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Chapter 1
Algorithmic ” Turing” Computability

In this chapter A and A’ are arbitrary alphabets. We also set B = {0,1}. We further assume
B cC A Weset B={0;1}"

1.1 Turing Machine

1.1.1 Definition of a multi-tape Turing machine

A multi-tape Turing machine allows the use of several work tapes in parallel, instead of a
single one. Each tape possesses its own read/write head which can move independently of

the others.
The operation is similar to a classical Turing machine, but at each step:

e The machine simultaneously reads the symbols under each read head
e Depending on these symbols and the current state, the machine:

— Changes state
— Writes new symbols on one or several tapes
— Moves each head independently (left, right, or stays in place)

This variant facilitates the design and description of certain algorithms by allowing in-
termediate data to be stored and manipulated on separate tapes. It is important to note
that a multi-tape machine is not more powerful than a single-tape machine: any computation
realizable with k tapes can be simulated by a single-tape machine (We will show this result
in a section dedicated to reduction later in the course).

A k-tape Turing machine is a 7-tuple

M =(Q, AT, #,6, 40, ¢)
where:
1. @ is an arbitrary finite set whose elements are called states.
2. A is an arbitrary alphabet called the input alphabet.

3. T' is a work alphabet (or tape alphabet), which includes the blank symbol # (or
empty symbol), that is # € I'. Furthermore A C T
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4. # is the blank symbol, used to represent the empty cells of the tapes.

5.0 1 (Q/{qa}) x T — Q x T* x {«—,],—}* is the transition function, where T'*
represents the symbols on the k tapes and each direction of movement is specified
for each tape.

6. qo € @ is the initial state.
7. q, € @ is the accepting state, where the machine halts and accepts the input.

We then set T as the set of Turing machines.

1.1.2 Configurations of a Turing machine

We will formally introduce the notion of configuration of a k-tape Turing machine which
describes the current state of the machine, the content of each tape, and the position of the
read /write heads.

Let there be a k-tape Turing machine
M =(Q, AT, .6, 0, qa)-
We call a configuration of M an element:
C = (q, (cjl-, e ,C?>jeZ, (p1,...,pr) € Q x (TF)% x Z*.

In other words, C' represents the state g of the machine, where the content of the -
th tape is described by the sequence (cjl)) jez and the i-th read head is positioned at
location p; of this sequence. Furthermore, we call:

- the sequence (cjl-)jez the input tape,
- the sequences (c?)jez for i € {2,... k — 1} the work tapes,

- the sequence (C;?)jeZ the output tape.

We can then informally describe the operation of a Turing machine: it functions by
passing from one configuration to the next, determined by its transition function . This can
be formally specified according to the definition opposite.

Let there be a k-tape Turing machine

M = (Q, A, F, #; 57 qo, Qa)

and two arbitrary configurations C, C” of M

1 k
C=(q, (5", o) ez (o1, o)
k
O = (¢, (1, ) sen, ()

We then say that C” succeeds C' and we denote C' Fj; C” if:
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o 5(q, (s o)) = (s (ar, - ag), (01, ..., 61))
if ; =< thenp, =p, —1
if 0; =—  then p, =p; + 1

o Vie[l;k]: T;,(ii) = a; and Vj € Z such that j # p; we have r;(i) = r](-i)

Furthermore, if there exist configurations C4,...,C, such that Vi € [1;n —1],C; Fy

;11 we will then denote
CyFy Ch

1.1.3 Accepted language, looping, and output of a Turing
machine

In its intuitive definition, a program allows checking certain properties on its inputs and
providing a result which is the fruit of a computation as output. The definitions of accept-
ed/looping languages and of the outputs of a Turing machine allow capturing this notion.

Let there be a k-tape Turing machine, denoted
M = (Qa A? F7 #a 57 qo, Qa)

and a word w € A*, which we denote in the form w = wow; . ..w,. We define the initial
configuration as follows:

1 k
Cy = (qo, (A, ), (o,...,O)) ,
where for each tape i and each position j:

e For the input tape (i = 1):

J

C: =
#  otherwise
e For the other tapes (i € {2,...,k}):
Viez, &) =4#

We then define:

e If there exists (a, p) € (%)% x ZF such that Cy F3i, (qa, o, p) then w is said to be
accepted by M, denoted | M(w).

Furthermore, if M accepts w, we define its output as the value of its output tape

L M(w) = () jepa

-----

ning and end are trimmed (see remark).

e Otherwise w is said to be looping for M, denoted © M (w).
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Remark. When we say (cg»k))je[[lml/]] [is] the output tape from which the symbols # at the
beginning and end are trimmed, it must be understood [as]

| =min{i€Z| cgk) # #}
I!' =max{i€Z| cgk) + #}

From the definition of a word accepted or looping for a Turing machine, we can naturally
introduce the notion of accepted and looping language. The accepted language designates
the words for which the machine eventually accepts the input, whereas a looping language is
the one for which the machine never halts.

Let M be a k-tape Turing machine, we then set respectively the language accepted and
refused by M as

{M(M) = {z € A" || M(2)}
Lo(M):={z € A" |z ¢ L, (M)}

1.1.4 Output of a Turing machine after ¢ transitions

Until now, we have not introduced notation to represent the output of a Turing machine
during its operation. This is why we introduce the following notation which indicates the
value of the output after a number ¢ of transitions. We will use this notation in particular to
define monotone Turing machines.

Let there be a k-tape Turing machine, denoted

M = (Q, AT, #,6,q0, qu)-

Let us consider the initial configuration Cy with w on the input tape. If there exists a
sequence of configurations Cy, ..., C} such that

Cobar - Fu Gy,

vV
t transitions

and if (c§~k))j€{l7,_.7l/} represents the content of the output tape of C; from which the
symbols # at the beginning and end are trimmed, that is formally

| =min{i e Z| " # #}
' =max{i € Z| ™ £ #}

then we define

M(w | t) de:f‘ C1Cy...Cp = (C§k))je{1,...,1}

as the output after ¢ transitions for the input w.
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1.1.5 History of a Turing machine

We wish to introduce a definition to describe the successive variations of the output of a
machine. This notion can be illustrated by a concrete example. Consider a Turing machine
whose successive outputs are the following: 0, 01, 011, 011, 01, 011, 011, 011, 010, 010, 000,
000, 000. The history of this Turing machine is then summarized as: 0, 01, 011, 01, 011, 010,
000, which means that we have eliminated the duplicates from the output.

Definition: History of a Turing machine

Let M be an arbitrary Turing machine. Let us set for all £ € N the output after ¢
transitions, that is o, = M (p | t). We then call output history of a Turing machine M
for an input p € L (M) the sequence (hy)reqo,1,...3 With I € N'U {oo} such that

hOIOO
’I’LOZO

Wk > 0, ng = min{o.z > ng_1 | 0p # hik—1}
hi = op, if ng # oo

and defined by the recurrence,

Note that we use the convention min{(} = oc.

1.1.6 Equivalence between Turing machines for an input

Equivalence between Turing machines, on an input, means that the behavior of two machines
on specific inputs is the same. We will introduce a notation to designate the fact that two
Turing machines are equivalent on specific inputs.

Definition: Equivalence between Turing machines for inputs

We say that M on input p is equivalent to M’ on input ¢ if one of the two conditions
is verified:

1. L M(p)A | M'(q) with equality of outputs i.e. M(p) = M'(q)
2. OM(p)N O M'(q)

We then denote
M(p) = M'(q)

Furthermore if M (p) and M’'(q) have the same output history then we denote

M(p) = M'(q)

J

Similarly if for a given input, two Turing machines have the same behavior we will say
that they are equivalent.

Definition: Equivalence between Turing machines

We say that M is equivalent to M’ if for all p € B*, M (p) = M'(p). We then denote

M =M
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Similarly if for all p € B*, M(p) = M'(p). We then denote

1.1.7 Computable functions

We speak of partial functions when the domain of definition can be a strict subset of the
definition domain of the function.

Definition: Partially computable function

Let Z and O be two arbitrary languages in A*. Let there be a function f : Z — O
and a set dom(f) C Z. The function f is said to be partially computable with domain
dom(f) if there exists a Turing machine M such that:

I M(x) and f(z) = M(x) if x € dom(f)
O M(x) if x € Z\ dom(f)

Remark. Two important points to consider:

e Note that for = in A* \ Z the Turing machine can very well accept z, that is M(x) J.
The constraint applies only to the x in Z.

e In practice we will use this definition only in the case of the binary alphabet B = {0, 1}.
That is Z and O [are] two arbitrary languages in B*.

O

Let us first establish a convention which is often present in the literature without neces-
sarily being specified.

Convention:

In the literature the domain of a partially computable function is not always explicit. In
our course the domain will always be a subset of B*. That is to say that ” f is partially
computable” without specifying the domain must always be read as 7 f : B* — B* is
partially computable with domain dom(f) C B*”.

Let us now define the notion of totally computable function which can be seen as an
additional constraint on the domain of a partially computable function.

Definition: Totally computable function

Let Z and O be two arbitrary languages in A*. A function f : Z — O is said to be
totally computable if there exists a Turing machine M such that:

I M(z) and f(z) =M(z) ifzxel

Remark. This definition is equivalent to f [being] partially computable with domain dom(f) =
Z. We can make the same remark as previously, the constraint applies only to the domain.
Thus if = ¢ dom(f) we can very well have | M(x) or © M (x). o
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1.2 Church-Turing Thesis and high-level language

1.2.1 Examples

A three-tape machine that tests if an integer written in binary on the input tape is even
functions as follows: it moves the read head to the right until the end of the word and checks
if the last digit is 0. To locate the end, it advances by one cell to find the first blank symbol.
The machine is described by:

Input alphabet: A = {0,1};

Work alphabet: I' = {0, 1, B};

States: @ = {qo, ¢1,qa};

Transition function:

d(qo, (u, B)) = (qo, (B, B), (D, S,S)) forall u € {0,1},
5((]07 (B>B)) = (CI17 (BvB)> (G’ S, S))>

(q1, (0, B)) = (¢a, (B, B), (S, S, 5)),

5(Q1; (LB)) = ((B> B)? (87 S? S))v

3(q, (u,v)) = ((B, B),(S5,S,S)) for the others (g, (u,v)).

Note that the work and output tapes are not used here.

1.2.2 High-level language

” Any problem that can be solved by an algorithm can be solved by a Turing
machine.”

By algorithm, we mean here a high-level language such as C, C++ or others. In other
words, variable storage, basic operations (+, —, X ), comparisons >, <, <, >, conditional
instructions (“if”, “else”), loops (“while”) and function calls can be simulated by a
Turing machine.

Proof idea.

e Variable storage: The integer variables x; are represented by a given encoding in binary
and separated by | on a tape: x1 fzo7--- 12,

e Basic operations: The operations of assignment, addition and multiplication are simu-
lated by instructions on the Turing machine:

— Assignment <—: Writing of the value at the corresponding location on the tape.
— Addition +, Multiplication x and Subtraction —: Realized by algorithms of incre-

mentation and repeated additions.

e Condition Operations: A condition ”=" is performed by comparing bit by bit two values
x; and x;. The conditions ">, <, <, >" are performed by comparing bit by bit starting
from the most significant bit.



12 CHAPTER 1. ALGORITHMIC "TURING” COMPUTABILITY

bhi

e Conditional instructions: The instructions ”if”, "else” are managed by states, allow-
ing the machine to change execution path according to the result of the instruction’s
condition.

e Loops: The loop "while” is simulated by a state, allowing the machine to repeat in-
structions as long as a condition is true. Once the condition is no longer met the Turing
machine returns to the previous state.

e Function call: Consider two Turing machines, M and M’, which dispose respectively of
k and k' tapes such that (k" > 2k). When a Turing machine M calls M’ with input w,
it simulates M'(w) in the following manner: the states of M before the call are saved
using a specific encoding on a dedicated backup tape. Then, M simulates the operation
of M’ on k' additional tapes, in addition to its k& tapes. Once the execution of M’ is
finished, M restores its previous state thanks to the information stored on the backup
tape.

