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Abstract. For each natural number d we consider a finite structure M, whose universe
is the set of all 0, I-sequence of length n = 2¢, each representing a natural number in the
set {0,1,...,2" — 1} in binary form. The operations included in the structure are the
four constants 0, 1,2" — 1, n, multiplication and addition modulo 2", the unary function
min{2%,2" — 1}, the binary functions |z/y| (with |2/0| = 0), max(x,y), min(z,y), and
the boolean vector operations A, V, — defined on 0, 1 sequences of length n, by performing
the operations on all components simultaneously. These are essentially the arithmetic
operations that can be performed on a RAM, with wordlength n, by a single instruction.
We show that there exists an € > 0 and a term (that is, an algebraic expression) F(z,y)
built up from the mentioned operations, with the only free variables x,y, such that if
Ga(y), d =0,1,2, ..., is a sequence of terms, and for all d =0, 1,2, ..., My E Vz, [Gy(x) =
0 <> Jy, F(z,y) = 0], then for infinitely many integers d, the depth of the term Gy, that is,
the maximal number of nestings of the operations in it, is at least £(log d)z = e(loglogn)?.

The following is a consequence. We are considering RAMs N,,, with wordlength n = 2¢,
whose arithmetic instructions are the arithmetic operations listed above, and also have the
usual other RAM instructions. The size of the memory is restricted only by the address
space, that is, it is 2" words. The RAMs has a finite instruction set, each instruction is
encoded by a fixed natural number independently of n. Therefore a program P can run
on each machine N, if n = 2% is sufficiently large. We show that there exists an ¢ > 0
and a program P, such that it satisfies the following two conditions.

(i) For all sufficiently large n = 24, if P running on N,, gets an input consisting of two
words a and b, then, in constant time, it gives a 0, 1 output P,(a,b).

(ii) Suppose that Q is a program such that for each sufficiently large n = 29, if Q,
running on N, gets a word a of length n as an input, then it decides whether there exists
a word b of length n such that P, (a,b) = 0. Then, for infinitely many positive integers d,
there exists a word a of length n = 2¢, such that the running time of Q on N, at input a
is at least £(log d)z (loglogd)™ > (logd)2—= = (loglogn)z=.
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1 Introduction

1.1 Motivation, historical background

One of the central questions of complexity theory is the comparison of the computational
resources needed for deterministic and nondeterministic computation. Namely, assume
that we want to find a 0, 1-sequence satisfying a test 1. Is it true, under some natural
assumptions on the test and on the algorithm searching for z, that to find x requires
essentially more computation, than checking that a given x really satisfies T'? In the case
when both the test and the searching algorithm must be performed in polynomial time
(in the length of z) by a turing machine, this leads to the P = N P? question.

In an earlier paper [2] the author has shown that if both the test and the computation
consist of an evaluation of an algebraic expression made from the operations described in
the abstract, and the length of the algebraic expressions are constant then deterministic
an nondeterministic computations can be separated. An equivalent formulation in term
of RAMs is that there exists a constant time test P in the sense described in the abstract,
such that there exists no constant time program (), which decides for all n and for all
words a of lengths n, while running on N,,, whether there exists a word b of length n
with P,(a,b) = 0. The main motivation of the present paper is to improve the time lower
bound on . The methods in [2] show only that a @) with the given properties cannot
work in constant time but do not give any specific unbounded function f(n) as a lower
bound.

First we compare our results to other theorems, where nonlinear lower bounds were
given, or deterministic and nondeterministic computation were separated in general com-
putational models. Some of these proofs were based on diagonalization arguments. In
fact the high level structure of the present proof and the proof in [2] is very similar to
the structures of the proofs given in [13], [17], or [15]. The technical details however are
completely different.

For multi-tape turing machines linear time nondeterministic and deterministic compu-
tations were separated in [17] by Paul, Pippenger, Szemerédi, and Trotter in 1984. Their
theorem and the present result are not comparable in the sense, that none of them follows
from the other, since in the turing machine model longer bitwise computations can be
done than in our RAM model with the given time limit, but the RAM model allows arith-
metic operations e.g., multiplication, and division of n bit numbers, and it is not known
whether these operations can be computed on a multitape turing machine in linear time.
For uniform computational models where the working memory is smaller than the input,
Fortnow gave nonlinear lower bounds in [15]. In a similar sense as in the case of [17]
our results and the results of [15] are not comparable. The highlevel structures of the
proofs in both [17] and [15] however are very close to the highlevel structure of the present
proof. The argument which forms the highlevel structure of all of these proofs was used
by Hopcroft, Paul, and Valiant (see [13]) in 1977. In this paper we will use the outline of
the proofs in [17] as a model while giving the sketch of the present proof. There are also
nonlinear lower bounds for nonuniform models of computations see [3], [10], [11], but the



results are also incomparable to the present ones and even the high level structures of the
proofs are completely different.

We can say that the difference between these already existing lower bounds and the
ones in the present paper and in [2] is that they are based on different properties of the
computational models. Both in the case of the turing machine model, and in the models
with small working memory, a lower bound proof is possible because of the organization
of the memory, which in the second case includes the input. In both cases there is some
restriction on the structure/use of the memory that is the crucial property used in the
proof. In contrast, our present proofs, or the proofs in [2], are not based on properties
of the memory structure or the memory access, but on properties of the set of arithmetic
instructions. Therefore our results say something about the set of arithmetic operations
multiplication, addition etc., which is used in the usual random access machines.

As an additional motivation we can say that solving several search problems, each
within the framework of our theorem, frequently occurs as part of computational problems
to be solved on a RAM. Of course our lower bound does not imply a lower bound for the
solution for all of the search problems together, still it may show that we cannot hope for
a fast solution by solving each of these search problems separately.

1.2 The formulation of the results

First we formulate our result about RAMs. For each positive integer n we define a von
Neumann type machine NN, with word length n. (See also [5].) These machines have a
common finite instruction set. Each instruction has a name, which is a natural number.
We consider only the machines N, for, say, n > 10, where such a name fits into a memory
cell. The set of these names will be denoted by Z. A program P is a sequence from
the elements of Z. When we say that the machine N,, executes the program P of length
k, we mean that the machine starts to work from the state where the first k& memory
cells contains the elements of P in their natural order and the contents of the other
memory cells are zeros. The total number of memory cells is restricted only by the address
space, say, it is 2". The instruction set contains (i) arithmetic instructions: addition and
multiplication modulo 2", the constants 0,1,n,2"" !, the unary function min{2% 62" — 1},
the binary functions |z/y]| with [2/0] = 0, max(z,y), min(z,y), and the boolean vector
operations A, V, = defined on 0, 1 sequences of length n. (ii) read, write instructions, (iii)
control transfer instructions, (iv) input/output instructions, (v) halt instruction.

Assume that ¢, k are positive integers. A program P will be called a c-size k-ary
test, if length(P) < ¢, k < ¢ and for all positive integers n > 10, and for all integers
x1, ...,k € [0,2" —1], the program P on machine N,,, at input 1, ..., x) uses only the first
¢ memory cells, and produces an output P,(z1,...,zx) € {0,1}. The time requirement
of P on N, is the smallest integer ¢t such that for all integers xy,...,x; € [0,2" — 1], the
program P at input zy, ...,z provides an output in time at most ¢.

Theorem 1 There exist an € > 0, a positive integer ¢ and a c-size binary test P, with
time requirement at most ¢ on each machine N,,, such that for all ¢ > 0, and for all ¢'-size



unary tests Q) the following holds. Suppose that for all sufficiently large positive integers
n, and for all a € [0,2"™ — 1], the following two statements are equivalent:

(i) 3Jxe€l0,2" —1], P,(x,a) =0,

(i) Qn(a) = 0.

Then for infinitely many positive integers n, the time requirement of (Q on N, is at least
e(loglogn)2 (loglog log n) ™!

In other words, there exists a constant time test P(z,a), depending on a parameter a,
such that the question whether it has a solution in z or not, cannot be decided for all n
by a constant size program () which gets a as an input, even if the time used by ) on N,
can be as large as e(log d) (log log d)~!, where n = 2¢. The theorem remains true even in
the following stronger nonuniform version. Suppose that the sequence Q),,, n = 1,2, ... is
a sequence of programs, and f, g are functions defined on the the set of natural numbers
with real values. We say that the sequence @), is a family of unary tests with size bound
f and time limit g, if for each sufficiently large n, (), is a program, that is, a sequence
from the elements of Z, of length at most f(n), and for each a € [0,2" — 1], @,, while
running on the machine NV, at input a, gives a 0,1 output Q,(a) in time at most g(n).

Theorem 2 There exist an € > 0, a positive integer ¢ and a c-time binary test P, with
time requirement at most ¢, such that for all families of unary tets Q,, n = 1,2,...,
with both size bound and time limit £(loglog n)%(log loglogn)~! the following holds. For
infinitely many positive integers n, there exists an a € [0,2" — 1], such that the following
two statements are not equivalent:
(1) 3z el0,2"—1], Py(x,a) =0,

(i) Qula) =0,

The proof of these theorems will be based on a theorem about the structures My
described in the abstract. Our next goal is to formulate that result.

Definition. 1. The set of all natural numbers will be denoted by w, that is, w =
{0,1,2,...}. Each natural number n is considered as the set of all natural numbers less
than n, that is, n = {0,1,...,n— 1} and 0 =0, 1 = {0}, 2 = {0, {0} }, etc.

2. Assume that a,b € w, b > 2. The natural number a can be written in a unique way
in the form of 39°, a;b%, where o; € {0,1,...,0 — 1} for i € w. The integer ; will be
denoted by coeff;(a,b). In other words coeff;(a,b) is the ith “digit” of a in the numeral
system with base b. We extend the definition of coeff;(a,b) for negative integers i as
well, by coeff;(a,b) =0 for all i = —1,-2,....

3. M will denote a first-order language with equality, which does not contain any
other relation symbols, and contains the following function and constant symbols. (We
consider constant symbols as 0-ary function symbols as well.)

Constant symbols: 0,1, —1,n.

Unary function symbol: N, p, ( N stands for “negation”, p stands for “power”).

Binary function symbols: +, x, <+, max, min, N.
4. Since M is a language with equality, in the interpretations defined below, we do
not define the interpretation of the relation “=", it is already given as “equality”. Assume
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that d € w = {0,1,2,...} and n = 2¢. M, will denote the following interpretation of the
language M : universe(M,) = {0,1,...,2"—1} = 2" and for all 2, y, 2 € universe(M,),
(My E+(z,y) =2) iff v +y = z (mod 2"),

M, E x(z,y) = 2z ) iff zy = z (mod 2"),

M, | p(x) = 2z ) iff z = min{2%, 2" — 1},

Mg z=+(zy) ff (y#0A2z=[z/y])V(y=0A2=0)

dE2z=0)iff 2 =0,
z=1)iff z =1,
=n) iff z =n,

= max(x,y)) iff z = max{z,y},
= min(z,y)) iff z = min{z, y},
M, Ez=any)iff
coeff;(z,2) = min(coeff,(x,2), coeff;(y,2)) fori =0,1,...,n—1,
(M, E 2z =N(2)) iff coeff;(z,2) =1 — coeff;(x,2) for i = 0,1,...,n— 1.

We will call the interpretations My, d € w of M the standard interpretations of M.

5. Motivated by the definition of the standard interpretations we will use the following
notation as well when we use the functions symbols of M : +(z,y) = z +y, x(x,y) =
r xy = xy, p(x) = 2°. Generally we will use this notation only if it is clear from
the context the we mean the function symbol interpreted in a structure My, otherwise
x + 1y, zy, 2* retain their usual meaning as operations among real numbers. Although the
relation < is not included in the language M sometimes we will write My = a < b as an
abbreviation for My = a = min(a, b).

6. When we use the function symbols of M we will write x —y for x + (—1)y and —y
for (—1)y.

7. Assume that F(z,y) is a term of M and G = (G4(y) | d € w), d € w is a sequence
of terms of M. We will say that the sequence GG decides whether there exists a solution
for I, if for all sufficiently large d € w, we have

z
z=-1)iff z=2" -1,
z
z

M, E Yy, [Ga(y) = 0 <> Jz, F(z,9)]

8. The length of a term 7 of a first-order language L is the total number of symbols
(counted with multiplicity) in it. This number will be denoted by length(7). The depth
of the term 7, that will be denoted by depth(7), is the maximal number of nestings of
the function symbols in it. O

Theorem 3 There exists an € > 0 and a term F(x,y) of M such that the following
holds. Assume that G = (G4(y) | d € w) is a sequence of terms of M such that G decides
whether there exists a solution for F'. Then for infinitely many d € w, the depth of Gy is
at least £(logd)2 = e(loglogn)z, where n = 2¢.

The depth of a propositional formula is the maximal number of nestings of func-

tion symbols and boolean operations together. It is easy to show that there exists
a ¢ € w such that for each propositional formula P(xi,...,z) of M, there exists
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a term F(z1,...,x;) of M, such that depth(F) < cdepth(P), and for all d € w,
M, E Vaq, ..., zx, P(z1, ..., 2x) > F(21,...,2,) = 0. This implies the following equivalent
form of Theorem 3. The theorem says that over the structures My quantifier elimination
is not possible in a strong quantitative sense.

Theorem 4 There exists an € > 0 and an ezistential formula ¥(y) of M containing
a single existential quantifier, such that, if Py(y), d € w is a sequence of propositional
formulas and for all d € w, My = Yy, ¥(y) <> Pi(y), then for infinitely many d € w,
depth(Py) > e(logd)=.

Weaker versions of Theorems 3 and Theorem 4 were proved in [2]. E.g., the weaker
version of Theorem 3 is equivalent to the statement that if G = (G4 | d € w) is a sequence
of terms of M such that G decides whether there exists a solution for F' then there exists a
sequence dy, dy, ... of natural numbers such that lim;_,,, depth(Gy,) = co. The motivation
for the formulation of Theorem 3, apart from the fact the it is used in the proofs about
RAMs, is that it is a natural continuation of a long chain of results in mathematics which
say that certain search problems, e.g., equations, cannot be solved by the same operations
as were used in their formulation. For example Galois’ theorem about the unsolvability
of equations of degree five by algebraic operations belong to this category. (Sevaral other
examples of this nature is described [2]). In the present case we give such a Theorem in a
quantitative form by giving a lower bound on the depth on the algebraic expression which
could compute a solution.

There are many important first-order structures where quantifier elimination is pos-
sible (e.g., the field of real numbers, field of complex numbers) and also where it is
not possible (e.g., Peano Arithmetic). Theorem 4 gives us an example where quantifier
elimination is not possible, moreover the statement is true in a quantitative form. The
particular choice of the structures involved in the theorem is motivated by the connection
with random access machines.

The first-order properties of structures similar to the structures My were studied for
a long time in the theory of Fragments of Peano Arithmetic. In that case however the set
of operations defined by function symbols is usually more restricted (although sometimes
exponentiation in some restricted form is allowed). In that theory the basic structure is
usually not a finite set as in the case of My, but rather an infinite initial segment of a
nonstandard model of Peano Arithmetic, which is closed under addition, multiplication
and sometimes under the operation z!°2%/. The advantage of this is that instead of
speaking about an infinite sequence of structures the results can be formulated in a single
structure. A similar solution may be possible in our case too, but then the connections
with RAMs would be much more complicated than with the present formulation of the
result. Namely, it would be difficult to maintain a fixed upper bound on the sizes of
memory cells since each multiplication would double the number of bits in a word.

The following theorem shows that the lower bounds that we proved in the four theo-
rems described above are probably very far from the truth.

Definition. Assume that F'(x,y) is a term of M. We describe a problem in N P, which
will be called “the solution of the equation F(x,a) =0 in x”.
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If the size of he problem is n, where we assume that n = 29, then the input of the
problem is an integer a € 2". An integer b € {0,1,...,2" — 1} is a solution of the problem
if My = F(b,a) =0, where n = 2¢. O

Theorem 5 There ezists a term F(x,y) of M, such that the solution of the equation
F(z,a) =0 in z is an N P-complete problem.

The following two theorems are important steps in the proof of Theorem 3 and The-
orem 4.

If t € w then the ith 2% -ary digit of a natural number a will be denoted by ali, ¢], that
is, a = Y% ali, t}2i2t. Assume that d,t € w, d > t. We may consider the elements of My
as 297t dimensional vectors whose components are in M;, namely the integer a € M will
represent the vector (a[0,1],a[l,1],...,a[2¢7* — 1,]), that is the 2%"-ary digits of a are the
components of the vector represented by a.

Let f be a k-ary function symbol of M for some k € {0,1,2}. For all d,t € w
with d > ¢, we define a k-ary function f;; on the universe of My in the following way.
Assume that d,t € w is fixed with d > ¢ and ag, ...,ax—1 € M. Then f;;(ag, ..., ap_1)
is the unique element b € My with the property that for all i € 297, we have M; |=
f(aoli, t], ..., ar—1]i,t]) = b[i,t]. In other words we consider each element of a € M, as
a vector (al0,t],...,a[29t — 1,¢]) and perform the operation f component-wise in M;.
The following theorem states that, if f is a function symbol and f ¢ {x, =, p}, then the
function f;; can be defined by an existential formula in My, that is, vector operations
apart from the exceptions of multiplication, division, and exponentiation are existentially

definable.

Theorem 6 Assume that £ is a k-ary function symbol of M for some k € {0,1,2} and
f & {x,=,p}. Then there exists an existential first-order formula (zo, ..., Tx_1,Y,2) of
M such that for all d,t € w with d > t, and for all ay, ..., a,_1,b € My, the following two
conditions are equivalent:

(’L) fd7t<a0,...,ak_1) = b,

(Z’L) Md ): w(ao, cey A1, b, t)

For the exceptional function symbols x, <+, p we do not know whether the statement
in Theorem 6 holds. We may define the vector operations for these function symbols too
in a somewhat larger structure M, by an existential formula ¢, if v > t + ¢(d — u), where
c is a sufficiently large constant.

Theorem 7 Assume that f is a k-ary function symbol of M for some k € {0,1,2}.
Then there exists a ¢ € w and an existential first-order formula ¥(xo, ...,xx_1,Yy, z,w) of
M, such that for all d,t € w with d > t, and for all ag,...,ax_1,b € My, if v € w,
v >t+c(d—t), then the following two conditions are equivalent:

(Z) fd,t(ao, ey ak,l) = b,
(Z’L) Mv ): w(ao, ...,ak_l,b, d, t)



This theorem motivates the following definition. Assume that for all d,t € w with
d>t, Fyi(xg,...,x,_1) is an i-ary function defined on M, and with values in M,;. We will
say that the family of functions F' = (Fy; | d,t € w,d > t) is polynomially existential in
M if there exist a ¢ € w and an existential first-order formula ¢ (xo, ..., z;_1,y, 2z, w) of M
such that for all d,¢ € w with d > t and for all ay, ...,a;_1,b € Myifv € w, v > t+c(d—t)
then the following two conditions are equivalent:

(1) Fd,t(ao,...,ak_l) :b,
(11) Mv ): 1/)((10, vy Qp_1, b, d, t)

Therefore Theorem 7 says that for each function symbol f of M the family of functions
fi:, d,t € w, d>tis polynomially existential. We use the word polynomially because of
the following reason. In Theorem 7 we consider the elements of My as vectors with 29~
components, where each component is an element of M,. In the formula v we existentially
quantify elements of M, which can be considered as vectors with 2= components which
are in M. Therefore the number of components of the existentially quantified vectors is
a polynomial of the number of component in the arguments of the function. This is true
not only for Theorem 7 but in general for polynomially existential families. In addition
to this, as the following theorem will show the notion of polynomially existential families
of functions is closely related to the notion of polynomial time computation.

For the following definition recall that N,, is a random access machine with word
length m and with 2™ memory cells. In case m = 24, for some d € w, the machine can
compute each M operation in My by a single instruction.

Definition. Suppose that F' = (Fy; | d,t € w,d > t) is a family of k-ary functions,
where each function Fyy, d,t € w, d >t is a k-ary function defined on M, with values in
{0,1}. We will say that the family F is polynomial time computable with respect to M if
there exist a v, € w and a program P for the family of RAMs N,, such the the following
holds,

(1) for all sufficiently large d € w, for allt € w with d > t, and for all ag, ..., ax_1 € My,
the machine N,,, where m = 2¢, with program P and input k,d,t,ay, ..., as_1, using only
the first 277~ memory cells in time 24" computes Fy;(ag, ..., ap_1).

We assume that at time 0 the program and the input is in the first length(P)+3+k
memory cells, the program is in the first length(P) cells and the input k,d, t, ag, ..., ax_;
is in the next 3 + £ cells in the given order. O

Remark. 1. Since d is sufficiently large we may assume that 22" the total number of
memory cells of N,, is larger than 274~ the number of memory cells required for the
computation, and 22* is also larger than length(P) + k + 3 the number of memory cells
required for the input.

2. We stated the definition for functions with 0, 1-values. In fact, we may allow any
value in My or even a sequence of length 247t in My, and everything that we prove about
this notion remains true. We will use however this notion in a nondeterministic setting
where the 0, 1-valued functions are sufficient for our purposes. O



Theorem 8 Suppose that F = (Fy; | d,t € w,d > t) is a family of k-ary functions,
where each function Fyy, d,t € w, d >t is a k-ary function defined on My with values in
{0,1}. Assume further that the family F' is polynomial time computable with respect to
M. Then the family F' is polynomially existential in M.

2  Sketch of the proof of Theorem 3.

2.1 Overview

As we have mentioned already, a weaker version of Theorem 3 was proved in [2], namely it
has been shown that if G = (G4 | d € w) is a sequence of terms of M such that G' decides
whether there exists a solution for F' then there exists a sequence dy,d;, ... of natural
numbers such that lim; . depth(Gg,) = oco. We will refer to this theorem as Theorem
A. The proof of Theorem A did not provide any unbounded function f(x) such that we
could conclude that for infinitely many d, the depth of G, is at least f(d). It seems that
the lack of such a function f is a consequence of the nature of the indirect proof given in
[2]. The paper [2] also described a generalized version of Theorem A, which essentially
abstracted those properties of the structures My which were needed in the proof. For the
present proofs these properties are not sufficient. (It is possible that the improved lower
bounds hold for the generalized version of Theorem A and can be proved by different
methods.) We have to go back to the original definition of the structures My in terms of
its arithmetic operations, and formulate new additional properties which will be used in
the proof of Theorem 3.

We start sketching the proof of Theorem 3 by comparing it to the proof of Paul,
Pippenger, Szemerédi, and Trotter about the separation of deterministic and non-
deterministic linear time computation on multitape turing machines (see [17]). We will
refer to their theorem as the PPST Theorem. We will point out which are those steps in
the proof of the PPST Theorem which has an analogue in the present paper.

The outline of the proof of the PPST Theorem is, roughly speaking, the following.
The proof has three parts that we will call Collapsing, Simulation, and Diagonalization.
The roles of these parts can be summarized this way.

Collapsing. This is an indirect argument. Assuming that the PPST theorem is not true
it is shown that the alternating hierarchy of linear time computation on multitape turing
machines is collapsing, that is, for each k there exists a ¢ such that each computation
with k alternation and time n can be also performed by a machine with no alternations
and in time cn.

Stmulation. It is shown, without the indirect assumption, that any computation
performed by a multitape turing machine (without alternations) in time n, can be
also performed on an alternating machine with four alternations in time e,n, where
lim, . €, — 0.

Diagonalization. Assume that the PPST theorem is not true. The Collapsing and
Simulation results described above lead to a contradiction through a diagonalization ar-
gument.



First we describe what is the concept of “computation” in our case. We do not define
a machine which performs the computation we only describe functions that we want to
compute. We may think that the process of evaluating a term or a first-order formula is
the computation. (The RAM model, described earlier, is not equivalent to this model of
computation if the depth of the formulas can be larger than constant.) The analogue of
non-alternating turing machine is the following. A term 7 € M is given and an n € w,
n = 2% is fixed. We want to compute the function which assigns to each a € My the truth
value of My = 7(a) = 0.

The analogue of a turing machine with k£ alternation is the following. A ¥, or Il
first-order formula ¢ of M is given and an n € w, n = 2¢ is fixed. We want to compute
the function which assigns to each a € My, the truth value of My = ¢(a).

The term 7 and the formula ¢ in the “computations” described above will be taken
from sets depending on n. Namely, let 7, be the set of all terms 7 of M which can be
computed by an algebraic circuit (whose gates perform Me-operations in My, n = 2%)
of size at most 29+1°84+3 3’ will be a set containing only X, formulas, where m =
c(d +logd)z for a constant c. (We will say more about it later.) 7, will be a similar but
somewhat larger set of first-order formulas of M with the property that if we perform a
constant number of boolean operations or variable changes on the elements of !, then
we get an element of H,. With these definitions we can give a short description of the
three parts of the present proof, which are analogues of the three parts in the proof of the
PPST theorem.

Collapsing. Assuming that the theorem is not true we show that for each fixed n = 2¢
there exists a term 7(x,y) € 7, and there exists a function g (an analogue of the Godel
numbering) which assigns to each element of ¢ € H,, an integer g(y) € My such that if
q = |d+log, d] then for all a € My, My = ¢(a) <> M, = 7(a,g(y)) = 0.

Simulation. We show that for each 7 € T,, there exists a A\, € H/, such that for all
a,b € My, My = A-(a,b) is equivalent to M, = 7(a,b) = 0, where ¢ = |d + logd].

Diagonalization. Using the Collapsing and Simulation statements we show that there
exists a formula p(z,y) of H, such that for all ¢ € H,,, and for all a € My, My | ¢(a)
iff My E p(a,g(p)), that is, the truth, at least for the formulas in H,, are definable in
M,. This leads to a contradiction.

We give now a more detailed description of the various parts of the proof. We start
with the diagonalization since it has the simplest proof.

2.2 Diagonalization.

This is similar to the argument in Godel’s incompleteness theorem or, more closely, to
Tarski’s proof about the non-definability of truth functions.

Starting with an arbitrary formula ¢(x) € H,, and the statement formulated in “Col-
lapsing” we get a 7 € T, with My = ¢(a) <> M, = 7(a,g(p)) for all a € M,. It
is important that 7 does not depend on . Next by the “Simulation” statement we
get, that there exists a first-order formula \.(z,y) € H!, for this particular 7. Clearly if
p(z,y) = Ar(x,y) then for all p € H,, and for all a € My, My = ¢(a) iff My = p(a, g(p)).
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Now we apply this for p(z) = —u(x,z). Since p is in H],, our assumptions about H,,
imply that ¢ € H,. With the choice a:= g(p) we get My = ¢(g(¢)) < nu(g(p).8(¢)),
that is, we have My = —u(g(e),g(¢)) <> u(g(e),g(v)) a contradiction.

2.3 Collapsing.

First we give the definitions of the sets H, and H,. Assume that ¢ is prenex first-order
formula of M. We form blocks from the quantifiers of ¢, such that (a) each block is an
interval of consecutive quantifiers of identical types, that is, existential or universal and
(b) two consecutive quantifiers of identical type is always in the same block. Suppose that
¢ has k blocks and the number of quantifiers in the blocks are ¢1, ..., 1. We will say that
the sequence (11, ..., 1) is the quantifier pattern of ¢. (We do not identify which are the
universal and existential quantifiers.)

We describe now the sets H,,, H!,. Assume that M, ji, ..., j,, are positive integers. The
set of all prenex first-order formulas ¢ of M satisfying the following two conditions will
be denoted by L(M, 1, ..., jm):

(1) if the quantifier pattern of ¢ is (1q, ..., ;) then k < m and ¢; < j; for all i=0,...,k-1.

(ii) if ¢ = Q,xp,...,Q171, P(xy,...,x1), where Q,,...,Q1 are quantifiers and P is a
propositional formula of M then length(P(xy,...,z,)) < M, where length(P) is the
number of symbols in P.

Let § = e(logd)z, m = |¢8]. The exact definitions of ., and 4, are too technical to
describe them in this sketch, but we may think that they are essentially of the following
form H, = L( ¢, 2, ....,c™), H, = L(c},c1,c2,...,c"), where ¢ > 2 and ¢; > 2 are
constants, and c is sufficiently large with respect to ¢;. The essential feature of these
formulas are that there are upper bounds on the number of quantifier blocks, the lengths
of the formulas, and the sizes of the quantifier blocks starting from ¢ or ¢; can grow only
exponentially.

Naturally the starting point of the collapsing argument is that, by the indirect as-
sumption, if a first-order formula ¢ contains a subformula 3z, F(z,y) = 0 then it can
be replaced by the formula G4(y) = 0, and by this replacement we have decreased the
number of quantifiers in ¢. Unfortunately it may happen that such a subformula does
not exist. Indeed, if the prenex form of ¢ is Q1y1, ..., Qryk, 3z, F(z,y1, ..., yx) = 0, where
Qo, ..., Qr_1 are quantifiers, then for £ > 1 the indirect assumption is not applicable since
F' depends on too many parameters. In this case however we may consider the formula
not in My but in My, for r = [log, k], where the sequence y, ..., y, from the elements of
M, can be encoded by a single element of My, ,. This is done in the proof of Theorem A,
and can be done in the present case as well.

There is however another difficulty. The term F'(z,y) in the indirect assumption is of
constant size and n = 2% can be arbitrarily large. Therefore the indirect assumption is
not applicable if the size of F(z,y) is not constant. Actually the definition of the set H!,
allows formulas whose sizes grow with n. This cannot be avoided since the terms G4 may
have sizes growing with n = 2% so after a single application of the indirect assumption,
when we replace dx, F'(z,y) by G4(y), we may get a formula containing a term of size
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£(logd)'/?. This problem did not arise in the proof of Theorem A since there the terms
G4 were of constant sizes. (Another similar problem however arose since after we reduced
M, E ¢(a) to Mgy = 7(a) = 0, the size of term 7, although did not depend on d, but it
still did depend on . The solution of that problem given in [2] is not applicable to the
present case.)

The solution of the problem, caused by the non-constant size of a term F', is the main
part of the proofs in this paper. For the solution we will use a lemma which says that
the evaluation in M, of an algebraic circuit C' with M-operations (M-circuits) can be
evaluated by an existential (or a universal) formula in M,, provided v > t + clog |C/|,
where ¢ € w is a sufficiently large constant. In other words the input-output relation of
such a circuit can be defined by an existential formula. To give a rigorous formulation
of this lemma we will encode each M-circuit by two integers. (It is possible to encode
the circuits by one integer, we use two integers only because it is more convenient.) We
do this in the following way. We consider an M-circuit as a directed graph whose nodes
are the gates (and the input nodes) and are labeled with the name of the corresponding
operations. For the sake of simplicity we assume now that the arity of each M operation
is 2. At each node x which is not an input node there are exactly two incoming edges
with tails, say y, z, one labeled with 0 the other labeled with 1. At x we perform an M
operation assigned to x on the elements which are the outputs of the gates at nodes y
and z.

Suppose that the M-circuit C' has m nodes, and the set of nodes is the set {0, 1, ..., m—
1}. Then C' can be described by three sequences. Sequence j for j = 0,1 is defined in the
following way. The ith element of sequence j is the tail of of the edge labeled by j whose
head is the node 7. (If there are no incoming edges at node i, that is, ¢ is an input node
then the ith element is 0). The definition of sequence 2: the ith elements of sequence 2 is
a label which shows which M operation must be executed at node 7, or whether node 7 is
an input node. To encode the three sequences by two integers, first we choose the smallest
integer d such that m < 22" and 22" is also larger than the number of M operations. Then
we encode the three sequences of length m by a single integer a with 3m digits in the
22d—ary numeral system, such that the digits of a form the three sequences. This way the
M-circuit C'is characterized by 2 integers the integer d that we denote by Circy(C) and
the integer a that we denote by Circy(C). It is important that an M-circuit C' can be
evaluated in any structure M; with ¢ € w, but the encoding Circy(C), Circy(C') does not
depend on the choice of the structure M.

We also need a way the encode the input of the circuit. Assume that we want to
evaluate an M-circuit C' in the structure M, for some ¢t € w, and the number of input
nodes of C'is k and the input is the sequence ay, ..., a1 € M;. Then we encode this input
with the single integer ency(ao, ..., ax—1) = ;:01 ;22" Here the arithmetic operations
are performed as among the integers so the sum is not necessarily in M.

Now we can formulate the lemma which says that the input output relation of a M-
circuit can be defined by an existential (or universal) formula of M in a not too large
structure M,,.

Circuit Simulation Lemma. (See Lemma 57) There exists an existential formula
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o(zo, ..., x4) of M with the following property. For all sufficiently large ¢ € w, for all M-
circuits C' with k inputs, and for allt,v € w, if v > t+clog|C| then for all ag, ..., ax,b €
M,, we have that Circo(C) € M, Circ,(C) € M, encyy(ao, . ..,ar-1) = St a2? €
M,, and

M, = Clag,...,a5-1) =b < M, = p(ency(ao,...,ar-1),b,t,Circy(C),Circ,(C))

The lemma only states the existence of an existential formula with the required prop-
erty, but if we can define a function with an existential formula then we can also define it
by a universal formula by simply saying, that the function does not take any other values.

The smallest possible v guaranteed by the lemma namely v = ¢ + clog|C| has the
following significance. Let m = |C|. Then the input of the circuit is a sequence of length
at most m from the elements of M;. The elements of M, can be considered as sequences of
length 2°~t = m¢ from the elements of M,. That is, the lemma says that if we are allowed
to quantify existentially sequences from M; whose length is a polynomial in m then we
can define the input-output relation of the circuit C'. We will prove this by showing the
input-output relation of any computation done in time polynomial in m, can be defined
in M, by an existential formula, provided that the computation is done on a RAM with
word length 2!. (That is, each word is an element of M;.) If ¢ is so small the with words of
length ¢t we cannot address m memory cells then the computation with time polynomial
in m is done on a turing machine.

Now we may return to the sketch of the “Collapsing” part of the proof, which was
interrupted because we needed a tool (the Circuit Simulation Lemma) to handle the
problem with the size of the terms in the formula ¢. Assume now that the first-order
formula ¢ contains a propositional formula H(zq,...,z5_1) = 0 whose size depends on
d. The Circuit Simulation Lemma with F:= H makes it possible to replace the formula
H(zq,...,x5_1) = 0 in ¢ by an existential or universal formula ¢ of constant size. Since
the new quantifier can be included in the previous quantifier block, the number of blocks
is not growing.

