n ¥) + 2 x nlllength (formula-n ")
shows transforms tmb4 tps0 ttt tpsd4
(proof)

definition tps55 = tpsJ
[11 := ([n]N, 1),
15 = (lp nln, 1),

16 == (Im]n, 1),

17 = (LT'|n, 1),
= (map (At. exc zs t <#> 0) [0..<Suc T'|n1L, 1),
(Lmap (\t. exc zs t <#> 1) [0..<Suc T']|n1L, 1),
— (mIn, 1),

19 = (H]n, 1),

20 := (Im' = H|n, 1),

1 := nlltape (formula-n PHI),
‘91 - (I.NJN7 )7

2 = (|H|n~, 1),

95’ = (Z]n~, 1),

94 _(I_TJN7 )7

5 = ([formula-n Y| N, 1),
= (| formula-n ¥'|nrr, 1),

7 = (1]~ 1),

91 + 6 := (| Suc T'|n, 1),

91 + 8= ([0]n, 1)]

definition ttt55 = tttf7 + 80 + 3 * nlength N + 2 x nlength H + 2 * nlength Z +
3 * nlength T' + 2 * nlllength (formula-n ) + 2 x nlllength (formula-n ') +
16114767 % 2 ~ (16 « Z) « N ~ 7

lemma ttt55: ttt55 < ttt47 + 2 * nlllength (formula-n ) + 2 * nlllength (formula-n ¢') +
16114857 % 2 ~(16 % Z) * N ™7

(proof )

lemma tm55 [transforms-intros]: transforms tm55 tps0 ttt55 tpsbd
{proof)

lemma tps0-start-config: (0, tps0) = start-config 110 s
(proof)

lemma tmb5": snd (evecute tmb5 (start-config 110 xs) ttt55) = tps55
(proof)

definition tpsK = tpsJ
191 := ([N], 1),
92 .= ([H]|n, 1),
93 .= (1Z]nN, 1),
94 = (LTI N, 1)7
95 := (| formula-n ¥ |nrL, 1),
= (|formula-n ¥'|nLL, 1),
= ([1]w, 1),
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91 + 6 := (| Suc T'|n, 1),

1+ 3= ([0, 1)]
lemma tpsK: 97 < j = j < 110 = tpsK ! j = (|]]],
(proof )
lemma lentpsK: length tpsK = 110
(proof )
lemma tps55: tps55 = tpsK
[11 := ([n]n, 1),
15 = (lp nJn, 1),
16 = ([m]x, 1),
17 == (I_T/JN7 1),
4 := (Imap (\t. exc zs t <#> 0) [0..<Suc T'||n1L,
7 := (Imap (At. exc zs t <#> 1) [0..<Suc T'||n1L,
18 == (I.m/ N, 1)7
19 == (|H]|n~, 1),
20 := (Im'* H|n, 1),
1 := nlltape (formula-n PHI))

{proof)

definition tps56 = tpsK
(11 := (ln]N, 1),
15 := (lp n|n, 1),
16 := (|m]n~, 1),
17 .= (|T'|w~, 1),

(
4 = (|map (At. exc zs t <#> 0) [0..<Suc T'|nr,
(\_map (At. exc zs t <#> 1) [0..<Suc T'||~n1L,
= (ImIn, 1),
19 = (H]n, 1),
20 = (lm'* H|n, 1),

= (| formula-n PHI |nr1, 1)]

lemma tm56 [transforms-intros):
assumes tit = tiths + tpsds #: 1 + 2
shows transforms tmb56 tps0 ttt tps56

(proof )
definition tps57 = tpsK

[ = (I_TLJN, 7

15 = (lp nln, 1),
= (lm]w~, 1),

17 = (I_TJN7 )7
= (|map (At. exc zs t <#> 0) [0..<Suc T')|nr,
= (|map (At. exc zs t <#> 1) [0..<Suc T')|nrL,

18 = (I.mJN7 )

19 = ([H]~, 1),

= (l_m * HJNv 1)7
:= nlltape (formula-n PHI),
]09 := nlltape (formula-n PHI)]

lemma tm57 [transforms-intros):

1)

1)7
1)’