1.2.3 Encoding of an integer (binary representation)

Let n € N*, there exists a unique word b = bb;_1...by in B* with b, = 1 and [ =
|log(n)] + 1 such that

l
=0

We say that b is the binary representation associated with n. Furthermore, we associate
to 0 € N the binary representation 0 € B. We then define the bijection

bin : N — B*
which associates its binary representation to an integer.

Proof. Let us show the uniqueness of the binary representation. Let b = bb,_; and b’ =

vy ... by be two binary representations of n € N. If n = 0 then immediately b = b = 0,
so we will assume in the following that n > 0. We immediately have | = I’ = |log(n)| + 1.
Assume b # b’ and let us set the largest 1 < m < [ such that b,, # b/,. Without loss of
generality, assume b/ =1 and b,, = 0. We then obtain

l m m—1
' ‘ ] 21+1 -1
YO = b2 =) (B - b2t =2 (B - b;)2 = 27+ ——1 >0
3 1=0 =0

=0
———
=n—n=0
which is absurd. We therefore necessarily have V1 < i < [,b; = b, which demonstrates the
uniqueness. [}

It would be desirable to have, as for integers, an addition operation and a comparison
relation for numbers in binary representation. To this end, we introduce the set A/ with
which we associate an addition operation + and a comparison operation < as follows.
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Definition: Binary integers

We define the set
N by {bin(n) | n € N}

We then define an order relation < and an internal composition law + on the set A/
such that for all z,y in NV,

<y e bin™!(z) < bin~!(y)
T XY Vo bin~!(x) x bin™(y)

Tty = bin~(z) + bin~!(y)

€

In the following, we will write +, < and x for 4+, < and x.

Property: N is "recognizable”

There exists a partially computable function Asserty with domain N.
-

Proof. It is trivial. It suffices to set an algorithm that checks if its input does not start
with a 0. If an input satisfies such a condition then necessarily the input is in A/. Thus there
exists a partially computable function Assert, with domain N. |

Until now, in order to measure the size of a word, we had the function | - | returning the
size of a word in N. It would be useful for us to have an analogue that returns the size of a
word but in binary representation. We thus introduce the function ¢ returning the size of a
word in binary representation.

Definition: Binary size of a word

We define the function ¢ : B* — A such that

Ve e B*, {(x)=bin(|z|)

In the following, in order not to overload the writing, we will allow ourselves the following
abuse of notation.

Convention:

For z € B*, we will sometimes denote, in an abusive manner, 11*/ = 14®), This notation
aims to avoid overloading the writing.

1.2.4 Encoding of relative integers

Definition: Encodings of relative integers

We define the set

Z by {0bin(n) | n € N}

We then define an order relation < and an internal composition law + on the set N
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such that for all z,y in Z,

<y — bin~'(z) < bin~'(y)
Xy <= bin™!(x) x bin~!(y)

z+y = bint(z) + bin~*(y)

In the following, we will write 4+, < and x for 4+, < and x.

Property: Z is "recognizable”

There exists a partially computable function Assertz with domain Z.

Proof. It is trivial. It suffices to set an algorithm that checks if its input does not start
with a 01. If an input satisfies such a condition then necessarily the input is in Z. Thus there
exists a partially computable function Assertz with domain Z. |

1.2.5 Encoding of rationals

We introduce here the encoding of rationals which will allow us in the following section

Definition: Encoding of rationals

We call encoding of rationals in binary form the set
Q=N x (N\{0}).

To Q, we associate two internal composition laws, denoted @& and ® and an order
relation (Q, <) which we define *

(n1,d1) ® (na,do) = (ny1xdy + noxdy, dyxds )

©®
V’I’Ll,’fLQEN, le,dg €N\{O}, <n17d1>®<n27d2>:<n1>.<n27d1>'<d2>
<n1,d1> < (n2,d2> ﬁ ny X d2§’n2 X dl.

In the following, we will denote the operations & and ® by + and X, respectively.
Similarly, we will use < to designate the order relation <. Furthermore there clearly
exists a bijection

)5 = (bin(n), bin(d) )
Qbin : {Q 0

“We denote here + and x for the operations on binaries, and < for comparisons.

Convention:

Let (gn)nen be a sequence in Q such that lim,,_,,, Qbin(g,) = | € R, we will then denote

for the sake of conciseness lim,, . ¢n = leR.
not.
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1.2.6 Lexicographical order of B*

We will now define an order that we call lexicographical order. Lexicographical order allows
ordering words based on alphabetical order (here the binary alphabet B). In this order,
elements are compared character by character, following the order of letters in the alphabet.

Definition: Lexicographical order

We set the ordered set (B*, <) such that for all b = b1by...0; and O/ = b}b), ... by in B*:

b=V <= (bl <)) or (3K, Vi€ {1,... K}, b= b and by < 1})

Remark. Let us enumerate B* in lexicographical order: 0, 1,00, 01, 10, 11, 000 , 001
, 010,011,100, 101 , 110 ... o

It is possible to present a program which allows enumerating the set B* in lexicographical
order. We will see later in the course that the computable function 7., is what is called an
enumeration of B*.

Property: Enumeration in lexicographical order

There exists a totally computable function 7 : N' +— B* such that

Vi,jeN, i<j = =n(i) < 7(j)

Proof. Let us set the following totally computable function lex:

For an input 4 in V.
Initialize k£ <— 0 and n <— 1 and s <— 0
Do for j=1,...,1:
— If s is composed only of 1s then
x Assignn <+ n+1and k < 0
x Assign s <— 00...0 with n times 0.
— Otherwise
x k< k+1
x 5 "R

Write s to output and accept

We justify firstly that lex is totally computable. Indeed for any input ¢ in N the procedure
terminates because all operations (finite loop, addition, concatenation, ...) are executed in a
finite number of transitions.

For a call lex(i), let us set the following loop invariant for all 0 < j <:

I(j) : " At the beginning of the loop at iteration j, the variable s = 0" ~“*®)k which
is equal to lex(j).”

Base (7 = 0): By the initialization s = € which is the smallest word in the lexicographical
order, that is lex(0). The loop will not be executed because i < 1 and we will have writing
of s = lex(0). We have I(0)

Maintenance (j): Assume that the invariant I(j) is true for a j < i and let us show
I(7+1). There will necessarily be a j + 1-th iteration because exactly i iterations take place.
Two cases are then possible at the j-th iteration:



16 CHAPTER 1. ALGORITHMIC "TURING” COMPUTABILITY

e If at the beginning of the iteration s = lex(j) = 0" “®E is composed only of 1s then
n = ((k) and necessarily s = k = 11...1 with n times 1. The next term in the
lexicographical order lex(j + 1) is therefore 11...1 composed of n + 1 times 1. Now
this corresponds exactly to the update of s, so at the end of the iteration we will have
s = lex(j+1). Furthermore we will have the assignments n <— n+1 and k < 0 therefore
s =07k [(j+1) is maintained.

e If at the beginning of the iteration s = lex(j) = 0" “®k is not composed only of 1s
then the word following s in the lexicographical order is 0"~“*+1(k + 1). Now this is
exactly the update performed on s. We thus indeed have that s updated is lex(j + 1).
Furthermore k < k+1, so we indeed have at the end of the iteration s = 0"~ **+1D(k+1).
I(j + 1) is maintained.

Termination: For the call lex(i), the loop is executed exactly i times so s equals lex (i)
and will be written to output. We thus have termination. |

1.2.7 Dovetail execution

Before proceeding, it is necessary to introduce a particular type of execution of a Turing
machine. Suppose we wish to determine on which word a Turing machine M halts for a
sequence of words wy,ws,.... A naive approach would consist of executing M on wy, then
waiting for the end of this execution before moving to ws, and so on. However, this method
presents a major drawback: given that a Turing machine can potentially enter an infinite loop
on a word, we risk waiting indefinitely for certain words. Dovetail execution offers a solution
to this problem by allowing several words to be processed simultaneously.

Principle: Dovetail call of M

Dovetail execution consists of simulating several Turing machines in parallel on a se-
quence of words.

e Initialization: We consider an enumeration of possible input words, w, ws, ws, . . .
for example ordered lexicographically.

Y

e Parallel Simulation: Dovetail execution consists of simulating n instances of the
Turing machine M on wq, ws, ws, ... w, with n increasing at each step. At each
step of the simulation, we interleave the transitions of the different instances on
a single tape with { as separator:

TM(wy | k)t M(ws | k—=1) 77 M(we—r | 2) T M(wy | 1)7
For example, for n + 1 simulations, we will have:
— At step 1: 1M (wy | 1)T
— At step 2: tM(w; | 2) 1 M(wy | 1)T.
— At step 3: TM(wy | 3) T M (w2 | 2) T M(ws, 1)t
— At step 4: TM(wy | 4) T M(we | 3) T M(ws | 2) T M(wy | 1)}

— At step n: 1M (wy | n) M (wy | n— 1) - M(w,y | 2) 1 M(w, | 1)i
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e Recovery of Results at each step: At the end of each simulation step, it is possible
to recover the results for each instance to examine if they are accepted, compare
them...

1.3 Reduction

One might be tempted to believe that a multi-tape Turing machine, using a non-binary alpha-
bet, is more expressive than a single-tape Turing machine with a binary alphabet. However,
this idea is erroneous. Indeed, a single-tape Turing machine, even with a binary alphabet, can
simulate any multi-tape Turing machine or [one| using a more complex alphabet. Although
this simulation may be less efficient in terms of time or space.

1.3.1 Alphabet reduction

The notion of translation morphism is quite explicit: it transforms a word of one alphabet
into its corresponding word of another alphabet.

A morphism ¢ : A* — A is called a translation [morphism] if:
vo,we A, plvw) = p(v)p(w)

In other words ¢ encodes each letter of A by a word over A'.

One would be tempted to say to oneself that a Turing machine having a rich alphabet
would be more powerful in what it allows to compute. However, the following theorem shows
that this is false. Thus the following result establishes that it is possible to reduce any Turing
machine to an equivalent machine that operates solely on a binary alphabet. This reduction
is realized using a bijective translation morphism, which associates to each symbol of the
original alphabet a binary representation, while preserving the behavior of the machine.

Theorem: Reduction to the binary alphabet

Let there be two Turing machines M and M’ with respective work alphabets A and B.
Then, there exists ¢ : A* — B* a bijective translation morphism such that

Vw e A, M(p(w)) = M(w)

Proof idea. We assume the hypotheses of the theorem. Let us set A = {s1,...,s,}. We can
then take the morphism ¢ which associates to s; the binary notation of i on [loga(n)] bits.
We thus have ¢ which is bijective by uniqueness of the binary representation.

The idea consists for the Turing machine M’ to consider the block of cells encoding ¢ (s;) as
a single and unique cell. The reading phase consists of reading and storing in a corresponding
state the value read on the [loga(n)] bits then making it correspond to its symbol in the
alphabet A by the translation morphism . The writing consists of writing on the block of
[loga(n)] bits the corresponding value of the symbol of the alphabet A by the translation
morphism ¢. From there, the process is in every point analogous to that of running the
Turing machine M. |
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1.3.2 Tape reduction

Previously we saw that a Turing machine with a binary input alphabet is as powerful as a
Turing machine with a richer alphabet. Similarly for the number of tapes: a Turing machine
with one tape is as powerful as a machine with k tapes. Indeed, the following theorem
demonstrates that a multi-tape Turing machine can be simulated by a single-tape Turing
machine. This reduction is essential because it allows simplifying the analysis of algorithms
while preserving their behavior, thus guaranteeing that the two machines accept the same
inputs.

Theorem: Reduction to a single-tape Turing machine

Let there be a k-tape Turing machine M then there exists a one-tape Turing machine
M’ such that

Vwe A, M(w) = M (w)

Proof idea. To prove that any k-tape Turing machine, denoted M, can be simulated by a
single-tape Turing machine, denoted M’, we proceed as follows:

- Encoding of the tapes: We represent the content of the k tapes on a single tape by
using a separator symbol, for example 7. If the tapes contain respectively wy, ws, ...,
wy, we encode them as:

wy fwa T... T wg

- Simulation of movements: At each step, M’ reads the current state of M and the
symbols under the read heads. It performs the transition defined by the transition
function 0 of M, by moving the read heads on the single tape. To access a symbol on
a specific tape, it traverses the tape until reaching the desired symbol.