After these changes in ¢ we will get a formula ¢’ which is equivalent to ¢ (at least
in a larger structure M, ). The formula ¢’ contains a subformula of the form 3z, F'(x,y).
By the indirect assumption this can be replaced by a formula G(y) = 0 and this way we
decreased the number of quantifier changes in . (The formula ¢’ is not in prenex form,
because of the encoding problems, but after the replacement we take it to prenex form
again.)

After repeated use of the Circuit Simulation Lemma we have a sequence of formulas
© = ©o,p1, -, Pk and a sequence of integers d = vg, vy, ..., v such that the number of
quantifier blocks in the formulas ¢; is strictly decreasing with ¢, and for all ¢ = 0,1,.... k
we have the following: for all a € My, My | ¢(a) iff M, = ¢i(ai, gi(¢)). The integer
gi(p) encodes the parameters of the formulas ¢;, j <, which arose at the applications of
the circuit simulation lemma till that stage of the proof. Meanwhile we are maintaining
reasonable bounds on v; and length(p;). Let k be the smallest integer such that ¢ has
a single block of quantifiers, that is, ¢y is either universal or existential. We may assume
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that ¢ is existential otherwise we may work with its negation. We may also assume,
based on the techniques mentioned earlier, that ¢, has a single existential quantifier. The
formula ¢ was chosen from the set H,,, where n = 2¢. Using the upper bounds in the
definition of H,,, on the number of quantifier blocks, their sizes and the length of ¢, and
using the upper bounds in the circuit simulation lemma, we get that that vy < d + logd.
It is easy to see that we may assume that v, = |d + logd]. Since @, is of the form
or(y) = Jz, Fy(z,y) = 0 we may apply again the indirect assumption and get a term 7
of M such that depth(r) < e(logd)?, and for all a € My the following three statements
are equivalent:

() My )

(i) M, [ ou(a))

(ii)) M., E 7(a,8()) = 0, where g() = g(¢)
which completes the sketch of the collapsing argument.

2.3.1 Sketch of the Proof of the Circuit Simulation Lemma.

The Circuit Simulation Lemma is an easy consequence of Theorem 8. Theorem 8 essen-
tially says that the result of a computation done on the machine Nys with word length 2¢
and in space and time polynomial in 2¢~*, where d > ¢, can be expressed by an existential
formula of M in the structure M, if v > ¢t +¢(d —t) and ¢ is a sufficiently large constant.
We will apply this for the proof of the circuit simulation lemma with the parameter ¢ given
in the lemma and with d:= t 4 ¢/Circy(C), where ¢ > 0 is a sufficiently large constant.
It is an easy consequence of the definition of Circy(C) that 26¥0(®) > llog|C|. (See
Lemma 56.) Therefore the evaluation of the circuit C' in the structure M, trivially can be
done on the RAM N, since an element of M, can be stored in a single memory cell, and
also an element of C' can be stored in a single memory cell, the operations of M, can be
performed in constant time, and the time and memory that can be used is at least a suf-
ficiently large polynomial of |C|. So circuit evaluation (or checking that a guessed output
is correct) is polynomial time computable with respect to M, and Theorem 8 implies the
existence of the formula with the properties required by the Circuit Simulation Lemma.

2.3.2 Motivation for Theorem 6 and 7.

Our final goal is to prove Theorem 8. Theorem 6 and 7 can be considered as steps in this
proof. Therefore as a motivation we look again at the statement of Theorem 8 which says
that the result of a computation done on the machine Nos with word length 2¢ and in
space and time polynomial in 2¢~¢, where d > ¢, can be expressed by an existential formula
¢ of M in the structure M,, if v > t+¢(d —t) and c is a sufficiently large constant. If we
just think about what can we quantify in such a formula ¢ Theorem 8 is not surprising.
Indeed with such a formula ¢ we can existentially quantify a sequence from the elements
of My which is of length 2¢“~Y_ so which can be the whole history of the mentioned a
polynomial time computation. The problem arises when we want to verify that a given
sequence of elements of M, is really a history of a computation. Such a verification have
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to check that we get certain elements of the sequence by arithmetic operations from other
elements. This is the main motivation for Theorem 6 and Theorem 7, since they say
that with a certain type of fromula we can simultaneously perform a large number of
arithmetic operations. There will be another problem too, namely performing parallel
arithmetic operations as in theorems 6 and 7 is not enough, we also have to be able to
rearrange the sequence somehow such that the operands of the arithmetic operations are
at the right places. This problem arises at several different parts of the proofs so we will
discuss it in more detail there.

We were speaking about sequences formed from the elements of a structure M. If we
want to speak about such a sequence in a larger structure M, then we have to represent
it there as a single element of M,. We will represent a sequence ay, ...,ax_1 € My by
the integer a = ;:01 ai2i2d. Therefore the elements of the sequence ag, ..., ai_1 are the
“digits” of the integer a in the 22d—ary numeral system. The ith digit of the integer a in
the 22"-ary system will be denoted by ali, d], so in our example a; = ali, d] for i € k and
ali,d] = 0 for all ¢ > k. In particular the ith binary bit of the natural number a will be
denoted by ali, 0].

Our first results clarify what can we define by propositional or first-order existential
formulas with such sequences. These results are all preparations for the proofs of Theorem
6 and Theorem 7

2.3.3 Basic results about propositional and existential definitions in M,.

Let R = (Ry | d € w) be a family of k-ary relations where for each d € w, R, is a k-ary
relation on M. We will say that the family R is uniformly propositional /existential in M,
if the there exists a propositional /existential formula ¢ of M such that for all d € w and
for all ag, ...,ax—1 € My, R4(ag,...,ar—1) is equivalent to My = ¢(ag, ...,ax—1). A family
of k-ary functions f = (f; | d € w) is uniformly propositional /existential if the family of
relations Ry(xo, ..., xx_1,Yy) <> Ra(xg,...,xx_1) = y is uniformly propositional/existential.
Of course if f(z) = y can be defined by an existential formula then it also can be defined
by the universal formula Vz,z = y V =(f(z) = y), so a uniformly existential function is
also uniformly universal, so we could call it a uniformly A;-function.

Note that the notion of uniformly existential is a stronger one than the notion polyno-
mially existential relations defined earlier, since here we have to define the relation R, in
the structure M, and not in a larger extension M,,. It is easy to see that every uniformly
existential family is also polynomially existential.

Assume that f = (f; | d € w) is a family of k-ary function. We will say that the term
7 uniformly defines the family f, if for all d € w, and for all ag, ..., ar_1,b € My, we have
fd<a0, coey ak,l) = b iff Md ): T(CI,(], ceey ak,l) =b.

This part of the proof builds up tools which make it possible to prove about more
and more specific families of functions and relations that they are uniformly propositional
or existential or uniformly can be defined by a term. Frequently the proof is only the
simple application of one or two arithmetic operations of M. For example if we consider
and element a of My as a 0,1 sequences of length 2¢, formed from its binary bits, that
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is, a is represented by the sequence (a[0,0],a[1,0],...,a[2? — 1,0]), then we can perform
boolean operations component-wise on these sequences. Moreover we may also shift such
a seqeunce by a given amount in either direction using a term. That is, there exists a
term o such that for all a € My, i € 2¢ and we get o(a,i) from a by shifting a with i
places toward the more significant digits (and putting zeros into the empty places). The
term o(a,i) = ap(i) (in this case p(z) = 2') is good for this purpose. If we want to shift
a in the other direction then we can use the term =+(a, p(7)).

For each d,t € w we will denote by ey, the unique element of M, with eq[i, t] = 1
for all i € 297, There exists a term 7 of My such that for all d,t € w, with d > t,
M, = 7(t) = eqqs. For the proof of this fact we have to use only the closed form of the
sum of a finite geometric series. (See Lemma 13.)

Using these simple facts, about the binary component-wise boolean operations, about
the various types of shifts and about the element eq; we already can prove about more
interesting functions that they are uniformly propositional or existential. A trivial but
very important observation is the following. Let B(zq, ..., zx_1) be a boolean expression
with k-variables and let ag, ..., ar_1 € My.

(2) Then the relation Ry defined by Vi € 24, B(agli, 0], ..., ax_1[i, 0]) is propositional.

Indeed, if the term 7 is built up from the M operations, N and N the same way as B
from the boolean operations A and —, then Ry(ay, ..., ax—1) holds iff My = 7(ay, ..., ax—1) =
—1, since all of the binary bits of —1 is 1. This way we expressed a universal statement
about the components of elements in My by a propositional formula. This elimination of
universal quantifier will be very important in the proofs.

This argument about boolean expression can be mixed with the operation shift. As a
result

(3) we can express by a propositional formula a relation defined by
Vi € 2d7 B<a0[2 + jOa 0]7 ) ak*l[i + jO? 0]7 e aO[i + jT717 0]7 ) ak*l[i + jrfla O])
where B is a boolean expression with rk variables, and jo, ..., j,—1 are integers.

If u < d then with this type of propositional formula we can say that the sequences
a;[0,0],...,a;[2¢ —1,0], i = 0, ...,1 — 1 describe the history of a turing machine with a tape
with 2% cells, each containing a 0,1 bit which works from time 0 till time 29°* — 1 and
whose finite automaton A, directing the movement of the head etc., has 2/=2. states. The
contents of the cells of the tape at time ¢, will be given by the sequence ag[t2%, 0], ..., ao[t2*+
2" —1,0]. If at time ¢ the head is a cell j for some j € 2%, then a;[t2* + 7,0] = 1, and
a1[t2* +14,0] = 0 for all i € 2¥, i # j. Finally the state of the finite automaton .4 at time
t will be determined by the [ — 2 bits as[t2" + 7,0], ..., a;_1[t2* + j, 0], where the head is
at cell j at time ¢. (For all ¢ € 2%, i # j we have ay[t2" + 5,0] = ... = a;_1[t2* + 7,0] = 0.)
It is easy to see that there exists a Boolean expression B as in statement (3), with r = 6,
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jo = —]_, jl = 0, jg = 17 jg = 2% — ]_, j4 = 2“, j5 = 2u+17 ]{3 = l—f-]_, ap:= ag, ..., Aj—1:= aj_q,
ag—1:= €q, such that

VZ & 2d, B(ao['l + jo, O], ceey ak_l[i + jo, 0], ceey ao[i + jr—l, 0], ceey ak_l[i —|— jr—l, O])

holds iff the sequence ag[2%t + j,0], j € 2%, t € 277" is the history of a turing machine
with the finite automaton A, in the sense that at time ¢ the content of cell number j
is ag[2“t + j,0]. The reason is that if at time ¢ the head is at cell j, then the changes
from time ¢ to t + 1 may involve only the contents of cell j — 1,5 or j + 1 and the state
of the head. Therefore the rule defined by the finite automaton A involves only the bits
of a;[t2" + j + 9] and a;[(t + 1)2* + j + ¢] for i € k and § € {—1,0,1} (not all of them
are needed) and this can be expressed by a boolean expression . The role of the integer
eqy 1s that it signals if the head is at the end of the tape, where the rules of the head
movement may be different than at other locations.

This argument is sufficient the prove the NP-completeness result but we also use it for
other purposes. In the case of N P-completeness it must be aplied with v = |d/c| where
¢ > 1is a constant. The fact that “to be a history of turing machine with a fixed finite
automaton A” is uniformly propositional in M implies that the input-output relation for
the same turing machine is uniformly existential, if stated in the same structure M,,, and
naturally this remains true for the history of a nondeterministic turing machine. (If we
are speaking about turing machines with tape length ¢ that are working till time 7" then
the existential formula that defines the input/output relation is formulated in M, where
v > log, 0+ log, T.)

For the proof Theorem 6 we do not use turing machines, but the techniques are similar
to the one that were used for the proof related to them. One important difference will,
be that in the case of turing machines we needed only the binary bits, that is, ali, 0] of
various elements a € My, while in the proof of Theorem 6 we will need that 22“-ary digits,
that is, a[i, u] for some u < d. We do not give here an outline of the proof of Theorem
6 because it consists of several independent lemmas related to the various operations of
M. The only common idea in these result is the one that we have illustrated in the case
of turing machines.

2.3.4 Sketch of the proof of Theorem 7

The statement of Theorem 7 follows from Theorem 6 if f ¢ {x,+,p}. The most important
case is f = x, once we have the theorem for f = x the f = + case is relatively easy. For
f = p we have a somewhat longer proof but it is conceptually simpler.

We sketch here the basic idea of the proof of Theorem 7 for f = x.

We have to show that there exists an existential formula ¥ (xg, z1,y, 2, w) of M and
a ¢ € w such that for all d,u € w with d > u, and for all ag,a,,b € My, if v € w,
v > u+ ¢(d — u), then the following two conditions are equivalent:
(1) Xgu(ag,a1) =0,
(ii) M, = ¢¥(ag,...,ax_1,b,d,u).
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To get Xg4,(a,b) in My we want to use x(a,b) that is ab in M;. We want to get an
element h of My, such that hli,u] = ali, u]b[i,u] for all i € 247%. The choice h = ab is
obviously not good since (ab)[i, u] is a linear combination of various products a[k, u]b[l, u].
To separate the products alk, u|b[k, u] that we need from the products a[i, u|b[j, u], i # j
that we do not need we replace a and b by two other integers Fy(a) and Fj(b) so that
they have the same 22“-ary digits as a and b only these digits are stretched out on longer
intervals. We hope that this way all of the products a[i, u|b[j, u] will contribute to different
digits of Fy(a)F1(b). Let s = 297 We may try first Fy(a) = 25=] afi, u]2"%", and
Fi(b) = b, so the distance of the 22"-ary ali,u] digits in Fy(a) is s. The integer b is
smaller than 22" therefore each product alk,u|b[l,u] will contribute to at most one digit
of Fy(a)Fi(b), if we disregard the carryover. The carryover however is a problem since a
product alk, u]b[l,u] is a two digit 22"-ary number so it contributes both to the sk + Ith
digit and the sk + [ + 1th digit of Fy(a)Fi(b).

To avoid the complications caused by the carryover problem, we stretch out the se-
quence of digits of a by a factor of 2s and the sequence of digits of b by factor of 2. That
is, we have Fy(a) = Y771 ali, u]2%2" € Myy(g—w+1, Fi(b) = 571 bli, u]2%?" € M.
Now the carryover is not a problem since we care about only the values of the digits
of Fi(a)Fi(b) at even numbered places, while the carryovers influence only digits at odd
numbered places. Note here that the functions Fyy, F; were defined by moving the 22“-ary
digits into new places. We will have to show that the functions Fy and F} can be defined
by an existential formula in M,, where v > u + ¢(d — ). For the moment we accept that
this can be done somehow and continue the computation of x4,, but later we will return
to this question.

We have that if w = Fy(a)Fy(b) then w < 22°+292" ¢ M, where v/ = u + 4(d — u)
and for all k € s, (a[k, u]blk, u])m, = w[2ks + 2k, u|, where (xy)nm, means that we have
to take the product in M, that is, modulo 2%".

We define a function Fy by Fy(p) = S5t p[2sk + 2k, u]2¥?" for all p € M,,. Clearly
we have (Fy(w))[k,u] = alk, u)b[k,u]. So we have shown that Fy(Fy(a)Fi(b)) = Xau(a,b).
The function Fy(p) is also defined by moving the 22"-ary digits of the integer p to other
places, and turning some of the digits into zeros. As in the case of the functions Fy, I} we
have to show that F; can be defined by an existential formula in M,,. Finally it is easy to
prove that if all of the three functions Fy, I}, F,» are defined by an existential formula in
M, then their composition Fy(Fy(a)Fi(b)) can be also defined by an existential formula
in M,,.

Now we show that the functions F;, i = 0, 1,2 described above can be defined by an
existential formula in M, provided that v > w4+ ¢(d — u) and ¢ € w is a sufficiently large
constant. Recall that for each 0,1, 2 the value F;(p) was defined in the following way. We
took the 22"-ary digits of p and replaced some of them by 0 and took the others to new
places, to get the 22“-ary form of Fj(p). All of this, which digits must be replaced by
zero, and where we put the remaining digits, was explicitly described in the sense that
we could compute it in time polynomial in s = 297% by a turing machine which needed
only the input s. Motivated by this we prove here a general statement which says that
functions with this property are polynomially existential which will imply in our case that
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F;, v =0,1,2 are existentially definable in M, is c is a sufficiently large constant. Later
we will need this result for the proof of Theorem 8 as well, where its very general nature
will be fully used.

The result in a simple form which is sufficient for proving the required properties of
F;, 1 =0,1,2 is the following.

Digit Relocation Lemma (See also Lemma 40) Assume that A\(z,y) is a function
defined for all x € w, y € x such that the value of X is in the set {0,1,...,z}, and given
the input x,y, ANz, y) can be computed by a turing machine in time and space polynomial
in x. Then the family R = (R4, | d,u € w,d > u) of binary relations is polynomially
existential, where for all d,u € w with d > w and for all a,b € My, Ry(a,b) holds if for
all i € 2974 bli,u] = a[\ (277, 7), u).

According to this lemma the integer b is defined in a way that its 22"-ary digits are
selected from the 2%2“-ary digits of the integer a. The selection is made by a turing
machine but without the knowledge of the integer a. According to the assumptions of the
lemma the value of A(x,%) can be x. In this case if A\(277% i) = 297% then we get that
bli,u] = a2, u] = 0, since a < 22°. Therefore 0 is always among the digits of a which
can be used as digits of b (this is important in the case of the functions Fj, j = 0,1,2).
(In Lemma 40 we formulate a somewhat more general form of this result namely we allow
A depend on a parameter which is an element of M, representing a 0, 1 sequence of length
2d-u )

In the proof of the Digit Relocation Lemma we will construct the integer b from the
integer a by constructing a sequence oy = a,aq,...,a, = b, where «o; € My and we get
each ;41 from «; by one of the following operations 7;, defined below. In describing these
operations we will consider an element w of My as the sequence (w0, u], w[l,u], ..., w[s —
1,u]) of length s = 297 from the elements of M,,. Therefore we define operations acting on
such sequences and they induce a corresponding operations on M, as well. For each ¢ € s,
¢ € 4 we define an operation 7;,, which applied to the sequence x = (zg, ..., xs_1) € (M,)*
gives the following:

nio(x) = (Yo, ..., Ys—1), where for all j € {0,1,....,s — 2}\{i}, y; = z;, and y; = 0. That
is, we get 1;0(x) from x by replacing x; with 0.

ni1(z) = (Yo, -..s Ys—1), where for all j € {0,1, ..., s—2}\{4,i+1}, y; = z;, and y; = 41,
Yit1 = x;. That is, we get 1, 1(z) from z by swapping z; and x;1.

ni2(x) = (Yo, ..., Ys—1), where for all j € {0,1,...;s —2}\{i}, y; = z;, and y; = x;11.
That is, we get 1, o(z) from x by replacing x; with ;4.

ni3(x) = x that is the sequence remain unchanged. (In the detailed proof this opera-
tion will be missing because we will reach the same effect in a different way.)

Therefore our assumption is that a turing machine computes in polynomial time a
sequence of pairs (i,,, ty,), form = 0,1, ..., v—2 and a1 = i, 1, 0 form = 0,1, ..., v—2.
In other words

b= 77%-2,@-2(' -+ Mio,eo (a) e )

To show that this whole construction is uniformly existential we need a turing machine,
in some generalized sense, which can perform the operations n;, if the sequence z =
(xg,...,x5_1) is the sequence of contents of the cells. More precisely we will consider a
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turing machine 7 with a fixed tape length s = 297% such that each cell contains a pair
(0,w), where ¢ is 0, 1-sequence § = (dy, ...,0,_1) of length k, where k is a constant and
w € M,. The finite automaton A directing the head movement and the changes in the
contents of the cell from time ¢ to time ¢ + 1 works in the following way. If the head is
at time ¢ at cell j whose content is the pair (§, w) § € {0, 1}, w € M, then the input of
the finite automaton A is §, that is, the finite automaton simply does not see the element
w of M,. Suppose that at time ¢ the content of cell j is (6®),w; ;). We will denote the
sequence (W, ..., Wy s—1) by Wy (In the detailed proof we do not allow the cells to contain
elements in w € M,,. We let only the turing machine compute the sequence of operations
and then execute the operations on sequences of elements from M,, and show that both
steps are existentially definable. The two versions has the same basic idea, and the one
that we sketch here is perhaps more intuitive, but we need the version of turing machines
that we describe in the detailed proof for other purposes as well.)

Suppose that the head is at cell j at time ¢. Then depending on the input of A
described above, it gives an output which consists of three different things:

(i) A directs the head either to change the content of cell j or leave it unchanged,

(ii) A directs the head to stay at cell j or to move either to cell j + 1 or to cell 7 — 1
(if the destination cell does not exist then the head does not move)

(iii) A also give as an output an integer ¢ € {0,1,2,3}. If the head is at time ¢ at
cell s — 1 then W;,; = W,. If the head is is at time t at cell ¢, where ¢ # s — 1 then
Wip1 = 1i(W2).

This completes the definition of the turing machine 7 that we will call a generalized
turing machine so the word turing machine in itself will mean a turing machine in its
original sense. If the finite automaton 4 and its initial state at time 0 and the contents of
the cells at time 0 are given, the rules described above uniquely determine the history of
the generalized turing machine 7. We will consider a generalized turing machine 7 of this
type where Wy = (a[0,ul, ...,a[s — 1,u]) and the generalized turing machine determines
the type (iii) output of the automaton A in a way that Wy = (b[0,u], ..., b[s — 1, ul).
Since the function A is computable in time polynomial in s, such a generalized turing
machine exists if v € w is a sufficiently large constant.

We claim that the same way as we have seen earlier with a turing machine, where each
cell contained only a single 0, 1 bit, the history of the generalized turing machine also can
be defined by an existential formula in M,,, where v = u + (v 4 2)(d — w). This is true in
the following sense.

When we proved the existential definability of the history of a turing machine, then
we encoded the the 0,1 bits occurring in the cells of the machine at various times as the
binary bits of an integers a; € My, @ € [ for a suitably chosen d € w. Even when the
integers a; encoded the position of the head and the state of the head at each time, the
integer [ remained a constant. Now however the situation is changed since the contents
of the cells are elements of M, so we cannot encode them with a constant number of
0,1, bit. To keep the advantages of the 0, 1-bits that can be the arguments of boolean
expressions, and at the same time allow the encoding of sequences from the elements of
M, we will do the following. The history of the generalized turing machine with tape
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length ¢ = 2¢7* which works till time 7" = 27(~%) will be encoded by the integers in M,),
where v = u+ (7+1)(d —u). For example the §; in cell j at ¢ time will be encoded by the
ao:[tl + j], where ag; € M,. This way even for encoding 0, 1 bits we use the 22"-ary form
of integers. Therefor to define the history in an existential way we have to define the set
of integers a in M, whose 22"-ary bits are all zeros and ones by an existential formula.
This is not a problem since a has this property iff a <, , €,,, and Theorem 6 implies that
the family of relations <,,,, is uniformly existential.

We also need to encode the position of the head and the state of the finite automaton
this will be done, as before, by the integers ai, as, ..., a;_1, but now using their 2%"-ary
digits which are only ones and zeros. Consequently if at time t the head is at cell j,
then a1 [t + j,u] = 1, a1 [t6 + j',u] = 0 for all j' € A\{j}. If a1[tl + j,u] = 1 ay[t27* +
gy, .., a1 [t2¢7% + j,u] determines the state of the finite automaton at time ¢ while
ap[t297% +0,0] = ... = q;_1[t297% 4+ ,0] = 0 for all i # j.

In the generalized turing machine the content of a cell is a pair (J, w) where the content
of each cell is a 0, 1-sequence & = (&g, ..., O_1) € {0,1}* and w € M,,. The history of the
contents w of the cells will be represented by an integer g € M, such that if at time ¢ the
content of cell j is wy ; then B[t297% + j,u] = wy ;.

We define the family of k& + [ + l-ary relations relation R4 = (R, |
v € w) by: for all v € w, and for all agg,...,a0k-1,02, ..., q1—1, B, d,u € M,,
Ry 4(a00y ooy G0 -1, G2y ooy i1, By dyu) iff © > d > u, v = u+ (v + 1)(u — d) and the
sequence agy, ..., g g—1, @2, ..., aj—1, 3 describes a history of the turing machine with the
finite automaton A.

The proof of the fact that the family of relations R 4 is uniformly existential is almost
the same as in the case of (non-generalized) turing machines, since ag;[r,u] € {0,1} for
i € k,r €T and a,[r,u] € {0,1} for v = 1...;1 — 1, r € {T, we are able to express the
the rules defining the turing machine by boolean expressions, provided that twe disregard
the elements w;; € M,. Instead of using the elements w;; directly we will use the
elements Dy ;i defined by D,y = 1if wy; = wy j and Dy jp i = 0 if wy; = wy j.
Since these elements take only 0,1 values we will be able to express evrything about the
working of the turing machine by boolean expressions. For the description of the rules
defining the turing machine we need D,y ; only in the special cases t' € {t,¢ + 1},
jJe H ={j—2,j—1,7,7+ 1,7+ 2}. In terms of the integer 5 this means that we
need to know the boolean values of the statements B[t2¢% + j,u] = B[t'2¢"* + j'] for
t' € {t,t + 1}, j/ € H;. We define an element ¢, = 2"5@-2" ¢ M,, for £ € {0, 1},
n € Hy. We get that the sequence of 22"-ary digits of ¢, by shifting the digit sequence
of 8 toward the more significant digits (for negative values of 7 it means shifting to the
opposite direction.) As we have seen for all relevant values of £, 7 there exists a term 7,
such that M, |= B¢, = Te,(8). Therefore in the existential formula that will define the
relation R4 4 in M, we can use the integers f¢,, £ € {0,1}, n € H. Therefore we get
the required 0, 1-bits Dy j, t' € {t,t + 1}, j' € H; as the 2*"-ary digits of the integers
Pemen’ s where Peng ' f, f/ S {0, 1}, 7],77, S HO is defined by

M, = Pengny = minv,u(QT) — 1, B — 55’,?7’)
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Since the operation min,, can be defined by an existential formula in M, this is also
true for the integers p¢,eny. Finally using the integers pe, ¢, and also the integers
ap0s -y A k—1, A2, -.., 4j—1 We are able to express the rules defining the turing machine in
the form of

Vi € 21}_“8((10’0, vy QO k=15 A2y ey A1, ﬁfﬂ]:f'ﬂ?')

where P, ¢,y i the sequence of all expressions pe, ¢y, §,& € {0,1}, n,m' € H,.

This implies, as we have seen in statement (2), that the relation R, 4 can be expressed
by an existential formula in M,. Form this it is easy to get the statement of the Theorem
7, since we have to say only that there exists a history of the generalized turing machine
with a given initial and final states.

2.3.5 Sketch of the proof of Theorem 8

The assumption of the theorem is that the functions Fj;; are computable on the RAM
Ny, in time 271(=% using only the first 271~ memory cells.

Such a computation can be performed also by a circuit C' of size 27%(d —t) whose gates
perform operations in My, where 7, depends only on v and C' is given independently of
the program and input of the machine Nya—u. Moreover the circuit C' can be chosen in
a way that it is computable by a turing machine 7 with the intput 2~ in time 23(¢-%
where 3 depend only on ;.

If we want to define existentially the Fj;(ao,...,ar—1) then we may guess what will
be the outputs of the gates of C' and then verify by an existential formula that these
values are consistent with each other and the input. The verification has two steps.
Suppose that at each gate G both the guessed output of gate G’ and given the (guessed)
inputs of the gate G are given. We associate each gate with one of the natural numbers
0,1,...,|C| — 1, and for example, the sequence of outputs is represented by the integer

d

ZLZO_H b;2'2 where b; € M, is the guessed output at gate number i. The two (or less)
inputs at each gate are encoded in a similar way. Then we have to verify that the values
which are given more than once as inputs and outputs are the same. Since the structure
of the circuit can be calculated by a turing machine this verification can be done using
the Digit Relocation Lemma. The other step in the verification is that each gate performs
correctly the operation assigned to it. Here we assume that at each gate together with
the inputs and output also the name of the operation is also given (where such a name
a natural number in the set {0, 1,...,k}, where k is the number of M operations ). The
assignment of the operations to the gates is encoded by an integer zﬁgl' ¢:22" where
¢; € k is the name of the operation at gate i. (Here we assume that 22" > k but this is
only a technical problem that can be avoided easily.)

Using Theorem 7 we can perform parallel all of the operations at the all of the gates,
in the sense the we can define the result by an existential formula. Now we have the
results of all of the operations performed on the twp inputs at each gate. With another
existential formula we can check that the output at G is identical to the result which
corresponds to the name of the operation assigned to gate GG. For this checking we use
the same technique as was used to conclude the proof of Theorem 7, that is, first we
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express the equalities between that various integers at gate G in terms of 0, 1-bits and
then use statement (2).

2.4 Simulation

Our goal is to show that for each 7 € Ty, there exists a A\, € H,, such that for alla,b € M,
M, = A (a,b) is equivalent to M, = 7(a,b) = 0, where ¢ = |d + logd|.

Recall that 7, is a set of terms of M with some bounds on their sizes and H,, is a set
of first-order formulas with some restriction on the number of quantifier changes and on
the sizes of the formulas. For the moment we disregard the quantitative bounds on the
term 7 and the formula A\, we consider only the following general question.

Assume that 7(z,y) is a term of M, a,b € M, and we want to know whether M, =
7(a,b) = 0, but we are allowed only to evaluate first-order formulas in My, where ¢ =
|d + logd|. How can we do this? Since the structure My is much smaller than M, we
cannot simply perform the computation of (7(a,b))nm, in My. It is true that the starting
points for the computation of (7(a,b))m,, namely the elements a,b are in My, but during
the computation we may get partial results which are in M, but not in M.

In spite of this difficulty our plan is to follow the computation of (7(a,b))m, step
by step in My, that is, we want to simulate the computation of 7(a,b) in M, by doing
something in M. During this simulation we have to represent the partial results, which
are elements of M, in some way in M. The structure My does not have enough elements
for this. So we will represent each element i of M, by a binary relation n™ on My, and
we will do it in a way that all of the elements w of M, which occur as partial result during
the computation of (7(a,b))m, will be represented by a binary relation n®) which can be
defined by a first-order formula ¢,, on M, in the sense that for all x,y € My, we have
N (z,y) iff My E pu(z,y). At the beginning of the computation that is if w = a or
w = b or w can be defined by a constant symbol in M, then the formula ¢,, will be of
constant size. As we will proceed with the computation of (7(a,b))n,, the formulas ¢,
corresponding to the partial results w will be larger and larger, at each step the number of
quantifier alternations in ¢,, will grow by an additive constant and the size of the formula
Y by a multiplicative constant.

We will define the formulas ¢,, in the following way. First we define ¢,, for each
element w € My, and when M, = w = c, where c is a constant symbol of M. Then
we give a general rule such that in the knowledge of ¢, and ¢, it will be possible to
construct Qg w) OF Pg(w) for all function binary function symbols f and unary function
symbols g of M.

First we indicate how can we do this with unary relations. The simplest solution is
to represent each element of M, by a unary relation using the binary form of w. For
each w € M, let £®) be the unary relation on My defined by “for all i € My, £@(a) iff
wli, 0] = 17, that is, €% (a) holds iff the ith binary bit of w is 1. If d is sufficiently large
and ¢ = |d + logd| we have that w — &) is a one-to-one map of M, into the set of
unary relations on My. The next question is that if we have the relations £®) and £®")
how can we get from them the relations £w+®") ¢ww) ¢=(@w) ote We will see that these
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relations can be defined by a first-order formulas from the relations £®) and £®".

We will use binary not unary relations to represent the elements of M, but we do this
only because it is technically more convenient but the binary representation that we will
use is, in some sense, equivalent to the unary representation described above.

We may think that the structures M, ¢t = 0,1, ... are constructed in this order. The
property of the operations of M on these structure that we sketched above and will define
below means that at the time when we have constructed the structure My we are able
to “predict” what will be the result of various operations in M, for some ¢ > d. This
motivates the term “predictive” that we will use in the following definition. (Recall that
coeff;(a,b) is the ith digit of @ in the b-ary numeral system.)

Definition. 1. The set of functions symbols of M (including the constant symbols) will
be denoted by fsymb(M)

2. Let J be a function. We will say that M is J-predictive if the following conditions
are satisfied.

(4) The function J is a monotone increasing function defined on w and with values in
w.

5) For all sufficiently large d € w, J(d) € My and J(d) > d.

(

(6) There ezists a function defined on fsymb(M) assigning to each function symbol
f(xo,...,x5-1) of M, a first-order formula ®¢(z,y,2,Y0,...,Ys_1) of M, where x,y, 2
are free first-order variables and Yy, ...,Y,_1 are free variables for binary relations, such
that the following holds. For all d,r € w with d+r < J(d) there exists a map a — 776(52
of universe(My.,.) into the set of binary relations on universe(My) with the following
properties:

(i) For each a,u,v € My, we have T]C(l? (u,v) iff “u=0 and coeff,(a,2) =1".
(ii) Suppose that f(xo, ..., xr_1) is a k-ary function symbol of M, for some k = 0,1,2

(including the constant symbols for k =0), f = (f)May,> and ag, ..., ar—1 € Mgy,. Then

for all u,v € My, nc(lfr(ao""’a’“’l))(u,v) iff

M, =y (u,v,r, 05, i),
O

The proof of the simulation statement is based on the following lemma.
Lemma 1 Assume that ¢ > 0 is areal, and J(x) = |z+clogz|. Then M is J predictive.

In [2] a weaker result of similar nature is proved which implies that there exists a
function g(x) with lim,_,, g(z) = oo, such that if Jy = x4 g(x) then M is Jy-predictive.
Some of the partial results of the proof given there were stronger than what was needed
for the theorem formulated in [2]. We get Lemma 1 by using the full strength of these
partial results in particular about the first-order definability of the bits of the results of
multiplication and division between large numbers. The proof is given in section 9.2. This
completes the sketches of the various parts of the theorem.
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3 Existential and propositional families of relations
on M

A large part of our proofs consists of constructions of first-order formulas of M which
define relations or functions in the structures My, d € w with properties which are use-
ful in proving our theorems. For example the “Collapsing statement” and “Simulation
statement” claim the existence of certain first-order formulas of M that we will construct
during our proofs. In spite of the fact that Theorem 3 and Theorem 4 are “non-existence”
statements, which claim that formulas of M with given properties do not exist for their
proof we use statements which claim the existence of formulas of M with other properties.
(This is a typical situation in lower bound proofs.)