1)’
1)7

1)7
1)7

assumes it = 55 + tpsds #: 1 + 2 + Suc (nlllength (formula-n PHI))

shows transforms tm57 tps0 ttt tps57

(proof)
definition tps58 = tpsK
(11 := ([n]n, 1),
15 = (lp nJn, 1),
16 = (lm]~, 1),
(I_T/JN7 1)7
(Lmap (At. exc zs t <#> 0) [0..<Suc T'||nr,

1)’
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map (At. exc zs t <#> 1) [0..<Suc T||nL, 1),
I_m/ Ny 1)7

~
—

109 := nlltape (formula-n PHI)]

lemma tm58 [transforms-intros):
assumes it = 155 + 9 + tpsd5 #: 1 + 3 * nlllength (formula-n PHI) + tps57 :#: 1
shows transforms tm&8 tps0 tit tps58

{proof)

definition tps59 = tpsK
[11 = (|n]n, 1),
15 == (|lp n|n, 1),
15 = (lm]~, 1),
(I_TJN7 1),
4 = (Lmap (At exc zs t <#> 0) [0..<Suc T'||nL, 1),
= (\_map (At. exc zs t <#> 1) [0..<Suc T'||nL, 1),
= (
(
(
L

7.7

I. JN7 )
19 = ([H]n, 1),
20 := (Im'x H|n, 1),
1= (10, 1),

]
10 = (|formula-n PHI|nL1, 1)]

lemma tm59 [transforms-intros):
assumes ttt = ttt55 + 11 + tpsd5 #: 1 + 8 = nlllength (formula-n PHI) + tps57 #: 1 + tps58 #: 109
shows transforms tm&9 tps0 tit tps59

(proof )
definition tps60 = tpsK

[11 = (I_TLJN7 )s

15 = (Lp 'flJN, )7

16 = (|m]n, 1),

17 = ([T']n, 1),
= (|map (At. exc zs t <#> 0) [0..<Suc T'||n1L, 1),
(\_map (At. exc zs t <#> 1) [0..<Suc T'||nrL, 1),
(I.mJN7 )7

19 = (| H]n, 1),

20 = (l_m * HJNv 1)7
= (11}, 1)

= (|formula-n PHI |nLL, 1),
109 = (| numlistlist (formula-n PHI)],
Suc (length (numlistlist (formula-n PHI)))),
b
(

L inencode (numlistlist (formula-n PHI))],
uc (2 * length (numlistlist (formula-n PHI))))]

lemma tm60:
assumes ttt = ttt55 + 12 + tpsd5 #: 1 + 12 * nlllength (formula-n PHI) + tps57 #: 1 + tps58 :#: 109
shows transforms tm60 tps0 ttt tps60
(proof)

definition ttt60 = 16 * tiths

lemma tm60": transforms tm60 tps0 ttt60 tps60
(proof)

lemma tm60-start-config: transforms tm60 (snd (start-config 110 (string-to-symbols x))) ttt60 tps60
(proof )

end

end
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The time bound ¢tt60 formally depends on the string x. But we need a bound depending only on the
length.

context reduction-sat

begin

definition 760 :: nat = nat where
T60 nn = reduction-sat-z.ttt60 M G p (replicate nn True)

lemma T60:
fixes x :: string
shows T60 (length z) = reduction-sat-z.ttt60 M G p «

(proof)

lemma poly-T60: big-oh-poly T60
(proof )

This is the function, in terms of bit strings, that maps = to ®.

definition freduce :: string = string ({f requce’) Where
Freduce © = formula-to-string (reduction-sat-z.PHI M G p z)

The function frequce many-one reduces L to SAT.

lemma z-in-L: © € L <— fregyce © € SAT

(proof )

The Turing machine tm60 computes frequce With time bound T'60.

lemma computes-in-time-tm60: computes-in-time 110 tm60 f ogyce 160

(proof )

Since T'60 is bounded by a polynomial, the previous three lemmas imply that L is polynomial-time
many-one reducible to SAT.

lemma L-reducible-SAT: L <, SAT
{proof)

end
In the locale reduction-sat the language L was chosen arbitrarily with properties that we have proven

NP languages have. So we can now show that SAT is N'P-hard.

theorem NP-hard-SAT:
assumes L € NP
shows L <, SAT

(proof)

8.4 SAT is N'P-complete

The time has come to reap the fruits of our labor and show that SAT is AP-complete.

theorem NP-complete-SAT: NP-complete SAT
(proof)

end
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