- Management of states and halting conditions: M’ maintains the current state of
M and checks if M has reached an acceptance or rejection state after each transition.

1.4 Encoding

In order to introduce this section let us give, in an informal manner, a definition of an encoding
is a representation of objects, data or instructions in the form of a word of an alphabet which
can be interpreted by a Turing machine. A more formal definition notion would be that The
notion of encoding will be useful to us later in order to define a universal Turing machine.

1.4.1 Prefix encoding

A prefix encoding is a partially computable function E : B* +— B* such that the set of
code words {E(z) | x € dom(E)} is prefix-free.

We can then associate a self-delimiting decoder with each prefix encoding.
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Definition-Theorem: Self-Delimiting Decoder for a Prefix Encoding

Let E : B* — B* be a prefix encoding. Let us set £ := {E(zx) | x € dom(E)}
which by definition is prefix-free. Then, there exists a partially computable function
Dg : B* — B* with domain EB*:

ew = e
DEi
{SB* cCB* —=¢&

We call Dy the decoder associated with the prefix encoding E.

.

Proof. Assume that E is a prefix encoding. Let us set Dg the computable function with
the following operation for e € B*:

For an input e in B*. Call E in dovetail on the og,0q,... in B* arranged in
lexicographical order. For each computation that terminates E(o;): If E(o) < e
then write E(o) to output and accept.

Let us show that Dg is a decoder associated with E. For an input e in B* two cases are
possible:

- For e = aw such that a € £ and w € B*, there exists a ¢ € B* in the enumeration in
lexicographical order such that F(o) = e. As E(0) <, e we will have during the passage
through the condition that E(o) will be written to the output before acceptance. Thus,
Dg(e) = E(0).

- For e ¢ EB*, by definition there does not exist any ¢ € B* in the enumeration in
lexicographical order such that E(c) <, e. Thus during any passage through the
condition, Dg will not accept its input. In other words Dg loops indefinitely.

We then indeed have that Dpg is such that dom(Dg) = EB*, with the outputs corresponding
to that of the statement. |

Definition-Theorem: Self-Delimiting Decoder for a Prefix Encoding

Let F : B* — B* be a prefix encoding. Let us set £ := {F(x) | € dom(F)} which by
definition is prefix-free. Then, there exists a totally computable function:

4 Jew v with E(v)=e
Dy
EB* — &

We call Dg the decoder associated with the prefix encoding F.

S

Proof. It suffices to remark that for all e € B* we have Dy'(e) = E(Dg(e)). [ |

N

1.4.2 Canonical prefix encoding

Informally, a self-delimiting encoding of a word is a representation of a word that includes
information about the length of this word in its own encoding. This means that the encoding
contains elements that allow determining the size of the word or its end.



20 CHAPTER 1. ALGORITHMIC "TURING” COMPUTABILITY

Definition-Property: Canonical prefix encoding

Let 7« > 1 be an integer. We define the function

14=) ifi=0

Ve e B*, E;(x)=
! (@) {Ei_l(f(x))x otherwise

We then have that E; is a prefix code (see proof). We can then define the prefix-free
languages

Proof. Let us prove by induction on ¢ > 0 that &_; is a prefix code.

Base (i = 0): For any string z,y, we remark that Eo(z) = FE;(y) implies 1°®0 = 1/®0
therefore x = y.

Inductive step (i): Assume that E; ; is a prefix code. Let x,y € B* such that E;(x) =
E;(y). By definition, this is written F;_1(¢(z))x = E;—1(¢(y))y. By the induction hypothesis,
&i—1 is a prefix code. The unique decodability theorem gives E;_1(¢(z)) = E;_1({(y)). By the
induction hypothesis, the function E;_; is injective, therefore ¢(x) = ¢(y). We then deduce
x = y. Consequently, & is a prefix code. The proposition is established by induction. |

Property: Non-recursive form of F;

For all 7 > 1 and for all x € B*, we have:

Ei(z) = 1C @ p=Y () 072(z) - ... Oz) 1

where ¢/ (x) = £(¢(...¢(x)...)) with j compositions and °(x) = .

.

Proof. We proceed by induction on ¢ > 1.

Base (i = 1): By definition, E)(x) = Eo(¢(x)) - x. Since Ey(y) = 1°®0, we have E(z) =
14¢@)( . 2. Using the notation ¢/, this is written F;(z) = 1€ )0 . ¢9(z). The formula of the
lemma for i = 1 gives 14¢" @0 . ¢1=1(z) = 14 @)( . ¢°(z). The two expressions coincide. The
property is therefore true for ¢ = 1.

Inductive step (i — i + 1): Assume by the induction hypothesis that f; is true for i > 1.
Let us show it for i + 1. By definition, F;i(z) = E;({(z)) - . Let us apply the induction
hypothesis to the input y = ¢(x):

Ei(0(x)) = 18E @0 =1 (p(z)) - ... - O(6(z))
Let us simplify the terms using # (¢(x)) = ¢ +1(x):
Ei(0(z)) = 1°CT @0 fi(z) - M)
Substituting into the expression of E;;;(x), we obtain:
Bi(z) = (1“”'“(1))0 i) el(x)) x
= 1@ () - 0 () - ()

This is exactly the formula of the lemma for rank 7 + 1. |
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Property: E; is a prefix encoding

For all integers ¢ > 0, we have E; is a prefix encoding.

Proof. We had already shown that FE; is a prefix code. Let us set the following partially
computable function FE;

For an input e € B*
Initialize:
— k<
— T < €
— Qi < €
Loop while k£ > 1:
— Qp—1 < é(ak)
= Tg—1 < Qp—1Tk-
— k< k-1

Let us prove the correctness by setting for 1 < k < ¢ the loop invariant Z according to which
at the beginning of Step 2, when the loop variable is k, we have:

1. ap = El_k(x)
2. 1 = 07K (x) R 2) - 00 (2)

Base (k = i): Step 1 initializes k = i, a; = x and r; = z. The invariant Z; is verified,
because a; = (*"(z) = (°(x) = z and r; = (°(z) = z.

Maintenance (k — k—1): Assume Zj, true for a k > 1. The algorithm executes the ”Else”
branch:

o aj_y +— lay) = L(07F(x)) = =D ().
@ Ty gy T = LTED () (R () - ).

The new values a;_1 and 7, satisfy the invariant Z;_; for the next pass.

Termination (k = 1): The loop terminates when k = 1. According to the invariant Z;, we
have:

o a; = (Y(x)
oy =0"Yz) - (2(x)...-x
We will then have written on the output 140 - r;. Substituting the values, it returns:
1@ (Y (2) - 02 (2) - x) = 1@ ) -

By the lemma which precedes this is the non-recursive form of E;(z). [

Among the prefix codes E; those which interest us particularly are those for i = 1, 2.
These are sufficiently important to introduce a notation which is specific to them.
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Definition-Property: Elias Delta Encoding

We set the Elias Delta encoding defined for all x in B* by,
T = Eg({ll)
Furthermore we prove that ¢(Z) = ¢(Ey(x)) = ¢(x) + £({(x)) + 1. We set moreover

E={|zeB"}

Proof. We apply the non-recursive form of the lemma, Ey(x) = 14¢@)0-£1(z)-£°(x), which
provides us
((By(z)) = aﬂ“ﬂm+aﬂ@)
= (L () +1) + £((x)
aaa@»+ww<»+é<)

)+ U((x))
)+

()

1.4.3 n-Code

We will now define a particular class of n-codes, called "associated” with a prefix code, which
are fundamental in Kolmogorov complexity. The following recursive construction highlights
a structure where the first n — 1 words are encoded using a prefix code, allowing their delim-
itation, while the last word is not encoded. This particularity is crucial for the definition of
conditional Kolmogorov complexity.

Definition: Associated n-Code F

Let E be a prefix encoding. For all integers n > 1, we define the function E™ : (B*)"
B* such that for all strings x1,...,x, we have:
Ty ifn=1
E"(xy,29,...,2,) =
(@, 22 Ud{m@yEm%@,”w@ ifn>1

Property: Injectivity of an n-code and non-recursive form

For all n > 1, the function E™ defined above is injective. Furthermore, it admits the
following non-recursive form:

E™(xy,...,x,) = E(x1)E(x9) ... E(xp_1)xy

Proof. We prove subsequently the formula of the statement then the injectivity.

Non-recursive form: Let us show by induction on n > 1 that
E"(x1,...,2,) = E(z1) ... E(xp_1)Ty,
Base (n = 1): By definition, E'(x;) = x;. The base property is verified.

Inductive step (n — n + 1): Assume the property true at rank n. By definition of E™*!
and by the induction hypothesis applied to (xa, ..., Zp41):

En+1($1, e ,I’n+1) = E(l’l) . En(l’g, e ,$n+1)
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= E(x1) - (E(x3) ... E(xn)x,,1) [By induction hypothesis]
= E(x1)E(xs) ... E(x,)Tn

The property is therefore true for rank n + 1.

Injectivity: Let @ = (z1,...,2,) and ¥ = (y1,...,y,) in (B*)" such that E"(Z) = E"(v).
Using the non-recursive form, we have:

E(x)E(z3) ... E(xp_1)Tn = E(1)EW2) - - E(Yn—1)Yn

Since E is a prefix code, the language £ = {FE(z) | z € B*} is prefix-free. By the non-ambiguity
of a prefix code we obtain

E(x;) = FE(y;) forall je{l,...,n—1}

Furthermore, as E is injective (since it is a code), we deduce that z; = y; for all j €

{1,...,n—1}.
By removing from the non-recursive form the common prefix F(z1) ... E(z,-1) = E(y1) ... E(Yn-1),
it remains:

Tn = Yn

That is, ¥ = . The function E™ is therefore injective. |

Definition: Language of n-codes

For n > 1, the image of the function E™ is denoted £ SE"):

£ = (B, ) | () € (B))

Remark. Contrary to the code words of a prefix code/encoding, { E" (21, ..., 2,) | (x1,...,2,) €
(B*)"} is not prefix-free. This is due to the last term z,, which is not encoded and can po-
tentially be a prefix of another z/, or of another sequence. o

Convention:

We denote throughout the rest of the course for all strings x1, zo, ..., Ty,
(1,29, .. 20 ) 1= Ey(21) Ba(22) ... E(7y-1) 20

We note that this is also written 123 . .. Z,,—12,. We set furthermore

gM .= {{x1,29,...,2,) | x1,29,...2, in B*}

1.4.4 Manipulation of an n-Code

Property: S,gl') is recognizable

Let E be a prefix encoding and n > 1. There exists a partially computable function
Assert with domain dom(Assert) = Sgl).

Proof. Let n,7 > 1 be two integers. Let us set Assert as the function with the operation:



24 CHAPTER 1. ALGORITHMIC "TURING” COMPUTABILITY

For an input e in B*.
Initialize r; <+ e.

Loop over k=1,2,...,n— 1:

— ag < DE(Tk)

— Tkt1 < Tgllak] o |7k}, that is rp with a; removed.
Accept the input.

Let us set the following loop invariant for 1 < k < n:

Z;: 7 At the beginning of the k-th iteration of Step 2, we have e = aqas ... ap_17%
with a; € E for all j <k.”

Base (k = 1): At the beginning, 1 = e and a; is empty. The invariant Z; is verified.

Maintenance (k — k + 1): Assume Z; true for k < n — 1. Iteration k computes a; €
E and rgyq such that rp, = agrgy;. Substituting into the invariant, we thus obtain e =
aj...ap_1(apTrs1) = @y ... agrey1, that is Zy,q is verified.

Termination (k = n — 1): The algorithm accepts after the last iteration of the loop for
k =mn — 1. According to the invariant Z,, 1, we have e = a; ... a,_or,_1. The last execution
decomposes r,_1 into a,_1r,, where a,_; € E. The input thus has the form e =ay...a,_17,
with a; € F and 7, € B*, which corresponds to the definition of an element of £ (),

Conversely, if e ¢ £, there will exist a step k& where r, does not begin with a word
from E, and the computation Dg(ry) will not terminate. The function indeed has € SE") as its
domain. |

Property: Manipulation of an n-Code: Reading

Let n > 1 and n > j > 1 be integers and E be a prefix encoding. There exists a totally
computable function

() (e1,...,ep) —w; forl1<j<n
DE i g \
I — B

with () corresponding to the encoding for E' (not necessarily ).