In the Collapsing and Simulation statements we are speaking about first-order formulas
which are interpreted in a structure My where d € w. The sizes of these formulas may
depend on d. In this section we consider a simpler question where there is only one
formula. More precisely let Ry, d € w be a family of relations, where for all d € w,
R, is a k-ary relations on My. If there exists a first-order formula ¢(x, ..., xx_1) of M
such that for all d € w and for all ay,...,ar_1, Ra(ag,...,ar—1) iff My E ¢(ag, ..., ax_1)
then we will say that the formula ¢ defines the family R;. This means that the whole
family can be defined by a single first-order formula. We will say that such a family of
relations is uniformly first-order definable. The special cases when ¢ is propositional or
existential will be very important and then the corresponding families of relations will be
called uniformly propositional and uniformly existential. We will use similar definitions
for families of functions as well.

The importance of these notions is that there is a large number of explicitly defined
relations and functions, which are either uniformly propositional or uniformly existential,
and we use them in the proofs of the Collapsing statement. This section contains the
formulations and proofs of results of these types.

It is easy to see that for each propositional formula P(x,...,z5_1) there exists a
term ¢(zq, ..., xx_1) of M such that for all d € w, My = Vo, ..., 251, P(o, ..., Tp_1) >
t(zg,...,xk—1) = 0. (See Lemma 3 below.) This implies that for all uniformly proposi-
tional family of relations R4(xo, ...,xx_1), d € w, there exists a term ¢ of M such that
for all ag,...,ax—1 € My, My = t(ag,...,ax—1) = 0 is equivalent to Ry(ao,...,ar—1). In
particular if f;, d € w is a family of k — l-ary functions such that Ry(ay, ..., ax—1) holds
iff fy(zo,...,xk_2) = zx_1 then for all ag,...,ar_1 € My, My E t(ag,...,ar—1) = 0 is
equivalent to fy(ag, ..., ax_2) = ar_1. In this case we say that the family of functions fy is
propositional. We will be also interested in families where each functions f; is computable
by the same term. This requirement can be formulated as follows.

There exists a term s(zg,...,xx—2) of M such that for all d € w and for all
ag, ..., Ap—2,0p—1 € Md, Md ): 8(0,0, ey ak,l) = fd<a0, ceey CLk,Q) = Ak—1-

If this last condition is satisfied then we will say that the family function f,;, d € w can
be uniformly expressed by a term. This clearly implies that the family of function f; is
propositional. In some cases we will need this stronger property. (When we say stronger
we mean only that the definition is formally stronger but we do not know whether there
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exists a uniformly propositional family of function which cannot be expressed uniformly
by a term.)

If f(xo,...,xx—1) is a function which is defined by an existential formula
o(xo, ..., Tp—1,y) in My, that is, for all ag,...,ax_1,b we have My = f(ag,...,ax_1) =
b < ¢(ag,...,ar_1,b) then the function f can be also defined by a universal formula
namely My E f(ag,...,ax_1) = b < Va,x = bV —p(agp,...,a,_1,b). Therefore each
existential family of functions is also universal.

Most of the families of relations and functions where we will prove that they are
uniformly existential or propositional are related to the notion of “digits” of integers in
various numeral systems. For example it is easy to show that the family of relations
Ry(u,i,a,t) defined by “t < d and w is that ith digit of a in the numeral system with
base 227 is propositional. The numeral systems with base 22" has a particular importance
for us since if d < ¢ the a sequence uy,...,u,_1 € M, k = 2%t can be encoded as the
sequence of 22"-ary digits of a single element a € My, namely a = > ¥=1 ;2. As we
have mentioned already in section 2 we will frequently need to encode sequences from the
elements of a structure M; by a single element of a larger structure My. A very important
and characteristic example is the Circuit Simulation Lemma whose intuitive statement
was described in section 2. Here the a circuit, by definition, will be the sequence of its
nodes with various labelings which describe the operations and the “wires” between the
nodes. A circuit given this way will be encoded by a single element a of a sufficiently large
structure My and the 22-ary digits of the integer a will define the sequences of nodes and
labelings, for a suitably chosen positive integer ¢ < d.

We will need also to perform operations on sequences of integers which are encoded
as the 22"-ary digits of an integer a € My. This is very important for the Vector Property
Lemma (see the formulation of this lemma in section 2 and the explanation before the
statement of the lemma). In this section we prove the Vector Property Lemma for each
of the operations f ¢ {x, =, p}. We actually get in these cases a stronger version of the
lemma with ¢ = 0. Th most problematic cases proved in this section will be the operations
min and max.

3.1 Existential and propositional formulas in M,, basic prop-
erties

Definition. func(A, B) will denote the set of all functions defined on the set A with
values in the set B. O

Definition. 1. Assume that k € w and R = (R | d € w) is a family of k-ary relations,
such that for each d € w, R is a k-ary relation on My. Then we will say that R is a
family of k-ary relations on M.

2. Suppose that k € w and R = (RY | d € w) is a family of k-ary relations
on M. We will say that the family R is uniformly propositional on M if there ex-
ists a propositional formula P(xy,...,x;_1) of M such that, for all d € w, and for all
ag, - ., ap—1 € My, R (ay, ..., ax_1) is equivalent to My |= P(ag,...,ar_1). In a similar
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way the family R is called uniformly existential on M if there exists an existential first-
order formula (o, ..., x,_1) of M such that, for all d € w, and for all ag, ..., a,_1 € My,
R (ayg, ..., a,_,) is equivalent to My |= ¢(ag, . ..,ax_1). O

Definition. 1. Assume that f = (f@ | d € w) is a family of k-ary functions, such that
for each d € w, f@ is a k-ary function defined on My and with values in My. Then we
will say that f is a family of k-ary functions on M.

2. Suppose that k € w and f = (f@ | d € w) is a family of k-ary functions on M. We
will say that the family f is uniformly propositional on M if there exists a propositional
formula P(zo,...,x,_1,y) of M such that, for all d € w, and for all ay,...,a,_1,b € My,
f9Dag,... ap_1) = b is equivalent to My = P(ag,...,ar_1,b). In a similar way the
family f is called uniformly existential on M if there exists an existential first-order
formula ¢(zg, ..., x,_1,y) of M such that, for all d € w, and for all ag, ..., a,_1,b € My,
fD(ag, ..., ax_1) = d is equivalent to My |= ¢(aq, ..., a,_1,b). O

Definition. 1. If a,t € w and 7 is an integer then we will use the notation ali,t] =
coeff;(a,2%). (By the definition of the function coeff if i is negative then afi,t] = 0. )
E.g., the ¢th binary bit of the natural number a is ali, 0].

2. The elements of M, are natural numbers, in the set {0,1,... L9220 1}, but
sometimes it is useful to represent them as sequences of various types. For each fixed
d € wand p € {0,1,...,d} each element a € M, will be represented by a sequence
{al0,p],a[1,p],...,a[29P — 1,p]), that we will denote by [a,d, p]. This is a sequence of
length 2977 whose elements are the 22"-ary digits of the natural number a. O

Lemma 2 There exist binary terms h,g of M such that for all d € w and for all a,b in
Md;

(7) a=0b implies My = g(a,b) =1 and a # b implies My |= g(a,b) = 0.
(8) a < b implies My = h(a,b) =1 and a > b implies My = h(a,b) = 0.

Proof. The definitions of the terms are g(z,y) = 1 — min(1,z — y), and
h(z,y) = (1 —g(z,y))(1 — g(min(z,y),y)). Q.E.D.(Lemma 2)

For the following definition recall that the interpretation of the function symbol p(x)
in the structure My was the function min(2" — 1,2?), where n = 2%.

Definition. We define a term q(z) of M by q(z) = h(xz,n)p(z) where h(z,y) is the
term defined in Lemma 2. This definition implies that for all z, z € My, if n = 2¢ then

(Mg = q(z) = 2 ) iff “either z < 2% and 2 = min{2%,2" — 1} = 2% or z > 29 A2 = 0.
Therefore the terms q(z) and p(z) take different values only if 2 > 2¢. In this case
p(z) =22 —1 and q(z) = 0. O

Lemma 3 For each propositional formula P(xo,...,xx—1) there ezists a term
t(zo, ..., xr—1) of M such that for all d € w, My E Vaxo,..,v51, (P(xo, ..., Tp_1) —
t(ﬂ?o, ...,.%k,l) = 0) A (_|P<I0, ...,]}kfl) — t(l‘o, ...,Ik,1> = 1)
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We need this lemma so frequently that we will use it without a reference.

Proof of Lemma 3. We prove the lemma by induction on the number of logical con-
nectives in the formula P. If P is an atomic formula then it is of the form tq = t;, where
to, t1 are terms of M. If ¢ is a term with the properties described in Lemma 2 then the
term t = 1 — g(to, t1) meets the requirements of the lemma.

Suppose that P = =P’ and the term ¢’ is chosen so that the conditions of the Lemma
are satisfied with P:= P’ t:=t'. Then t = 1 — t’ is the required term. Assume that
P = P,V Py, and the terms t;, i« = 0,1 are chosen so that the conditions of the Lemma
are satisfied with P:= P;, t:=t; for i = 0, 1. Then t = tyt; meets the requirements of the
lemma. The remaining logical connectives can be expressed as combinations of — and V.
Q.E.D.(Lemma 3)

Lemma 4 There exists a term k(z) of M such that for all d,t € w ift < d and b= 2% —1
then My = k(t) = b.

Proof of Lemma 4. The term q(q(z)) — 1 satisfies the requirements of the lemma.
(The choice k(x) = p(p(x)) — 1 is not satisfactory since in the ¢ = d case the definition
of (p)m, would imply My = k(d) = 7, where r = min(2*" —1,2*" —1 - 1) = 2%’ —2))
Q.E.D.(Lemma 4)

Lemma 5 There exists a term o of/\/l such that for all d,b,a,j, k,aqg,...,0_1 € w, if
gy -y g < 20,280 — 1 € My, a = Y80 a;2%, and j € k, then My |= o = o(a, b, j).

Proof of Lemma 5. We have that for all I € k if S} = 00422“’ then My | S, =

a — +(a,2"). Since a; = Tll this implies our statement. Q E.D.(Lemma 5)

In the following definition if 0 < ¢ < d, then for each an element a € My we consider
the sequence [a, d, t], that is, the sequence of 22" _ary digits of the integer a. We define
a unary operation shifty;;(a) which shifts this sequence by i places toward the more
significant places if 7 > 0. Those which would represent a number larger that 22" will
disappear and on the other end of the sequence the new elements will be zeros. If i < 0
then the shift is in the other direction with similar rules. First we consider the special
case when ¢ = 0, the corresponding function will be denoted by shift,;.

Definition. Assume that d € w and 7 is an integer. We define a function shift,,; on M,.
For all a,b € My, shift,;(a) = b iff for all k € 2%, b[k, 0] = a[k —i,0]. (Recall that a[j, 0]
is defined for all integers j, and if j is negative then a[j,0] = 0.) For each d,t € w,d >t
and integer ¢, we define a function shifty;; on M, : for all a,b € My, shift,;;(a) =b
iff for all k € 247%, b[k,t] = a[k —4,t]. These definitions imply that for each d,t € w with
t <d, if i is an integer then shifty; € func(My, M) and shift,,; € func(My, M,). O

The next two lemma shows that the function shift can be defined uniformly with a
term. In the formulation of Lemma 6 it is important that we have defined the interpreta-
tion of the operation + such that for all d € w, and a € M, we have My = +(a,0) = 0.
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Lemma 6 Assume that d,t € w, d > t, a,i € My. Then shiftg,,(a) is the unique
element b of My such that My = b = aq(i), and the integer shift,, ;(a) is the unique
element b of My such that My = b= +(a,q(7)).

Proof of Lemma 6. The statement of the lemma is an immediate consequence of the
definitions of the function shifty,,; and the structure My. Q.E.D.(Lemma 6)

Lemma 7 There exists a term 7 of M such that for all d,t € w, with d > t, and for all
a,i € My, 6 € {—1,1}, the following holds. Assume that and an integer b is defined by
b=shifty;;(a) if 6 =1, and b = shifty, i(a) if 6 = —1. Then My = b = 7(a,1,t,0).

Remark. In this lemma the possible values of ¢ are terms of M. Since the integer —1
is not in My, we cannot use it as an argument for the term o. The term —1 takes the
value 22 — 1 in My, which plays the role of —1. O

Proof of Lemma 7. Lemma 6 implies that there exists a term o, which meets the
requirements with the lemma with o:= o, provided that 6 = 1. In a similar way there
exists another term o_ that meets the requirements of the lemma if § = —1. Consequently
the term 0 = ¢(d,1)04 + g(0, —1)o_ meets the requirements of the lemma in all cases,
where ¢ is the term defined in Lemma 2. Q.E.D.(Lemma 7)

Lemma 8 There exists a term o(z,y,z,w) of M such that if d,i,j € w, t €d, 0 <i <
j<27t aeMy, a=Y2  ap(2¥) and b= Yi_, ap(22)F then My = b = o(a, i, j, ).

Proof of Lemma 8 The statement of the lemma is a consequence of Lemma 7. We
shift the digits of a first toward the more significant digits, in a way that some of the
digits which are not needed in b disappear. Then we repeat this in the other direction.
More precisely. Let ¢ = 27" — j — 1, and let by = shift, ,,(shifty,(a)). Then b =
shifty _;;(shifty;(by)). By Lemma 7 the function shift can be expressed uniformly
by a term of M. Q.E.D.(Lemmag)

Lemma 9 There exists a term o of M such that the following holds. Assume thatd,t € w
with d > t, r = 2%, aq,...,a,_1 € My and S = S7=La;2"". Then for all i € r we have
Md |: O-(Saiat) =@

Proof of Lemma 9. This is an immediate consequence of Lemma 8 in the ¢ = j special
case. Q.E.D.(Lemma 9)

Lemma 10 Q(z,y) will denote either the relation x = y or the relation © < y
among the integers. The following statement holds in both cases. Assume that
p(T1, .2y, 2),q(T1, - Xk, Y, 2) are terms of M and for each d € w, fy is a k+ 2-ary
function on My defined by: for all ay,. .., ar,u,v € My,

if Q(u,v) then My = fy(a,. .., ax,u,v) =pla,..., a5 u,v), and

if =Q(u,v) then My = fa(aq,. .., ax,u,v) = q(ay,. .., ag,u,v).
Then there exists a term t(zi,...,x5,y,2) of M such that for all d € w and for all
ap,...,ag,u,v € My, My E falay, ... ax,u,v) =t(ay,...,au,v).
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Proof of Lemma 10. Assume the @ is the relation z = y and h, g are the terms whose
existence are sated in Lemma 2. Then

t(l‘l, - Tk Y, Z) - 9(97 Z)p(xla T Y, Z) + (1 - g(ya z))Q($17 - Tk Y, 2)
If @ is the relation x < y then the term h is used in a similar way. Q.E.D.(Lemma KB1)

Lemma 11 There exist terms o(z,y),7(x,y) of the language M such that for all d € w
ifr,j,k € My, k> 1 and r = 27 then the following two conditions are satisfied.

(9) 1 < 2% and S = Y8 v implies S € My and My = S = o(j, k),
(10) (k+1)r*(r—1) <22, and T = X iri=" implies T € My and My |= T = 7(j, k).

Proof of Lemma 11. Condition (9)). S = 3% (i = ’”k:_ll_ L therefore the assumption

Pt < 22" implies S € My and My = S = +(q((k+ 1)) — 1,2/ — 1). Condition (10)).
The proof is similar to the previous case, but here we use that
i iy l=rF (k)R (B D)rR(r — 1) =M -1
= — =
= (1—r)? 1—7r (r—1)2

Q.E.D.(Lemma 11)

Lemma 12 There exists a term n of M such that for all d,t,m,k € w with t < d,
m < 297tk < m and for all a € My the following two statements are equivalent:

(11) Md ’: a= n(ta m, k)
(12) for all i € 297, if i = k (mod m) then ali,t] = 1, otherwise ali,t] = 0.

Proof of Lemma 12. First we consider the special case £ = 0. Let ag € My the unique
integer so that condition (12) is satisfied with a:= ap and k = 0. The integer ay can be
expressed as the sum of a geometric sequence, that is,

a(d,t,m

)
ag = z im2*
=0

where a(d, t,m) = [ (247t —1)/m|. a(d,t, m) can be written in the form of <+ (2¢=* —1,m),
so it is a term of M. Therefore Lemma 11 implies that there exists a term &(x,y) of M
such that for all d € w, My = ag = {(m, k).

Let h be a term of M such that for all d € w and for all a,b in My, a < b implies
M, = h(a,b) =1 and a > b implies My = h(a,b) = 0. Lemma 2 implies the existence of
such a term.

Suppose now that k& € m is arbitrary. We construct a term 7; which works if k +
ma(d,m,t) < 297t and another term 7, which works if k + ma(d, m,t) > 297* and then
we use Lemma 10 to get the term 7.

Assume a satisfies condition (12) with a k € m such that k + ma(d, m,t) < 2¢ and ay
satisfies condition (12) with k = 0. Then a = 2*?'ay, which gives the definition of 7.

If k+ma(d,m,t) > 2% then a = 2" (ag—22@™102") which defines 7,. Q.E.D.(Lemma
12)
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Lemma 13 Foralld,t € w witht < d, there exists a unique integer e € My, such that for
alli € 297 e[i,t] = 1. Moreover, for this integer e, we have My |= e = +(—1,q(q(t))—1).

Proof of Lemma 13. The uniqueness follows for the facts that e < 9™ and the first
20t 92"_ary digits of e are given. Adding the geometric series representing e as it is done
in the proof of Lemma 11 we get My = e = +(—1,q(q(¢)) — 1). Q.E.D.(Lemma 12)

Definition. For all d,t € w the unique element e € M, with the properties described
in Lemma 13 will be denoted by e4;. The term +(—1,q(q(z)) — 1) with the free variable
x will be denoted by é(z). Therefore if t € My, t < d then My = é(t) = eq, O

In the following definitions we introduce new operations on the elements of M,;. These
operations will be defined in the following way. A natural number ¢ < d is given and for
each a € My we consider the vector whose coordinates are the 22"-ary digits of a. The new
operations will be defined as vector operations performed on vectors of this type. These
operations and the way they can be uniformly defined in M (e.g., by a propositional
formula of M) will be important for the proofs of Circuit Simulation Lemma and the
Vector Property.

Definition. 1. Assume that d,t € w, t < d, a € My, and § € {0,1}. We define
(a)ars as the unique integer b € My such that for all k € 297 if k = § (mod 2)) then
blk, t] = alk,t], otherwise bk, t] = 0.

2. Suppose that d,t € w and t < d. We define an operation a ®q; b on My. For all
a,b,c € My, a @q, b= ciff for all k€ 2% alk,t] + b[k,t] = c[k,t] (mod 22").

We define a binary operation ®q; on My if d € w and t € d + 1. For all a,b € My
a ®qz b is defined in the following way. If a ¢ M, = 22" then a ®atb=0. If a € M; then
for all ¢ € My, a @qy b = c iff for all k € 2%, a - b[k,t] = c[k,t], (mod 2%'), where the
operation “ -7 is the multiplication between integers.

3. Suppose that d,t € w and t < d. We define a binary operation @4, on M. For all
a,b € My, a @4, b is defined in the following way. If b = 0 then a @4, b = 0. If b # 0 then
a @ay b is the unique element ¢ of My, such that for all k € 297 |alk,t]/b] = c[k,t]. O

Remark. The operation @4, corresponds to the modulo 22" addition of 24~ dimensional
vectors. The operation a®g,b, if we restrict a to the set M, corresponds the multiplication
of 22t dimensional vectors modulo 2% by scalars from the set M, = 22°. The operation
a @ b is the integer division of each component of a by the scalar b. In the case of
b = 0 our definition is compatible with the interpretation of <+ in M,. More precisely
we have the following. Suppose d,t € w, d < t, a,b € M, and ¢ = a ©q; b. Then for
all k € M; = +(alk,t],b) = c[k,t]. (This holds even for b = 0.) If b € M,\M;, then
aob=00

Lemma 14 FEach family of relations R = (R | d € w) on M, defined in the conditions
below, is uniformly propositional on M.

(13) R s the unary relation on My defined by R\ (t) <+ d iff t < d,
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(14) for each boolean function f with two variables, Rgcd) is the ternary relation on My
defined by
R (a,b,¢) ¢ Yk € 27, f(alk, 0], b[k, 0]) = c[k, 0]

(15) for each integer v, R is the binary relation on My defined by RV (a,b) iff
shifty,(a) =D,

(16) R s the binary binary relation on My defined by RY(a,t) iff t < d and for all
i€ 29t afit] =1,

(17) for each integer v, R\ is the ternary relation on My defined by, R (a,b,t) iff
t <d and shiftg,,(a) =0,

(18) for each 6 € {0,1}, R'Y is the ternary relation on My defined by, RV (a,b,t) iff
t<d and (a)gss =D,

(19) for each § € {0,1}, R is the binary relation on My defined by, RV (a,t) iff t < d
and (2% —1)4.5 = a,

(20) R is the quaternary relation on My defined by R (a, b, c,t) ifft < d and a®q:b =
C?

(21) RY is the quaternary relation on My defined by R (a, b, c,t) ifft < d, and a®4b =
C7

(22) RY s the ternary relation on My defined by R (a,b,t) iff t < d and for all
ke 2%t alk,t] = —blk,t] (mod 22).

Proof of Lemma 14. (13) For all t € My, t < d iff My = 2" < n. Consequently ¢ < d
is uniformly propositional on M.

In some of the further statements of the lemma we use the assumption ¢ < d. Since
the conjunction of uniformly propositional families of relations on M are also uniformly
propositional on M, statement (13) that we may assume in all of these cases that t < d,
that is, we prove the equivalence of the given relation and the relation defined by a
propositional formula with the additional assumption ¢ < d.

(15) and (17) are immediate consequences of Lemma 7.

(14). This is an immediate consequence of the following two facts (a) the function
symbols N and N are are interpreted as boolean vector operations A and —, on the
sequences of binary bits a[0, 0], a[1,0],... on the elements a of the structure My, (b) each
boolean function f can be obtained as a composition of the functions A and —.

(16). The statement follows from Lemma 13.

(19). We have (22" —1)[k,0] = 1 for all k € 2%, and 327 2¢ = 2% — 1. Therefore

|24t =1)/2

-1y

Jj=0

t

(22" — 1)g00 = (2°
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Consequently Lemma 11, and My E 297 = +(n,2%) implies the existence of the re-
quired term for 6 = 0. To get the term for 6 = 1 we use the equality (22d — D1 =
shiftd7t71((22d — 1)at0) and the already proven statement (15).

(18). This is a consequence of (19) and the fact that (a)gss = aN (22 —1)4,.s, where N
is the operation defined in My, that is, the vector operation A performed on the sequences
of binary bits.

(20). Follows from a @4 b = ((a)a0 + (b)ar0)aro + ((@)a + (b)ar1)dzn

(21). We define a®,4; be separately for the cases a > 22" and a < 2%. We will
show that both definition is uniformly proposition, therefore Lemma 10 will imply our
statement.

If a > 22 than a ©at b = 0 which gives a propositional definition.

Assume that a < 22°. Then a®arb = (a(b)aro0)dato+ (a(b)aei)ar1. The already proven
statement (18) implies that this is equivalent to a propositional formula.

(22) The condition “for all k € 24, a[k,t] = —b[k,t] (mod 2%) 7 is equivalent to
a ®q: b = 0, therefore our assertion is a consequence of statement (20). Q.E.D.(Lemma
14)

Lemma 15 Assume that k € w, f(xq,...,xx_1) is a boolean function of k variables. Then
there exists a term 7 of M, such that for all d € w, and for all ag, ...,ar_1 € My we have
that for all i € 24,

My |= f(aoli, 0], .., ax—1i, 0)) = ((ao, ..., ax-1) )[i, 0]

Proof of Lemma 15. The boolean function f can be expressed using only the boolean
operations A, —. The corresponding expression in M using the operations N and N will
be 7. Q.E.D.(Lemma 15)

Lemma 16 The family of ternary relations (R | d € w), is uniformly propositional on
M, where

(23) RYD s the ternary relation on My defined by R?(a,b,c) iff a + b = ¢ among the
integers.

Proof of Lemma 16. For all a,b,c € My, a + b = ¢ (as integers) is equivalent to
MyEFa+b=cNa<cAb<c QE.D.(Lemma 16)

Remark. So far we have proved about some functions and relations, that we defined
in terms of the 2% -ary digits of integers, that they are propositional. In particular the
operations @, ® were among these functions. In the remaining part of this section we will
consider relations that are also defined in terms of 22"-ary bits of integers but now we will
allow in the definitions statement which consider inequalities between the corresponding
digits of two integers. For example such a relation is “R¥(a,b,t) iff (for all k& € 2%,
alk,t] < blk,t])” (see Lemma 21). We will show that this particular family of relations is
uniformly existential, and we will state many similar results which will be useful later in
proving the Circuit Simulation Lemma. O
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Lemma 17 The family of binary relations (R | d € w) is uniformly propositional on
M, where

(24) R s the binary relation defined on My by R (a,t) iff t < d and for all i € 297,
ali, t] is either 0 or 2% — 1.

Remark. 1. In this lemma the definition of the relation R® contains a universal
quantification on the set 297, In spite of that, we have to show that the definition is
equivalent to a propositional statement. We do this by showing that a vector of length
29-t namely a vector consisting of the 22'-ary digits of an integer depending on a is
the 0 vector. We will use frequently this argument to eliminate of a universal quantifier
(restricted to 2¢71).

2. The condition “for all i € 2%, a[i,t] is either 0 or 2% — 1”7 is equivalent to the
following: the sequence of first 2¢ binary bits of a is formed from blocks of 0s and 1s each
of length exactly 2¢, or equivalently the value ali, 0] depends only on [i/2!] for all i € 297,
In the proof we will use the fact that if we consider the same blocks for the binary bits of
the integer ey, then the least significant bit in such a block is 1 and all of the other bits
are zeros.

Proof of Lemma 17. The relation R¥ (a,t) is equivalent to the following: ¢ < d and for
all i € 24, if i # 0 (mod 2¢) then the 7th binary bit of a is the same as the i — 1th binary bit
of a (which is the ith bit of 2a). Using the observation about ey, in the previous remark
we get the following. R@(a,t) holds iff t < d and for all i € 2%, A(i,t,a) holds, where
A(i,t,a) = “if eqei, 0] # 1 then ali, 0] = (2a)[i,0]”. By Lemma 13 and Lemma 8 there
exists terms 7, £ of M such that eq;[i, 0] = (n(i,t))m, and ali, 0] = (£(4,a))m,. Condition
A can be expressed by boolean vector operations on the binary bits of the integers eq, a
and 2a, in the sense that A holds iff all of the components of the resulting vectors are 0Os.
Therefore Lemma 15 implies that the relation A is propositional. Q.E.D.(Lemma 17)

Definition. Assume that ¢,a,7 € w. We define a function bit,;; on 2° by bit, (k) =
(afi, t])[k,0] for all & € 2'. According to this definition, bit,;(k) is the kth binary
bit of the ith 2%'-ary digit of the integer a. We define another function incr, . (k), by
incr, (k) = maxfzo bit,, (k) for all k € 2°. For fixed a,t and i, incr,,;(k) is monotone
increasing in k and taking values in the set 0, 1. The function incr,;; can be also defined
by recursion, namely, incr,;;(0) = bit,,,;(0) and for all &k € 2 — 1, incr,.;(k+ 1) =
max{bits;;(k+1),incr,,;(k)}. We define also a monotone decreasing function decr,;;
on 2 by a similar recursion in the opposite direction decry;; (2" — 1) = bity (2" — 1)
and for all k € 2'\{0}, decry;;(k — 1) = max{bit,;(k — 1),decr,;,(k)}. Equivalently,
for all k € 2!, decr, (k) = max?t:_kl bit,;.(j). For fixed a,i,t, the function decr, (k)
is monotone decreasing in k.

Lemma 18 FEach family of relations R = (RY | d € w) on M, defined in one of the
conditions below, 1s uniformly propositional on M.

(25) R s the ternary relation on My defined by R\ (a,t,b) iff t < d and for all
i €274 k € 2 we have bity,;(k) = incry (k).

34



(26) RD s the ternary relation on My defined by R (a,t,b) iff t < d and for all
i €274 k € 2 we have bity, (k) = decr, (k).

Remark. The importance of this lemma is that the result of the recursive process
contained in the definition of the function incr,,; can be verified by a propositional
statement. O

Proof of Lemma 18. We use similar reasoning in this proof as in the proof of Lemma
17. Consider first of condition (25). For given d, a,t clearly there exists a unique b € M,
such that for all i € 27" and k € 2!, bity,;(k) = incr,.,;(k), since all the bits of b
are determined. This integer b is also uniquely determined by the following condition:
“for all j € 2971 if e44[7,0] = 1, then b[j,0] = a[j,0], if eqs[j,0] = O then b[j,0] =
max{alj, 0],b[7 — 1,0]} = max{alj, 0], (2b)[j,0]}” using the same argument as in the case
of Lemma 17 we get that the family RY is propositional. Statement (26) can be proved
in a similar way. Q.E.D.(Lemma 17)

Definition. For all d,t € w, t < d, we define two functions Incrgd), Decr,gd) on My

with values in M. For each a € My, Incrgd)(a) will be the unique integer b € My such
that for all i € 277" and k € 2!, we have bit,,;(k) = incr,,;(k). For each a € My,
Decrid) (a) will be the unique integer b € My such that for all i € 297* and k € 2!, we have

bity (k) = decr, (k).

Lemma 19 The family of binary functions féd), 1(d), d € w defined below are uniformly
propositional.

(27) For each a,t € My, if t <d then féd)(a,t) = Incrgd)(a), otherwise féd)(a,t) =0.
(28) For each a,t € My, ift < d then fl(d)(a,t) = Decrgd)(a), otherwise fl(d)(a,t) =0.

Proof of Lemma 19. The lemma is an immediate consequence of Lemma
Q.E.D.(Lemma 18)

Lemma 20 Each family of ternary relations (RY | d € w) defined below is uniformly
existential on M, where

(29) RY s the ternary relation on My defined by R (a,b,t) iff t < d and for all
k€2t blk,t] =0 if alk,t] = 0, and bk, t] = eq4|k,t] otherwise.

(30) R s the ternary relation on My defined by R (a,b,t) iff t < d and for all
k€ 2%t blk,t] =0 if alk,t] = 0, and blk,t] = 1 otherwise.

Proof of Lemma 20. Statement (29). Assume that ¢ < d. The definition of the
relation RY implies that RY(a,b,t) holds iff for all i € 2%~ either each binary bit of
bli, t] is 1 or each binary bit of b[i, t] is 0, (depending on whether a[i, t] has a nonzero bit or
not). Therefore the definitions of the functions Incr® and Decr® imply that R (a, b, t)
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iff b = Decrgd)(lncrgd)(a)). Therefore R (a,b,t) iff there exists a ¢ € My such that
b= Decrgd)(c) and ¢ = Incrgd)(a). By Lemma 19 the families of functions Incr and Decr
are uniformly propositional therefore the family R@, d € w is uniformly existential.
Statement (30) is a consequence of statement (29) of the present lemma and statement
(14) of Lemma 14 and Lemma 13. Suppose that t < d and let Ry be the relation defined
in condition (29), and let R be the relation defined in condition (30), then R(a,b,t) holds
iff there exists a ¢ € My such that Ry(a,c,t) and for all i € 2¢ we have that eg[i,0] = 1
implies that b[i,0] = c[i, 0] and eq.[i,0] = 0 implies that b[i,0] = 0. By Lemma 13 ey, is
the value of a term, and by statement (14) of Lemma 14 the fact that a boolean relations

holds between the ¢th bits of the integers b, ¢, and e;; can be expressed by a propositional
formula. Q.E.D.(Lemma 20)

Lemma 21 The families of ternary relations (Rgd) | d € wy, i = 0,1 defined below are
uniformly existential on M, where

(31) R(()d) is the ternary relation on My defined by R(()d)(a,b, t) iff t < d and for all
ke 2, alk, ] £ bk, ),

(32) Rﬁd’ is the ternary relation on My defined by Rgd)(a,b, t) iff t < d and for all
k€297t alk,t] < blk,t].

Proof of Lemma 21. According to statement (13) of Lemma 14 we may assume that
t<d.

Statement (31). Let w be the unique element of My such that for all i € 2¢, w[i, 0] is
the exclusive or of a[i, 0] and bz, 0], and let w' = Decrgd)(fncrgd))(a). Clearly R\”(a, b, t)
iff w' = e;. Therefore Lemma 19 and Lemma 13 with ¢ = 0 imply that the family R(()d) is
uniformly existential.

(32). We claim that
(33) R\ (a,b,t) iff Myl=a <bAb=a®a, (b—a).

According to statement (20) of Lemma 14 this implies our assertion. We prove now
statement (33). If Rgd)(a, b,t) holds then looking at the binary representations of a and
b we get that a < b, and for all k € 297t bk, t] = (blk,t] — alk,t]) + a[k,t], where
both terms are nonnegative. Therefore the definition of the operation @4, implies that
M,Ea<bAb=a®a (b—a) holds. Assume now that M, =a <bAb=a®a; (b—a)
holds and let ¢ = b — a. Since a < b the integer operation and the operation in My gives
the same value for ¢. We perform the integer addition @+ ¢ in the 22'-ary number system,
starting from the least significant digits, a0, ], c[0,t]. As long as there is no carryover the
condition b = a @, ¢ implies that a[k,t] < b[k,t] as required by R (a,b,t). We claim
that My =a < bAb=a®a: (b— a) implies that there is no carryover at all. Assume
that the first carryover occurs at the addition alk,t] + c[k, t] for some k < 2¢~* — 1. This
implies that when we add a[k + 1,t] + c[k + 1,t] we have to add the carryover 1. On the
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other hand, because of b = a @y, ¢, we have a[k+1,t] +c[k+1,t] = b[k+1,] (mod 2%') so
together with the carryover 1 we do not get b[k + 1,t] as the next digit, a contradiction.
Assume now that the carryover occurs at k& = 297t — 1. This however, together with
b= a ®q; ¢, contradicts the assumption My = a < b. Q.E.D.(Lemma 21)

Definition. Assume that d,t € w, d > t. The set of all integers a € My such that for
all j € 227t alj,t] € {0,1}. We will be called the zero-one set of M with parameters d, ¢
and will be denoted by zo(d,t). O

Lemma 22 For each d € w, let R (z,y) be the binary relation on My defined by: for
each a,t € My, R (a,t) iff t < d and a € zo(d,t). Then the family of binary relations
R = (RY | d € w) is uniformly existential on M.