Proof. Let us set the computable function Dg) having the operation

For an input e € &.
Initialize r; < e
Loop over k =1,2,...

— Qi < D E (7’ k)

— Tpe1 < rellag] + 1 : |rg|], (that is rp with wg removed) [Note: The text says
wyg, but based on context it should likely be a;. 1 will translate literally as wy
per instructions, or stick to the intended meaning if it’s a clear typo. Given strict
fidelity instructions, I will use "removed from wy” if that’s what the French implies
("retranché de wy”), but "retranché de wy” usually means wy, is subtracted from
it, or it is removed from wy. Context suggests a, (the prefix) is removed from ry.
The French text says "c’est a dire r; retranché de wy”. 1 will translate literally:



1.4. ENCODING 25

"that is r, with w; removed” or ”that is r; subtracted by wy”. Let’s stick to "that
is 7, with wj removed” as it’s the standard interpretation of "retranché de” in this
context of string manipulation, assuming wy, is the prefix just read.]
— If k+ 1 ==n then
x Write r,; to output then accept.
— If K == j then
« Write Dj};(ax) to output then accept.

We remark firstly that we necessarily have termination of the procedure because k is
incremented until verifying one of the two stopping conditions. We thus already have that
Dg) is totally computable.

For the call Dg)(el, ..., €y) let us set the loop invariant for 1 < k& < n at the beginning of
iteration k of the loop:

I(k): r.=EFE(eps1)...Elep1)w, and VI<i<k, a; =c¢;.
Base (k = 1): Before the first iteration, r = e = E(ey) ... E(ey,). I(1) is therefore true.

Maintenance (k — k+1): Assume that I(k) is true for k < j. During iteration k + 1 we
will have:

1. a + Dg(r): By I(k) and by definition of a self-delimiting decoding we necessarily have
ap = E (ek)

2. rp1 < riflex| + 12 |rel]: By 1(k) we then verify E(egy1) ... E(en_1)en.

Thus the invariant I(k + 1) is maintained.

Termination: The loop executes exactly j times. At the end two cases are possible: If
J = n then the condition k + 1 equals n is verified so ry11 = e, will be on the output. If
J < n then the condition k equals j will be verified so Dj,(a;) = D} (E(e;)) = e; will be on
the output. In both cases we have termination with the output corresponding to the function
of the statement. [ |

Property: Manipulation of an n-Code: Update

Let n > 1 and 1 < 7 < n be two integers and E be a prefix encoding. Then there exists
a totally computable function

Gy (e, yen),x) = (e, ..., 61,0654, .., 6,)
Updty, '{(5](;’) B*) Hgén—i-l)

with ( ) corresponding to the encoding for E.

Proof idea. The proof does not present any difficulty, that is why we will informally describe
the construction of Updt. For an input ((e,...,e,),z). Extract a < (eq,...,e,) and x
using respectively Dg)(a) and DS)(a). Read and concatenate on the output the encodings
of the first j elements of a with Dg)(a), ...,Dg_l)(a) which gives E(e;)E(es) ... E(w;j_1).
Concatenate on the output E(z) if j < n otherwise concatenate x. Concatenate on the
output the remainder of v using Dgﬂ)(a) and D](En) (). We will then have the desired result.
|
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These properties of manipulation of an n-Code demonstrate the computability of funda-
mental operations on an n-Code. These capabilities are directly analogous to the usual
manipulations on a list type object in computer science (access, modification).

Consequently, in the rest of our developments, we will implicitly manipulate n-Codes
as such lists. This abstraction will allow us to focus on the higher-level logic, without
reiterating the details of their encoding and decoding.

1.4.5 Encoding of Turing Machines

We will now present an encoding of Turing machines which will be useful to us in particular for
the construction of a universal Turing machine. This encoding stores the states, the number
of tapes, the transitions of a Turing machine, the size of the input alphabet (here it will be
two as it is equal to B) and the size of the work alphabet.

Let M be a k-tape Turing machine
M = (Qa Eu F? #7 57 qo, QCL>

We will denote [];_; 21 = (x1,...,2,) € 52("). We set the following indexings of the
states, input alphabets, reé,ding direction:

o Let us set @ = {q,...,qy, } the states of M with, without loss of generality,
q1 = qo and ¢» = q,. We index, in binary writing, the states (), that is we set the

function
IQQZEQV—)I)ZTZ(Z) eN

o Let us set I' = {s1,...,8,,} the work alphabet * of M with, without loss of
generality, s,, = #. We index, in binary writing, the letters of I', that is we set

the function
Ir:s; €D = bin(i) e N

e We index the direction of movement of a read head, that is we set the function:

T, {«;—; |} = {1;2;3} such that Z,(+-) =1 and Z,,(]) =2 and Z,(—) = 3

We will define the encoding of a transition then of M with the help of these indexings:

e Let there be an arbitrary transition of M for ¢ € Q and r € I'*

5(q7 (7"(1)7 st 7T(k))) = (q/7 (8(1)7 st 7S(k))7 (9(1)7 st 79(k)))
—_——

=T

We then define the encoding of this transition by

Dgr = (To(a). Zo(d) ([ [(Ze(r?), Ze(s9), 2o, (67) ) ) )

def.
f =1
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e We then define the encoding of the Turing machine M

(M) = (bin(k),bin(n1),bin(ns), ([ Agr))

def.
°f (q,r)€QxTF

that is the encoding of the tuple comprising the number of tapes, the number
of states, the size of the work alphabet and the encoding of the transitions °.
Furthermore we set ( 7) the set of encodings of Turing machines and the encoding
of transitions A 7.

*We recall that by definition the input alphabet is contained in the work alphabet, that is here
BcCT.
bthe order of the A, , does not matter in the product

We will now introduce partially computable functions allowing to verify that a word indeed
belongs to (7 ) and to extract the corresponding transition.

Property:

There exists a partially computable function Assert : B* +— B* with domain
dom(Assert) = (T ).

Proof. We resume the indexing functions of the states, of the work alphabet defined in the
definition of the code of a Turing machine. The function Assert has the following operation:

- For an input x in B*

- Verify that x belongs to (N, N, N,B*) which allows us to write
r = <k7n1)n27<>

where k,nq,no are supposed to represent respectively the number of tapes, the number
of states, the size of the work alphabet.

- We verify that ¢ belongs to £ (n1—1)xnf. Assuming that x is the code of a Turing machine,
we must examine ¢, which is supposed to represent the transitions of this machine. This
implies that ¢ must be encoded as a function ¢ having as domain Q/{q,} x I'*. For this,
we verify that ¢ represents a (n; — 1) x n§-Code, which means that ¢ must belong to
Em=1xn3 We can thus write:

(n1—1)xnk

¢={ H Ai)

=1
where each A; is supposed to represent a valid transition of the Turing machine.

- Verify that each A; is indeed of the form (¢, ¢/, <H?:1

<Tj7 Sjs Hj > > >7 where:

— ¢ and ¢’ are binary integers representing states according to the indexing 7, defined
previously. We verify that 1 < ¢ <n; and 1 < ¢’ < n;.

— For each j from 1 to k:

* 1, s; are binary integers representing symbols of the work alphabet, in the
indexing Zr, that is we verify that 1 <r; <ng and 1 < s; < ng.
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* 0; is a binary integer representing a direction, that is we verify 1 < bin(6;) < 3.

- Verify that the set of transitions is complete and deterministic. That is, for each possible
pair (q,r), where ¢ is a non-accepting state (¢ # 2) and r is a k-tuple of alphabet
symbols (obtained by decomposing each A; and verifying the r;), there exists exactly
one corresponding transition in the set of A;. This is crucial to ensure that the Turing
machine is well-defined. More formally:

— We verify that for all 1 <i <n; —1 and (ay,...ax) such that Vj < k,1 < a; < no.
There exists [ such that

k

A= (id ([ Cajis5.6)))

J=1

- If all the verifications above succeed, we accept x, otherwise the machine loops indefi-
nitely.

We indeed have that this effective procedure accepts its input if and only if it is in (7 ),
which clearly shows that Assert is the function of the statement. |

Property: Manipulation of {7")

For any Turing machine M with s states (Let S = {1,2,...,s}). There exists a totally
computable function

(M), q,r1,.. . 16) = Dgn
Extractiry: ¢ ((T),SN,....N) — A7y
k

Proof. We resume the indexing functions of the states, of the work alphabet defined in the
definition of the code of a Turing machine. Let us define the computable function Eztract
having the following operation:

For an input ( (M ),q,r1,...,7% ) with ( M) = (k,ny, na, (Hl(-ilfl)xng A))el(T)

Search for the transition that we wish to extract by iterating over the A; until finding
the transition corresponding to (q,71,...,7%):

- For ach = (i  TT e 0))):
x If ¢ =qand V1 < j <k, T§=Tj:

- Write A; to output then accept.

Thanks to the function Extract opposite we can extract a given transition. We assume
in the following that in an effective procedure one can call a function for which one
holds the code of the corresponding Turing machine.
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1.5 Semi-decidable and Enumerable Language

We are going to explore the notions of semi-decidable and enumerable languages. A language
is enumerable if it is possible to enumerate all its words, potentially with repetition, by a
Turing machine.

The notion of semi-decidable language, on the other hand, is more subtle. A language is
considered semi-decidable if there exists a Turing machine that accepts the words belonging
to it. However, for words that do not belong to this language, the Turing machine may enter
an infinite loop, never halting. This is what gives semi-decidability its name: it is possible
to determine if a word belongs to a semi-decidable language, but it is impossible to conclude
definitively if a word is not part of it.

We will see, however, that semi-decidable languages are enumerable and vice versa. Thus,
these two notions are equivalent.

1.5.1 Definitions

A language L C B* is said to be semi-decidable if there exists ¢ : B* — B*, a partially
computable function with domain dom(¢) = L.

Remark. Let us make two remarks:

e [t is also called recursively enumerable; this is due to the equivalence between an effec-
tively enumerable language and a semi-decidable one (see below).

e This definition is equivalent to the existence of a Turing machine M such that

VeeB*, ze€lL < | M(x)
<

Intuitively, a language is enumerable if each word composing it can be displayed one after
the other, or more formally:

A language L C B* is said to be effectively enumerable if there exists a partially com-
putable function 7 such that {m (i) | ¢« € dom(m)} = L.

Remark. A few remarks:

e One sometimes finds in the literature the definition ” A language L C B* is said to be
effectively enumerable if there exists a surjective partially computable function 7 : N+
L”. This definition is strictly speaking false, because it does not necessarily imply that
the set {7 (i) | i € dom(w)} equals L but only that m(N) equals L.

e An enumeration of a language L can contain the same occurrence several times in its
enumeration.

e A finite language is necessarily effectively enumerable. Indeed, for L = {vy,vs,..., v},
it suffices to write a procedure with n cases of the form ”If the input is equal to 7, write
v; as output”.
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1.5.2 Reformulation of enumerable languages

We have the following theorem which states that by removing duplicates from an enumeration
7 : N — L, it is possible to find a bijection m; : {1,2,...,0(L)} € N +— L. Conversely,
from such a bijection, it is possible to construct an enumeration of L.

Theorem: Reformulation of an enumerable language

We have equivalence between
1. L is an effectively enumerable language

2. There exists a bijective effective enumeration 7 : {1,2,...,|L|} — L such that
dom(m) ={1,2,...,|L|}

Note that it is possible that |L| = oco.

.

Proof. (1 = 2) Suppose that L is an effectively enumerable language, that is, there
exists w7, an effective enumeration of L. Let us then define 7 as a function with the behavior

For an input ¢ in N/
Initialize 6 < { }.

Call 77, in dovetail on 7 = 0,1,2,.... For each computation 7;(7) that halts, do:

— If m(j) ¢ 6 then [addition condition]
* Assign 0 < 0 U {r.(7)}
— If size(#) = i then [stopping condition]

« Write 7 (j) and accept.

Let us show the surjectivity of m: Let v € L. Let j1,72... be such that 7. (j,) is the
n-th computation of the dovetail that halts. Since 7 enumerates L, there necessarily exists
a smallest index m such that 7 (j,,) = v.

For each processing of the computations 7, (j1), 7.(j2), - - ., T (jm—1), we potentially have
an addition to 6. Let r be the total number of unique additions performed during the pro-
cessing of these m — 1 first computations. During the processing of 77 (j,,) at the beginning
of the addition condition, the size of # is therefore 7.

By the minimality of m, the word v = 7 (j,,) is not in {m(j1), 7r(j2),- - 7L(Jm-1)},
therefore v ¢ §. The addition condition is thus satisfied: v is added to 6 and its size becomes
r 4+ 1. Thus for the input i« = r + 1. The computation of w(r + 1) therefore returns v.

Let us show the injectivity of 7m: Let a and b be two integers in the domain of 7 such that
a < b. We must show that 7(a) # 7(b).

By the addition and stopping conditions, we observe that m(7) is the i-th word added to 6.
Thus, letting 0; be the set 6 at the halting of the call 7(i), we have 6; = {n(1),7(2),...,7(i)}.

Since a < b, we have a < b — 1. This implies that m(a) is an element of the set
{m(1),...,m(b — 1)}, which is 6,_1. The word 7(b) is, by the addition and stopping con-
ditions, the word which, once added to 6, 1, increased the size of 6 to b. By the addition
condition, this is only possible if 7(b) is not already in 6.
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In summary, 7(a) € 6,—; and 7(b) ¢ 0p_1, which implies m(a) # 7 (b).

(1 < 2) It is immediate. If there exists an effective enumeration 7 [which is a] bijection

of L such that dom(mw) = {1,2,...,|L|}, then in particular 7 is a partially computable function
such that {7(i) | ¢ € dom(m)} = L. We indeed have that L is an effectively enumerable
language. |

1.5.3 Equivalence of enumerable and semi-decidable languages

We will demonstrate the equivalence between semi-decidable languages and effectively enu-
merable languages. This equivalence is particularly useful, because it is often simpler to prove
that a language is semi-decidable than to show that it is enumerable.

Theorem: semi-decidable <= enumerable

Let L C B* be a language. We then have the following equivalence:

L is semi-decidable <= L is enumerable

Proof. (=) Suppose that L is semi-decidable. Then there exists a partially computable
function ¢ with domain dom(¢) = L. Let us define the function 7 with the behavior

For an input ¢ in N. Call ¢ in dovetail on og,0,... of B* arranged in lexico-
graphical order. For ¢(o) the i-th computation that halts, write o as output and
accept.

We must now verify that the function is an enumeration of L, that is, a surjection. Let v € L.
By definition of a semi-decidable set, v € dom(¢$). Thus in a dovetail call the computation
¢(v) will halt. Suppose that ¢(v) is the i-th computation to halt in the dovetail call. Then
7(7) is equal by construction to v.

( <= ) Suppose L is enumerable. There exists by definition a surjective partially com-
putable function 7 : N+ L. Let us then define the function ¢ having the behavior

For an input e in B*. Call 7(¢) in dovetail on t = 0, 1,2, . ... For each computation
7(t) that halts, if the computation equals e then accept.

Let us show L C dom(¢): Let v be in L. As 7 is surjective there exists i € dom(m) such
that 7(i) = v. Thus for the call ¢(v), the computation (i) of the dovetail will stop and
the stopping condition will be verified, hence the acceptance of ¢(v). Therefore v belongs to
dom(o).

Let us show L D dom(¢): Let v be in dom(¢). This means that ¢(v) is accepted. Thus
necessarily by the stopping condition there exists a ¢ such that m(¢) equals the input, that is
v. Therefore v belongs to L. |

1.5.4 Enumerability of standard sets

Without explicitly stating it, we have previously shown that several languages are semi-
decidable. By equivalence with enumerable languages, we can therefore state that these
languages are also enumerable.
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Property: Effective enumerability of standard sets

The languages B*, N, Z, &, EM and (T ) are effectively enumerable.

Proof. This is a consequence of properties/theorems that we have already shown. For B*,
it suffices to posit a partially computable function that accepts all its inputs. For the others,
we had given for each language a partially computable function Assert such that its domain
is the language in question. Thus, by definition, these languages are semi-decidable, therefore
by equivalence effectively enumerable. [ |

1.6 Decidable Language
In the previous section, we studied semi-decidable languages. That is to say, those for which
there exists an effective procedure that halts only for inputs in this language. However, one

might also sometimes wish to know if an input is not in a given language. This is what the
notion of decidable language defines.

1.6.1 Definition

A language L C B* is decidable or recursive if there exists a totally computable function
¢ : B* — {0,1} such that

lifzxelL

ve e B, lz) = {Oif:n¢L

We say that ¢ decides L.

Remark. This definition is equivalent to the existence of a Turing machine M such that

1
w¢lL — | Muw)=0

vw € B, {wEL — | M(w)

o

The following theorem establishes an essential relation between the decidability and semi-
decidability of languages. It shows that the property of being decidable for a language L
is equivalent to that of L and its complement B*/L being semi-decidable. This equivalence
justifies the use of the term ”semi-decidable”.

Theorem: L is decidable <= L and B*/L are semi-decidable

Let L C B* be a language; we have the equivalence

L is decidable <= L semi-decidable and B* \ L is semi-decidable

Proof. ( = ) Suppose that there exists a totally computable function ¢ : B* — {0,1}
which decides L. Let us define the function ¢; having the behavior
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For an input e in B*, if ¢(e) = 1 then accept.

We have immediately, by definition of decidability, that every input in L will be accepted.
Conversely, let us define ¢, having the same behavior with the exception of changing ”if
o(e) =17 to "if ¢(e) = 07. We then also have immediately by definition of decidability that
every input in B* \ L will be accepted.

( <) Suppose L is semi-decidable and B*\ L is semi-decidable. There exist two partially
computable functions ¢; and ¢ with respective domains L and B*\ L. Let us then define
the function ¢ with the following behavior

For an input e in B*
Loop over t =0,1,2,...:

— If ¢1(e) terminates in ¢ transitions then
x Write 1 as output and accept
— If ¢o(e) terminates in ¢ transitions then
x Write 0 as output and accept
We observe already that any input e belongs either to L or to B*\ L. Suppose that e belongs
to L; then ¢;(e) terminates in a finite number of transitions, let us call it ¢'. Then in the call
¢(e), when iteration t' is reached, a stopping condition will be verified, hence the halt with 1
as output. Similarly, for an input e in B* \ L, we will have ¢(e) stopping with 0 as output.

Thus we have just proved that ¢ terminates for every input with the output consistent with
the definition of L being decidable by ¢. ]

1.6.2 Undecidable Language and Halting Problem

We now introduce the notion of undecidable language.

A language L is said to be undecidable if it is not decidable.

Remark. In terms of Turing machines, this is equivalent to saying that there does not exist
a Turing machine such that

1
0

v € B wel < | Muw)
7 wé¢ L — | Mw)

O

The halting problem consists of determining, for a given program and a specific input,
whether this program will halt or continue to execute indefinitely.

The proof of the undecidability of the halting problem relies on a proof by contradiction:
if a Turing machine could decide whether a program halts, one could construct a program
that halts if and only if the machine predicts that it does not halt, leading to a contradiction.
This proves that no machine can solve the halting problem.
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Theorem: Undecidability of Halting

The language H C B* such that ¢
H={((M),p)|MeT,peB and | M(p)}

is undecidable.

?Recall that 7 represents the set of Turing machines

Proof. By contradiction, suppose that there exists a computable function that decides H.
In terms of Turing machines, this amounts to saying that there exists a Turing machine H
such that

((M),p)eH <= |H(M)p) =1
((M),p)¢H < LH(M),p)=0

We can construct a Turing machine P with the following behavior

VPUMY) i LH((M), (M) =0
e {OP«M» it L H((M), (M) =1

Thus, for an input ( M ) € (7 ), the machine P calls H({( (M ),(M))) and, according to the
output of this call, accepts or loops indefinitely.

We have now constructed P, so the encoding ( P) exists. Let us now examine the call
P({P})) to establish a contradiction:

- If | P(( P)) then by the construction of P we have H({ P), (P)) =0, thatis ((P),(P)) ¢
H or equivalently © P((P)). We therefore have || P((P)) and © P((P)), which is
absurd.

- If © P((P)) = 0 then by the construction of P we have H({P),(P)) = 1, that
is ((P),(P)) € H or equivalently | P((P)). We therefore have & P({P)) and
1 P({P)), which is absurd.

V(M) e(T), VxeB, {

In both cases, we obtain a contradiction, which is absurd. [ |

1.7 Universal Turing Machine

1.7.1 Compact Enumeration

We call a compact enumeration of (7 ) a totally computable function 7 : i € N
(M;) € (T ) satisfying
VMeT, JieN, M=M,

Moreover, such a compact enumeration exists.

Proof. It is immediate. We know that (7) is semi-decidable. It then suffices to take an
effective enumeration of (7 ) which, as one can observe, is a compact enumeration. [ |

Remark. Two remarks:
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e A compact enumeration is not necessarily an effective enumeration of (7). Indeed,
there may exist a code of a Turing machine ( M ) such that there is no ¢ with 7(i) =
(M).

e This definition is not a standard definition. I introduced it because it will be necessary
for me to rigorously define certain subsequent definitions. In the literature, this notion
is captured by an enumeration of partially computable functions. Strictly speaking, it
is not possible to enumerate partial functions (a code of a partially computable function
does not exist; it is the code of the Turing machine computing it that exists).

We call an enumeration of partially computable functions a compact enumeration 7 of
the set of Turing machine codes (7). We will then denote

Tl €N (¢)e(T)

with the convention that (¢;) is the code of a Turing machine computing the partially
computable function ¢;.

1.7.2 Universal Turing Machine

.

Definition-Theorem: Existence of a universal Turing machine

There exists a Turing machine called Universal Turing Machine U associated with
o [:i €N +— o€ B* a prefix encoding
e 17:i €N — M; € (T) acompact enumeration of Turing machines
verifying the following points

1.Ife=ope{I(i)p|ieN,peB*} then

U(o p) = Mi(p)

2. Otherwise O U(e) loops indefinitely without writing to the output, that is e.

Proof. Let us construct a Turing machine & whose behavior we will describe for an input
e=eey...e € B*:

Recovery of (M) to be simulated and its input p:

o Assign o <= Di(e) and i < Dj(e) and p < ejp€s, . €

1 °

(With Dz the self-delimiting decoding associated with I, thus /(i) = o and e = op.
Moreover, if e does not start with a word in {I(i) | ¢ € N} then this step loops
indefinitely)

e Assign ( M) < 7(i).
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Role of tapes and initialization: Let us recall the elements of the definition of a Turing
machine code. Let us explain the role of each of the tapes of & and give their respective
initializations:

The first tape contains the input p and will remain unchanged.
The second tape contains the encoding of ( M ) and will also remain unchanged

(n1—1)xnk

<M>:<n17n27k’< H A>>

By definition of a Turing machine code, we have then n; is the number of states, ns

ny— nk
the size of the working alphabet, k& the number of tapes, and (H§:11 bxm; A;) the
representation of the transitions of M.

The third tape represents the content of the k tapes in the form of a k-Code, that is
(tapey, ..., tapey ), where tape; € B* corresponds to the content of the i-th tape of M.
Thus initially, the third tape contains (p,e,...,e) € £®), representing the input tape
of M with the other tapes empty.

The fourth tape represents the position of the k read/write heads also in the form of
a k-Code, that is (posi, ..., posy) where pos; represents the position of the i-th head
of M. Thus the fourth tape initially contains (0,0,...,0), corresponding to the initial
positions of the read/write heads.

The fifth tape represents (g, (r1, . .., 1)) € @x(I'¥), where ¢ is the current state and r; is
the letter pointed to by the j-th read/write head, in the form (Zg(q), (e1, #, #, ..., #))
in (N, E®). Thus initially the fifth tape contains (Zg(qo), (€1, #, #, .-, # ) ).