Proof of Lemma 22. Assume that d,t € w, d < ¢. Recall that ey, is the unique
element of My such that for all j € 297 e4,[j,t] = 1. For all a € My, we have a € zo iff
for all j € 297 a[j,t] < eqy[j,t]. Therefore Lemma 13 and statement (31) of Lemma 21
imply the conclusion of the lemma. Q.E.D.(Lemma 22)

Lemma 23 Assume that f is boolean function of two wvariables. Then the family of
relations R = (R | d € w), is uniformly existential on M, where

(34) R s the quaternary relation on My defined by R (a,b,c,t) iff t < d, for all
k€297 alk,t],blk, 1], c[k, 1] € {0, 1}, and f(a[k,t],b[k,t]) = c[k,t].

Proof of Lemma 23. Lemma 22 implies that the relation ®(a,b,c,t) =“t < d and
alk,t], bk, t],clk,t] € {0,1}” is uniformly existential on M. Assume now that for some
d € wand a,b,c,t € My, and ®(a,b, c,t) holds. Then, using statement (14) of Lemma 14
and the fact that for all i € 24, e4,[i,0] = 1 if i = 0 (mod 2°) and eq[i,0] = 0 otherwise,
we may express f(alk,t],b[k,t]) = c[k,t] uniformly on M by a propositional formula of
M. Q.E.D.(Lemma 23)

Lemma 24 Assume that m € w and B(Xoy,..., X;n_1) is a boolean expression, where
Xoy ooes Xon1 are boolean variables. Then the family of m + 2-ary relations R = <R(d) \
d € w) on M, is uniformly existential on M, where

(35) R is the m + 2-ary relation on My defined by R (ay, ..., am_1,c,t) iff t < d, for

all k € 297, aglk,t], ..., am—1[k, t], clk, t] € {0,1}, and B(aolk,t], ..., am—1[k,t]) = c[k,].

Proof of Lemma 24. The lemma follows from Lemma 23 and Lemma 22. Let
B = By,Bi,....,Bs_1,Bs,....Bsm_1 be the sequence of all subformulas of B, where
By, By, ...,B,_1 are not Variables, and By, ...,Bs,,,_1 are variables. Assume that for
all i € s, B, = fi(B;,,B;,), where f; is a boolean operation of two variables. Sup-
pose that ¢ < d and for all k € 2971 aglk,t],...,am-1]k,t],c[k,t] € {0,1}. Then
M, = R (ay, ..., a1, c,t) iff exists ug, ..., Uspm—1 such that for all i = s,...,s +m — 1
a; = u;, and for all i € s and k € 2970 [k, t] = fi(u[k,t], uy [k, t]). Lemma 23 and
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Lemma 22 imply that this condition can be expressed uniformly by an existential formula

of M. Q.E.D.(Lemma 24)

The following lemma implies the Vector Property (formulated in section 2) for the
operations max and min.

Lemma 25 The families of quaternary relations <R§d) | d € w), i = 0,1 are uniformly
existential on M, where

(36) R[()d) is the quaternary relation on My defined by R(()d)(a, b,u,t) iff t <d and for all
k€ 227t ulk,t] = min{alk,t],b[k, 1]}, and
Rﬁ") is the quaternary relation on My defined by Rgd)(a, b,u,t) iff t < d and for all
k € 297t ulk,t] = max{alk,t],b[k, t]}.

Remark. For the proof of Lemma 25 we need two other lemmas. In these lemmas we
show that we can define in a uniformly existential way 0, 1-valued functions on the set
24=% which select the values k € 297¢ where alk,t] # b[k,t] or where alk,t] < b[k,t]. In
the proof of Lemma 25 these and similar 0, 1-valued functions, which can be represented
by a single element of M, will be existentially quantified. O

Lemma 26 The family of quaternary relations (R | d € w), is uniformly existential on
M, where

(37) R\D is the quaternary relation on My defined by R\ (a,b,w,t) iff t < d and for all
k€247t alk,t] = blk,t] — w[k,t] =0, and alk,t] # b[k,t] — w[k,t] =1

Proof of Lemma 26. As in the previous lemmas we will assume that ¢ < d. Let
be the unique element of My such that for all k € 297t B[k, t] = —b[k,t] (mod 22'),
and let ¢ = a @4, f. Conditions (22) and (20) of Lemma 14 imply that ¢ has a uniform
propositional definition, that is a propositional formula P(x,y,z,s) such that My |=
Va, P(x,a,b,t) ++ x = ¢, where P does not depend on d,t,a or b. Clearly for all k € 2471,
clk,t] = 0 — wlk,t] = 0, and c[k,t] # 0 — w[k,t] = 1 and so R (a,b,w,t) iff

M, =t <dA3e P(c,a,b,t) AVk < 2", U(c,w, k,t)

where

U(c,w, k,t) = (c[k,t] =0 — wlk,t] = 0) A (c[k,t] #0 — w[k,t] = 1)

Therefore the statement of the lemma follows from condition (30) Lemma 20 with a:= ¢
and b:= w. Q.E.D.(Lemma 26)

Lemma 27 The family of quaternary relations (R'Y | d € w), is uniformly existential on
M, where

(38) R s the quaternary relation on My defined by RY (a,b,w,t) iff t < d and for all
k€2t alk,t] < blk,t] = wlk,t] =0, and alk,t] > blk,t] — wk,t] = 1.
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Proof of Lemma 27. As in the previous proofs we may assume that ¢ < d. First we
prove the lemma for the modified relation R defined by,

(39) R9(a,b,w,t) iff RY(a,b,w,t) A (a = (@)ato0) N (b= (b)aro)-

Let ¢ be the unique element of M, such that a @4, c = b. As we have seen in the proof
of Lemma 26 the element ¢ has a uniform propositional definition. It is a consequence of
condition (39) and the definition of ¢ that

(40) @+ c = b (among the integers) iff for each even k € 2%t a[k, t] < blk,t].

Lemma 16 implies that “a 4+ ¢ = b among the integers” is a uniformly propositional
relation on M therefore “for each odd k € 247, a[k,t] < blk,t]”= Jc, a+c = b is uniformly
existential. This completes the proof for the family of relations RY. The same proof
works also for the relation R (a,b,w,t) iff R (a,b,w,t) A (a = (a)ge1) A (b= (b)gr1).
We have a = (a)ato + (@)at1, b = (b)aro + (b)ar1. First we apply the already proven
part of the lemma for the pair (a)g+0, (b)ar0 and get a uniformly existential definition for
the corresponding element w that we will denote by w. Using the pair (a)gs1, (b)ae1 in a
similar way we get an existential definition for @w. We have R(a, b, w, t) iff My = w = w+w
which together with the existential defintions of w and w gives the existential formula for
RY. Q.E.D.(Lemma 27)

Proof of Lemma 25. As in the previous lemmas we may assume that ¢ < d. We
consider first the family of relations R(()d). The existential formula defining the relation
R(()d) will be equivalent to the following statement.

There exists v, w,w’ € My such that,
(i) for all k € 277 alk,t] < blk,t] = v[k,t] = 0, and a[k,t] > b[k,t] — v[k,t] =1, and
(ii) for all k € 247, a[k,t] = ulk,t] — wlk,t] = 0, and alk,t] # ulk,t] — wlk,t] = 1, and
(iii) for all k € 24~ t , bk, t] = ulk,t] = w'[k,t] =0, and b[k, t] # ulk,1] —>w’[k: t] =1, and
(iv) for all k € 247t wlk,t] = 0 — v[k,t] = 0, and w[k t]=1— (W'[k,t] =0Av[k,t] = 1).

We claim that this statement is equivalent to Rg(a,b,u,t). First we show that if
ulk,t] = min{alk,t],b[k,t]} for all k € 297! then there exist v, w,w’ € My satisfying
conditions (i),(ii),(iii) and (iv). We define for each fixed k € 297!  the integer v[k,t] €
{0,1} by condition (i). This gives a v € M, satisfying condition (i). In a similar way
we define the integer w € My by condition (ii) and the integer w’ € My by condition
(iii). We have to show that the integers v, w,w’ defined this way satisfy condition (iv).
Suppose that a k € 297 is fixed.

If wlk,t] = 0 then by condition (ii) alk,t] = u[k,t] = min{alk,t],b[k,t]} < b[k,t] and
therefore by condition (i) v(k,t) = 0.

If wlk,t] = 1 then by condition (ii) alk,t] # u[k,t] = min{alk,t],b[k,t]}. Therefore
ulk,t] = blk,t] < alk,t]. Condition (iii) and ulk,t] = b[k,t] implies w'[k, t] = 0. Condition
(i) and bk, t] < a[k,t] implies v[k,t] = 1, which completes the proof of condition (iv) and
the fact that there exist integers v, w, w’ satisfying conditions (i),(ii),(iii) and (iv).
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Assume now that there exist integers v, w, w’ € My satisfying conditions (i),(ii),(iii)
and (iv) and we show that for all k € 247t u[k,t] = min{alk, ], b[k,t]}. Suppose that a
k € 297t is fixed. Statement (ii) implies that w[k,t] is either 0 or 1. If w[k,t] = 0 then
according to (iv) v(k,t) = 0 and by (ii) ulk,t| = a[k,t]. v(k,t) = 0 and (i) implies that
alk,t] < blk,t] and therefore u[k,t] = min{alk, ], b[k,t]}.

Assume now that w[k,tf] = 1. According to (iv) v(k,t) = 1 and w'(k,t) = 0.
Therefore by (i) alk,t] > blk,t] and by (iii) b[k,t] = u[k,t]. Consequently ulk,t] =
min{alk, t],bk,t]}. This completes the proof of the fact that Ry(a,b,u,t) holds iff there
exist integers v, w, w’ satisfying conditions (i),(ii),(iii) and (iv).

All of the four statements (i), (ii), (iii), and (iv) are uniformly existential on M. This
can be proved in each case separately using the following lemmas: statement (i): Lemma
27, statement (ii): Lemma 26, statement (iii): Lemma 26, statement (iv): Lemma 23.

The statement of the lemma for the family of relations Rgd) can be proved in a
similar way, or we may use the fact that My = Vz,y, max(z,y) = —min(—z, —y) .
Q.E.D.(Lemma 25)

Definition. 1. Let f be a k-ary function symbol of M for some k& € {0,1,2}. For
all d,t € w with d > ¢, we define a k-ary function Y4, on the universe M, in the
following way. Assume that d,t € w is fixed with d > t and ag,...,a,_1 € My. Then
Yt q:(ag, ..., ax_1) is the unique element b € M, with the property that for all i € 247,
we have M, = f(aoli, t], ..., ap—1[i, t]) = b[i,t]. The function Y¢ 4, will be also called the
parallel version of the operation f. In the special cases f = 4, x we will use the notation
Yia:=®as Txar = ®qq For the remaining function symbols f we will sometimes write
fi: instead of Y¢ 4,4, €.g. we may write <4, ming,, Ng:+ etc.

2. Let f be a k-ary function symbol of M for some k € {0,1,2}. We define a
family of k + 2-ary relations Yy = (ng) | d € w) on M. For all d € w and for all
gy -y a_1,b,t € My, T D(ag, ..., a_1,b,t) iff t < d and Y g,(ag,...,ax_1) = b. We will
say that the parallel f operation is uniformly existential on M, if the family of relations
T¢ is uniformly existential on M. O

Lemma 28 Suppose that f is a function symbol of M such that f ¢ {x, =, p}. Then the
parallel £ operation is uniformly existential on M.

Remark. 1. For some of the function symbol even more is true, in the sense that the
family of relations T is uniformly propositional. See e.g., statement (20) of Lemma 14
about the parallel version of addition, which was denoted by ®g;.

2. For the three the function symbols x, -+, p we will be able to prove the lemma only
in a weaker form, namely the existential formula defining the relation Tf’d,t will not be
considered in the structure My but in a larger structure Mg, 4—¢) for a sufficiently large
constant ¢ € w. This generalized form of the lemma will have a crucial role in the proof
of Theorem 3. O

Proof of Lemma 28. We show separately for each function symbols of M, that the
statement of the lemma is true.
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Symbol 0. T4, = b is equivalent to M, = b = 0.

Symbol 1. Ty 4, = b is equivalent to My = b = eq, therefore Lemma 13 implies our
statement.

Symbol —1. YT_;4; = b is equivalent to My = b = —1. (Indeed for all i € 27,
M, = bli, t] = —1 implies that all of the 2! binary bits of b[i, ] is 1.)

Symbol +. This follows from statement (20) of Lemma 14.

Symbol n. Ty, = b is equivalent to b[i,t] = 2 for all i € 247, that is, b = 2%eqy.
Therefore our statement follows from Lemma 13.

Symbols N and N. The statement is an immediate consequence of the fact that
these two operations are boolean vector operations performed on the binary forms of the
arguments.

Symbols max and min. The statement is equivalent to Lemma 25. Q.E.D.(Lemma
28)

Definition. For all d,t € w with d > ¢, we define a binary relations <4z, on My, by
a <g biff for all i € 247t ali, t] < bli,t]. O

Lemma 29 The family of ternary relations Q = (Qq | d € w) is uniformly existential,
where for all d € w and for all a,b,t € My, we have Qq(a,b,t) iff “‘d>1t and a <44 b”.

Proof of Lemma 29. Let R be the quaternary family of relations defined in Lemma
27. Then for all d € w and for all a,b,t € My we have Qq(a,b,t) iff Ry(b,a,eq:,t). By
Lemma 13, e;; can be written as a 0-ary term, therefore Lemma 27 implies our statement.
Q.E.D.(Lemma 29

Lemma 30 For each boolean function §(x,y) of two wvariables the family of quater-
nary relations R = (RY | d € w) is uniformly existential where for all d € w
with t < d, and for all a,b,c,t € My, R¥(a,b,c,t) iff t < d and for all i € 297,
cli, t] = 6(min(als, t], 1), min(b[i, t],1)).

Proof of Lemma 30. Assuming that ¢t < d, R (a, b, c,t) is equivalent to the following.

(41) There exists a’,b' € My such that o’ = Decrgd)(lncrgd)(a)), b= Decrﬁd)(lncrgd)(a)),
and for all i € 2%, either “eq.]i,0] = 1 and c[i,0] = 6(d’[i,0],b[i,0]) " or “eq4[i,0] = 0 and
cli,0] =0".

By Lemma 19 the definitions of a’ and & are uniformly propositional, by Lemma
13 eg4; is the value of a term, therefore statement (14) of Lemma 14 imply that the
relation described in condition (41) is uniformly propositional. Consequently the family
of relations R?Y, d € w is uniformly existential. (We can get another proof by using

Lemma 23 and the fact that the function ming,; is uniformly existential, as stated in
Lemma 28.) Q.E.D.(Lemma 30)

Lemma 31 The family of quaternary relations R, d € w is uniformly existential, where
for alld,a,b,c,t € w, R¥(a,b,c,t) holds ifft < d and a ©gs b= c
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Proof of Lemma 31. We may assume that ¢ < d. Then a @4, b = ¢ iff either ((b > 2%
or b =0)and ¢ =0) or “b < 22" and there exists a w € My, such that w <4t b and
a=(b®gc)Basw”. By statement (21) of Lemma 14 the relation a = (b ®4y ¢) Bay w is
uniformly existential, and by Lemma 29 the relation w <4, b is also uniformly existential.
This implies that the relation a @4 b = ¢ is also uniformly existential. @Q.E.D.(Lemma
31)

Lemma 32 Assume that k,m,l € w and fU) = <fcgj) | d € w) are families of k-ary
function on M, for j = 0,1,....m —1 and g = (g4 | d € w) is a family of m-ary
functions on M. Let h be the family of k-ary functions h = (hy | d € w) on M de-
fined by hg(ag, ..., ak—1) = ga( 50)(a0, ey A1)y ey fémfl)(ao, ooy ag_1)) for alld € w,
ag, ..., a1 € My. Suppose further that each of the families g, f©, ..., f(™ Y are uni-
formly existential on M. Then the family h is also uniformly existential on M.

Proof of Lemma 32. We have that for all d € w, and for all ag, ..., ax_1,b0 € My,
b= h(ao, . ak_l) — \I/(CLQ, ey Lg—1, b))

where W(xq, ..., xx_1,y) is the formula

m—1
320, ooy Zm—1, 9(205 s Zm_1) =Y A /\ zi = fi(zoy .oy xp_1)
i=0
Writing the existential formulas defining the functions g, fo, ..., f;n—1 into the formula ¥
we get the existential formula of M defining the function k. Q.E.D.(Lemma 32)

Definition. We will denote by £=) the first-order language with equality which contains
the constant symbols 0, 1 and does not contain any other relation symbols, function
symbols or constant symbols. For each m € w, Ny will denote a model of £=) with
universe(N,,) = m and (0)n,, =0, (1)N,, = 1. O

Lemma 33 Let k € w and let P(xq,...,xx_1) be a propositional formula of £L=). Then
the family of k + 1-ary relations R = <R&P> | d € w) is uniformly existential, where for
alld € w, ag, ...ap_1,u € My, Rép)(ao, ooy p_1) holds iff u < d and for all i € 277,

Nz E P(agli,ul, ..., ar—1t, u])

where u = 22"

Proof of Lemma 33. Let a; = 0, ax41 = €4u, and k = k + 2. For each 7,5 € & let
brrts = ming,(equ, ar — as). Lemma 13 implies that e, 4 is a term of f and by Lemma
28 the operation ming, is uniformly existential. Therefore for each fixed r and s there
exists a uniform existential definition for the integer by, s, consequently, there exists an
existential formula v (zo, ..., Tx_1, 9, 20, .-, 2x2_1) of M whose choice depends only on k,
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such that by, ...,b.2_; is the unique sequence of length x2 from the elements of M, such
that

M, E ¥(ag, ..., ag—1,u,bg, ..., bgz_1)

We have ag[i,u] = 0 and ay,1[i,u] = 1 for all i € 2¢7%. Therefore for a fixed i € 297
the sequence of 0, 1 values by[i, ul, ..., be2_1[i, u] determines the truth values of the following
statements in Ng: a;[i,u] = 0, a;[i,u] =1 for all j € k, a,[i,u] = a,[i,u] for all r,s € k.
Therefore there exists a boolean expression B(w, ...., T,2_;) such that “for all i € 247
N: E P(aoli, u, ..., ag—1]i, u])” iff

Vi € 27 B(bo[i, ul, ..., b1 [i,u]) = 0

Lemma 24 implies that this property of the sequence b;, i € ko can be expressed by an
existential formula whose choice depends only on x (and consequently only on k). This
completes the proof since we have already seen that the sequence b; is definable by such
an existential formula. Q.E.D.(Lemma 33)

Definition. 1. We will denote by « o 8 the concatenation of the sequences o and /.

2. Assume that u,a,i,l € w, and a = («p, ..., 1) is a sequence of natural numbers.
The sequence ali + ag, ul, ..., afi + ax_1, ul, a[i — ag, ul, ..., a[i — ax_1, u] will be denoted by
dli £au)l. O
Lemma 34 Let k,l € w and let P(xo, ..., 2o—1) be a propositional formula of L&), Then
the family of k + 1-ary relations R) = <R&P) | d € w), is uniformly existential, where for
all d € w, ag, ...ax_1, g, ..., q_1,u € My, o = (ap, ..., q_1), Rgp)(ao, ooy ag—1) holds iff the
following conditions are satisfied:

(42) uw <d and for all j €1, aj < 207

(43) and for all i € 2974,

N = P(dofi £ atu]o ..o axfi + au))

— u
where 1 = 2*".

Proof of Lemma 34. For each j € [, r € k we choose an integer bj;1, € M, such that
(44) Md ): bjk+r = 2%2”&7,

and with the same j and r another integer that will be denoted by ;4,4 such that
(45) My = bjpsryir = +(ar,2%9%).

We apply now Lemma 33 with k:= 2kl, a;:= b; for all i € 2kl. Conditions (44) and
(45) guarantee that all of the arguments of P(c?o [itaiu|o...oar 1[i+ aZu]) of condition
(43) is of the form b;[i, u] for a suitably chosen j € 2k, whose choice does not depend on
1.

Therefore there exists a propositional formula P'(z, ..., xor—1) of L&) such that for all
i€297 Ny = P(EL’O[Z' +au]o... oak_l[i:I:aZU]) is equivalent to N = P'(by, ..., bagi—1),
(where P, P’ may differ only in the order of its variables.) Therefore Lemma 33 implies
the conclusion of the present lemma. Q.E.D.(Lemma 34)
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3.2 Extending existential formulas to larger structures

In section 3.1 we have proved about several families of relations Ry, d € w that there
exists a single existential formula of ¢ which for each d € w defines the relation R, in
the structure M,. Sometimes we will need an existential definition for R; not in the
structure My but in another larger structure M, with ¢ > d. The results of this section
will show that such an existential definition always exists provided that we can use in it
d as a parameter. The following lemma considers the special case when the relation Ry
is defined by a single function symbol of M.

Lemma 35 Suppose that f(xo,...,xj-1) is a function symbol of M. Then there ex-
ists a term t(zo,...,x;-1,y) of M such that for all d,q € w with d < q and for all
a,bo, ey bj—l S Md7 we have Md ): a = f(bo, ceey bj—l) ZﬁMq ): a = t(bo, ce ,bj_l,d).

Proof Lemma 35. For the various function symbols f of M the choice of t is the
following:

Constant symbols. Assume that f is one of the constant symbols 0 or 1. In these
cases t is identical to the constant symbol f. If f = —1 then t(y) = 2% — 1. If f = n
then t(y) = 2Y.

In the following definitions we will write mod(z,y) for the term = — y|x/y|

Unary function symbols. f = N, t(zo,y) = mod(N(x¢),2%"). f = p, t(xg,y) =
min(p(zg), 2% —1).

Binary function symbols. f = +, t(zg, 71,y) = mod(zo + z1,2%), f = X, t(xor1,y) =
mod(zgz1,2%), f = =, t(xo,1,y) = +(x0,21), f = max, t(xg,x1,y) = max(zg, 1),
f = min, t(zg,21,y) = min(xg, z1), f = N, t(zg, z1,y) = mod(N(xg, z1),2%). Q.E.D.(35).

If we consider instead of a function symbol f a term 7 of M we may replace each

function symbol in 7 by the term whose existence is stated in 35. This way we get the
following:

Corollary 9 Let 7(xo,...,x;) be a term of M. Then there exists a term t(zo,...,xj-1,Y)
of M such that for all sufficiently large d,q € w, with d < q, and for all a,by,...,bj—1 €
M,, we have My = a = 7(b,...,bj—1) iff M, = a = t(bo,...,bj_1,d).

Lemma 36 For all k € w and for all propositional formulas P(xy,...,x_1) of M, there
exists a propositional formula P'(xo, ..., xx_1,y) of M with the following property. Assume
that d,q € w, d < q. Then the following two conditions are satisfied:

(46) for all ag, ..., ax—1 € Mg, My = P(ao, ..., ax—1) iff M, = P'(ag, ..., ax—1,d).

(47) for all by, ..., bp—1 € My, My = P'(bo, ..., by—1,d) implies by, ..., by_1 € M.

Proof of Lemma 36. The equality is the single relation symbol of the language M.
Consequently each atomic formula of M is of the form 7 = 75, where 7, 75 are terms of
M. We construct a propositional formula P”(z, ..., xx_1) by substituting in P for each
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atomic formula 7 = 7 the atomic formula t; = t5, where ¢; is the term whose existence
is stated in Corollary 9 with 7:= 7;, for i = 1,2. P'(xo, ..., Tx_1,y) will be the formula

k—1
P”($0, ...,l’k_l) A /\ T < 22"
=0

The statement of the lemma is an immediate consequence of Corollary 9. Q.E.D.(Lemma
36)

As we have mentioned already in section 2 it is very important in the proof of the
Collapsing statement that we are able to encode sequences formed from the elements
of a structure My by a single element of a larger structure M,. Here we consider the
implication of such an encoding for the number of existential quantifiers in an existen-
tial formula of M. The following lemma states that if ¢(yo,...,¥ym—1) is an existential
first-order formula of M containing k existential quantifiers, then there exists another ex-
istential formula ¥ (yo, ..., ym—1) of M containing only a single existential quantifier such
that for all d € w, and for all ag,...,a,_1 € My, My E ¢(ag, ..., an_1) is equivalent to
Mt, = ¥(ag, . .., am-1), where p depends only on k and the number of quantifiers in ¢.
Moreover the formula v can be given in the form of ¥(yo, ..., Ym-1) = V' (7(Yo, - - -, Ym—1))
where 7 is a term of M whose length is linear in m.

Lemma 37 There exists a ¢y € w, such that for all m,k € w there exist a p € w and
a term m(z0, ..., 2Zm—1,w) of M of length at most com, such that for all propositional
formulas P(xqg....,Tk_1,Y0,---,Ym—1) of M, there exists a propositional formula Q(z,y)
of M with the property that for all d € w, if ¢ > d + p, then the following holds:

For all ag, ...,a,_1 € Mg,

M, E 3xo, ..., x5 Pzo .. k1, G0y - -y Gm1) <> M, = Tz, Q(z,m(ag, . . ., am, d))

Remark. In this lemma we replaced several existential quantifiers by a single one, and
in the propositional part of the existential formula we replaced several parameters by a
single one. These steps were needed since the indirect assumption in the proof of Theorem
3 is that a formula of the type Jz, F(x,y) is equivalent to a propositional formula. In order
to apply this indirect assumption we need existential formulas with a single quantifier and
a single parameter. The upper bounds on the integer ¢ and on the size of the term 7 will
be needed when by repeated use of the indirect assumption we will eliminate quantifiers
from an arbitrary first-order formula of M. In each step, the number of quantifiers in the
formula will decrease, but the size of the structure where we interprete the formula will
grow. The upper bounds are needed to keep this growth within reasonable limits. O

Proof of Lemma 37. We may assume that both k& and m are powers of 2. (Otherwise
we may add new variables to the formula P to make these numbers a power of 2.) Assume
that m = 2°, k = 2". We claim that the integer p = r+ s+ 2 meets the requirements of the
lemma. The term 7 (Y, ..., Yym—1, 2) is defined by 7(yo, ..., Ym_1, 2) = 227 @2 fSm 14,2127,
(Recall that M, = n = 29.)
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If ag,...,ap—1 € My then we have that M, = 7(ao, ..., @m-1,d) = b = by + by, where
by = d22" and by = Y75 ;2. Since a; < 22" for i € m we have by < 2m2" < 2277,
Therefore ¢ > d + s + 2 implies that b, < 22", As a consequence if mo(y) = +(y, 27™2),
and 7 (y) = y — mo(y)27™?), then, using that M, = 272 = 22" we get that

(48) M, = mo(m(ag, ..., am-1,d)) = d, and
M, = mi (7 (ag, ..., m1,d)) = X75" a; 2%

Motivated by these identities we define the propositional formula @) in the following
way using the term o(z,y, z, w) that was defined in Lemma 8. Here it is used to extract

a single term from the sum 7' ;22" and from another sum of similar type. Our
definition for Q(x,y) is:

Q(x,y) = P/(lﬁl ey KE—1, )\1, ...7)\k_1,7T0(y))

where k; = o(z,i,i,m(y)) for i« = 0,1,...k — 1, \; = o(m(y),4,J,m0(y)), and
where P’ is the formula defined in Lemma 36 if we apply the lemma for the
present formula P and k:=k + [. With this definition we get the truth value of
M, E Jz,Q(z,7m(ag,...,am,d)) in the following way. Condition (48) gives the val-
ues of M, = m(m(agp,...,an,d)), for i = 0,1. Putting this into the defining
formula of @ and using Lemma 36, we get that M, = 3z, Q(z,m(ao,...,an,d))

is equivalent to M, = 3xo,...,25-1,P (2o...,24-1,00,...,0m-1,d). Lemma 36
and the related choice of P’ implies that the last expression is equivalent to
M, E 3xo,...,z5-1,P(xo....,xk_1,00,...,0m_1) as claimed in the present lemma.

Q.E.D.(Lemma 37)
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4 Existential definitions and turing machines

Definition. V will denote the set of all pairs {(ag, a;) with ag,a; € w and ag > ay. O

Definition. 1. Suppose that k € w and for all (u,t) € V, R, is a k-ary relation defined
on M,. We will say that the family of relations R = (R, | (u,t) € V) is polynomially
existential in M, if there exists an integer ¢ € w and an existential first-order formula
o(zo, ..., Tk_1,Y, 2) of the language M such that

(49) for all v,u,t € w, if u >t and v > c(u —t) +t, then for all ag,...,ax_1 € My,
Ryi(ag, ... ,ag—1) holds iff M, = p(ao, ..., ax—1,u,t).

In this case we will say that the formula ¢ is a defining formula of the family of relations
R. A family of k-ary functions f,;, (u,t) € V will be called polynomially existential if the
family of relations R, ¢, (u,t) € V is polynomially existential, where for each (u,t) € V,
and a, by, ...,bg—1 € My, Ry(a,bo,....bk—1) iff M, = a = fui(bo, ..., bi—1).

2. Assume that f is a k-ary function symbol of M. We will say that the function
symbol f is polynomially existential if the family of relations Fr = (f4; | (d,t) € V) is
polynomially existential. O

Remark. The expression “polynomially existential” is motivated by the following facts.
We may represent an element of M, by the sequence of its 22"-ary digits, that is, by
a sequence of length 2%~% whose elements are from M,, provided that w > ¢. In the
existential formula defining the relation R, ; we can existentially quantify elements of M,
which also can be represented by the sequences of their 2% -ary digits. For the smallest
integer v satisfying condition (49) the length of such a sequence is 2€*=*). This number is a
polynomial of 2“7, that is, for the definition of the relation R, it is enough to existentially
quantify a sequence whose length is only a polynomial of the length of the sequences
which represent the elements of M,,. The next lemma shows that in the definition of a
polynomially existential family of relations we may replace the assumption v > c(u—t)+t
by v = ¢(u—t)+t, and so considering only the smallest choice for the integer v is justified.
g

Lemma 38 The definition of a polynomially existential family of relations remains valid
if we replace condition (49) by the following condition

(50) for all v,u,t € w, if u >t and v = c(u —t) +t, then for all ag,...,ax_1 € My,
Ru,t(a(b ...y ap—1) holds iff M, |= p(ag, ..., ap_1,u,t).

Proof of Lemma 38. The statement of the lemma is an immediate consequence of
Lemma 37 Q.E.D.(Lemma 38)

Lemma 39 Assume that k,m,l € w and fU) = <f(§]13 | (d,u) € V) are families of k-ary
function on M, for j = 0,1,...,m — 1 and g = (gan | (d,u) € V) is a family of m-
ary functions on M. Let h be the family of k-ary functions h = (hay | (d,u) € V) on
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M defined by hqu(ag, - .., ax-1) = gd,u(fcggz(ao, ey Q1 )y ey ngjj*”(ao, o ya—1)) for all
(d,u) €V, ag,...,ap_1 € My. Suppose further that each of the families g, f©, ..., f(m=1
are polynomially existential on M. Then the family h is also polynomially existential on

M.

Proof of Lemma 39. Assume that ¢ € w is an integer and ¢y, ..., ¥;n_1, 77 are existential
formulas of M such that for all d,u € w and for all a;,a;0,...,a;,-1 € Mg, i« € m and
b,bo, ...,bm—1 € Mg we have that for all i € m, My c@a—u) = @i(ai; aio, .., Gip—1,d, u) iff

f(gz(az‘,ow-wai,k—l) = a; and Myyc—u) E 7(b,bo, ..., b1, d,u) iff gau(bo, ..., bp—1) = b.
Then we have that for all zo, ..., xx_1,y € My, hqu(2o, ..., x5—1) = y iff

M.t e(d—u) F 320, s Zm—1, Yo A U1 A Uy

where Vg = Aicmzi < 22y, = Niem ©i(Zi, Toy ooy Th—1,dyu)) and Wy =
Y(y, 20y -y Zm—1, d, u). Therefore the existential formula 3z, ..., 2,1, Yo A W1 A ¥y shows
that the family of functions h is polynomially existential. Q.E.D.(Lemma 39)

Definition. In the following a turing machine will mean a turing machine with a single
tape and a single head, whose each cell contain a natural number less than 29 for some
fixed ¢ € w. We may also consider the contents of the cells as 0, 1-sequences 9y, ..., 04—1 of
length ¢. If we say that 7T is a turing machine without specifying the value of ¢ then we
assume that ¢ = 2, that is each cell contains a 0,1 bit. The machine has always a finite
number of cells, but as the machine works it can always open new cells. Since we will
consider only polynomial time computation on this machine the exact way as the input
and output is presented is not important. E.g. if the input consists of several integers
we may give their binary bits in even numbered cells, while the bits in the odd numbered
cells signal the start of a new input number and the end of the input. We will call this
type of turing machines also unlimited turing machines when we want to distinguish them
from another class of turing machine, the restricted turing machines that we will define
later. (In a restricted turing machine the number of cells is fixed when the machine starts
to work, and there are restrictions on the contents of the cells too.) O

Definition. Assume that d,u € w, d > u and x € zo(d, u), that is, y = 2, " 6;22",

where 8; € {0,1} for all i € 2=, The the integer Y>3 §,2" will be denoted by bin(y),
motivated by the fact the we interprete the 22"-ary digits of a as binary bits. O

Lemma 40 Suppose that ¢ € w and T is a turing machine such that for all n,j € w
with j < n, h < 2", the machine T at an input (n,j, h) and at time n® provides the
output \(n, j,h) € n+ 1. Then the family of relations Ry, (d,u) € V is polynomially
existential, where for all (d,u) € V, Ry, is defined in the following way. Suppose that
a,b,x € My. Then Ry,(a,b,x) iff the following holds

(51) x € zo(d,u) and for all i € 277

bli,u] = a[A\(277%,4,bin(y)), u]
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In Lemma 40 we are speaking about polynomial time computation on turing machines
so the exact parameters of the machine the number of tapes, etc. are irrelevant. From
the point of view of our proof however these parameters are important so we give a more
detailed definition of a turing machine. Before we start the proof of Lemma 40 we will
prove another related result Lemma 42.