The sixth tape represents the output of M and must contain successively the same
content as the output of M so that U(op) and M (p) have the same output history.
Initially, the sixth tape is therefore empty.

Behavior of U: In the following, we will conflate a state, a letter of the working alphabet
with its corresponding indexing by Zg and Zr respectively. For example ”¢q,” should be read
as Ig(qo), that is 717, Iterate successively the following steps:

Step 1.

Step 2.

We retrieve the transition to be performed (g, (71,...,7r%) ), that is the value of the 5th
tape, which represents (g, (r1,...,71)) € Q x (I'*). We iterate over the set of transition
encodings until we obtain

k
Ay = H rj, 85, 0;
Jj=1

We update the third tape based on A(,,). That is, for a value of (tapes, tapes, . . . tapey, )
for the third tape (representing the k tapes of M to be simulated) and (py,...px) the
value of the fourth tape (representing the positions of the read/write heads), perform
the following updates for all 1 < j < k:

* If 1 < j <k —1 then replace the p;-th letter of tape; with s;

* If j = k then replace the pi-th letter of tape, with s, then copy tape, onto the
sixth tape of U. (This ensures that U(e) and M (p) have the same output history)
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Step 3.

Step 4.

Note that if the word is not long enough for writing the letter at a given position, then
extend the word with blank symbols # then perform the writing.

We update the fourth tape based on A,y. That is: For (pi,ps,...,pr) the positions
of the read/write heads, we perform the following update for all 1 < j < k:

* If §; = 1 then tape 4 < (p1,...,p; — 1,...,pk)

* If 0; = 2 then tape 4 < (p1,...,p; +0,...,pk)

* If ; = 3 then tape 4 < (p1,...,p; +1,...,pk)
We update the fifth tape, denoted (g, (l1,...,lx) ), with the new letters pointed to by
the read/write heads. That is, let (p1,pa,...,pr) be the value of the fourth tape and
(x1,%9,...x ) the value of the third tape, then we perform the following updates for
all 1 <75 <k:

* Replace ¢ with ¢/. If ¢ =1 then | U(e).

* Replace [; with the p;-th value of z; (if it does not exist, replace with #).

Then we reiterate these steps, that is, Goto Step 1.

1.7.3 Enumerative Universal Turing Machine

Definition-Theorem: Existence of an enumerative universal Turing machine

Let m:4 € N — (M;) € (T) be a compact enumeration of Turing machines. There
exists a universal Turing machine U™ called enumerative universal Turing machine as-
sociated with 7 such that

1. Ife= (i,p) € (N,B*) then

Ui, p) = Mi(p)

2. Otherwise O U(e) loops indefinitely without writing to the output (= ¢).

Proof. It suffices to define U™ as a universal Turing machine associated with the prefix
encoding I : i € N — i € {i|i € N} and the enumeration 7. Indeed, let us notice that, for
all i € N and p € B*, we have

I(i)p:/i\p: <i,p>

Let us now verify that ™ is indeed a universal Turing machine

1.

2.

Ife=1I(i)pe{Ili)p|ieN,pecB*} then we can write e = ip = (i,p). We then verify

U™ (1(i)p) = Ui, p) = Mi(p)

Otherwise O U™ (e) loops indefinitely without writing to the output.
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1.7.4 Auxiliary enumerative universal Turing machine

Definition-Theorem: 3 Auxiliary enumerative universal Turing machine

Let 7: i € N — (M;) € (T) be a compact enumeration of Turing machines. There
exists a universal Turing machine U™ called auxiliary enumerative universal Turing
machine associated with 7, such that

1. fe=(y,i,p) € (B*, N,B*) and

Mi(y,p) Iy#e

Z/{ﬂ- ) >7 =
(y:4,p) {Mz(p) Otherwise

2. Otherwise O U™ (e) loops indefinitely without writing to the output ( = ¢).

.

Proof. We define the set V = {(M,;) | y € B*,i € N'} such that for all i € N and y € B*,
we have:

Vp e B, M,,(p) = Mi(y,p) Ify#e
| S M;(p) Otherwise

Let us then set A := {7 | y € B*,i € N'} and define the computable function
a:gie N (M,;) eV

Let us set the prefix encoding I : NV — A, which exists because A is prefix-free and semi-
decidable (I is in fact a bijective enumeration of A). Thus we can set the enumeration 7 such
that

mv:jeEN—all(y) eV

Let us justify that 7y is a compact enumeration. Let M be a Turing machine. Since 7 is
a compact enumeration there exists 7 € N such that M = M;. Thus by definition we have
M, ; = M, which implies by transitivity M., = M. We therefore indeed have that my is also
a compact enumeration.

Let us then define the universal Turing machine U™ associated with I and 7. Let us
verify that it corresponds to the points of its definition

1.Ife=1I(j)pe{I(G)p|jeN,pc B} then there exists §i € A such that I(j) = 71,
which allows us to write e = (y,4,p) and my(j) = a(L(j)) = (M, ). We then verify

(v) = {Mi(y,p) Ify#e¢

U (y,i,p) =UT(1(j)p) = My, M;(p) Otherwise

2. Otherwise O U™ (e) loops indefinitely without writing to the output.

1.8 Prefix Turing Machine

In this section, we will introduce a particular type of Turing machine: prefix-free Turing
machines. These Turing machines will specifically allow us to define, in another chapter, the
notion of semi-discrete computable measure.
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1.8.1 Definition

A Turing machine
Mpf = (Q? B? Fu #7 67 qo, Q(z)

is called a prefix Turing machine if L (M) is prefix-free. In other words, this means
that
Vp,q € B*, | Mpys(p) and | Myp(q) and p <, q = p=gq

Remark. We note the slight abuse of language. The name prefix Turing machine can be
confusing, suggesting that the set of inputs must be prefixes, whereas they must on the con-
trary be prefix-free. o

In the same vein, we can define the notion of a prefix-free computable function.

A partially computable function ¢ is said to be prefix if dom(¢) is prefix-free.

1.8.2 Self-delimiting decoding associated with M,

Let M, be a prefix Turing machine. There exists a bijective prefix encoding
EMpf : {17 27 R |L$(Mpf)|} = Ll(MPf)

called the encoding associated with M.

Proof. Let M, be a prefix Turing machine. Let us define the function E)j, , taking inputs
in 7 € N having the behavior

Call M,s in dovetail on 0¢, 01, ... arranged in lexicographical order. Write the i-th word
accepted in the dovetail call, denoted o ;, to the output and accept.

Let us prove that F); . is a prefix encoding:

Prefix property: Consider 4,5 in {1,2,...,|L (M,f)|} and suppose Eu, (1) <, En (7).
This means that o, ; <, o, or equivalently M,¢(c, ;) <, M,s(c, ;). By definition of a prefix
machine o, ; = o ;. This implies ¢ = j and therefore Ey (i) = En (7).

Injectivity: Let 4,7 in {1,2,...,|L;(Mys)|} be such that Ey (i) = Eu,,(j). Then in
particular Ey (i) <, Ep (), thus by the prefix property o, ; = o, ;, s0 i = j.

Surjectivity: Suppose o € Lj(M,s). Then there exists a j such that o; = 0. Thus in the
dovetail call o; will eventually be accepted, that is | M,¢(c). Suppose that o is the i-th word
accepted in the dovetail call. Then Ey, (i) = o, hence the surjectivity. [ |

Starting from a prefix Turing machine, one can construct a self-delimiting function allowing
one to automatically identify and extract, within a string composed of symbols, the portion
that constitutes a program acceptable by the machine. The process is as follows: for a string
T = bbbz ..., we call the machine in dovetail on each of its prefixes (b1, b1bg, b1bobs, .. .).
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The prefix property of the machine excludes the possibility that two prefixes are accepted.
This thus allows one to unambiguously delimit the prefix of the string corresponding to a
recognized program. Omne can also more directly use a self-delimiting encoding associated
with this prefix Turing machine.

Definition-Theorem: Self-delimiting decoder associated with a prefix machine

For any prefix Turing machine M, there exists a computable function Dy, ,, called
self-delimiting decoder associated with M, such that

ez e . Jex — M, (e)
DM”‘{L M )B LM, ™9 DMPf‘{L (M) B* s B*
W\Mpf W\Mpf L\ Hipf

-

Proof. Let En,, be the encoding associated with M. It suffices to remark that Dg,, ;=
P
Dy, We then also have D Bar), = Dy, |

We notice that with the help of a self-delimiting decoder, it is possible to successively
extract the words e; from a string © = ejes...e;. We begin by extracting the first word e;
using Dy, ; (x), then we remove e; from x to obtain a residual string 2/ = esez...e;. It then
suffices to repeat the process on z’ until obtaining e;.

Let k > 1 be an integer and M, be a prefix Turing machine. There exists a computable
function

p

(k)  )eic2...€ c e
M,
P Ly(Mypp)?* = Ly (Myy)

with the integer [ > k and L;(M,)=* the words [composed of] at least k concatenations
of Ly(Myy).

Proof. Let us define the computable function Dﬁjif having the following behavior for an
input e = ejey...e in Ly (Mys)™

Step 1. Initialize ¢ <— 1 and r; < ¢
Step 2. Assign in sequence

— a; < DMpf(ri>

— 1ip1 < 1illag| < |ri]], that is r;q stripped of a;.
Step 3. If : == k then

— Write ay to output then accept the input.

Else
— 1 1+ 1 then Goto Step 2.

Let an input be e = ejes ... e, € Ly(Myr)™, with m > k. Consider for this input the loop
invariant Z(7) for 1 <1 < k:

7

Z(i) : 7 At the beginning of step 2, the variable r; = e;e;11 ... €.

Base (i = 1) : By step 1 we have 7 = e, so the invariant is true.

Maintenance (i — i+1): The invariant is true for ¢ = 1 by initialization (r; <+ w).
Suppose that Z(i) is true. The algorithm calculates a; <— Dy, (r;). Since Ly(M,y) is a prefix
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code and r; starts with ¢;, we necessarily have a; = ¢;. The update 7,1 < r;[|a;| :] then gives
Tit1 = €11 - .. €m, which establishes Z(i + 1). The invariant is therefore true for all i < k.

Termination: For D](\]/Zf(eleg ... ey) with & < m, the loop executes exactly k times then

terminates. During the k-th iteration, the invariant Z(k) ensures that ry = ey ... ey,. DJ(\IZf

calculates and then returns a, = DMp ; (rr) = ek, which is the expected result. Moreover, if
an input is not in at least k concatenations of L|(M,r), then necessarily there exists an i < k
where the assignment a; <— D)y . (r;) will loop indefinitely. Thus it is necessary that the input
be in Li(Mpf)Zk. [ |

1.8.3 Mapping from (7 ) to (T, )

We will now demonstrate a lemma transforming a given Turing machine into a prefix Turing
machine. This "mapping” lemma will be useful to us for the construction of an enumeration
of prefix-free Turing machines.

Let M, then there exists * M,y such that
1. M,y is prefix-free
2. Ly(Mys) C Ly(M)
3. If M is prefix-free then

Vee B*, M(e) = Mys(e)

“constructively, that is to say, we will exhibit this Turing machine

Proof. Let M be a Turing machine. We construct M, having the following behavior:
Input : e =b1by...b € B*
Step 1. Initialize p +— ¢

Step 2. M is called in dovetail on the words pq; for qo, q1,q2,qs . .. in lexicographical order. For
each computation | M (pg;) that halts, go to step 3.

Step 3. If ¢; == ¢ :
—Ifp==e:
x | My¢(e) with M(e) as output  [{]
— Otherwise :
* O Myg(e) [
Otherwise :

— If |p| < 1:
* p <= by...bp41 and Goto Step 2 [f]
— Otherwise :

* O Mys(e)  [f]

Let us show that M, verifies the points of the lemma:
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1. Let us prove that L (M,) is prefix-free by supposing, for the sake of contradiction, the
existence of e = by ...b; and € = by ...bby4y ... by such that | M,(e) and | M,z(€’).
For the execution of M,s(e):

At the [-th pass through line §, we will have p = b; ... b, hence p = e. Since p € L (M),
we have, for the [ 4 1-th pass into step 3, that ¢; == ¢ and p # €', hence the execution
of -, that is © M,s(e’). We therefore have O My;(e’) and | Mys(e’), which is absurd.