In the next definition we define a class of turing machines which will be called restricted
turing machines or shortly r.-turing machines which will differ at the following points from
the turing machines defined earlier:

(i) the number of cells are given when the machine starts to work, new cells cannot
be opened,

(ii) each cell contains a 0, 1 sequence (dy, ...,0,1) of length s, for some fixed p € w,

(iii) the contents of the cells where the head is located, determine in itself that the
head is there and determines also the state of the automaton,

(iv) it is possible to tell in the knowledge of the content of a cell C' whether C' is at
one of the two ends of the tape an if the answer is yes, it is possible to tell whether it is
the first or the last cell.

Definition. We define a class of turing machines which will be called restricted turing
machines or shortly r.-turing machines motivated by the fact that the length of the tape
and the contents of the cells cannot be arbitrary, there are some restrictions on them.
Such a machine 7 consists of a tape of length ¢ = tplength(7 ). The cells are denoted by
celly,...,cell, 4, they are given when the machine starts to work, new cells cannot be
opened. Each cell at each time contains a 0, 1-sequence of length p = Width(7 ), where
@€ w, > 3. pu = Width(7) will be also called the large width of the machine. If
00, ...y 0u—1 is the content of cell j at time ¢, for some j € ¢, t € w, then for all i € p
we will denote ¢; by cont,;;. Ak € w, k < p— 3 is fixed. The first k bits that is
conty o, ..., conty ;1 Will be called the work bits of cell; at time ¢. They will play the
role of the contents of the cells of a turing machine in the traditional sense the remaining
bits, that is, conty j, ..., cont j 1 will contain information related to requirements (iii)
and (iv) formulated before this definition. The integer k£ will be called the small width of
the machine and denoted by k = width(7). We assume that the movement of the head
and the changes of the contents of the cells from time ¢ to time ¢ + 1 is directed by the
finite automaton aut(7) with 2" states where v = y — k — 3. The states are identified
with the natural numbers 0,1, ...,2” — 1. The state of the automaton aut(7) at time ¢
will be denoted by state;. At time 0 the finite automaton is always in state 0.

At each time ¢ € w the head of the machine is at one of the cells. If it is at cell;
then we will write head; = j. If head; = j then cont,;;1, = 1, and the sequence
conty , ..., conty ; x+,—1 are the binary bits of state;(aut(7)), where state;(aut(7)) is
the state of the automaton aut(7) at time t.

Finally the values conty ; z1,4+1 and conty; x4,42 indicate whether cell; is at an edge
of the tape and if it is which one. Namely cont; j ;4,41 = 1 iff j = 0 and conty jzqp40 =1
iff j = ¢ —1. We will call conty j ;.41 and conty ; xi+,42 the edge bits.
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The change of the contents of the cells from time ¢ to time £+ 1 is done in the following
way. Assume that at time ¢ the head is at cell;. Then the automaton aut(7) gets the
the work bits of cell; at time ¢, that is, the sequence, cont, o, ..., cont; ,—1 as input
and depending on this and its state at time ¢ it provides an output which determines the
following three things: (i) the work bits of cell; at time ¢+ 1, (the work bits of the other
cells remain unchanged), (ii) the state of aut(7) at time ¢ + 1, (iii) the movement of the
head from time ¢ to time ¢+ 1, that is, whether it stays where it is, or it attempts to move
to the neighboring cell on the left or right (if it is at an edge of the tape where the desired
movement is not possible then it stays where it is). Therefore (ii) and (iii) together with
head; determine head;;; and state;;;. which uniquely determine cont;y, ;; for all j € ¢,
1=k k+1,...,0—1.

For a fixed t € w, j € £ the sequence cont, j, ..., cont, ; ,—1, wWill be denoted by co_fltt,j.
This definition does not define the symbols coﬁtt,_l, co?ltw, however we will use these
symbols to denote 0, 1-sequences of lengths y, and on each occasion we will tell what are
their values.

The advantage of using restricted turing machines is their property stated in the
following lemma. This lemma will make it easy to define the history of a restricted turing
machine by an existential formula of M in a suitably chosen structure M,.

Lemma 41 Suppose that T is a restricted turing machine with tplength(7) = ¢,
Width(7) = p, width(7) = k. Then there exist boolean functions By, for all i € p,
with 3p variables such that for allt € w, j € ¢, i € Width(T), and for all possible values
of the vectors co?ltt+1,_1, cont;y € {0, 1}#, we have

contyyq j,; = Bi(cont; j_1 o cont; j o conty ji1)

Proof of Lemma 41. The values CO_].:ltt,j_l, co_flttvj, co_f1tt7j+1 determine the answer to
the following questions.

(i) Is the head located at time ¢ at one of the cells cell;_ 4, cell;, cell; y and if it is
which one?

(ii) If the answer to question (i) is yes then what is state; and the what are the
contents of the cells cell;_;, cell;, cell 7

(iii) Is cell; at the edge of the tape, or more precisely, which one of the following
equations hold j =0or j =¢—17

The answers to questions (i), (i), and (iii) uniquely determine what is cont;;y, ;.
Moreover using the answer for question (iii) we can makes sure that the values cont; ;
and cont,;, are not used to answer any of these question even if they are present among
the three sequences cont; ; 1 o cont;; o conty ;. Q.E.D.(Lemma 41)

Definition. Assume that 7T is restricted turing machine, tplength(7) = ¢, Width(7) =
p, width(7) = k, and an u € w is fixed. The sequence of integers ao, ..., ax_1, will be
called the u-based input for the machine T, if for cach i € k, a; = >{—{ contg;;2/*". Our
definition implies that the u-based input uniquely determines the complete history of the
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machine that is all of the values cont,;; fort cw, j€ ¢, andi € p. Foralliec pu, T cw
we define an integer b; v by

T-1¢-1

bir =Y D cont, ;20

t=0 =0

The sequence by 7, ..., b,—1 Will be called the u-based history of the machine 7 till time
T.0O

Lemma 42 Assume that co, k,p, € w and A is a finite automaton with |A| = 2#7+73.
Then there exists an existential formula v of M such that for all d,u € w, with d > w and
for all ag, ...,ap—1 € My, by, ...;b,—1,€ M, where v = u+ (co + 1)(u — d) the following
two conditions are equivalent:

(52) Mv |: w(ao, vy A—1, bo, ceeny b‘ufl, d, U)

(53) For alli €k, a; € zo(d,u), and if T is a restricted turing machine with aut(7T) =
A, width(T) = k, tplength(7T) = ¢ = 2%, Width(T) = u, and with the u-based input
g, ..., ak—1, then its u-based history till time T = £ is by, ..., b, 1.

Proof. This lemma is a consequence of Lemma 34 and Lemma 41. We apply lemma
34 with k:=k + % + 1, li=4 d=wv ap:= ag, ...y Ap—1:= Af_1, A= bo, vy Qg p—1:= bﬂ_l’
At pi= €du, 00i= 0 0p:=0 =1, agi={, ag:i= L + 1.

In the formulation of the propositional statement P we follow the notation of the
present lemma. The propositional formula P will say the following for all r € 27"
(edvu[r, ul =1 = Njep(brfi,u] = ar[i,u])) and if eq,[r, u| = 0, then

bi[7"7 u] = Bi(gr—é—jfl o B‘r—ffj o B;«fgfjurl)

where B; is the boolean expression from Lemma 41 and 3, = (bo[r, ul, oy by ul).
Lemma 41 implies that if the the propositional formula P holds for all r € 2°~¢ then
bo, ..., bu—1 is the u-based history of the machine 7. Therefore Lemma 34 implies the
existence of the existential formula ¢. Q.E.D.(Lemma 42)
Proof of Lemma 40. Suppose that a,b, x € My and R, (a,b, h) holds, that is, for all
i€ 2du
bli,u] = a[A(277%, i, bin(x)), d]

This means we get the 22“-ary digits of the integer b from the digits of the integer a
in the following way. To get the ith digit b[i, u|, we have to compute, using the turing
machine 7, the value of \; = A\(297%,i, bin(x)). If A\; < 2%7% then b[i,u] = a[)\;, u] which
is an element of 22“. This is true also for the \; = 297" but, since a € My, we have
a[297%,u] = 0. Therefore each the 22"-ary digit of b is either one of the first 2¢- digits of
a or it is 0.

Let S be the set of sequences of length s from the elements of M, where s = 2¢7%,
We define maps 7;,, j € s —1, ¢ = 0,1,2, that map S into itself. Suppose that x =
(xg,...,Ts_1) € S, then
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ni0(z) = (Yo, ..., Ys—1), where for all j € {0,1,...,s —2}\{i}, y; = z;, and y; = 0. That
is, we get 1;0(x) from x by replacing x; with 0.

ni1(z) = (Yo, ..., Ys—1), where for all j € {0,1, ..., s—2}\{7,i+1}, y; = x;, and y; = @41,
Yit1 = x;. That is, we get 1, 1(z) from x by swapping x; and x;.

ni2(z) = (Yo, ..., ys—1), where for all j € {0,1,...,s —2}\{i}, y; = z;, and y; = @;41.
That is, we get 1;(x) from x by replacing z; with z;1.

Clearly if d, u, a, x, b are given as above then there exists a sequence J = (9;,.,,, | m =
0,1,...,k — 1, where x < s® such that

(54) if A= (al0,ul,...,a[s — 1,ul), B = (b[0,u],...,b[s — 1,u]), then

B = g0 (Mix 1 (M 1 (A) 1))

Since the function A was computable by an (unlimited) turing machine 7 in time
polynomial in s, the sequence J = ({(ij,tm) | m = 0,1,...,k — 1) is polynomial time
computable as well. So far we have assumed that 7 is an unlimited turing machine
whose each cell contain a single 0,1 bit. The same computation can be performed by an
unlimited turing 77 machine turing whose each cell contains two bits. The advantage of
using such a machine is that the encoding of the input can be done in a form which is
convenient for definitions by M formulas in a structure M,,.

More precisely the assumptions of the lemma imply that there exists a constant ¢; € w
and an unlimited turing machine 7; such that for each j € w, cell; at time ¢, contains
two bits cont, ;o and cont, ;; and the machine in time s computes a sequence (ip,, Lm |
m = 0,1,...,k — 1) which satisfies condition (54). We will denote the time by t,, when
the computation of the pair (i,,, t,,) has been completed. Moreover we also assume that
the input y is given at time 0 in the form contg o = x[j,2], for all j < [log, x|, and
contg ;; = 0 for all other values of j,i € w, where conty ;; is defined. (We may assume
that at time 0 the length of the tape is determined by the length of the input, and when
a new cell is opened its initial content is always (0,0).)

We define now a restricted turing machine 75 with Width(73) = c2, width(72) = ko
where ko, co € w, kg < ¢y — 3 are constants that we will fix later and tplength(7;) =
¢ = s*. When the machine starts to work conty ;; is the same for 7; and 7, where both

67}2 is not defined and 7 < ¢y — 3 then conté’?’g = 0. (For
1 =10C — 3,60 —2,c0 — 1 cont(()?;
machine.)

We partition the first ko bits of each cell j at time ¢ into subsets X, ;, Y} ;, Z; ;. We
will call the the X-bit, Y-bit and Z-bits. X, ; contain the first two bits (corresponding to
the bits used by 77), Y;; contains the next two bits and Z, ; contains the remaining work
bits. The computation done by 75 will consist of k consecutive time intervals Iy, ..., [,,_1.
Each interval I, is further divided into four consecutive intervals J,,, K,,, L,, M,,.

In the interval J,,, m € k, using only the X bits of its cells 75 simulates the compu-
tation done by 77 in the time interval (¢,,_1,ty], (where t_; = —1).

values are defined. If cont

is determined by the definition of a restricted turing
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After that this simulation is suspended, and during the intervals K,,, L,,, M,, the X
bits of the cells do not change, and consequently 75 will be able to continue the simulation
of 71 in the time interval J,, 1.

In the interval K,,, 75 does the following, while it leaves the X bits and Y bits
unchanged in each cell. 75 takes the head to cell; , where (i,,, () is the pair computed
by 71 by time t,,. For this no other work bits are used than the Z bits. Meanwhile
aut(73) “remembers” the value of ¢, that is, it has enough states to use different ones
depending on the value of ¢,,.

During the whole interval L,, the head remains at cell; . When interval L,, starts
say at Ta-time ¢/ . T3 writes the binary form of ¢,,, + 1 into the two bits of the set Y, , ;. .
That is, conty ;.2 = (tm +1)[0,0] and conty ;3= (tn +1)[1,0]. All of the other work
bits remain unchanged

At time #], + 1 still in interval L,,, the head remains at cell; , and the bitsin Yy 4,
are changed into 0, that is, the conty 1,2 = 0 and conty 4,3 = 0. All of the other
work bits remain unchanged.

In the interval M,, the head goes back to the position where it was at the end of
interval K,,. During this the X and Y bits do not change. (The very last interval of the
form M, is exceptional in the sense that is has no end since according to our definition
the machine cannot stop, so the head remains at the same place and the content of all of
the cells remain unchanged.)

This completes the description of the computation done by 75. It is easy to see that
there exists a finite automaton A, such that if A = aut(7;) then 75 will perform the
described computation. Width(73) = ¢y and width(73) = ko are chosen in a way that is
compatible with the described computation and the choice of A.

Let ¢ be a time according to 75 and let j € £ such that at least on of the bits in Y ; is
not 0, equivalently cont, ;2 # 0 or cont, ;3 # 0. Then we will say that the integer j is a
critical cell number at time ¢. We will need later the following immediate consequence of

the definition of 75:

(55) the machine Ty has the property that for each t € w there exists at most one integer
j € € such that j is a critical cell number at time t. If 7 is a critical cell number at time t
then then there exists a unique m € k such that the machine Ty at time t, wrote the binary
bits of tm + 1 into the Y, ; bits. (In this case t,, will be called the critical map-number at
time t.)

The total time needed for 75 to complete the described steps is at most T' = s, where
c3 € w is sufficiently large with respect to ¢;. We will write 7, ) instead of Ts if we want
to emphasize its dependence on d and u. Applying Lemma 42 we get the following.

There exists an existential formula i of M such that for all d,u € w with d > u for
all x € zog,, and for all by, ..., b.,_1 € M, here v = u+ (¢34 ¢1)(d — u) the following two
conditions are equivalent

(56) x € zogqy, and the u-based history of the machine E(d’u) with wu-based input
<X,O, ,0> 18 b(], ...,bczfl.
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(57) MU IZ ¢(b07 (XY bcgfp X5 da U)

The next step is to give an existential formula ¢ of M such that for all by, ..., b.,—1 €
zo(v,u) and for all a,b, x € My, M, = ¢(bg, ..., bey—1,a, b, X, d, u) iff condition (51) of the
lemma is satisfied. This together with the equivalence of conditions (56) and (57) clearly
implies the conclusion of the Lemma 40, (we also need that according to Lemma 22 the
conditions by, ..., be,—1 € zo(v,u), X € zog4, can be described by an existential formula in
M,.)

We define an integer a € M,. We for each j € ¢,t € T, where s = 2974 ( = 5%,
T = 5%, oy ; will denote the integer a[tf + j,u]. We define oy ; by induction on t.

For t =0, apj = alj, u]. Assume that a;_; ; has been defined for some ¢ € w\{0} and
for all j € £. If j > s or there is no critical cell number at time ¢, then a;; = a4y ;. If
there exists a critical cell number jo at time ¢ and ¢, is the critical map-number at time
t. Then we define oy ; for all j < s, by

<Oét,o7 ey Oét,s—l) = Mjo,em (<Oét—1,0, e at—l,s—1>)

and by a; ; = 0 for all j > s. This completes the definition of the integer . The definition
implies that we have ar; = b[j, u] for all j € s. In the definition we treated separately the
cases j < s and j > 0. Later we will use the fact that the integer w, 4., = €4 ZiTgol 22"
has the property that forall j € (,t € T, w[tl+j,u] = 1if j < s and and w, g, [tl+7,u] =0
otherwise. Moreover by Lemma 11 there exists a term o of M whose choice does not
depend on anything, such that M, = w, 4, = o(v,u,d) and as a consequence w is
definable by an existential formula in M.

We show now that the integer o can be defined by an existential formula in M,
(using bo, ..., be,—1,a,d,u as a parameters). We will denote by cont;; the sequence
conty o, ..., conty j.,—1 with respect to the machine 7,. As earlier we use the symbols
coﬁtt,,l CO?ltt’g to denote 0, 1 sequences of length ¢y, whose values will be decided later.
In a similar way oy _1, oy Will denote integers in M,, whose values will be decided later.
The definition of the integers oy ; implies the following:

(58) There exists a propositional formula P of the language L&) such that for allt € s°,
Jj €L, i € co =Width(73), and for all possible definitions of the vectors coﬁtt,,l, coﬁtt,g €
{0,1}* and the integers oy 1,y € My, we have that oy ; is the unique integer A € Ny
such that

— — — c .
N = P(A, oq_14, 04, Qp1 j, cONty j_1 0 cOnty j 0 conty jiq, Wy au[ts? + j|)

Now we use Lemma 34 and get that the « is definable by an existential formula in
M,.
The definition of o implies that M, |= b = +(a, 2“77Y2") and a = mod(a, 2°%"), that
is, M, £ a=a—2%2" + (a,2%"), where mod(x,y) is the least nonnegative residue of x
modulo y. Q.E.D.(Lemma 40)

Lemma 42 that we have formulated and proved earlier states that if 7 is a restricted
turing machine 7 such that width(7) and aut(7) are constants, then its history can
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be defined by an existential formula in M,,, where v is large enough so that the u-based
history can be presented as a sequence in M,. Now we formulate a consequence of the
lemma which is dealing with not the whole history of 7 but only its input-output relation.

Lemma 43 Assume that co,c1,k € w and A is a finite automaton. Then the family of
relations (Rau | (d,u) € V) is polynomially existential, where for all d,u € w, d > u,
and for all ag, ..., ak—1,bo, ..., bp—1 € My, Rau(ag, ..., ak-1,bo, ..., bp_1) holds iff there exists
a restricted turing machine T with width(T) = k, aut(T) = A, tplength(T) = 20~
such the the following holds:

(59) If the u-based input of the machine T is the sequence ag, ..., ap_y, and T = 2¢1(@=) —
1, then for alli € k, b; = Y2 "' contr ;292"

Proof of Lemma 43. The statement of the lemma is an immediate consequence of
Lemma 42, since we have to say only by an existential formula that there exists a history
of 7 which is compatible with the given u-based input and the given contents of the cells
at time 7. Q.E.D.(Lemma 43)
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5 Polynomially existential definition for parallel
multiplication

In this section we prove the following

Lemma 44 The function symbol x of M is polynomially existential in M. Equivalently,
the family of functions (®q. | (g, u) € V) is polynomially existential.

As a first step of the proof we reformulate the statement of Lemma 44.

Lemma 45 The following statement implies Lemma 44. Let F' = (Fy,, | (d,u) € V) be
the the family of ternary functions defined in the following way. For all d,u € w with
d > u, and for all a,b,q € My, My = Fyu(a,b,q) = a®y,b if a,b € M, ¢ > u and
d > u+2(q—u)+ 2, otherwise Fy,(a,b,q) = 0. Then the family of function Fy, is
polynomially existential.

Proof of Lemma 45. Let T be the set of all triplets (d, ¢, u) € w?, such that d > ¢ > u
and d > u+2(q —u) + 2. Suppose that the family functions F' is polynomially existential.
This implies that there exists an existential formula 1) of M and a ¢y € w, such that for
all (d,q,u) € I', and for all a,b,c € M, and for all w > u + ¢o(d — u) we have

(60) My, = ¥(a,b,c,q,d,u) iff My | a®q.,b=c.

Assume now that we choose (q,u) € V arbitrarily with the only restriction ¢ > wu,
a,b,c € M, and we define d by d = ¢ + 2(¢ — u) + 2, and so we have (d,u,q) € I'. Let
¢1 € w be a constant with ¢; > ¢9 + 6. Then u + ¢;(¢ — u) > u + ¢o(d — u) and therefore
condition (60) implies that

(61> Mu+cl(q7u) ): @b(a, b7 ¢ q, d7 u) Zﬁ Mq ): a ®q,u b=c.

This holds for all (¢,u) € V, with ¢ > w and for all a,b,c € M,. The ¢ = u case
however is trivial since M, = a ®,,b = ab. Therefore if we define another existential
formula ¢’ of M with ¢/'(a,b,c,q,u) = (g=uAab=c)Vi(a,b,c,q,q+2(q—u)+2,u),
then we have that for all (¢,u) € V and for all a,b,c € M,

(62) Myie,(g—u) F ¥ (a,b,c,q,u) iff Mg = a®q.,b=c.
as required in the definition of a polynomially existential family of functions.
Q.E.D.(Lemma 45)

Proof of Lemma 44. Let F' = (Fy, | (d,u) € V) be the family of functions defined
in Lemma 45. We will show that F' is polynomially existential. We define four families
of functions F; = (Fyu,; | (d,u) € V) for i =0,1,2 and G = (Fy,,; | (d,u) € V). The
functions Fy,;, 1 = 0,1,2 will be binary functions and the functions Gy, will be ternary
functions. For each fixed (d,u) € V we define a ternary function F' = (F , | (d,u) € V).
For all a,b,q € Mg,,,

Fé,u(av b7 q) = Fd,u,Q <Gd,u (Fd,u,l(aa Q>7 Fd,u,l(aa q)7 Q) 5 Q>

We will prove the following two statements.
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(63) The families of functions Fy, Fy, Fy, G, are all polynomially existential.
(64) For all (d,u) € V and for all ¢ € My and a,b € M, we have
Ft;,u(av b? q) = Fd,u(au b7 Q)

According to Lemma 39 the composition of polynomially existential families is poly-
nomially existential. The family F” was defined as a composition, therefore condition (63)
implies that the family F” is polynomially existential. The fact that the family F” is poly-
nomially existential and condition (64) together imply that the family F' is also polynomi-
ally existential. (The functions Fy, and Fy, are not necessarily identical on My since the
equality in condition (64) is guaranteed only for a,b € M,.) Indeed assume that 1 is an ex-
istential formula of M and My u—a) F ¥'(a,b, ¢, q, d, u) is equivalent to F ,(a, b, q) = c,
for all a,b,c,q € My. Let ¢(a,b,c,q,d,u) = ((a > 2% Vb > 22" )Ac = 0)VY/(a,b,c,q,d, u).
Then ¢’ is an existential formula of M, and My ¢ w—q) = ¥'(a,b, ¢, q,d, u) is equivalent
to Fyu(a,b,q) =c.

Therefore to complete the proof of Lemma 44 it is sufficient to show that there exists
families of functions Fy, Fi, Fo, G, such that conditions (63) and (64) are satisfied. (In the
latter one F” is defined as a composition Fy, F, 5, G, as indicated earlier.)

Let ' be the set of all triplets (d, ¢, u) € w?, such that d > ¢ > vand d > u+2(qg—u)+2.

We start the definition on the functions Fy, ;, and G' by defining their values in places
that are not interesting for us. Suppose that d,u,q € w, d > u, ¢ € My and (d,q,u) ¢ T.
Then for all z,y € My, Fuuo(z,q) = Fauo(x,q) = Fauo(z,q) = G(x,y,q) = 0. Since
(d,q,u) ¢ I' implies Fy,(z,y,q) =0 for all z,y € M, as well condition (64) is satisfied if
(d,q,u) ¢ I'. Therefore, starting from from this, point we consider only the (d,q,u) € T’
case. Since (d,q,u) € T is a propositional statement in My, this is sufficient for our
purposes.

The family of functions Fy and Fy. Assume that a (d,q,u) € T is fixed, s = 297" and
p € 2% =M,y If p¢ M, then Fy,0(p,q) = Fiu1(p,q) = 0. Assume now that p € M,,.
We define Fy,, ;(p,q) for i = 0,1. The integer p can be written in the form of

|
—

s

p=> m(i)2®

s
Il
=)

where (i) € 2% for all i € s. Our definitions are

|
—_
—

S S—

Fd,u,0<p7 q) = 7.[.(?:)221'82“’ Fd,u,l (p7 Q) = Z 7T<i>22i2u7
‘ ~

@
Il

=)

-

that is, in both cases we got the 22*-ary digits of F,;(p, ¢) from the digits of p by moving
the digits of p to different places and putting Os in the remaining places. We have that
Fauwo(p,@)j,u] = 7r(2i) if 2s|7 and Fy . 0(p, q)[J, u] = 0 otherwise. We apply Lemma 40
with n:= 297%, y:= 202" b — pin(y) = 277%, and the function A(n, 7, k) is defined in
the following way: if j = 2hi for some ¢ € h then A(n, j, h) =i otherwise A(n,j, h) = n.
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Lemma 40 implies that the family F{ is polynomially existential. We can show in a
similar way that the family F} is also polynomially existential.

The family of functions G. Assume that (d, q,u) € V and z,y € M. Then G4(x,y) =
xy. Clearly the family of functions G is polynomially existential.

The definition of the function Fj,>. Assume that a v € (d,q,u) € T is fixed and
p € My and pli,d] = 7(i). Then Fy,o(p) = 255 m(2si + 2i)22". In the same way as in
the case of the family Fj we can show using Lemma 40 that the family F3 is polynomially
existential.

This completes the definition of the families F; and G and the proof of statement (63).
Now we prove statement (64).

It is sufficient to show that for all a,b € M,, and for all i € 297,

F(Q,u(aa b7 Q) [la U] = Fd,u(aa b7 Q) [Za U]

Since the values of d,u and ¢ are fixed now, we will write Fy(z) instead of Fy . 0(z,q),
Fy(z,y) instead of Fy,2(x,v,q), etc.

Let a = Y323 a;272" and b = 352,27, where s = 2% Then, by the definition of
F and the definition of the operation ®,, we have F(a,b)[i,u] = (a;b;)m,, that is, a;b;
must be computed in M,,.

If we compute F’, according to its definition as a composition, we get the following.
Fola) = Y525 a;4" and Fi(b) = S 878 42" Therefore if we compute ab in the 42“-ary
numeral system then all of the products a;b; will contribute to to a different digits of
the product ab, since the sums sj + k, j,k € s are all different. Moreover a;, b, € M,
imply that the product a;by as the product of integers is less than 4*", therefore there is
no carryover, and we have that

(65) Fy(a)Fy(b) = Zfif)l a4 where o, = ajby < 4%, if r = sj+k, and j, k € s, where
every operation is performed as among integers.

Moreover the assumptions a,b € M, and d > u+ 2(u — ¢) + 2 imply that the product
Fy(a)Fy(b) among the integers is the same that in M. Since Fy(a)Fo(b) = G(Fy(a), Fo(b))
we have that Fy(Fo(a)Fy(b)) = F'(a,b). Let h = Fy(a)Fi(b). Statement (65) imply
that h[2si + 2i,u] = (a;b;)m,, therefore, according to the definition of Fy, we get that
F'(a,b)[i,u] = (a;b;)m,, where (a;b;)m,. This completes the proof of statement (64).
Q.E.D.(Lemma 44)

w*
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6 The M operations are polynomially existential.

In this section we prove Theorem 7 which is equivalent to the following lemma.

Lemma 46 For each function symbol £ of M, the parallel £ operation is polynomially
existential in M. Equivalently, for each function symbol £ the family of functions (44 |
(d,t)y € V) is polynomially existential in M.

We will use the following three lemmas in the proof of Lemma 46.

Lemma 47 Suppose that 7(xg,...,xx_1) is a term of M, such that for each function
symbol £ of M, if £ occurs in 7 then f is polynomially existential. Then the family of
k-ary relations R = (Rg; | (d,t) € V) is polynomially existential, where for all d,t € w
with d > t and for all ag,...,ax_1 € My, we have Rgi(ao, ..., ax_1) iff for all i € 2%,
M, = 7(apli, t], ..., ar—1[i, t]) = 0.

Assume now that for all of the function symbols f in 7, f ¢ {x, =, p}. Then the family
of k + 1-ary relations Q = (Qq | d € w) is uniformly existential, where for all d € w and
for all ag, ...,ax_1,t € My, Qalao, -..,ax—1,1t) iff t < d and Rgq(ao, ..., ax—1).

Proof of Lemma 47. To prove the first statement of the lemma we construct an
existential formula ¥ of M such that for all sufficiently large ¢ > 0, for all d,t € w with
d >t and for all ag, ..., ax_1 € My, we have Ry;(ao, ..., ap—1) iff M, = ¢(ao, ..., ax—1,d, 1),
where v =t + ¢(d — t).

Let £ £~ be the function symbols of M occurring in 7, and let 7o, ..., 7,_; be
the sequence of all subterms of 7 where 7, = x; for i € k and 7,_; = 7. Assume that
T, = f(gi*o)(Tgi’l,Tgw), where ¢;0 € [ and g; 1,92 € r. (If £(9:.0) is not binary then one or
both arguments of it may be missing). The formula ¢ will say the following: there exists
bo, ...,b._1 € My, such that

Mot b= 0A (A by =a;) A A\ b = E5 ()

j€k €T

Our assumption that all of the function symbols £, i € [ are polynomially existential
implies that this condition can be expressed by an existential formula in M,,.

For the proof of the second statement of the lemma we note that by Lemma 28,
f ¢ {x,+,p} implies that the parallel operation f is uniformly existential. Using this the
the fact that family @) is uniformly existential can be proved in the same way as the first
part of the lemma. Q.E.D.(Lemma 47)

Definition. Assume that P(xo, ..., Zx_1, %0, ..., ¥i—1) is a propositional formula of M.
We will say that P is k-sensitive, if the following three conditions are satisfied:

(i) for each occurrence x(7,0) of the function symbol x of M in P, where 7,0 are
terms of M, there exists a j € [ such that 7 = y;,

(ii) for each occurrence (7, o) of the function symbol = of M in P, where 7,0 are
terms of M, there exists a j € [ such that o = y;,

(iii) the formula P does not contain the function symbol p of M. O
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Lemma 48 Suppose that P(xq, ..., Tk_1, Yo, ---, Yi—1) s a k-sensitive propositional formula
of M. Then the family of k+14 1-ary relations R = (Ry | d € w) is uniformly existential,
where for all d € w, ag, ..., ax_1, by, ..., 0_1,t € My, we have Ry(ao, ..., ax_1,b0, ..., b1_1,t)
iff d >t, by, ...,bi_1 € My and for all i € 2%7t, M, |= P(aoli,t], ..., ax_1[i,t], bo, ..., bj_1).

Proof of Lemma 48. The proof of the lemma is the essentially the same as the proof
of Lemma 47. (We have to use now, that according to Lemma 14, the family of relations
Qa(a, b, c,t) is uniformly propositional, where for all a,b,c, € My, Qq4(a,b,c,t) holds iff
d <tand ®g(a,b) =c.) Q.E.D.(Lemma 48)

Lemma 49 Suppose that P(xg, ..., T3p_1,Yo, -, Yi—1) S a 3k-sensitive propositional for-
mula of M. Then the family of k + | + 1-ary relations R = (Rqy | d € w) is
uniformly existential, where for all d € w, ag,...,ax_1,b,....,0_1,t € My, we have
Ra(ag, ..., ax_1,bg, ..., bi_1,t) iff d > t, by, ...,bi_1 € My and for all i € 297,

Mt ): P(EOJ "'714)k717b07 "'7bl71)
where /Tj stands for the sequence a;[i — 1,t],a;[i,t],a;[i + 1,t] for j=0,1,....k — 1.

Proof of Lemma 49. We use Lemma 48 with k:= 3k. The statement M, |
P(Ay, ..., Ag_1, bo, ..., bi_1) is equivalent to

M, = 390, s Gh—1s hos ooy i1, @ A N\ Ry = 2% a5 A gi = +(a;,2%)
ick
where

b = P(Eg, ey Ek:—l; bo, ey bl—l)

and B; stands for the sequence g;[i,q|, a;[i, g, h;[i,q] for j = 0,1,...,k — 1. Therefore
applying Lemma 48 for the given propositional formula P we get the required existential
formula. Q.E.D.(Lemma 49)

Lemma 50 Assume that, k,m € w and P is a propositional formula of M with
3k +m + 1 free variables and o does not contain any of the function symbols x,+ or
p. Then R = (Ry | d € w) is a uniformly existential family of k + m + l-ary re-
lations in M | where for each d € w, and for each ag,...,ax_1,Wq, ..., Wn_1,q9 € My,
Ra(ag, ...ag_1,Wo, .., Wy_1,q) holds iff ¢ < d, wo, ..., w1 € My and for all i € 2479,
M, E P(Ag, ..., Ay1, W0, - W1, q), where ffj is the sequence a;[i — 1,q|,a;[i, ql, a;[i +
1,q], for all j € k.

Proof of Lemma 50. We may assume that P is of the form o(xy, ..., Z3x1m) = 0. We
have

aj[i - 17Q] = (qa’j)[i7Q] A a’j[i + 17Q] = (LaJ/QJMLQ]

Therefore Ry(ag, ...ax_1, Wo, ..., Wy_1,q) holds iff for all i € 2479,

Mq ): U(§07 ) B)k,l,U)(), "‘7wm717Q) =0
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where B, is the sequence (qa;)[i, q, a;[i, q], (|a;/q))[i, q]

Since the term o does not contain the function symbols the second part of Lemma 47
implies the conclusion of lemma. Q.E.D.(Lemma 50)

Proof of Lemma 46. We know from Lemma 28 that the statement of the lemma holds
if f ¢ {x,+,p}. Lemma 44 implies the statement of the present lemma for f = x. Our
next goal is to show that the function symbol + is existentially parallel. The operation
+(a, b) has an existential definition among integers. Namely for all a,b, ¢ € w, +(a,b) = ¢
iff “(b=0Ac=0)or (b0 and there exists an r € w, with a = ¢b+r and r < b)”.
This definition is not good if a,b,¢c € My and we perform the arithmetic operations in
My, since there can be many different ¢ € My with My = a — b < ¢b < a and for all of
them r:= a — cb meets the requirement of the definition of +(a,b). Therefore we have to
add the condition that the product cb computed among the integers is the same as the
product ¢b in My. The following Lemma says that the parallel version of this condition
is polynomially existential.

Lemma 51 The family of ternary relations R = (Ry: | (u,t) € V) is polynomially
existential, where R, is defined in the following way.