2. Let e € L|(M,y), necessarily line [{] was executed; hence, by the "If” conditions, we
have ¢; == € and p == e, therefore e = pg;. However, to access step 3, it is necessary
that | M(pq;), hence e € L (M), which shows (2).

3. Suppose M is prefix-free. Let e = byby...b; such that | M(e). During the execution of
M,y (e):

Since M is assumed to be prefix[-free|, then Vk < I, | M(b1bs...bxq;) implies ¢; # €. It

is therefore impossible to pass through line { for k < [. If k£ = [ then | M(pgq;) with

p = e and ¢; = ¢, hence the passage through T, therefore | M,(e) with M (e) as output,

that is M,s(e) = M(e). We therefore have L (M) C L (M,s), which with (2) gives

Ly(M) = Ly(Mpyy).

1.8.4 Enumeration of prefix Turing machines

The previous mapping allows us to associate a prefix-free Turing machine with every Turing
machine, thus enabling us to construct an enumeration in the sense of =.

Definition-Theorem: Compact enumeration of prefix Turing machines

There exists an enumeration m,f : i € N+ (M,s;) € (T,s) called a compact enumer-
ation of prefix Turing machines, satisfying

\V/Mpf, di € N, Wpf(i) = <Mpf’i> and Mpf,z' = Mpf

Proof. Let m be an enumeration of (7). Let us define 7, as a computable function with
the following behavior:

For an input i € N:
— Assign (M;) < 7 (i).

T T
~ Apply the Mapping (M;) =70 (g, 0.
— Accept the input with (M, ) as output.
Let us now prove that m,; is a compact enumeration. Let M, be a prefix Turing machine.

By surjectivity of m, there exists i € N such that 7(i) = (M,;). Thus, according to the
Mapping lemma, 7,¢(z7) = ( M,z ) is prefix[-free|] and satisfies M, f; = M. [ |

Remark. We note that m,; is not an enumeration of the set of encodings of prefix Turing
machines. Indeed, there exist prefix Turing machines M, such that ( M, ) is not part of the
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compact enumeration m,¢. However, what the previous theorem states is that there necessar-
ily exists an i € A such that 7(i) = ( M ). o

We call an enumeration of prefix partially computable functions a compact enumeration
7y of the set of (7,s). We will then denote

Tpr 21 €N = (bpri) € (Tpp)

with the convention that (¢, ) is the code of a prefix Turing machine computing the
prefix partially computable function ¢y.;.

1.8.5 Existence of a universal / enumerative / auxiliary prefix
Turing machine

We will now introduce the notion of Universal Prefix Turing Machine. This is very largely
similar to that of the universal Turing machine with two exceptions. The first is

Definition-Theorem: Existence of a universal prefix Turing machine

There exists a prefix Turing machine called Universal Prefix Turing Machine U associ-
ated with

o [:ie N+ oeB* a prefix encoding.
o w1 €N — M; € (T,) acompact enumeration of prefix Turing machines.

verifying the following points

1. Ife=0ope{l(i)p|ieN,p € B*} then

U(op) = Mi(p)

"

2. Otherwise O U(e) loops indefinitely without writing to the output, that is €.

G

Proof. Below we prove the existence of an enumerative and auxiliary universal prefix Turing
machine. These two types of Turing machines are also universal prefix Turing machines, hence
the proof of existence. |

Definition-Theorem: Existence of an enumerative universal Turing machine

Let myr : i € N+ (Mypi) € (Tpr) be a compact enumeration of prefix Turing
machines, denoted 7 to simplify the notation. There exists a universal prefix Turing
machine U™ called enumerative universal prefix Turing machine associated with 7 such
that

1. Ife= (i,p) € (N,B*) then

U™(i,p) = Myi(p)
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L 2. Otherwise O U™ (e) loops indefinitely without writing to the output, that is .

Proof. It suffices to define the enumerative universal Turing machine U™ for m,; (denoted
7). We then have by definition of an enumerative universal Turing machine that

1. Ife= (i,p) € (N,B*) then
Uw(i>p) % Mpf,i<p)

2. Otherwise O U(e) loops indefinitely without writing to the output, that is €.

Which shows that U is a universal prefix Turing machine for the prefix encoding [ : ¢ €
N i and the enumeration 7.

It remains for us to prove that U™ is a prefix Turing machine. We verify that if the
input is not in (N,B*) then U loops indefinitely, which gives L (U™) C (N,B*). Consider
then e = (4,p) and ¢ = (¢,p") both in L (M,;;) such that e <, €. By non-ambiguity
we necessarily have i = ¢ and p <, p’. Now, by definition of a prefix Turing machine

M,si(p) <, Mys#(p'). Which, with point 1 of a universal Turing machine that we have just
proved, indeed shows that U is a prefix Turing machine. |

Definition-Theorem: 3 Auxiliary enumerative universal Turing machine

Let mpp i € N (M;) € (T ) be a compact enumeration of prefix Turing machines.
There exists a universal prefix Turing machine U™ called auxiliary enumerative universal
prefix Turing machine associated with 7, such that

1. fe=(y,i,p) € (B*, N,B*) and

M;i(y,p) Ify#e

U'(y,i,p) =
(v,) {Ml(p) Otherwise

2. Otherwise O U7 (e) loops indefinitely without writing to the output ( = ¢).

.

Proof. The proof is similar to the previous case. It suffices to define the auxiliary enumer-
ative universal Turing machine U™ for m,; (denoted 7). We then have by definition of an
enumerative universal Turing machine that

1. fe={(y,i,p) € (B*,N,B*) and

U™ (y.i.p) = Mi(y,p) Uy#e
U Ma(p) Otherwise

2. Otherwise O U™ (e) loops indefinitely without writing to the output ( = ¢).

[we must add the justification that it is a universal prefix Turing machine| It remains for us
to show that U™ is a prefix Turing machine. We verify that if the input is not in (B*, N, B*)
then U loops indefinitely, which gives L (U™) C (B*, N,B*). Consider then e = (y,i,p) and
e = (y,7,p") both in L (M,s;) such that e <, /. By non-ambiguity we necessarily have
y =1y and i = ¢ and p <, p’. Now, by definition of a prefix Turing machine M, ;(y,p) <,
M,si(y,p'). Which, with point 1 of a universal Turing machine that we have just proved,

P
indeed shows that U™ is a prefix Turing machine. |
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1.9 Monotone Turing Machine

We will now introduce the notion of monotone Turing machine. The fundamental principle
of this machine is that it cannot erase its output and can only append words to the end of its
output tape. Finally, we will establish the existence of a universal monotone Turing machine,
which we will define precisely.

1.9.1 Definition

Definition-Property: Monotone Turing Machine

A monotone Turing machine is a Turing machine with input in B>

Mmt = (Q7 B? Fa #7 57 qo, Q(l)

such that we have

1. Output monotonicity: M,,; has prefix output, i.e., for all p in B*, we have
Vit eN: t <t = Mu(p|t) <, Mu(p|t)
Thus for every word p in B* there exists (see proof) a unique s in B> such that

VieN, Mpl|t)<,s and lim|M(p|t)|=|s|

t—o00

We then define ¢
Mmt(p) de:f. S

2. Input monotonicity: For all p, ¢ in B*, we have

p Sp q — Mmt(p) Sp Mmt(q)

%even if M,,; loops on the input p

Proof. It suffices to remark that the sequence (M,,:(p | t))ieny in B* is increasing with
respect to <,,. According to the convergence theorem for monotone sequences in the sense of
<,, this implies that there exists a unique word s € B such that lim,_,o [M(p | t)| = |s| and
VE, M(p | t) <, s. |

Remark. We can establish the notion of a monotone partially computable function. This
is done in certain books. However, we will not use this notion and therefore we will not do
so here. o

We establish the following convention: it is equivalent to considering that a Turing machine
enters an empty loop once it reaches its accepting state. This translates to the following
convention:

Convention:

For a Turing machine M, we set the following convention: if there exists a t; € N* such
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that | M(p | t,), that is to say that the Turing machine accepts p in t| transitions, then

Vt>t, M(plt) = M(p|t,).

1.9.2 Mapping M to M,,;

7—:> 7:71 t

Algorithm: Mapping M ——= M,

Recall that a language is said to be compatible if all its elements are pairwise compatible.
Let M be any Turing machine. We then define the following Turing machine M,,;:

Input : p=pipa...p € B*, (and let us set pg = ¢ and p; = € for i > 1)
Loop indefinitely for £ =0,1,2,...:
— Assign for all w € B=*

Ly M|tz <pw t <k} [

— Verify that I* is compatible for each w € B=*. If this is not the case, then
loop indefinitely.  [b]

— Assign the longest string in [;fl:k, that is

af - argmaveeyy {lal}  [H

Then write a’; to the output (without stopping).

& J

The proof of the Mapping lemma relies on certain properties regarding the set of candidate
words I* and the chosen candidate a’;, which furthermore corresponds to the output of M,,;.
Let us perform this preliminary analysis.

Let p,p' € B be such that p <, p'. Let k, k' € A satisfying k < k. If the output of, is
assigned (that is, if I* is compatible during b at iteration k'), then:

1. Ik CI¥
Po:k pojk,
k K’

2. a, <, Qpy

Proof. 1) Consider an s € I¥ . By definition, there exist z € B* and ¢ € N such that
s = M(z|t), with z <, pos and t < k. Knowing that p <, p’ and k < £, we have respectively

Dok <p Do and t < k'. By transitivity of the prefix relation, z <, po.x anc/l Dok <p Po.pr, WE

obtain z <, pj,. Thus, s = M(z | t) satisfies the conditions to belong to I’y . The inclusion
0:k/

is therefore proved.

2) As we have just shown that [50<k cI ;ff , we deduce that o/;, being an element of I*
: 0:k/

Po:k?
. /
is an element of 1%
pO:k/

set, every element is a prefix of the element of greatest length. Consequently, o/; is a prefix

. Since the output O/;// is defined, the set I Z’f,/ is compatible. In such a
0:k/
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of 0/;,/ , which establishes the result. [ |

Let M, then there exists M,,; such that
1. M,,; is monotone

2. If M is monotone then

Vp e B,  M,(p) = M(p)

Proof. 1) Output monotonicity: Let p € B*. By setting p = p’ in Lemma 1, we obtain that
for all &k < k', ) <, o},. The output history (a}); is therefore increasing in the sense of <,,.

Input monotonicity: Let p,p’ € B* be such that p <, p’. By setting k = k£’ in the previous
lemma, we obtain o] <, ai, for all k. By passing to the limit:

Mane(p) = Jim af, <, lim off = Mayu(p)

k—o0

M,,; is therefore indeed a monotone Turing machine.

2) Suppose that M is a monotone Turing machine.

We remark first that the input and output monotonicity of M implies that each element
M(z|t), for z <, w and t < k, is a prefix of M(w). The set I¥ :={M(z |t)] 2 <, w, t <k}
is therefore always compatible, and the algorithm never loops indefinitely.

We can now show that limy_,o of, = M (p): Let p € B* and the set of its prefixes, denoted
Z,. For each z € Z,, by output monotonicity limy_,., M(z|k) = M(z). By definition of a
limit, there exists therefore an integer k,, such that for all & > k,,, and all z € Z,, we have
M(z|k) = M(z). Consider k > max(kp, |p|). Since k > |p| we already have that p = py..
Moreover, the output o is the element of greatest length in I¥ = {M(z[t) | z € Z,,t < k}.
Now for a z € Z, and t < k we have:

e By the output monotonicity of M, every M (z|t) is a prefix of M (z|k).
e For k > k,,, we have M (z|k) = M(z).

e By the input monotonicity of M, every M(z) is a prefix of M (p).

We therefore have by transitivity that every element of I z]f is a prefix of M (p). The element
M (p) itself (obtained for z = p,t = k) is in the set of output candidates I¥. It is therefore
necessarily the element of greatest length. Thus, for all & > max(k,, |p|), we have of = M (p).
This yields M(p) = limy_, .