Assume that u,t € w, u > t, and a,b,w € M,. Then R, (a,b,w) holds iff for all i €
2u=t wli, t] = 0 implies that ai, t]b[i, t] < 22, and wli,t] = 1 implies that ali, t]bfi, 1] > 2%

Proof of Lemma 51. For each fixed ¢ € w we define two functions F;, G; on w. Suppose
that @ = Y0, ;2?2 € w, where a; = afi,t]. Then Fj(a) = ¥, 0;2%% = Y2, ;22"
This definition implies that every second 2%- ary digits of F}(a) is 0 and between the Os
we have the digits of a. That is Fy(a) “stretches” out the 22"_ary form by a factor of 2,
and puts Os in the odd numbered places. We get the integer G,(a) from a by keeping only
its 22"-ary digits at the odd numbered places and then “compressing” this sequence by a
factor of two. More precisely if a 2%, ;2" then Gy(a) = >3 91272

These functions has the following useful property.

Proposition 1 Assume u,t € w, u>t, a,b € M, and let
hyt(a,b) = Gy (Ft(a) Qut1,t41 Ft(b)>
Then for alli € 2“7, afi, t]b[i, t] < 2% iff hli,t] = 0.

Proof of Proposition 1. When we compute the parallel product Fi(a) ®y41¢+1 Fi(D)
to get the ith component of the result we have to multiply a[i, t] and b[¢, t| modulo 22"
Suppose that the result is ;2% + );, where p;, A; € 22°. We have Fy(a) ®yy1.41 Fi(D) =
Z?lgt_l(uﬂ? + ;)22 Therefore the definition of G, implies that Gy (Ft(a) Out1,t+1
Ft(b)) — 32 T 2% We have p; = (hyy(a,b))[i,t] and so the definition of z; implies
the statement of the proposition. Q.E.D.(Proposition 1)

Lemma 40 and Lemma 44 together imply that the family of functions H = (hy |
(u,t) € V) is polynomially existential, where the function h,; is defined in Proposition 1.
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The relation R, ;(a, b, w) can be defined by “there exists a p € M,, such that p = h,.(a,b)
and for all ¢ € 2“7, w = min, (e, , p)”. By Lemma 28 and Proposition 1 this shows that
family R, ; is polynomially existential. Q.E.D.(Lemma 51)

Definition. We define a binary term rem(z,y) of M by rem(z,y) =z + (—1)y + (z, ).
(Suppose that d € w, a,m,b € My, m # 0. Then M, = b = rem(a,m) iff b is the least
nonnegative residue of @ modulo m.) For all d,t € w with d > ¢, rem;,; will be the binary
function defined on My in the following way. For all a,m,b € My, remg,(a, m) = b iff for
all i € 247t rem(ali, t], m[i, t]) = rem(b[i,t]). O

Lemma 52 The function symbol + and the family of functions (remq, | (d,t) € V) are
polynomially existential in M.

Proof of Lemma 52. Let R = (R, | (u,t) € V) be the family of ternary relations
defined in Lemma 51. For all d € My, and for all ¢,a,b € My, M, = ¢ = +44(a,b) iff

R(b,q,eq:) N Jr e My, (CL = (q®ar b) Barr N 1 <ap Q)

We have already proved that M is existentially parallel with respect to multiplication
and addition, and by Lemma 51 the relation R is polynomially existential, therefore this
definition of <4, implies that the function symbol = is polynomially existential as well.

The family (remy; | (d,t) € V) is polynomially existential since the function remg; is
defined by a term which is using on function symbols which are polynomially existential.
Q.E.D.(Lemma 52).

Lemma 53 The function symbol p of M 1is polynomially ezistential.

Proof of Lemma 53. We have to construct an existential formula 1 such that if ¢ € w is
sufficiently large then for all d,t € w with d > ¢, and for all a,b € My, we have pg.(a) = b
iff M, = v¢(a,b,d,t), where v =t + ¢(d — ).

Suupose that K € w is a sufficiently large integer and c is sufficiently large with respect
to K.

We will construct the formula ¢/ in the form of

W(a,b,d,t) = (t < K ANgla,b,d,t))V (t > K ANir(a,b,d,t))

(Here we used a, b, d,t as variables to make the roles of the variables clear.)
The definition of 1. For all integers i € [—2% 2%] we define three elements of My,
ai,ti and MZ If 4 Z 0 then

Md |: a; = 2iCL A ti = 2Zt A Mz = 2i€d7t
If + < 0 then

Md ): a; — +(a, 22) AN tl = —(t, 21) A MZ = +<ed,t7 21)
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This definition implies that for each i € [—2%,2K] there exist terms oy, 74, it; of M,
depending only on 4, such that for all choices of d, K, t € w, t < K, a € My, we have

Md ): a; = O{i(CL, d, t) A tl = Ti(a,d, t) N Mz = ,ui(a, d, t)

For each j € 2% the three sequence of integers (a;[5,0] | j € [—25,2K]), (t:[5,0] | j €
[—2K 287 (M;[5,0] | 7 € [—2K,25K]), together uniquely determine the integers alj, ], t,
and rem(j,2").

Consequently there exists a boolean expression B with 3(25! +1) variables such that
for all j € 27-¢ we have

(Pas(a))[j, 0] = B(@13,0], (4. 0], M;[5,0])

where 7;[j,0], stands for the sequence (x;[7,0] | i € [-2%,2K]) for x = a,t, M. According
to Lemma 15 this implies that there exists a term o of M such that M, = pa:(a) = o(a, ).
Based on that, using Corollary 9 of Lemma 35 we can define the formula 1y with the
required properties.

The definition of 1. Assume that d;t € w, d >t > K and a € M,;. We define
three integers Ay, A1, Ay € My, such that for all i € 297 exactly on of the following two
conditions are satisfied

(i) Agli, t] = ali, t] > 2" and A,[i, t] = Asli, t] = 0.

(ii) Agli,t] =0, ali, t] < 2, ali, t] = Aq[i, t]27 + Asi, t], and Asfi, t] < 29.

This property uniquely determines the integers Ag, Ay, Ay € My, moreover Lemma 47
implies that that there exists an existential formula ¢ of M such that Ay, Ay, Ay are the
unique elements of My such that M, = ¢(a, Ag, A1, As,d, t), where v =t + ¢(d — t).

Let By = ©44(2% ", ming (Ao, eqs)). (That is Boli, t] = 2% if Ag[i,t] # 0, otherwise
Byli, t] = 0.)

Then

Pas(a) = maxs,( Bo, @us (Padl©an(2', A, Padla]) )

We know already that the functions symbols max and x are polynomially existential,
therefore it is sufficient to show that the following two families of relations relations are
polynomially existential:

(66) © = (O4; | (d,t) € V), where for each d,t € w with d > t and for each a,b €
M, Og.(a,b) holds iff t > K and for all i € 2%, afi,t] < 2' and 2%a[i,t] and b =
Pa(©ar(27,a))

(67) © = (Dgy | (d,t) € V), where for each d,t € w with d >t and for each a,b € Mg,
®ys(a,b) holds iff t > K and for all i € 247, ali,t] < 27 and b = py4(a)

In other words, the original problem about the existential definability of p,:(a) has to

be solved with some additional assumptions. The following lemma will be used to define
the family © in an existential way.
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Proposition 2 The family of relations © defined in condition (66) is uniformly existen-
tial.

Proof of Lemma 2. For each d € w, let ©/, be the ternary relation on My, defined by:
for each t,a,b € My, ©/(a,b,t) holds iff t < d and ©44(a,b). We show that the family of
relations ©' = (0, | d € w) is uniformly existential. This clearly implies the conclusion of
the proposition.

By Lemma 49 it is sufficient to show that there exists 3k-sensitive propositional formula
P(xg, ..., T3k—1, Yo, ---, Yi—1) of M with k = 3 and [ = 1 and with property.

(68) For all d € w and for all t,q,a,b € My, we have ©(a,b,t) iff there exists
ag, ...,a3,wo € My such that ay = a, ay = b, as = eqs, d > t, ¢ = |logyt],
wy = 29 and for all i € 279, M, = P(ffo, ...,gg,wo), where /Tj stands for the sequence
a;li — 1,4, a;[i,q], a;[t + 1,q] for j =0,1,2,3.

The condition that there exists ay, ..., a3, wg € My such that ag = a, a; = b, ay =
eqt, d > t, ¢ = |logyt], wy = 27 can be expressed by an existential formula x in M,
since ¢ = |log,t] is equivalent to 27 < ¢t < 2971 Therefore condition (68) implies
that ©'(d)(a,b,t) is equivalent to My = Jay, ..., ag, wo, x(a, b, t, ag, ..., a3, wy) and for all
i €271, M, E P(/YO, W As, wp), where y is an existential formula of M.

Lemma 49 implies that the condition “for all 4 € 24=a
M, E P(ffg, s Ayt bo, ..,b;_1)” can be expressed by an existential formula of M in
Mg, therefore we only have to prove the existence of a 9-sensitive propositional formula
P satisfying condition (68).

In the definition of P the variable a3 will be denoted by h and for ag, ai, as we will use
the symbols a, b, e4; indicated in condition (68). To make the formulas more understand-
able we rename the variables z; in the following way: x3; = 2 1, Z3j41 = 2j0, T3j4+1 = Zj1-
The advantage of this notation is that in condition (68) the variable z; s takes the value
ajli + 6] for j=0,1,....,k—1,6 =—1,0, 1.

We define P by P = A,¢5 A, where the propositional formulas A, are defined below.
First we write each formula A, with the variables z; s, this is its definition, and then as
a motivation, we write the formula A, in the form that we get if the variables take the
values indicated y condition (68) and by the abbreviation h = as.

N =20=1— 230 =200

eqt(t, q] = 1 implies h[i, ¢] = al, q|

A1 = (2270 =0A 23,—1 7£ O) — Z30 = %Z3,—-1 — Wo
eqt = 0Ahli —1,q] # 0 implies h[i, q| = h[i — 1,q] — 29

A2 = (2270 =0A Z3-1 = 0) — 230 = 0
eqt[i,q = 0ARli —1,q] = 0 implies h[i,q] =0

A3 = 230 7é Wy — 21,0 = 0
hli,q] # 29 implies b|i, q] = 0

A4 =230 = W — 21,0 — 1
hli,q] = 29 implies bz, q] = 1
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The meaning of these formulas is the following. Assume that an integer iq € 2977 is
given with eq[ig, ] = 1. It means that 272" = 2V for some v € 297t therefore iy = v2t9.
Because of the assumption a[v, t] < 22* have that alv,t] = alig, q]. We have to show that
the described formulas together are equivalent to, b[v, t] = 290-42* " Since b[v, t] is a power
of 2%*, its 22’-ary form contains a single nonzero digit and this digit will be one.

The propositional formula P as we have defined it determines when b[i,¢] = 1 in the
following way. The value of hlig, q] is alig, q], then as starting from i = iy each time we
increase i with 1 the value of h;, will decrease by 27. Therefore we will have 212 = 2412
when hl[i, q] becomes 0 so at that value of i we have blv,t] = 2. The propositional
formula P defined above describes this definition of A and the connections between the
values of a,b, h and e;;. The syntax of the formula shows that it is 3k-sensitive, so it
satisfies condition (68). Q.E.D.(Proposition 2)

Proposition 3 The family of relations ® defined in condition (67) is uniformly existen-
tial.

Proof of Proposition 3. The proof is similar to the proof of Proposition 2. For each
d € w, let @/, be the ternary relation on My, defined by: for each t¢,a,b € My ®/(a,b,t)
holds iff ¢ < d and ®4,(a,b). We show that the family of relations ¢ = (®/, | d € w) is
uniformly existential. This clearly implies the conclusion of the proposition.

By Lemma 49 it is sufficient to show that there exists 3k-sensitive propositional formula
P(zo, ..., 361, Yo, ---» Y1—1) of M with k =7 and | = 0 and with property.

(69) For alld € w and for allt,q,a,b € My, we have ®/;(a,b,t) iff there exists ay, ..., ag €
M, such that ay = a, a; = b, as = eqy, az = ed7t2(2t74*1)2q, a, = b2@702 g > ¢
q = |logyt], and for alli € 2779, M, = P(Ay, ..., Ay), where /Tj stands for the sequence
a;li —1,ql,a;li,q],a;[i + 1,q] for j =0,1,...,6.

The condition that there exists ao,...,as € My such that ay = a, a; = b, ay = eqy,
as = eq, 27702 gy = b2 D20 4 >t g = |log, t], can be expressed by an existential
formula y in My since ¢ = |log, ¢] is equivalent to 2¢ < t < 291 Therefore condition
(69) implies that ®'(d)(a, b, t) is equivalent to My | Jay, ..., ag, x(a, b, t, ag, ..., ag) and for
all i € 2979, M, = P(Ay, ...As), where x is an existential formula of M.

Lemma 49 implies that the condition  “for all 1 € 24—,
M, = P(ffg, o Ay b, .,b_1)” can be expressed by an existential formula of M in
My, therefore we only have to prove the existence of a k-sensitive propositional formula
P satisfying condition (69). (In the present case k =7 and [ = 0.)

In the definition of P the integer as will be denoted by h, and the integer ag by g and
for ag, a1, as, as, as we will use the expressions a, b, eqy, €q,2% =52, p22"~1D2" indicated
in condition (69). To make the formulas more understandable we rename the variables x;
in the following way: x3; = z; _1, 3j41 = 2j0,Z3;+1 = %;1. The advantage of this notation
is that in condition (69) the variable z;s takes the value a;[i + 0] for j = 0,1,...,k — 1,
0=-1,0,1.
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We define P by P = A,c3 A, where the propositional formulas A, are defined below.
We write the formulas A,, r € 8 in the form when already a;[i 4 6, g] has been substituted
for z; 5. The formulas A, with the variables z; s (as in Proposition 2), can be derived from
this by performing the reverse substitutions.

(70) Ao = eauli,q) =1 — (hli,ql =aAgli,qg] =1)

(T1) A1 = (equli, gl =0AK[i —1,9] #0) = hli,q] = hli —1,q] - 1
AQ = (ed,t[i7Q] =0A h[z - LQ] = O) - h[lvcﬂ =0

(72) A3 = (equli,ql =0 Ahli,q] <hli—1,q] =0) = gli,q] = gli —1,¢] + g[i — 1,4
Ay = eagliq] =0 Ahli,q] = hli —1,q] = gli,q] = g[t — 1,4]

(73) As = (€422 "V i, q] = 1 — (b2 "~V [4, q] = g[i, q
Ag = (ed,t2(2t7q_1)2q)[i, q=0— (b2(2t7q_1)2q)[i, ql =0

The meaning of these formulas is the following. Assume that an integer iq € 2977 is
given with eq[ig, ] = 1. It means that 272" = 2v2" for some v € 247t therefore iy = v2!71.
Because of the assumption a[v,t] < 29 have that av,t] = alip, ¢]. We have to show that
the described formulas together are equivalent to, b[v, t] = 290-42* " Since b[v, t] is a power
of 2%*, its 22’-ary form contains a single nonzero digit and this digit will be one.

The propositional formula P as we have defined it determines when b[i,¢] = 1 in the
following way. We consider the sequence hli,q], for i« = 0,...,2"7%7 — 1. According to
the definition of Ay it starts with the integer a, and then, according to A; and A,, each
element of the sequence is smaller by 1 than the previous one, till it reaches the value
0 where it remains constant. Since a < 2¢ = 282t ]og < 2t < 2!9 the value 0 will
be reached for some i € 2/79. The sequence gli,q|, i = 0,1,...2"77 starts with g[0,¢] = 1
according to Ag and it is increasing by a factor of 2 at each step where the sequence hli, ¢],
i=0,1,...,2"7% is decreasing by 1, and then remains constant. Since the sequence hli, ¢,
i=0,1,...,2"7% reaches the value 0 in a steps, the sequence g[j, q] reaches the value 2* in
the same a steps and this will be its last value as well, that is, if ¢; is the largest integer
with ig + 2177 > i1 > ig then g[i1, ¢] = 2 The integer i; is also the unique integer i in
the interval [ig, ig + 2/ — 1] with the property that (4,22 *~92")[i,q] = 1, so it can be
used to identify i in Ay and Ag. Q.E.D.(Proposition 3) Q.E.D.(Lemma 53)

66



7 RAMs and polynomially existential functions,
Proof of Theorem 8

Proof of Theorem 8. Assume that F' = (Fy, | (d,u) € V) is a family of k-ary functions
such that for each d,u € w with d > u, Fy, is a function defined on My with values in
{0,1} and the family is polynomial time computable with respect to M. We have to show
that there exists a ¢ € w and an existential formula g of M such that

(74) for all d,u € w with d > w and for all ag,...,ap_1 € My, b € {0,1} we have
Fau(ag, ..., ax—1) = b iff M, = @o(ao, ..., ak—1,b,d, u), where v =u+ c(d — u).

The assumption that the family F' is polynomial time computable with respect to M
implies that there exist a 7, and a program P such that the following holds

(75) for all sufficiently large d € w, for allu € w with d > u, and for all ay, ..., a,_1 € My,
machine N,, (a RAM with word length m), where m = 2%, with program P and input
k,d,u,ag,...,a5_1, using only the first 2= memory cells in time 2744 computes
de(ao, ceey ak,l).

We will choose the constant ¢ € w later. We define now the existential formula ¢y
of M. For this definition we will assume that each operation of M is binary. (The
unary operations are considered binary operations which do not depend on their second
argument, and the constants are considered as binary operations which do not depend on
any of their arguments.)

Let m = 2¢, s = 2114~ We will denote by R a random access with word length m,
which has s memory cells. (That is we get R from NN, keeping only its first s mem-
ory cells.) Our assumption is that the machine R with program P and with input
k,d,u,ag,...,ar—1 in time s computes the value of Fy,(ao,...,ar—1). More precisely we
assume the following.

Suppose that P is the sequence py, ..., p+_1, and at time 0 the content of cell; is p; for
all i € s. Then p; =p; foralli € ¢, po =k, poi1 =d, poyo = U, poisy; = o foralli € k,
and p; = 0 for all j € s with j > ¢ +3 + k. Our assumption is that if the machine starts
to work with this initial state then at time s — 1 the content of celly is Fy,(ao, ..., ag—1)-

Let p = Y570 p;i22". With this notation at time 0 the content of cell; is p[i,u]
for all i € s. We will say that the integer p is the unified input of the machine R. (The
motivation for this expression is that p determines all of the integers in the input sequence
and the program P as well.) It is important that

(76) there exists a term & of M depending only on P and k such that M, = p =
&o(ag, ..., ap—1,d, u).

This implies that in the formula (g to be defined we can use p as an argument.
Now we will use the following trivial fact. If M is a random access machine which
works with v memory cells till time v then the output of M can be computed by a circuit
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C of size v where c3 is a constant, and the circuit C is given independently of the
contents of the memory cells at time 0. The gates of the circuit are performing the M
operations. For each memory cell x of M there is an input node of C' where the input
is the content of cell x at time 0. Moreover the circuit C' can be constructed by a turing
machine with the input v in time v*, where ¢4, € w is a constant.

We apply this for the present situation with M:= R, v:= s and get the following,
where k denotes the number of M operations.

Proposition 4 There exists a sequence of triplets T = ({(u, ki, Ni) | © € s9) with the
following properties:

(77) foralli € s, a; =k; =X\ =0, and for all i € s\s, a; €k, k; €1, \; €1,

(78) there exists a turing machine T’ such that if the machine T' gets s as input, then
it computes in time s, the sequence {a;, Ki, A;),

(79) if the sequence b = (5; | i € %) satisfies conditions (i) and (ii), then it also satisfies
condition (iii), where
(i) for alli € s, B; = pli, u], that is, B; is the content of cell;, at time 0 in the machine
R with unified input p,
(11) for all i € s®\s, M, = B; = fa,(Bx., Ba,),
(111) Pses_1 is the output of R at time s¢ at unified input p.

In other words the circuit C' has a node z; for each ¢ € 5. The nodes x;,7 € s are the
input nodes, the node x4;_1 is the output node, and for each i € s%\s, at node z; there
is a gate performing the operation f,, on the arguments which are the outputs of gates
(or input nodes) at nodes z,, and zy,.

Assume now that a turing machine 7" is fixed that determines a sequence T" with the
properties described above. The unified input p and the program P are also fixed. The
formula ¢y in M, will be equivalent to the following: “there exists a sequence B = (B; |
i € s°) which satisfies conditions (i) and (ii) of Proposition 4 with 8;:= B; and for this
sequence B we have Byes 1 = b”. For such a formula ¢y we clearly have F,(ao, ..., ax—1) =
b iff M, = @o(ag, ..., ax_1,b,d,u).

As a first step we reformulate the properties of (i) and (ii) of Proposition 4. The goal
of this reformulation is to make these properties more easily expressible by existential
formulas in M,. We will use the following notation: sy = s%, h = [log, k].

Proposition 5 Assume that B = (B; | i € sq) is a sequence with B; € M,,. Then
conditions (i) and (ii) of Proposition J are satisfied with b:= B iff there exist 2+k + h
sequences K, L, SY, j € k, QU), r € h, all them of length sq, satisfying the following
conditions

(80) for all i € s, B; is the content of cell; at time 0 in the machine R with program
P and unified input input p,
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(81) for alli € so\s, K; = By,, L = By, and for alli € s, K; = L; = 0.
(82) for alli € sy, v € h, Q) = ai[r, 2] (and consequently QM (i) € {0,1}).
(83) for alli € sy, j €k, M, = SY = £;(K;, L).

(84) for all i € so, B; = Si(j) where j 1s the unique integer with 7 € k, and Vr €
h.jlr.s) = Q.

Proof of Proposition 5 Since we fixed the turing machine 7" the sequence ({a;, ki, A;) |
i € %) is given. Assume first that b:= B satisfies conditions (i) and (ii) of property (79).
Then the sequences B = (f5; | i € s%), K = (B, | i € %), L = (B, | i € s%), obviously
satisfy conditions (80) and (81). Condition (82) and (83) define the sequences Q") and
SU) r € h, j € k, and condition condition (84) is the same as condition (ii) of property
(79).

In the other direction assume that the sequences B, K, L, etc, satisfy conditions (80),
(81), (82), (83), and we show that b:= B satisfies conditions (i),(ii) of property (79). Con-
dition (80) imply condition (i). By condition (84) and (82) we have B; = SZ-(O”), and there-
fore by condition (83), B; = f,,(K;, L;) which implies condition (ii). Q.E.D.(Proposition
5)

Let ¢ € w be constant sufficiently large with respect to v;, k, Length(P), k, ¢3, ¢4, and
let v = u+ ¢(d —u). We show that for each of the conditions (80),...,(84) there exists
an existential formula 1 such that the condition holds iff M, = (B, K, L, S, Q, p,d, ),

where for each sequence A = (a; | i € s%), A is the integer 5% ¢;22") and S =

(5O, ..., 80Dy Q= (QO), ..., Q"-D).

Condition (80) is equivalent to M, = mod(B,2°°2%) = p(ao, ..., ax_1,d,u), where
mod(z,y) is a term of M such that for all w € w and for all z,y,2 € w M, | z =
mod(z, y) iff the least nonnegative residue of z modulo y is z, that is, 2 = mod(x,y).

To show that condition (82) is equivalent to an existential formula in M, we use
Lemma 43. We have that «; < k, k is a constant and the turing machine 7’ computes
the bits of a; in time 2°(4=%) where ¢; < ¢ (and v = u + ¢(d — u)). Lemma 43 is about
restricted turing machines. 7 is not restricted but can make a restricted machine from
it with the definition tplength(7’) = 2°(4=%  The integer @ is defined already in a
way that Lemma 43 is applicable with by:= (. Therefore the existential formula whose
existence is stated in Lemma 43 will describe condition (82).

The fact that condition (81) can be expressed by an existential formula is a consequence
of Lemma 40. We get the sequences K;, L; form the sequence B; by moving its elements
to (possibly several) new places and inserting 0s. The destinations of the elements and
the places of zeros are computed by a turing machine as required by Lemma 40.

The fact that condition (83) can be expressed by an existential formula in M, is an
immediate consequence of Lemma 46.

We show now that condition (84) can be described by an existential formula whose ex-
istence is guaranteed by Lemma 34. We have to show that the condition can be expressed
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by a propositional formula P of £(=). For each j € k, let Bj(xg, ...,xp—1) be a boolean ex-
pression so that if a; = j[i, 2] that B;(ao, ..., ap—1) = 1, and otherwise B,(ao, ..., ap—1) = 1.
We define the propositional formula P of £, by

P(X,)/E), "'7Yk717207 -'-7Zh71) = /\ B](Zo, ---:thl) — X = }/3

jek

Clearly for each i € s, N = P(B;, Sfo), e Si(k_l), QO ...,Q" 1), where u = 22*, iff
condition (84) holds for this particular integer i. Therefore by Lemma 34 there exists an
existential formula which is true in M, iff condition (84) is satisfied.

We define ¢, as the conjunction of all of the existential formulas that expresses the
various conditions and the formula b € {0,1} A Bges_y = b, which can be written in M,
as b = min(1,b) A +(B,2°* ") = b. The formula ¢, defined this way clearly meets all
of our requirements. Q.E.D.(Theorem 8)
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8 Circuits

In this section we will evaluate algebraic circuits by first-order existential formulas. We
consider circuits whose gates are computing the functions of M in a structure M;, that
is, the circuit evaluates a term p of M in the structure M.

Both the structure of the circuit computing the value of the term p and the sequence
of its inputs are encoded by elements of M,, where v > t. We show in Lemma 57
that there exists an existential formula ¢, which do not depend on anything, and which
decides whether an element of M; is the output of the circuit, provided that v > t +
clog(|C,]), where C), is a circuit computing the value of the term p, and c is a sufficiently
large constant. This result will be used in section 9 where we formulate and prove the
“collapsing statement” mentioned in the introduction. In fact the application of Lemma
57 will be the key step in that proof.

To give a rigorous formulation of the mentioned result we have to tell how the circuits
computing the values of terms of M are encoded in M,. We also have to describe the
method of encoding the sequence of inputs for such a circuit. This latter encoding is
simpler. If the circuit has k inputs ag, ..., ax_1 € M;, then they will be represented by the
unique 2% -ary natural number whose 22 -ary digits are ao, ..., ax_1. This natural number
will be denoted by ency(ao, ..., ar_1), that is, ency,(ag, ..., ap_1) = Sr=g ;22"

This method of encoding a sequence by a single integer will be used in encoding a
circuit. We consider a circuit as a directed acyclic graph with labelings on its vertices and
edges which defines the gates and the flow of information in the circuit. The following
definition describes the details of the encoding of such a circuit. After that we will describe
some basic properties of the defined encoding and then formulate Lemma 57 and sketch
of its proof.

Definition. We will always assume that all of the function symbols of M are fy, ..., f;_;.
We include a new unary function symbol id among the function symbols of M whose
interpretation is always the identity function, that is, for all d € w, a € My, we have
M, [ id(a) = a. (This will correspond to a gate whose output is the same as its
input which will be useful in circuit constructions.) We define the notion of a M-circuit.
(Essentially this will be a finite algebraic circuit whose each gate a is associated with one
of the function symbols f;, say f; . If an interpretation M; of M is fixed, then the gate a
performs the operation f;,) in the structure M,.

Suppose that m € w. We will say that C is a M-circuit of size m if C is a vertex-
labeled and edge-labeled directed acyclic graph with multiple edges on the set of vertices
m ={0,1,....,m — 1}, satisfying the following conditions:

(i) Each node has either 0,1 or 2 incoming edges, the nodes with 0 incoming edges
will be called the input nodes. (The two incoming edges may have a common tail). The
node m — 1 will be called the output node.

(ii) If a node has two incoming edges then exactly one of them is labeled by 0 and the
other is labeled by 1. If a node has a single incoming edge then this edge is labeled by 0.

(iii) Each input node is labeled by the integer s, and all of the other nodes are labeled
by an element of the set {0,1,...,s — 1}, where s is the number of function symbols in
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the language M. If the label of the node a is i, where i € s, then the arity of the function
symbol f; is identical to the number of incoming edges at node a.

(iv) The input nodes form an initial segment of the ordered set {0,1,...,m — 1}.

We define an evaluation xy = y¢ of the M-circuit C' in a structure M, in the following
way. A function g defined on the set of input nodes with values in M; will be called
an input. If an input g is given we assign an element x9(a) of M, to each node a of
the circuit in the following way. If @ is an input node then 9 (a) = g(a). Assume
now that a is not an input node it is labeled by the integer ;7 € s and there are two
incoming edges at a, say, ey labeled by 0 and e; labeled by 1. This implies that the
arity of f; is 2. If e; starts from the node b;, for i = 0,1, then we define x9(a) by
M; E x9(a) = £;(x'9(by), x'9(b1)). If there is exactly one incoming edge with tail b
then the the arity of f; is 1 and M; | x9(a) = f;(x(b))). Finally, if the are no
incoming edges at all then f; is a constant symbol and M, = 9 (a) = f]m.

Our assumptions imply that, for a given input ¢, this defines a unique function 9
on the set of nodes of the circuit C. The value of the function Y9 at the single output
node m — 1 is called the output of the circuit at input ¢g. The function x@ will be called
the evaluation function of the circuit at input g.

For later use we define the depth of an element a of the circuit C' as the largest natural
number ¢ such that there exists a path of length i starting at an input node and ending
in a. Therefore the depth of each input node is 0, and the depths of all other nodes are
positive integers. The set of all nodes with depth at most ¢ will be denoted by Start,(C).
The restriction of the function x9 to the set Start;(C) will be denoted by 9. If we
want to make explicit the dependence of x(9%) on the circuit C, we will write X(Cg 28

Assume that C' is a M-circuit of size m. The circuit C' is uniquely determined by the
following three sequences each of length m:

(i) the sequence (ago, 1, .-, Qom-1), Where ag; € m is the tail of the incoming
edge labeled with 0, whose head is node 7, provided that such an incoming edge exists,
and oy ,; = 7 otherwise,

(ii) the sequence (a0, @11, ..,Q1m-1), where a;; € m is the tail of the incoming
edge labeled with 1, whose head is node i, provided that such an incoming edge exists,
and «a;; = 7 otherwise,

(iii) the sequence (a2, 021, . .., 02 m—1), Where as; € s+ 1 is the label of node 7.

Our next goal is to encode an M-circuit C of size m with an integer. The encoding
will depend also on a parameter d € w. So the circuit will be represented by a pair of
integers. Suppose that a d € w is fixed with m < 22" We also assume that s +1 < m
and therefore o; ; < m < 22" for all i € 3,7 € m. For each 1 = 0,1,2, we define an
Z(d) = ;71;01 ozi7j212d. Since s +1 < o ; < m for all i € 3,7 € m, we have that
(d)

%

integer a

for i = 0,1, 2, the integer &
(d)

7

uniquely determines the sequence (o, ..., % m—1). In fact

_(d,C)

a;; =a; [j,d] for alli € 3, j € m. We will write ;" instead of a\” if we want to make

explicit the dependence of @§d’ on C.
For a given d € w with m < 22d, we encode the circuit C' by a single inte-
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ger circodey(C) defined by circodeq(C) = 22°(22,a?2im2") + m. The inequalities
A\ < 2m2' i € 3 and m < 22" imply that for a fixed language M and a fixed d € w,
circodey(C') uniquely determines the circuit C. Indeed, m is the least nonnegative residue
of circodey(C) modulo 92° The 22"“-ary digits of circodes(C) — m give the integers
@gd) for i = 0,1,2 and these determine the sequence o, i = 0,1,2, j € m.

The number of nodes in an M-circuit C' will be denoted by |C|. O

Definition. We define two functions Circy and Circ; on the set of all M-circuits. If C
is an M-circuit and d is the smallest natural number such that |C| < 22°, then |C| = d
and Circy(C) = circodey(C). O

The following lemma says that from the integer circodey(C) we can get back all of
the elements of the circuit C' by computing the values of a term 7 in a suitably chosen
structure M,,.

Lemma 54 There exist terms o(z,y), 7(z,y, 2z, w), ki(x,y), i = 0,1,2 of M such that if
M has s function symbols, d,u € w, d < u, s < m < 22 and C is a M-circuit with
m nodes then circodey(C) € M, implies that M, = m = o(circodey(C),d) and also
implies that for all i € 3, j € m,

M, = «;; = 7(circodey(C),d,i,5) A 64§d’c) = k;i(circodey(C),d)
where the integers «; ; are defined in the definition of circodey(C'). Moreover
|C| = circodey(C) — 22" Lcircode(C’)/QQdJ

Proof of Lemma 54. Clearly m is the least nonnegative residue of circodey(C)
modulo 22" and so m = circodey(C) — 22*|circode(C)/22|. We also have a\d =

i

(lcircodeq(C) /22 |)[i,d] for i € 3. Therefore using Lemma 8 and the fact that
Q= d,(d) [7,d] for all i € 3, j € m we get the term 7. Q.E.D.(Lemma 54)

Definition. If the number of input nodes of an M-circuit C' is k& then we will say
that C'is a k-ary circuit. Assume that ¢ is an input of the k-ary M-circuit C evaluated
according to the interpretation M; of M. By the definition of an input this means that
g is a function with values in M;, and defined on the set of input nodes, that is, on the
set k. In this case to express the fact that the output of the circuit C' at input ¢ is a we
will write M = a = C(g) or My = a = C(g(0),...,g9(k —1)).

Suppose that we evaluate the M-circuit C' in a structure M;. We will encode an input
sequence (g(0),...,g(k — 1)) by the integer ency,(g(0),...,g(k — 1)) = S L22'g(i).
This number will be called an encoded input of the M-circuit C' with respect to the
interpretation 7 of M. Clearly, for a given M-circuit C', and a given interpretation M,
of M, the encoded input uniquely determines the corresponding input sequence g. (This
is a consequence of the fact that the length of the input k is uniquely determined by the
circuit C, while the integer ¢ is uniquely determined by the structure M,.) O

Lemma 55 For all sufficiently large m € w if t € w, ift € w, m < 2%, and C is a
M-circuit of size m, then circode,(C') < m + 9(3m+1)2"
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Proof of Lemma 55. This is an immediate consequence of the definition of

circode,(C). Q.E.D.(55)

Definition. Suppose now that k € w, k > 1 and 7(x,...,25_1) is a term of M, where
we allow that some of the variables x; does not occur in 7 (but all of the variables of 7 is
from the set {xo, ..., zx_1}). In this definition we will consider all of variables xo, ..., zx_1
as subterms of 7(zg, ..., x;_1), even those variables which do not actually occur in 7. (For
example, if 7(zg,x1) is the term zo then z; is a subterm of 7(xp,z1).) We construct an
M-circuit of C, based on 7. Let 0 = (0y,...,0,-1) be a sequence which consists of all
of the pairwise distinct subterms of 7(zo,...,2,_1). A subterm with several occurrences
in 7 is represented only once in the sequence 0. We also assume that ¢, 1 is the term
7, and for all 7 € k, o; is the term z;. The set of nodes of the circuit C. will be m, the
label of each node ¢ € m will be j if the outmost M-operation of the term o; is f;. If
such an operation does not exists, that is, 7 is a variable then the label is s. The edges
of C' are defined in the following way. If 7 is labeled by j then we distinguish three cases
according to the arity of the function symbol f;. If f; is a binary function symbol and
7; = f;(7, ), then an edge labeled with 0 points from ¢’ to 7, and an edge labeled by 1
points from ¢” to 4. If f; is a unary function symbol and 7; = f;(7;/), then an edge points
from ¢’ to ¢, and it is labeled by 1. Finally if f; is a constant symbol and 7; = f; then are
no edges ending at .

The circuit C- will be called the circuit associated with the term 7. The size of the
circuit C7, that is, m will be called the circuit size of 7 and will be denoted by csize(T).

In this definition the order of the subterms in the sequence (oy, ..., 0,,_1) was arbitrary
apart from the choices of oy, ...,0r_1 and o,,_1. Therefore the circuit C. depends on an
arbitrary choice in the definition. This choice however is important only for the order of
the nodes.

The fact the we considered each x;, i € k as a subterm of 7(zo, ..., x;_1) implies that
that the circuit C; has exactly k input nodes even if in the evaluation of the circuit C.
the input provided at some of the nodes is not used.

We define the followng functions on the set of all M-terms: Circy(r) = Circy(C;),
Circy(7) = Circy(C;) and for all d € w, circodey(7) = circodey(C;).

Suppose that C' is an M-circuit with & input nodes, and u(xg,...,zx_1) is a term
of M. We say that the circuit C' computes the term M iff for all d € w, and for all
agp, ..., a1 € My we have My = p(ag, ...,ar—1) = C(ag, ..., ax_1). O

In the next lemma logarithm means logarithm of base two.

Lemma 56 Assume that C is an M-circuit. Then
loglog|C] — 1 < Circy(C) < loglog|C|

and
Circ, (C) < |CBIC]

Proof of Lemma 56. By its definition Circo(C') is the smallest natural number d with
|C| < 2", This implies the bounds on Circy(C). According to Lemma 55, if Circy(C) = ¢
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then Circ,(C) = circode,(C) < |C| + 2GI€HD2 Using the already proven upper bound
on t = Circy(C') we get the claimed inequality. Q.E.D.(Lemma 56).

Lemma 57 There exists an existential formula p(xg, ..., z4) of M with the following prop-
erty. For all sufficiently large ¢ € w, for all M-circuits C, and for all t,v € w, if the
number of inputs of C is k and v > t + clog |C| then for all ag,...,ar,b € My, we have
that Circy(C) € M, Circ,(C) € M, ency,(ag, ..., ar1) = >F 4 ;2% € M, and

M, E Clag,...,ap-1) =b < M, | p(enck(ag,...,ar-1),b,t,Circo(C),Circ,(C))

Proof of Lemma 57. Let F' = (Fy; | d,t € V) be the family of quaternary functions
defined on My in the following way. Assume that d,t € w, d > t, and w, b, Cy,Cy € M.
Then Fy:(w, b, Cy, Cy) € {0,1}, and Fy¢(w, b, Cy, Cy) = 1 iff the following three conditions
are satisfied:

(85) there exists an M-circuit C' such that d > max(Cy,t), Circo(C) = Cy, Circy(C) =
Ch, 24-t > ’C|,

(86) if condition (85) holds and k is the number of input nodes of C, then there exists
a sequence da, ..., ax—1 € M; such that w = ency(ao, ..., ax—1) = w,

(87) if both conditions (85), (86) hold then M, = C(ay, ...,ax—1) = b.

We claim that the family of functions F' is polynomial time computable with respect
to M. Let 77 € w be a sufficiently large constant. We will show that there exists a
program P such that the following statement, needed for polynomial time computability
with respect to M, is true (note that the variable k of that definition has the value 4
now):

(88) for all sufficiently large d € w, for allt € w with d > t, and for allw, b, Cy, Cy € My,
the following holds. The machine N,, (a RAM with word length m), where m = 2¢, with
program P and input 4,d,t,w,b, Cy, C1, using only the first 27¢=Y memory cells in time
2= computes Fy,(w, b, Co, C).

First assume that there exists a circuit C' satisfying conditions (85) and (86). Then the
assumption 247t > |C| implies that machine N,, can determine the underlying directed
graph of C, and the labellings of its nodes and edges in time polynomial in 2¢7t. The
assumption m = 2% implies that each M-operation in M, can be performed in constant
time on N,, and since the number of nodes of C' is at most 2¢~*, P can determine the
integers a; € My, i € k and can evaluate the circuit C' time polynomial in 2¢7¢, and
comparing the output to b can determine the value of Fy:(w,b,Cy, Cy) in polynomial
time.

The same computation can be performed also by P on an arbitrary input. If the
construction of the graph of C' does not terminate in time, or the result contradicts to
conditions (85), or (86) then the value of Fy; is 0, otherwise the machine gets the value
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of F;; as described above. This completes the proof of the fact that the family F is
polynomial time computable with respect to M.

Theorem 8 implies that the family F' is polynomially existential, that is, there exists
a there exists a ¢y € w and an existential formula ¢ of M such that

(89) for all d,t € w with d >t and for all w,b,Cy, Cy € My and for all v >t + co(d —t)
we have Fyi(w,b,Cy, Cy) =1 iff M, = p(w, b, Co, C1,d,1).

We define an existential formula 1 (zg, 1, yo, y1, w) of M by

Y(zo, T1, Yo, Y1, W) = ©(T0, T1, Yo, Y1, W + c2P(Yo), w)

where ¢, is a sufficiently large constant. (The meaning of the expression w+cop(yo) is that
we want to define d, in order to choose a member Fj; of the family F', by d = t + ¢32°.)

Assume now that ¢t € w, C' is an M-circuit, with k inputs, ag,...,ax_1,0 € My,
encg(ag, ...,ax—1) = w, and let ¢; be sufficiently large with respect to ¢o. We claim
that for all v > t + ¢1log |C|, M; = C(ao, ..., ax—1) = b iff M, = ¥ (w, b, Cy, C1, ).

Let d = t 4+ 2. First we show that w,b,Cy, C; € My. By the definition of the
function ency; we have w < 2‘C|2t, therefore it is sufficient to show that |C|2! < 24 or
equivalently log|C| +t < d. By Lemma 56 ;log|C| < 2, and so the definition of d
implies the claimed inequality.

Since b € M; and t < d we have b € M;. Cy < d and so Cy € My. Finally by
Lemma 56 C; < |C|®*°l) therefore it is sufficient to show that loglog(|C[®I¢!) < d. We
have log log(|C[¥I€!) = 3 +1log |C| + loglog |C|. According Lemma 56 log |C| < 2¢0F! so if
co is a sufficiently large constant then C7 € My.

Since w,b,Cy, C; € My, the definition of the function F,; implies that M, =
O(ao, ceey CLk_l) =biff Fdi(w, b, O(], Cl) =1

Condition (89) implies that if v > ¢ + ¢o(d — t) then M; | C(ag,...,ar—1) = b iff
M, E ¢(w,b,Cy, C1,d, t) which is equivalent to M, = ¥ (w, b, Cy, C1, t).

This is true if v > t 4 ¢o(d — t). Assume now that we know only that v > t + clog |C|,
as required in the present lemma, where ¢ € w is sufficiently large with respect to ¢y and
c3. We have that d — t = ¢,2°°, and so by Lemma 56 d — t < cylog|C| and therefore
t+co(d—t) < t+clog|C| and consequently for all v > t+clog |C|, M; = C(ag,...,ax—1) = b
iff M, = ¢(w,b,Cy, C1,t). Q.E.D.(Lemma 57)
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9 Collapsing and Predictivity

Notation. In this section log will always mean logarithm with base 2 unless we explicitly
state it otherwise.

9.1 Expressing the truth value with terms

This section contains the “collapsing” argument. We show that if Theorem 3 is not true
then the hierarchy of first-order formulas of M, interpreted in the structures My, collapses
in a quantitative sense. For each d € w we define a class of first-order formulas ©, by
giving some bounds on the number of their quantifiers, which may depend on d. We also
define a function g on ©4 with values in My, and a term 7 of M with an upper bound
on its size, also depending on d, such that if ¢ is about d + logd, then for each formula
v € O4 and for each xa € M, we have

My = ¢(a) < M, |=7(a, g(p)) = 0

That is, our indirect assumption implies that we are able to express the truth value of
a not too large first-order formula in My as the value of a term in M, where ¢ is not very
much larger then d. This will lead, in the following sections, to the final diagonalization
argument after we also prove the “simulation statement ”, namely, that each not too large
term in M, can be evaluated by a first-order formula 1 in My, moreover these formulas
can be chosen from the class 0.

The situation will be slightly more complicated than the picture given in the preceding,
paragraphs, since the class ©, will depend on other parameters as well, which will make
it easier to choose the first-order formula mentioned above in a way that it meets all of
our requirements.

We give now a rigorous formulation of the collapsing statement as outlined above and
then we will sketch its proof.

Definition. 1. Suppose that ¢(xo,...,zk1) = QoZo, .-, Qr_1Tk_1, P(zo, ..., T)_1) is
a first-order prefix formula of M, where P(x,..., 1) is a propositional formula and
@i, © € k are quantifiers. In this section if we say that ¢ is a prefix formula of M
we will always assume, unless we explicitly state it otherwise, that P(xq,...,zx_1) is of
the form t(xzg,...,xx_1) = 0, where ¢ is a term. (It is easy to see that there exists a
¢ > 0, such that for each k € w, and for each propositional formula P(z, ..., x;_1), there
exists a term t(xg, ..., z5_1) such that length(t) < clength(P), and for all d € w, and
for all ag,...a,,—1 € My, My | P(xo,...,xx_1) <> t(zo,...,7x-1) = 0.) Suppose that
o(xo, ..., Tk—1) = Qoxo, - - -, Qr—12k—1,t(T0, ..., T—1) = 0. Then term(yp) will denote the
term t(zg, ..., Tp_1).

2. If p(xg,...,25-1) = Qoxo, - - -, Qp_1Tk_1,t(T0, ..., xr_1) = 0 is a first-order formula
of M, then the M-circuit C; associated with the term ¢ will be also denoted by C,. O

Definition. Assume that £ is a first-order language and £’ is the second-order extension
of L. The set of all second-order formulas ¥ of £’ which satisfies the following conditions
will be denoted by SForm(L):
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(i) U does not contain second-order quantifiers.

(ii) the only second-order variables that may be contained in W are variables for k-
ary relations for some k € w. (Such a variable represents a k-ary relation between the
elements of the universe.)

Usually we will write such a formula ¥ in the form of W¥(xq,...,xx_1,Y0,..., Y1)
where xg, ..., x,_1 are all of the first-order variables contained in ¥, and Yj,...,Y;_; are
all of the second-order variables contained in W. According to our definition the variables
Xg, ..., Tp_1 represent elements of the universe and the variables Yj,...,Y; | represent
ko, ..., k;_1-ary relations on the universe. O

We formulate below a statement that we will call the D-quantifier elimination assump-
tion, where D can be a real-valued function defined on w. In the case D(z) = ¢(log x)%
the D-quantifier elimination assumption follows from the assumption that Theorem 3 is
not true.

Definition. 1. Assume that D is a function. The conjunction of the following two
conditions will be called the D-quantifier elimination assumption for M or shortly D-
elimination assumption:

(90) D is a monotone increasing function defined on an interval [r,00) of the real num-
bers with positive real values for a suitably chosen r > 0,

(91) for all propositional formulas P(x,y) of M and for all sufficiently large d € w, there
exists a term T of M, such that depth(7) < D(d), and for all a € My, My = 3z, P(z,a)
if Mg E71(a)=0. O

Definition. Suppose that ¢ is a prenex first-order formula of M. The total number of
quantifiers, both existential and universal in ¢ will be denoted by quant(p).O

Notation. In a first-order formula if a sequence of quantifiers of the same type occurs
for example dzg, ..., dz;_1 then, sometimes, we will abbreviate it by writing 32, where
is the sequence of variables zg, ..., zp_1.

Definition. Assume that ¢ is a first-order prenex formula of M, and (j,...,71) is a
sequence of positive integers. We will say that the quantifier pattern of ¢ is (j, ..., j1) if
the following conditions are satisfied.

(92) 0 = QumZm, ..., Q171 P(Th,...,Tp), T i a sequence X;p, ..., T, j,—1 of variables of
M, and Q; is a quantifier binding the variables in T;.

(93) There exists a 6 € {0,1} such that, for each fori=1,...,m, Q; is universal iff i = §
(mod 2).

We will refer to the expression Q;7; in the formula ¢ as a block or as a block of
quantifiers. We define the notion of quantifier pattern in the same way for prenex formulas
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in SForm(M) as well. Since these formulas contain only first-order quantification the
definition remains unchanged. O

Remark. We write in the quantifier pattern (j,,,..., 1) the elements of the sequence
J1s -, Jm in reverse order since we will have an inductive proof about formulas with a
given quantifier pattern which starts with eliminating the innermost block of quantifiers.
This will simplify the notation in the inductive proof.

Definition. Assume that M, j,...,j, are positive integers. Form(M, j,,...,j1) de-
notes the set of all prenex first-order formulas ¢ of M such that csize(p) < M and the
quantifier pattern of ¢ is (jm,...,j1). O

The main result of section 9.1 is the following Lemma 58 which is the “collapsing”
statement. The remaining part of this section contains the proof of Lemma 58.

Lemma 58 For all ¢ € w\{0}, if ¢ > 0 is sufficiently small with respect ¢ then the
following holds. Assume that

N

(94) the D-quantifier elimination assumption holds for M, where D(z) = e(log x)?z,
(95) d € w is sufficiently large with respect to ¢,

(96) 6 = | D(d+logd)| = |e(log(d+1logd))z |, m € w, m < ¢d, and iy, ..., 11 are positive
integers With Ly, + ...+ 11 <, 1y, < 0.

Then there exists a function g which assigns to each prenex formula
¢ € Form(c, by, ..., 1)

a natural number g(p) < 22" and there exists a term T(z,y) of M such that the following
conditions are satisfied:

(97) csize(r) < 3. 24Fled
(98) for each prenex formula ¢ € Form(c®, ipm,...,t1) and for each a € My, if ¢ =
d+ m[%] then
M, |= p(a) < M, = 7(a,g(v) =0

Remark. The function g plays the role of Gédel numbering in our proof. Apart from
the upper bound given in the Lemma we do not need O

Sketch of the proof of Lemma 58. The D-quantifier elimination says that for each first-
order formula 3z, P(x,y), of M, where P is propositional, and for each d € w, there exists
a 7 with depth(7) < d such that for all a € My, My = 3z, P(z,y) iff My = 7(a) = 0.
In in Lemma 58 instead of the formula 3z, P(x,y) = 0 which does not depend on d we
have an arbitrary first-order formula ¢ whose size may grow with d. We reach a similar
conclusion, namely My = ¢(a) < M, = 7(a,g(¢)) = 0. It will help in finding such a
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term 7 that, (a) the structure M, is may be somewhat larger than My, and (b) 7 may
contain a parameter g(y) which encodes the formula ¢ by an integer in M.

The structure of the proof is the following. First we try to eliminate the innermost
block of quantifiers in ¢ = QuZm, ..., 17T, P(Z1,...,Zy), namely the block Q7. We
may assume without the loss of generality that (); is existential (otherwise we work
with formula —p). We want to accomplish the quantifier elimination by using the D-
elimination assumption. We consider the formula without the other quantifiers namely
the formula ¢ = 37, P(¥1, %5, ..., %y). Here the @y, ..., %, are free variables their role
is the same that the role of the variable y in the formula 3z, P(x,y). If we can show that
1) is equivalent to a propositional formula 7(Zs, ..., %) = 0, in the sense that they are
equivalent for all choices of the values of the variables ¥s, ..., Z,,, then we may replace
the original formula ¢ by the simpler formula Q,,Z,,, ..., QsTs, 7(Zs, ..., Ty) = 0 and
continue the elimination with the next block of quantifiers.

As a first step we consider only the elimination of the first block of quantifiers Q7.
There are three problems that prevents us from using directly the D-uantifier elimination
assumption.

(i) In the D-elimination assumption there is only one parameter the variable y in the
formula P(z,y), while we now we have all of the variables 7y, ..., %,

(ii) In the D-elimination assumption there is only one existential quantifier, the quan-
tifier 4z, while now we have the whole block 3%, where the number of variables may even
depend on d.

(iii) In the D-elimination assumption the propositional formula P(z,y) does not de-
pend on d while now P(Z,...,Z,) may depend on d

What may help in overcoming the problems caused by this changes is that the as-
sumptions of the lemma imply upper bounds on the number of parameters, the number
of existential qauntifiers, and the size of the formula P. These upper bounds are in
condition (96) and in the assumption ¢ € Form(c®, iy, ..., t1).

We will be able to reduce all of the numbers mentioned in problems (i),(ii), and (iii) to
one (the value needed in the D-elimination assumption) by considering the formula ¢ not
in the structure My but in a larger structure M,. In such a larger structure M, we may
encode a sequence of elements of My by a single integer of M,. (The same way as it was
done in [2].) This encoding will solve problem (i) and problem (ii). For the solution of
problem (iii) we use Lemma 57 about the evaluation of circuits with existential formulas.
The propositional formula P(Zy, ..., ;) can be written in the form of {(74,...,%,,) = 0,
where ¢ is a term of M. We may consider the algebraic circuit corresponding to &. As
Lemma 57 states, this circuit defined over M,,, can be evaluated by a first-order formula
in a structure M,,, where v' > v, provided that its input is encoded by a single integer,
and the circuit itself is also encoded by two integers. Lemma 57 also gives an upper bound
v

This way we will be able to substitute the propositional formula P in problem (iii)
by an existential formula of constant size. (See Lemma 59 later in this section.) The
new existential quantifiers can be merged by the already existing existential quantifiers
mentioned in problem (i) and all of them can be reduced to a single quantifier by going
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to a larger structure.

This quantifier elimination that we described for the first block of quantifiers, can
be recursively repeated and gradually eliminate all of the quantifiers while we have to
evaluate the formulas in larger and larger structures. Later we will sketch further details
of the proof as we are getting to the definitions and lemmas which describe the specific
parts of the proof. End of Sketch

Definition. Let 7 be a term of M. We will say that 7 is a 0, 1-term if for all d € w and
for all @ € a we have My = 7(a) =0V 7(a) =10

In the following definition, starting with a formula ¢ = Q,Zn,,...,Q171,
P(#y,..., %y, x) that we have at the beginning of the inductive proof of Lemma 58,
we describe the sequence of formulas that we derive from ¢ as we eliminate its blocks of
quantifiers one-by-one.

Definition.  Assume that m € w\{0,1}, jn,...,j1 are positive integers, ¥; is the
sequence of variables z;,...,2;; of M, and ¢ is a first-order prenex formula of M,
© = QmTm,...,Q171, P(Z,..., Ty, x), with quantifier pattern (j,...,j1), where P
is a propositional formula of M, moreover (); is the universal quantifier for all even
i€ {l,...,m}, and Q; is the existential quantifier for all odd i € {1,...,m}.

We define a sequence of formulas ¢; of M for i =0,1,...,m, by recursion on 7. The
free variables of the formula ¢; will be @i 1,...,Zn, x. For i = 0, po(Z1,..., T, ) =
—P(Zy,...,Zm,x). Assume that ¢;_1(7;, ..., Ty, x) has been already defined for some
i=1,...,m. Then y; is defined by @;(Ziy1,..., Tm,x) = IT;, ~0i—1(Ts, Tig1y- -« ) T, T).
The formula ¢; defined this way will be called the ith segment of the formula .

Clearly if m is odd then ¢,, = ¢, and if m is even, then ¢,, = —¢. (We get this
by replacing the quantifiers VZ;, (...) in the definition of ¢ by —=37;, = (...) for all even
iell,m].) O

Definition. Suppose that D is a function so that the D-quantifier elimination assump-
tion holds for M. Then & = Sp will denote the function 2P. O

Remark. The functions Sp will be useful for us since for every term 7 of M if
depth(7) < D(d) for some d € w, then csize(r) < 2S8p(d). This is a consequence of
the fact that the arities of the function symbols of M are at most two. O

The following Lemma 59 solves the problems (i), (ii), and (iii) mentioned in the sketch
of the proof of Lemma 58. (The remaining problem, reducing the number of existential
quantifiers from a constant to one, will be solved Lemma 61.) Lemma 59 will be used
in the inductive proof of Lemma 58. Applying Lemma 59 we will be able to eliminate a
block of quantifiers in the inductive step.

Lemma 59 For all sufficiently large ¢ € w the following holds. Assume that
(99) D is a function and the D-quantifier elimination assumption holds,
(100) @ is an existential formula of M of the form

v =3xg, .. mk1,8(Toy - TR, Yoy -, Y1) = 0
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where & is a 0,1-term of M,
(101) r,v € w and v > r + c[log(csize(&))].

Then there exists a 0,1-term n(zo, ..., x;_1, W, w1, ws) of M such that the following
conditions are satisfied:

(102) csize(n) < 2P® + c(k +1)
(103) for all ag,...,a;—1 € M,,
M, = ¢¥(ag,...,aq—1) < M, Enlag,...,a_1,Circg(€),Circi(§),r) =0

We will prove the lemma in three steps. First, in Lemma 60 instead of the propositional
statement 1 = 0 we will have an existential statement of constant size, but with possibly
more than one existential quantifiers. In lemma 61 we reduce the number of existential
quantifiers to one. Then, using the D-quantifier elimination assumption, we complete the
proof of Lemma 59.

Proof of Lemma 59. Assume that D, are fixed satisfying condition (99) of the lemma.
Sometimes we will write S(x) instead of 2P@. As a first step we prove the following
Lemma 60 (without the assumption of D quantifier elimination). In this lemma is a
similar statement to Lemma 59 but now we express the truth value of M, |= 1, not by
a term 7 in M, but by constant size first-order existential formula ¢ in M,. So we are
saying less because because  has quantifiers, but at the same time also saying more since
@ is of constant size.

Lemma 60 There exists an existential first-order formula ¢(xo,...,x5) of M such that
for all sufficiently large ¢ > 0 and for all integers k,l, for all formulas v and terms
& of M satisfying condition (100) of Lemma, 59, and for all r,v' € w with v > r +
c1[log(csize(€))], we have

(104) for all ag,...,a;_1 € M,,

M, = ¢¥(ag,...,a—1) < My E p(A, 1 Circy(§),Circi(€), k, 1)

where A = ency,(ao, ..., a—-1).

Remark. The important point in this lemma is that the formula ¢ does not depend on
anything. Therefore we replaced the formula v of arbitrary size with a fixed formula ¢ of
constant size, while k, [, &, r can be arbitrarily large. O

Proof of Lemma 60. First we describe the formula ¢ as a mathematical statement,
and then we show using Lemma 57 that this statement can be expressed by an existential
formula ¢ of M, as required by the lemma.

The formula ¢ will say the following:
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(105) there exists an element u € My, with u < 2" such that if u; = uli,r], for
i=0,....k—1, then &(ug, ..., ug_1, ag, ...,a;—1) =0

If we describe the statement in (105) as it is by a first-order formula of M, then the
size of the formula will depend on k and [ so it is not suitable for our purposes. Lemma 57
however provides an existential first-order formula of constant size which decides whether
a term g in the structure M, takes a given value b, at a given evaluation of the variables of
the term p. The evaluation of the variables is given by a single integer, and the term p is
given by the two integers Circy(u) and Circy(p). Lemma 57 is applicable for the present
case with = ¢, ki=k+1, ti=r, vi="7", a;;= a;, for i = 0,1,...,1 — 1 and a;;j:= u; for
j=0,1,....,k—1, b:=0. Let ©(yo,...,ys) be the existential formula whose existence is
guaranteed by lemma 57 with this choices of the parameters. The definition of the function
enc implies that ency,(ag, ..., a1_1,Ug, ..., u—1) = ency(ag, ..., a;_1) + u2 = A+ u2™?".
Therefore the formula (g, ..., 75) = Ju, ¢’ (rqu2®%™" | 21, 13, 24) Meets our requirements,
since with zg:= A, x1:= r x9:= Circy(§), x3:= Circy(§), z4:= k, x5:= [ we get that

M, = p(enc;,(A,r, Circy(€), Circi(€), k, 1) iff there “exists an u = S8 421" <
2k € M, with M, E ¢'(A + u2'",0,r,Circy(€),Circy(€))”. This last statement by
Lemma 57 is equivalent to condition (105). Therefore the formula ¢ our requirements.
Q.E.D.(Lemma 60)

The existential formula ¢ in Lemma 60 may have more than one existential quantifier.
Suppose that ¢ = Jyo, ..., Ys—1, P(Yo, .-, Ys—1, o, ---, T5), where P is a propositional formula
of M. To reduce the number of existential quantifiers in the formula ¢ to one, and also
to replace the six parameters A, r, Circy(§),Circy(§), k,l of ¢ by a single parameter, we
use Lemma 37 with the propositional formula P occurring in ¢. We get the following
stronger version of Lemma 60.

Lemma 61 There exists a term w(zo,...,x5) of M and there exists an existential first-
order formula o(x) of M, containing a single existential quantifier, such that for all
sufficiently large c; > 0, and for all integers k,l, for all formulas ¥ and terms & satisfying
condition (100) of Lemma 59, and for all r,v € w with v > r+¢; [log(csize())], we have
that

(106) for all ag,...,a;—1 € M,,
M, = ¢(ao,...,a1-1) < My = @o(m(A,r Circo(u),Circy(u), k,1))
where A = enc,.(ag, ..., a—1).

Proof of Lemma 61. With the choice v = v'+ ¢, where v’ is the integer whose existence
is stated in Lemma 60 the statement of the present lemma is an immediate consequence
of Lemma 37 and Lemma 60. Q.E.D.(Lemma 61)

To complete the proof of Lemma 59 we use the D-quantifier elimination assumption
with the existential formula ¢ whose existence is stated in Lemma 61. We get that there
exists a term 1’ of M with csize(r) < 2P® such that
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(107) for all ag, ...,a;1 € M,,

M, E ¥(ag,...,ai—1) < M, En'(7(A,r,Circo(u),Circi(pn), k,1)) =0
where A = ency,(ag,...,a;-1).

The definition of A implies that there exists a term o of M with length at most
col, where ¢y is a constant, such that M, = A = o(ag,...,a_1). There exist also
terms o', ¢” (without any free variables) of M of lengths at most co(k + 1) such that
M, = k =o' Al = o". Therefore the term n = n'(w(o(x,. .., x1-1), W, w1, w2, 0", 0"))
meets our requirements. Q.E.D.(Lemma 59)

Lemma 62 Assume that k,m € w, m >k, (jr, .., j1), {tm, -, L1) are sequences of positive
ntegers, jp—i < tm—; forallt =0, ....,k—1, and ¢ is a prenex formula of M, with quantifier
pattern (jm, ..., j1). Then there exists a prenex formula ¥ of M with quantifier pattern
(Lmy -y t1) Such that the propositional parts of ¢ and ¥ are identical, and & ¢ <> ).

Proof of Lemma 62. We may add new quantified variables to ¢ which do not occur
in the propositional part of . By “padding” ¢ with such new variables and quantifiers
we may change its quantifier pattern into (i, ...,¢1) in a way that the obtained prenex
formula remains logically equivalent to ¢. Q.E.D.(Lemma 62)

With Lemma 59 and 61 we have everything that we need to carry out the inductive
step in the proof of Lemma 58. The following Lemma 63 says exactly what we have to
prove at an inductive step, in terms of the quantitative bounds on the various parameters.
It also defines integers denoted by «; ; in Lemma 63 that will be used to define the “Godel
numbers” g(y). The role of the sequence py < ... < p,,, to be defined in Lemma 63 will be
that at the ith step in the inductive proof we will show that M, |= ¢;(...) is equivalent to
M,, = 7i(...) = 0, where y; is the ithe segment of the formula ¢ as defined earlier. After
the proof of Lemma 63 we will return to the proof of Lemma 58.

Definition. The expression “f is sufficiently large with respect to o” will be written as
ak .0

Lemma 63 For all ¢, a9 € w\{0}, and fore > 0, if ¢ < g < L then the following holds.
Assume that

SIS

(108) the D quantifier elimination assumption holds, where D(z) = e(logx)2,
(109) d € w is sufficiently large with respect to ¢,

(110) 0 = |D(d +logd)|, m € w, m < ¢b, and iy, ...,11 are positive integers with
b+ o t1 <, 1 < 6,

(111) po, ..., pm is a sequence of natural numbers defined by p; = d + iD, for i =
0,1,...,m, where D = | 24|

m
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(112) © = QuTm, ..., Q1Z1, p(Z1, ..., T, ) = 0 is a prenez first-order formula of M,
with quantifier pattern (Ly,, ..., 1) of M, where p is a 0, 1-term of M with csize(u) < ¢,
Z; s the sequence of variables x;p, ..., %;,,—1, and Q1 is an existential quantifier.

Then there exist 3(m + 1) natural numbers ~; ;, 1 € m+ 1, j € 3, and there exists a
sequence of terms (o, ..., Tm) of M such that for each i € m+ 1 the following conditions
are satisfied:

(113) 7,0 = Circo(m:), i1 = Circi(m), Yiz = pi and max{v,0, Vi1, Via} < 2%
(114) 7 has arity 1+ 3i + 370, 1),
(115) csize(7y) < S(pm), and if i > 0 then csize(r;) < (S(pm)),
(116) for all vy € (Mg)" i+, ..., dm € (Mg)'™, a € My,
M, = wol@it1, ... dm,a) < M, E70(dit1,. .., Gm,a) =0
and if 1 > 0 then
M, = ¢i(@it1,- - Am,a) < M, = 7(dit1,- .- Gm, 0,50, - -,%) =0

where the formula ¢; is the ith segment of the formula ¢, and 7, s the sequence
Y05 Vr1, Vr2 for all v € m.

Proof of Lemma 63. Assume that ¢ < % and d,S,m,v, g, ..., ln,p are given and
they satisfy conditions (108),...,(112) of the lemma. We construct the sequences 7;, 7;,
1 =20,1,...,m by recursion on ¢ and at the same time we prove their required properties

by induction on 4.

i = 0. We define the term 75 by 79 = p. The sequence ¥y = (70,0, 70,1, Y0,2) is defined
by condition (113) of the lemma. We check all of the conditions that must be satisfied.

Condition (113). The first three equalities follows from the definition of 7.

The upper bound on the integer g o holds, since v92 = po < pp < d+logd < 2%, Ac-
cording to Lemma 56 we have v = Circo(u) < loglog(c?) < 2% and 7y, = Circg,(u) <
(9)8¢" = 980 loge Gince § = |D 4 logd] < 2¢(logd)? we have that Circy(u) < 2.

Condition (114). The arity of pis 1+ 37, 4;.

Condition (115). For ¢ = 0 this does not state anything.

Condition (116). Since py = d and 79 = p the two statements whose equivalence is
claimed are identical.

¢ > 0. Assume that 79,...,7i_1, J0,...,7-1 has been already defined and
they meet the requirements of the lemma with #:=1¢ — 1. For the definition of 7;
we use Lemma 59 with k:i=¢;, =1+ 3i + 37", ¢, &=1 — 7, ¢i=373,1 —
Tic1 (%3 Tty - oy Ty T, Y0, - -, Yim1) = 0, where Z; is the sequence of variables
L0, Tj-1, for j =4 —1,...,m and g; is the sequence of variables y;o,¥; 1,2,
ri= pi_1, v:= p;. We assume that é is sufficiently large with respect to the constant c
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of Lemma 59. We have to check that the assumption of Lemma 59 are satisfied by this
choice of its parameters. Conditions (99) and (100) are immediate consequences of the
definitions and the assumptions of Lemma 63.

Condition (101) of Lemma 59. Here we separately consider the i = 1 and the i > 1
case. Assume first that i = 1. Then ¢ = 1 — 75 = 1 — . We have csize(u) < ¢,
r = po, v = p1, and by the definition of the sequence p;, p1 > po + logd “where m < ¢4,

§ = |D(d+logd)] < e(log(d +logd))z. (We denote the constant ¢ of Lemma 59 by ¢.)
Therefore r + ¢ log(size(§)) = po + ¢’ log(c?) < po + ddloge. Since € > 0 is sufficiently
small with respect to both ¢ and ¢, m < ¢, we have dedloge < % and therefore
r+ ' log(size(§)) < p; = v as required.

In the i > 1 case (of condition (101) of Lemma 59) the upper bound on csize(§) =
csize(7;—1) follows from conditions (115), namely csize(7;—1) < (S(pm))*. Therefore
log(csize(ri_1)) < ape(log(d + logd))z. This differs from the same upper bound in the
i = 1 case only by a constant factor which is sufficiently small with respect to 1/e, so we
may complete the proof in the same way as in the ¢+ = 1 case. This completes the proof of
the fact that the assumptions of Lemma 59 hold, and we continue the definitions in the
inductive proof of Lemma 63 in the ¢ > 0 case.

We define 7; by 7; = 1, where 7 is the term whose existence is guaranteed by Lemma
59. 7; is defined by (113). We show now that the sequences g, ..., 7;, Yo,-..,7: satisfy
conditions (113), (114), (115), (116) of Lemma 63.

Condition (113). The first three equalities are the definitions of v; ;, j € 3. We get
the upper bounds on v; ;, 7 = 0, 1,2 in the same way as in the i = 0 case.

Condition (114). The arity of n in Lemma 59 is the number of free variables of ¢ plus
3. The number of free variables of the formula 3%;, 7;_1(Z;, Tit1, - . ., T, T, Yo, - - -, Yio1) 18
1+3(i—1)+ >, ¢j. Increasing it by three we get the value claimed in condition (114).