Now, by construction, (o )ren represents the history of M, for the input p. We therefore
also have M,,;(p) = limg_, a’;. We can therefore conclude M,,;(p) = M (p). [ |



48 CHAPTER 1. ALGORITHMIC "TURING” COMPUTABILITY

1.9.3 Enumeration of monotone Turing machines

Definition-Theorem: Compact enumeration of monotone Turing machines

There exists an enumeration 7, : 4 € N = (M) € ( Tot ) called a compact enumer-
ation of monotone Turing machines, satisfying

VMpf, di € N, Wmt(i) = <Mmt,i> and Mmt,i = Mpf

Proof. Let 7 be an enumeration of (7). Let us define m,,; as a computable function with
the following behavior:

For an input i € N:

— Assign (M;) < 7(3).

— Apply the Mapping ( M; ) M (M-

— Accept the input with ( M, ;) as output.
Let us prove then that 7, is a compact enumeration of (7). Let M, be a monotone
Turing machine. By surjectivity of 7, there exists i € N such that (i) = ( M,, ). Thus
according to the Mapping, ( M, ;) is prefix and satisfies M = M,,,. [ |

1.9.4 Existence of a universal monotone Turing machine

Definition-Theorem: Existence of a universal monotone Turing machine

There exists a monotone Turing machine called Universal Monotone Turing Machine
U, associated with

o [:ie N +— o eB* a prefix encoding.
o Ty :i €N+ M; € (T ) acompact enumeration of monotone Turing machines.
verifying the following points

1. Ife=ope{I(i)p|ieN,peB*} then

Ui (0 p) % M;(p)

2. Otherwise O U,,i(e) loops indefinitely without writing to the output, that is e.

-

Proof. Below we prove the existence of an enumerative universal monotone Turing ma-
chine. This Turing machine is also a universal monotone Turing machine, hence the proof of
existence. ]

Definition-Theorem: Existence of an enumerative universal Turing machine

Let Ty 04 € N = (M) € (T ) be a compact enumeration of monotone Turing
machines, denoted 7 to simplify the notation. There exists a universal monotone Turing
machine U, called enumerative universal monotone Turing machine associated with 7
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such that
1. Ife= (i,p) € (N,B*) then

u;:rzt(iap) Mmt,i(p)

"

2. Otherwise O UT,(e) loops indefinitely without writing to the output, that is €.

Proof. It suffices to define the enumerative universal Turing machine U7, for m,,; (denoted
7). We then have by definition of an enumerative universal Turing machine that

1. Ife= (i,p) € (N,B*) then

u;:rzt(iap) Mmt,i(p)

0
2. Otherwise O U,,,1(e) loops indefinitely without writing to the output, that is e.

Which shows that U,,,; is a universal monotone Turing machine for the prefix encoding I :
i € N+ i and the enumeration 7. It remains for us to prove that U7, is a monotone Turing
machine:

e Output monotonicity: If the input is not in (N, B* ) then the machine loops indefinitely
without writing to the output. We therefore already have output monotonicity in this
case. Suppose now that the input (i,p) is in (N,B*). By definition of a universal
Turing machine, we have U7, (7, p) = My i(p). Thus UF, (i, p) has the same history as

My i(p) with M,,,; being a monotone Turing machine. We therefore also have output
monotonicity in this case.

e Input monotonicity: Let e, e’ be in B* such that e <, ¢’. If e or ¢ is in (N,B*) then
by non-ambiguity e, €’ are both in (N, B*). Thus we must verify the cases where e, €’
are both in (N, B*) or where neither are. Suppose e = (i,p) and ¢’ = (4',p’) are in
(N,B*); then by non-ambiguity ¢ = i’ and p <, p’. By input monotonicity of M, ; we
obtain M, :(p) <, Mpmei(p'). Which by point 1 gives U7, (i,p) <, U5,(i,p’). Suppose
now that e, €’ are not in (N, B*); then the output of U,,; remains empty for these two
inputs, hence the input monotonicity in this case.

1.10 Semi-computable Functions

In the following chapter dedicated to Kolmogorov complexity, we will see that certain func-
tions cannot be computed by a Turing machine. However, it is possible to approximate some
of these functions using computable functions from below. This is why we introduce the
notion of lower semi-computable functions.
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1.10.1 Definition

We say that f: X C B* — RU{oo} is a lower semi-computable function if there exists
a totally computable function ¢ : ( X, N') — Q7 verifying, for all z € X, we have

1. For all k € N that ¢i.(z, k) < ¢pe(x, k + 1).

We also say that ¢ is a lower approximator of f and we denote ¢, LN f. Moreover,
the set of lower semi-computable functions is denoted II .

Remark. A few remarks:

e Several definitions of lower [semi-Jcomputable functions exist in the literature. Some-
times the domain of f is not specified. Also sometimes ¢;. is partially computable,
which can pose a problem for the limit, which requires that ¢;.(x, k) be defined for all
k.

e We also denote in the following ( 7;. ) the set of codes of Turing machines that compute
a lower approximator.

e In general, we call a lower approximator any totally computable function ¢y : ( X, N') >
Q verifying points 1 and 2 for any X C B*.

We say that f: X C B* — RU {—o00} is an upper semi-computable function if there
exists a totally computable function ¢g. : ( X, N') — QT verifying, for all x € X, we
have

1. For all k € N that ¢g.(z, k) > ¢s(z, k + 1).
2. limy o0 Oz, k) = f(2).

We also say that ¢,. is an upper approximator of f and we denote ¢, LN f.

1.10.2 Mapping (¢) to (@)

Let ¢ be a partially computable function. There exists then a function ¢;. such that:
1. ¢ is a lower approximator.

2. If ¢ is a lower approximator for a function f, then ¢ is also a lower approximator

of f.
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Proof. Let ¢ be a partially computable function. Let us denote by ¢(x,)[k] the result of
the computation, of a Turing machine that computes ¢, on input (z,i) if it terminates in at
most k steps, and undefined otherwise. We define ¢;. for any string x and integer £ > 0 as
follows:

Oe(x, k) = max ({0} U {op(x,7)[k] | 0 <i < k and ¢(x,i)[k] is defined})
1) ¢y is a lower approximator:

e Let us show that ¢ is a totally computable function. For any input (x, k), the com-
putation of ¢ requires simulating a finite number of inputs (k + 1), each having a
bounded number of steps (k). This process always terminates. ¢ is therefore a total
and computable function.

e Let us show that ¢;.(x,-) is non-decreasing. The set of computations terminating in at
most k steps is included in that of computations terminating in at most k 4+ 1 steps.

Consequently, ¢p.(z, k) < ¢re(z, k + 1) for all k € N.
2) Convergence. Suppose that ¢ is a lower approximator for a function f.

(<) By construction, ¢;.(x, k) is the maximum of a finite set of values in the set {¢(z,1) |
i € N'}. Since ¢ is an approximator for f, we have ¢(x,i) < f(x) for all <. Thus,
Oe(z, k) < f(x) for all k, and by passing to the limit, limg_,o0 (2, k) < f(2).

(>) Let i € M. Since ¢(z,-) is a total function (because ¢ is an approximator), the compu-
tation of ¢(x,7) terminates in a finite number of steps, say t;. For all & > max(i,t;), the
value ¢(x,1) is a candidate in the calculation of the maximum for ¢;.(x, k). Therefore,
for sufficiently large k, ¢i.(x, k) > ¢(z,i). By taking the limit over k, it follows that
limy, o @re(z, k) > ¢(2,4). This inequality being true for all i« € N, by passing to the

limit:
lim ¢pe(z, k) > lim ¢(z,7) = f(x)
k—o0 i—00
The two inequalities imply that limy_, ¢i(x, k) = f(2). [ |

1.10.3 Compact enumeration of lower approximators

Definition-Theorem: Compact enumeration of lower approximators

We call a compact enumeration of lower computable approximators the totally com-
putable function m, : i € N+ (G1ci) € (T ) such that

Vf c H/t, di € N, ch(i) = <¢lc,i> and (blc,i l—c> f

with the convention that ( ¢;.;) is the code of a Turing machine in (7. ) that computes
the function ¢y ;.

.

Proof. Let 7 be an effective enumeration of (7). Let us define 7, as a computable function
with the following behavior:

For an input i € N:
— Assign (M;) < 7(i).
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— Apply the Mapping ( M;) A=A The), (Prei )-

— Accept the input with ( M;.;) as output.

Let us prove that m, is a compact enumeration of II . Let ¢;. be a lower approximator of a
function f. By definition of 7, there exists i € N such that 7(i) = (¢ ). Thus according to

the Mapping, (¢, ) is the code of a lower approximator which verifies ¢, Le f. [ |

1.10.4 Variant: strict lower approximator

Let f: X CB* — RU{oo} be a function. We say that a function ¢;5 : X x N — Q is
a strict lower approximator for f if:

1. ¢y, is a lower approximator for f.
2. For all z € X and all k € NV, the inequality is strict: ¢ (x, k) < f(x).

A function that admits such an approximator is said to be strictly lower semi-
computable.

Remark. We also denote in the following (7,5 ) the set of codes of Turing machines that
compute a strict lower approximator. o

Let ¢ be a lower approximator for a function f. There exists a strict lower approxi-
mator ¢y, for this same function f.

Proof. Let ¢, be a lower approximator for f. Let us define the function ¢ : X x N’ — Q
defined for any string z and integer k [as]:

gbli(x? k) = ¢lc(l‘7 k:) - 2_(k+1)
Let us now verify that ¢; is indeed a strict lower approximator for f.

e Let us show that ¢; is totally computable. The function k ~ 2-**1 is total and
computable. Since ¢y is also [so], their difference ¢ remains a total and computable
function.

e Let us show that ¢(x, ) is strictly increasing for all z € X. For an integer k:

o b+ 1) = O, k) = (e k1) = 2709) — (G, ) - 274)
— (brelw, b + 1) — Gpol, k) + (270D — 2-(++2))
= 04202 > 0

Therefore ¢ is even strictly increasing.
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e Let us show that limy_,o ¢35 (x, k) = f(z). As the sum of a finite number of limits is
the limit of the sum:

lim 65 (@, k) = lim (e, k) = 27440) = (lim due,k)) =0 = f(2)

e Let us show that ¢ (x, -) never reaches its limit. By definition of a lower approximator,
we know that ¢.(z, k) < f(z) for all k& and since 2~ *+1) is strictly positive:

¢l<c(x> k) = ¢lc($7 k) - 2_(k+1) < ¢lc(xa k) < f(l')
This demonstrates that ¢;5(z, k) < f(x) for all z € X and k € N.

The function ¢;; therefore satisfies all the required conditions. |

1.10.5 Variant: Dyadic and compatible lower approximators

Definition: Approximator: dyadic / compatible / non-degenerate

A lower approximator ¢, is qualified as dyadic, compatible, and non-degenerate if for
all z € B* and k € N, it satisfies:

1. Dyadicity: The value ¢}.(z, k) is a dyadic rational (that is, of the form m/2" for
m,n € N).

2. Compatibility: The sub-additivity property is verified:
Oz, k) > (20, k) + ¢y (21, k)
3. Non-degeneracy: For A(z, k) := ¢ (z, k + 1) — ¢p.(z, k), we have,

Az, k) > A(x0, k) + A(zl, k)

Remark. We denote by (7, ) the set of codes of Turing machines that compute a dyadic
compatible non-degenerate approximator. o

Property: Existence of a dyadic and compatible and non-degenerate approximator

For any function f € II », there exists a lower approximator ¢, for f which is dyadic,
compatible, and non-degenerate.

Proof. Admitted. |

Theorem: Compact enumeration of II » by (7,2")

There exists a compact enumeration of lower semi-computable functions 777 : i € N +—
(@) € (T ) such that

Vi€, JieN, mp(i)=(¢y,) and ¢}, 5 f
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with the convention that ( ¢y ;) is the code of a Turing machine in (7,;") that computes
the function ¢ ;.

Proof. Analogous to the previous proof but depends on the result above which is admitted.
|
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