Condition (115). In this proof we will use the following trivial inequality containing
the function D(z) = e(log z)z:

D(d +logd) < 2D(d + m{leridp = 2D(pm)

According to condition (102) of Lemma 59 csize(r;) = csize(n) < S(v)+d(k+1) =
S(pi) +(Li+1+3i+ 370 1) <S(pi) + @ +143c6+ < "S(pm)c’, where ¢ is a
suitably chosen constant. (We used here the inequality S(p;) < S(pm).) The definition of
§ implies that ¢® < 2P(Hogd)loge < 92D(pm)loge — (§(p, ))21°8¢. Since ¢ < ap this implies
csize(r;) < S(pm)*

In the ¢ = m case we use that fact that the values k and [ from Lemma 59 are
smaller than in the general case. Namely k = ¢, and | = 1 4+ 3m. Therefore by (110)
csize(,) < S(pm) + (cd + 1+ 3c0) < S(pm) + 4ed 10g(S(pm)) < 28(pm).

Condition (116). According to the inductive assumption for all @; € (My)“+!,. .. €
(My)'™,a € My, My = wi—1(d;, ..., dmn,a) is equivalent to 7;(d@;, ..., @m, a, Yo, - - -, Yi1) =
0. This fact, the definition of ¢;, and Lemma 59 imply that for all a@;;; €
(My)“ 1, ... dy € (Mg)'™, a € My, the following statements are equivalent

M, ): %’(@'H, ey Gy a)

—
Y
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Md ): Elfz, _|()0Z'_1(ZI_J)Z‘, 6¢+1 c. ,dm, CL)

MpH ): 37, 1 - Ti—l(fh Ait1y- s Amy Ay Y05 - - - ﬁi—l) =0.

Mpi71 ): Elfi,f(fl,d’zﬂ,.. d’m,a,%,...,’_y},l) =0

M,, = (@1, - Gm, a0, -+, Yio1,%) = 0

Mpi ): Ti(ai+1, e ,CLm, CL,’Y(), e ,’7,‘_1,’}/2') =0
The equivalence of the first and last statements of this sequence is claimed in condition
(116) of the present lemma. Q.E.D.(Lemma 63)

Proof of Lemma 58. Assume that S,d,m,d,t1,...,tm, po,---,pm are fixed with the
properties described in the assumptions of Lemma 63. We define first the function g.

Assume that a first-order formula ¢ € Form(S(pm), t1,- ., tm) is is given. We apply
now Lemma 63 for ¢ with the given values of the parameters. Let v; ;, ¢ € m,j € 3 be the
natural numbers and let 79, ..., 7, be the terms whose existence is guaranteed by Lemma

63. We define now g(¢) by

m 2
g((p) — d2pm + QQﬂm Z Z 7i7j2(3l+])d

i=0 j=0

By condition (110), m < ¢ < logd and according to condition (113) max{~, ;i € m +
1,7 € 3} < 2% so we have that g(p) < 22" as stated in the lemma. We also claim that

(117) g(p) uniquely determines all of the integers ; ;.

This is true since d2°™ is the residue of g(¢) divided by 2%°m. This uniquely determines
both d and -7, Z 0728 According to (113) 7;; < 2¢, therefore this sum uniquely
determines all of the integers v; j, 1t €m+1,j € 3.

This process as we got the integers v;; for g(y¢) can be implemented by a term of
M, which is evaluated in M, . Indeed we have M, = +(g(y),n) = b, where b =

0 Dm0 Vi 2 @GiH)d and M, = d = +(g(¢) — b,n). Finally from b and d we can

ompute each 7;; using Lemma 5. This implies that there exist a term x(z,y, z,w), of
M (which does not depend on anything so its length is a constant ¢;), such that for each
possible choice of ¢ with the described properties we have that for all © € m, 57 € 3,

M,,. 7 = x(8(y),m,1,), for i € m,j € 3.
We want to define the term 7 such that for all a,b € M

Pm>
M,,, = 7(a,b) = 7 (a, X(b, mo, 0), X(b,mo, 1), .., X(b,mo, m — 1))

where X(b,mg,i) is the sequence x(b,mg,i,0),x(b,mo,i,1),x(b,mg,4,2) for i =
0,1,...,m — 1.  We can achieve this by a term 7 whose circuit-size is at most
csize(r,,) + ¢'m, where ¢ € w is a constant. We prove the existence of such a term
7 by constructing first an M-circuit C, which computes the same function that is ex-
pected from 7. The M-circuit at the input a, b will compute first the numbers 0, ...,m —1
using m nodes. For each fixed ¢« € m, j € 3 there will be at most ¢; nodes in the circuit
C' to evaluate x(a,b,i,j) and finally C' contains csize(7,,) nodes to evaluate 7, at the
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input a, X(b, mo,0), X(b, mg, 1), ..., x(b,mg,m —1). The term 7 whose existence is stated
in the lemma will be a term of M which computes the same value at each input as the
circuit C' constructed above.

We show now that the function g, and the term 7 satisfies conditions (97) and (98) of
the lemma.

Condition (97). The definition of the term 7 implies that csize(7) < csize(7,)+c'm
for some constant ¢’. Therefore m < ¢ and the upper bound on csize(7,,) given in (115)
implies that csize(7) < 3S(d + logd).

Condition (98). The definition of the formula 7 and the terms x; ; implies that M, =
7(a,g(¢)) = 7m(a,Yo,...,7m) and therefore condition (116) with ¢ = m implies our
statement. Q.E.D.(Lemma 58)
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9.2 The predictivity of M

Definition. 1. The set of functions symbols of M (including the constant symbols) will
be denoted by £symb(M)

2. Let J be a function. We will say that M is J-predictive if the following conditions
are satisfied.

(118) The function J is a monotone increasing function defined on w and with values
mw.

(119) For all sufficiently large d € w, J(d) € My and J(d) > d.

(120) There exists a function defined on fsymb(M) assigning to each function symbol
f(xo, ... ,xx—1) of M, a formula ®¢(z,y,z,Yy,...,Ys1) € SForm(M), where z,y, z are
free first-order variables and Yy, ..., Yr_1 are free variables for binary relations, such that
the following holds. For all d,r € w with d +r < J(d) there exists a map ng, of
universe(My,,) into the set of binary relations on universe(M,) with the following
properties:

(i) For each a,u,v € My, we have (ng,(a))(u,v) iff “u =0 andv=a".

(11) Suppose that f(xo, ..., xr_1) is a k-ary function symbol of M, for some k = 0,1,2
(including the constant symbols for k = 0) and ay,...,ax—1 € Mgy,.. Then for all u,v €
My, (ar () (ag, ..., ap1))(u,v) iff Mg | ®(u,v,7,04,(a0), - - -, Nar(ar_1)), where
f(d+T) = (f)MuHT' 0

Lemma 64 Assume that ¢ > 0 is a real, and J(x) = |x + clogx|. Then M is J
predictive.

Proof. In [6] a weaker result of similar nature is proved which implies that there exists
a function g(x) with lim, . g(z) = oo, such that if Jy = x+g(x) then M is Jy-predictive.
Some of the partial results of the proof given there were stronger than what was needed
for the theorem formulated in [6]. We get Lemma 64 by using the full strength of these
partial results in particular about the first-order definability of the bits of the results of
multiplication and division between large numbers.

Here we give only the outline of the proof together with with those details that has to
be changed for the present purposes.

We define the function J by J(x) = |z + clogx]|. Assume that d € w is sufficiently

large x € w and d + x < J(d). First we define the map 7,4, whose existence is required

(a)

by the definition of predictivity. To make our notation more concise we will write 7,

instead of 14 (a).
Assume that @ € Myy,, 2¢ =n, v = 2X. Let a; = coeff;(a,2") for i =0,1,...,v —1.

We define 74, by: “for all u,v € My, 77512(%”) iff w € v and v = a,”. This definition
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implies that if a € M, then for all u,v € My, néf?((u, v) iff w =0 and v = a, that is, our
definition satisfies condition (120)/(i) from the definition of predictivity.

We define now the formula ®¢(z,y, z, Yo, ..., Y;_1) for each function symbol f of M.
(According to the definition of J-predictivity the formula ®; cannot depend on the choices
of d or x.)

If f = cis a constant symbol of M then &, = x = 0 Ay = c. By the definition of
Ny, the formula ®. satisfies condition (120)/(ii) from the definition of predictivity, for
all constant symbols ¢ of M.

We will not use the relation nc(;;)( directly in the definition of ®;, for the remaining

function symbols f of M, but we first define another binary relation fc(zf;)( on My and use
this relation.

Definition. 1. For each positive integer k and u = (ug,...,up_1) € (Mg)*, ud, will
denote the integer w,_1n* ™' + up_on® 2 4+ ...+ win + up.

2. Assume that R is a k-ary relation on the set n = {0,1,...,n — 1}, where n = 2¢.
integer, (R) will denote the integer {2 | u € M5 A R(u)}. Clearly R — integer, (R)
is a one-to-one map from the set of all k-ary relation on n to the set of all natural numbers
less then 27", If a € [0,2"" — 1] is a natural number then the unique k-ary relation R on
n with integer, (R) = a will be denoted by integer; '(R). O
Definition. 1. Suppose that R is a k-ary relation on M. We will say that the relation
R is n-restricted if for all u = (ug, ..., ux_1) € M~ R(ug, ..., u,_1) implies that for all
1=0,1,...,k—1 with u; € n.

2. Assume that d, x are positive integers and a < 27° . Then 5((1‘1) is the unique binary
relation on My which satisfies the following two conditions: (a) The relation 5(5,&) is n-
restricted, and (b) integer,(¢\”) = a. O

Lemma 65 There ezists a first-order formula p(x,y, z) of M such that for all d € w and
for all a,b € 2% and i € 2% we have that b = coeff;(a,2) iff My = ¢(a, b, ).

Proof. The statement of the lemma follows from Lemma 8, Q.E.D.(Lemma 65)
The following Lemma states that the relations fc(la) and 775(1?( can be defined from each

other in a first-order way. It is important that for the definition of the value §C(la) (u,v) for
(a)

a fixed pair u, v we may need the values 7, (z,y) for all z,y € My and vice versa.
Lemma 66 There ezist formulas V;(x,y,z,Z) € SForm(M), i = 0,1, where x,y,z are
first-order variables and Z is a variable for a binary relation such that for all for all
sufficiently large d € w, for all x € 2% and for all a € Mgy, the following holds: M, =
Yu, v, | ((ia)(u, v) <> Yo(u,v, X,n((;;)] and My = Yu, v, [n((;))((u, v) > ¥y (u, U,X,ﬁéa))]

Proof. Assume a € 22 and a = 23" ¢;(22")”. The formula ¥, have to express
the statement u < v Av < n A coeff,, ,(a,2) = 1. coeff,, ,(a,2) =1 is equivalent to

coeff,(a,,2) = 1. Using the relation 776(&)( we can define a, in a first-order way in My,
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namely z = qa, iff My 7751?9)((% x). If a, is given then, by Lemma 65, coeff,(a,,2) has
a first-order definition in M. This completes the definition of Wy. In the first-order
formula ¥, we have to define a, form its binary coefficients which can be done by using
again Lemma 65. Q.E.D.(Lemma 66)

Lemma 66 implies that it is sufficient to prove that condition (120) of the definition
of predictivity holds in the following modified form. For the sake of notational simplicity
we consider here all of the function symbols of M as binary function symbols. In the case
of the constant symbols 0,1, —1, and n the interpretation of these symbols is a binary
function which does not depend on its variables. For the unary functions symbols N and
p their interpretation is a binary function which depends only on its first variable.

(121) Suppose that f is one of the function symbols 0,1,—1, n,N, N,
+, X, p,+, max,min, ,N of M. Then there exists a formula Dh(z,y,2,Y0, Y1) €
SForm(M), where x,y,z are first-order variables and Yy,Y, are variables for binary re-

lations such that for all ¢ € w, for all sufficiently large d € w, and for all a,b € Mgy,

and for all u,v € My, C(lf(dﬂ)(a’b))(u,v) is true iff My E @}(u,v,x,@(ja), C(lb)), where

f(d+X) = (f)Md+X‘

In other words given the binary bits of a,b € 22" each by a binary relation on
universe(My), we have to define in My in a first-order way the binary bits of 0, 1, 92 _ 1,
d+x,2*,N(a), a+b,ab,a +b = |a/b],, min(a,b), max(a,b), a Nb, where the operations
are defined in the structure My,,. The task is trivial for 0 and 1. In the case of 22°™ — 1
all of the 29X bits are 1s. We get the bits of d+ y by computing d + y with an addition in
My, where d can be defined by a first-order formula using the constant symbol n. Since
aNband N(a) are defined by bitwise operations ®; obviously can be easily defined for
these two operations. Therefore we have to prove that condition (121) holds only for the
remaining function symbols.

Using the function integer;' we can represent natural numbers from the interval
[0, ot 1] by k-ary relations on n. Our next goal is to represent sequences of natural
numbers by relation on n, (where we have a bound both on the length of the sequence
and the sizes of its elements).

Definition. 1. The set of all sequences of length i, whose elements are from the set
A will be denoted by, seq(i, A). For example the set of all sequences of length n! whose
elements are integers in the interval [0, pi— 1] is seq(n!, 2”k).

2. Assume that a = (ag,...,a;1) € seq(n',2""). We will represent this se-
quence by a k + l-ary relation R® on n defined in the following way. For all
i < j—1, and for all ug,...,up_1,%),...,0-1 € n, RD(ug,..., up_1,v0,...,v_1) iff
(integer(fl)(at))(uo, ... Up—1), where t = Y!Z}umn’. Since in this representation the

length of the sequence cannot be arbitrarily chosen it must be n!, for some [ € w, we will
call this representation a representation of the sequence without its length.

3. The definition above provides representation only for sequences with exactly n/!
elements for some natural number [. A sequence a = (ay,...,a;_1) where j < nl, a; €
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[0, on’ 1] will be represented in the following way. We attach the number j as the first
element to the sequence a and attach a sequence of 0s to its end, so that the total length
of the sequence o' = (j, ao,...,a;_1,0,...,0) obtained this way is n!. The representation
of the sequence a together with its length will be the same as the representation of the
sequence a’ without its length, as defined earlier. In the following the representation of a
sequence will always mean a representation of the sequence together with its length unless
we explicitly state otherwise.

4. Assume that d is a positive integer and n = 2¢. We will say that the set X is My-
representable if there exists natural numbers k, [ such that either X = {0,1,..., ot 1}
or X = seq,(n', 2”k). If X is an M, representable set and X = {0,1, ... L ont — 1} then
we define its weight by weight(X) = k, if X = seq, (n!,2"") then we define its weight by
weight(X) =k +1. If a € X, where X is an M, representable set, then relation,, will
denote the k-ary or k + [-ary relation on n representing the element a. O

We will consider now families of functions f¥, d € w so that for each d € w,
f9 ¢ func(X@ V(@) where both X and Y9 are My-representable sets with weight
less then w for a constant w. We are interested in the case when such a family of func-
tions can be defined by a first-order formula in M, without using any parameters. The
world “strongly” that we will use in the definition below refers to mentioned the lack of
parameters.

Definition. 1. Assume that w; € w for i = 0,1 and for all d € w, Agd) are My
representable sets of weight w; for i = 0,1, and f@ ¢ func(A(()d),Agd)). We will say
that the family of functions f(9 is a strongly first-order definable family function or
a s.f.d.-family in M if there exists a formula I'(xo, ..., %y, 1, Z) € SForm, where x;, i =
0,1,...,w;—1 are individual variables and Z is a variable for ky-ary relations such that for
all sufficiently large d € w and for all a € A(()d), and b € Agd) with f(a) = b, we have that for
all ug, ..., Uy, —1 € n, relation,,(uo, ..., Uy, ,) iff My = T(ug, ..., Uy, —1,relation,,).
g

We prove now that condition (121) is satisfied by each function symbol of M. As we
mentioned already this statement trivially holds for some of the function symbols. For
the remaining ones we show now that the corresponding families of functions are are
strongly first-order definable in M.

For f = min and f = max the statement is trivial since a < b iff integer,'(a) <
integer, '(b) according to the lexicographic ordering which clearly can be defined in My
in a first-order way.

The function symbol f = “+ 7. If two integers are given in binary form each with
m bits then the bits of their sum can be defined by a simple well-known constant depth
circuit whose size is linear in m. This circuit is defined in a uniform way which makes it
possible to translate it into a first-order formula interpreted in M. For later use we also
consider now the case where we have to add a sequence of integers. This question has
been also studied for circuits, and it is known that if we have at most (logm)® integers
with m® binary bits then their sum can be computed by an unlimited fan-in boolean
circuit with size m and depth c3, where ¢y, c3 depend only on ¢y and ¢, see [1]. The
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construction of the circuit is uniform, in this case too, and can be translated into a first-
order formulas, that we need for our present purposes, over a structure containing the
arithmetic operations.

Definition. If b is a finite sequence of integers then Sb will denote the sum of its
elements. O
The following Lemma is proved in [6]

Lemma 67 Assume that co,c; € w. Then there exists a strongly first-order definable
family of functions @, d € w, such that for all sufficiently large d if n = 2¢, j < n%
and a is sequence of length j, from elements of the set Z”k, that is, a € seq(J, 2"k), then
Sa = fD(a).

We prove condition (121) for f = x in a more general form then needed, namely we
will consider products with more than two factors. This will be useful in the proof of
(121).

Definition.  Assume that a = (ag, a1, ..., a;-1) is a sequence of integers. Then Pa will
denote the number [[22) a;. O

Definition. Assume that a(x), 3(x) are functions defined on w with real values. We will
say that the pair («a(x), 5(z)) is acceptable if there exists a strongly first-order definable
family of functions f9, d € w, such that for all sufficiently large integers d € w, for all
nonnegative integers j < a(d), and for all a € seq(j,2°?@), we have Pa = f(¥(a). O

The following two lemmas are proved in [6]. The second lemma is a special case of the
first one.

Lemma 68 For each fized ¢ > 0, > 0 the pair o(z) = x¢, f(x) = 27+ s qeceptable.

Lemma 69 For all € > 0 there exists a family of functions f9, d € w, such that, for all
1—¢e
sufficiently large d € w if a = (ag, a1) € seq(2,2*"" ), then apay = fD(a).

Using Lemma 69 we can show that condition (121) is satisfied by f = x. If d is
sufficiently large and d + x < J(d) < d + cloglogd then d + dz > d+ x and therefor
Lemma 69 implies that, multiplication in My, can be defined in My in the sense of
(121). This completes the proof of (121) for f = x.

Now we prove condition (121) for f = +. We follow the technique used by Beame,
Cook, and Hoover (see [9]) for performing integer division by small depth circuits. Namely,
we reduce integer division to multiplication and addition by approximating the function
ﬁ with an initial segment of its Taylor series.

Assume that d is sufficiently large, d + x < J(d) < d + cloglogd, a,b € M.,, and
we want to define |a/b| in My in a first-order way. First we describe a way, using general
mathematical language, to compute |a/b| and then we show that this can be translated

into the formula @ required in (121). We will use the notation 2* = n and 2X = v,
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(i) First we note that it is sufficient to find integers ¢, such that ; — ¢2! < 2771,
The reason for this is that in the possession of the integers t,! we can compute o = at2'
and |a — [a/b]| < a27""t < 227 < 2 so we get |a/b] by rounding.

(i) Let k be an integer so that 1 > 27%b > 1/2. If there exists no integer with this
property then the problem is trivial, since we can get the binary bits of |a/b| form the
bits of a simply by shift and the erasure of a block of consecutive bits. Let u = 27b.
Since 1 > u > %, we have 1 < % < 2. We may write % in the form of v2~("*? + R, where
v € [0,2"2] is an integer and 0 < R < 27""!. (v will be determined by the first n + 1
bits of L, and R is what remains from 1 after erasing these bits.) Let z = v2=("*?. The
definition of v implies that 0 < z < 2.

(iii) We have 2b = 1+ Rz = 1+ r, where |r| < 27", We consider the series
Zib = 1_(11_Zb) = 1_(1_T) =1—7r+7>—7r3+.... Let w be the sum of the first 4v
terms of this geometric series. Clearly w = & + Ry, where |R;| < 27", Consequently
t =22 =z2(w— R) = 2w+ Ry, where |R,y| < 272",

Now we show that all of the quantities in this computation can be defined in a first-
order way in My.

Stage (i). The definition of ¢ and [ will be described later. However if we have ¢ and [
Lemma 69 implies that we may define the product at2! in a first-order way in My. The
rounding also can be done in a first-order way.

Stage (ii). The integer v has only n + 2 bits. In M, we can quantify n bits with a
single existential quantifier, therefore v with the given property is first-order definable in
Md.

Stage (iii). Lemma 69 implies that the product zb can be defined in My. Using
Lemma 67 we get that r can be defined as well. Each needed terms of the geometric
series can be defined in My, we define the ith term as a product with ¢ factors. Since
v = 2X < 2¢loslogn < (Jogn)¢, Lemma 68 implies that the bits of such a product can be
defined in My and by Lemma 67 the bits of the sum of the first 4v terms can be defined as
well. Therefore we defined w and by Lemma 69 we can define zw as well. This completes
the proof of the fact that condition (121) is satisfied by f = +, and also the proof of
J-predictivity of M. Q.E.D.(Lemma 64)
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10 The Conclusion of the Proof of Theorem 3

Definition. 1. Assume that a,k are positive integers. The geometric sequence
(a,a?, ..., ak) will be denoted by gseq(k, ).

2. Assume that M, j,,,...,j1 are positive integers. The set of all prenex first-order
formulas ¢ of M satisfying the following two conditions will be denoted by L(M, j,, ..., j1)-

(122) if the quantifier pattern of ¢ is (g, ...,t1) then k < m and tj—; < jJpm—; for all
i=0,... k-1,

(123) if p = Qrxy, ..., Quz1 P20, ...y 1), where Q. ..., Q1 are quantifiers and P is a propo-
sitional formula of M then length(P(z1,...,z,)) < M

The set of all prenex formulas ¢ € SForm(M) satisfying these two conditions will be
denoted by L(M, jm, ..., 71) O

Remark. The definitions of sets Form(M, j,,, ..., j1) and L(M, j,, ..., 1) are similar but
they are not the same. The set Form(M, j,...,j1) contains prenex formulas ¢ whose
quantifier pattern is exactly (j, ..., j1), while in the case of L(M, j,, ..., j1), the sequence
(Jm, -, j1) 1s only an upper bound, in some sense, on the quantifier pattern of . Apart
from that, in the case of Form, M is an upper bound on the circuit size of the propositional
part of ¢, and in the case of L it is an upper bound on the length of the propositional
part.

Lemma 70 There exists a ¢ > 0 such that if ®q, P are prenex first-order formulas of M,
mew, M>1,08>2, &y, € L(M,gseq(r,3)) and ¢ is one of the formulas formulas
DoNDy, DoV Dy, =D then there exists a prenex first-order formula ) € L(2M+-c, gseq(r+
4,3)) such that & @ <> 1.

Proof of Lemma 70. We consider only the p = &, A ®; case, the other logical connec-
tives can be handled in a similar way. Assume that for ¢+ = 0, 1,

(I)i = Qmi,ifmi,iv EEES) Qlfl,ia P(fmi,ia R3] fl,i)

where Z;;, j = m,, ..., 1 is sequence of variables, and () ; are quantifiers for k = m;, ..., 1.
The length of the sequence of variables Z;; will be denoted by [; ;.

Our assumptions imply that I, ; < g™+ for i = 0,1, j € my, ..., 1. First we choose
a ¢ € {1,2} such that for all integers j € w, if Q; and Q11 are defined, then they are
quantifiers of the same type. When forming the prenex form of &3 A ®;, we will combine
the quantifiers ;0 and Q)j;1~ 1 and the variables bound by them into a single block for
all j € w, provided that both blocks are defined. If one of these blocks is not defined then
we use the other block alone. The assumption $ > 2 implies that if the prenex form ® of
®y A Py constructed this way has a quantifier pattern j,, ..., j1, then length(®) < 2M +c¢
and j,—, < " forr=0,...,m — 1. Q.E.D.(Lemma 70)
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Lemma 71 For all o, B € w there exists a v € w such that the following holds. Assume
that

(124) ®(zo,..., 251, Y0,...,Yi1) € SForm(M), with length(®) < «, where
Xo,...,Tp_1, are first-order variables, and Yy, ...,Y;_1 are second-order variables, for k-
ary relations,

(125) m,r € w, m >0, and Yo(zg,...,Tp-1),. .., Vi_1(x0,...,Tx-1) € L(m, gseq(r, 7)),

Then there exists a first-order prenex formula ©(xq, ..., xx_1) € L(ym, gseq(r+7, 5)).
of M such that

(126) O(xo, ..., xr_1) is logically equivalent to the formula that we get from ® by substi-
tuting V; for'Y; for all i € 1, that is,

FO <« @(1‘0, ey -1, \Ifo(xg, R ,xk,l), P \I’lfl(l'g, R ,.Z'kfl))

Proof of Lemma 71. Assume that
(I)(.flf[), ey L1, %7 ) }/271) = QOZ/O) s Qtflyta P(y()) s Yt—1, 20y ooy The—1, YZJ? L) }/271)7 where
Qo, ---, Q¢_1 are quantifiers, P is a propositional formula, and t < «. It is sufficient to
show that

(127) there exists a prenezx formula ©" with
O P(yo, ey Yt—1, 0y ooy L1, \Ifo, ey \11171)

such that ©" € L(v'm, gseq(r++/, 8)) for a suitably chosen ' € w which depends only on
o and (.

We prove condition (127) by induction on the depth d of the formula P. We will
denote by 7/ the integer 4" which satisfies condition (127) if the depth of P is d. (Since
d < a, the integer 74 remains below a bound depending only on « and 5.) Assume that
our statement is true for formulas of depth at most d — 1, and for example, P(¥, Z, }7) =
Py(y, %, }7) A Py (7, Z, }7), and O, is a prenex form of P;(y,, ¥y,...,V;_4) for i = 0,1,
where ©; € L(v,_,m, gseq(r+74-1,3)). Lemma 70 implies that P;(¥, &, ¥y, ..., ¥;_1) has
a prenex form © with © € L(2v,_1m + ¢, gseq(r + v4—1 + 4, 5)) € O € L(yam, gseq(r +
Y4, B)), where 74 = 2¢y4-1 + 4. The recursive definition of v starting with vy = 1 implies
that 74 < 249 for a suitable chosen constant ¢; € w. Since d remains below a bound
depending only on «, condition (127) is satisfied by v = v4. Q.E.D.(Lemma 71)

Lemma 72 Assume that J is a function, and M is J-predictive. For all sufficiently
large c3,cq4 € w, if d € w is sufficiently large, .k € w, d < r < J(d) and 7(zo, ..., Tx_1)
is a term of M, and 6 = depth(7), then there exists a first-order formula

A(l'(), s Te—-1, Y, 2) € L(C?D gseq(c357 C4))
with the property that for all ag, ..., ar_1,b € My,
MT):b:T(CLQ,...,ak_l) g Md):)\(ao,...,ak_l,b,r)
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To make an inductive proof possible we prove the lemma in a slightly stronger form
stated in the following lemma. That lemma says that the terms of M has the property
which was formulated only for the operations of M in the definition of predictivity. More-
over we also state an upper bound on the quantifier patterns of the formulas involved in
this property.

Lemma 73 Assume that J is a function, and M is J -predictive. Then for all sufficiently
large c3, ¢y € w the following holds. Suppose that d,r, k € w with d <r < J(d), n4, is the

function whose ezistence is stated in the definition of J-predictivity, and 7(xo,...,ZTp_1)
is a term of M with depth(r) = 0. Then there exists a formula V. (z,y, z, Zo, ..., Zy_1) €
SForm(M), where x,y, z are free first-order variables and Zy, ..., Zx_1 are free variables

for binary relations, such that
U (z,9,2, 20, Z1_1) € I:(cj, gseq(c3d, 04))
and the following condition is satisfied:

(128) for all ag, . ..,ax_1,u,v € My, the following two statements are equivalent:
(1) (Mar(b))(u,v), where b is the unique element of M, with M, =b = 7(ao, ..., a,_1),

(”) Md IZ \IJT(U,, v, T, 77d7r(a0)> cee 7nd,r(ak—1))'

Proof of Lemma 73. We prove the lemma by induction on depth(7). If depth(r) = 0,
then 7 is either a constant symbol c or a variable z; for some ¢ € k. In the former case the
formula W is identical to the formula ®. whose existence is guaranteed in the definition
of J-predictivity. If 7 = x; then V. (x,y, 2z, Zy, ..., Zr_1) = Zi(z,y).

Assume now that ¢ > 0 and the Lemma is true if the depth of 7 is at most i—1. We may
assume that all of the function symbols of M are binary (e.g., a unary function symbol can
be replaced by a binary which does not depend on its second variable). Suppose that the
term 7 is of the form f(7o(xo,. .., x%), 71 (20, ..., zx)), where f is a binary function symbol
of M. Then V. (z,y,2,Zy,...,Zk_1) is defined in the following way. We will use the
notation ®¢ from the definition of J-predictivity, if f is a function symbol of M. For all
i =0, 1, the relation symbol ¥; may occur in the formula ®¢(z, vy, 2, Yy, Y1) several times.
Assume that the jth occurrence of the variable Y; is contained in a subformula of the form
Yi(0j0,0;1), where 00,0;1 are terms of M. We replace each subformula Y;(c,0,0;1) of
O¢(x,y, 2, Yy, Y1) by the formula V.. (0;0,0;1, 2, Zo, - - -, Zk—1). The formula obtained this
way will be V. (z,y, 2, Zy, ..., Zr_1). The definition of the formula ®¢ and the inductive
assumption together imply that the formula W, satisfy condition (128). The property
U (x,y,2, 20y, Zk_1) € I_J(cj, gseq(c3d, 04)) follows from the inductive assumption and
Lemma 71. Q.E.D.(Lemma 73)

Proof of Lemma 72. The lemma is a consequence of Lemma 73. In the conclusion
(128) of Lemma 73 we have the formula W, (u, v, 7,14, (ao), - .., Nar(ax—1)). Since a; € My
for i € k, the definition of J-predictivity implies that 14, (a;)(z,y) =z = 0 Ay = a;.
Therefore we have a first-order formula ¢, of M such that for all a),...,ax_1 € My,
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(129) for all u,v € My,

(nd,r (T(ao, . ,akl))> (u,v) < My E¥-(u,v,700,...,a05-1)

Therefore A(zg, ...,z 1,Yy,2) = Yu, v,V (u,v,2,20,...,75-1) <> (u =0AvV = y)
meets the requirements of Lemma 72. Q.E.D.(Lemma 72)

Lemma 74 For all sufficiently small € > 0 if D is the function defined by D(zx) =
£(log a:)% for all x > 0, then the D quantifier elimination assumption does not hold for

M.

Proof of Lemma 74. Let J be the function |z +logz|. According to Lemma 64, M is
J-predictive. Therefore Lemma 72 is applicable for the function [J. Let ¢, g € w, such
that 1 € c < ag K % We may suppose that statement of Lemma 72 holds with a choice
of ¢3 and ¢4 such that c3,cy < ¢. We may also assume that Lemma 58 holds with the
present choice of ¢, e and ay.

Assume that contrary to the statement of the present lemma the D quantifier elimina-
tion assumption holds for M. Then condition (94) of Lemma 58 is satisfied. We choose a
d € w such that % < d, that is, condition (95) of Lemma 58 is also satisfied by the present
choices of the parameters. Let § = |D(d + logd) ], m = |cd], tym = " if i < |§/2] and
tm—i = 92 otherwise. Clearly these choices satisfy condition (96) of Lemma 58.

Since all of the assumptions of Lemma 58 are valid for the present choices of the
parameters, its conclusion also holds. Let g be the function and let 7(z,y) be the term
whose existence is stated in Lemma 58.

We have that if ¢ € Form(c?, t,, ..., 11) and ¢ = p,, then

(130) for all a € My,
Mg = pla) < M, =7(a,g(p) =0

We apply now Lemma 72 with d, 3 = ¢ < ¢ r=gq, k=2,
T(x0, ..., xp—1):= T(x0,21). Let A(zo, 21,9, 2) be the first-order formula whose existence
is guaranteed by Lemma 72. The conclusion of Lemma 72 and condition (130) imply that

(131) for all a € My,
My = ¢(a) < Ma = Ma,g(9),0,9)
Let o¢(z), o1(x) be terms of M such that for all h € M, we have
M, E max(og(h), o1(h)) < 22" Aag(h) + o1 ()22 =h

For example the terms oo(z) = +(z,22" '), 01(x) = & — 0o(z) meet this requirement.

Let p(z,y) = Mz,00(y),0,01(y)). Recall that ¢ was an arbitrary element of the set
H = Form(c®, iy, ...,11). For each and ¢ € H let G(p) = g(p) + ¢22" . According to
the definition of the function g in Lemma 58 g(p) < 22", Since ¢ < d + logd we have
G(¢) € My. Condition (131) and the definition of G imply that
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(132) for all ¢ € H and for all a € My,

My = ¢(a) < Mg pu(a, G(p))

Let ¥ (x) be the formula of M defined by ¢ () = —u(x, ). We claim that the formula
1 is in the set H. Indeed according to Lemma 72 A(zg, x1,y, 2) € L(cﬁi, gseq(c3d, c4)) and

therefore ¢ (x) = —u(z, x) € L(Ci+C5, gseq(c39, 04)) where ¢; € w is an absolute constant.
The upper bound c¢3 = ¢4 < ¢, and the definition of the integers ¢,,, ..., t,,, implies that
ek < tm_py1 for k =1,...,c35. Therefore Lemma 62 implies that L(ci—i—%, gseq(csd, 04)) C
Form(c®, iy, ..., 11). (Here we also used that csize(r) < length(k) if x is a term of M.)

The fact ¢» € H and condition (132) leads to a contradiction using Godel’s diago-
nalization argument. Namely, we have by the definition of ¢ that My E ¥ (G(¢)) <
-1(G(), G(¥)). On the other hand condition (132) with ¢:= ¢, and a:= G(v)
yields My | $(G(¥)) © p(G(1), G(p)), that is we have My = p(G(1), G($)) ©
(G (1), G(v)) a contradiction. Q.E.D.(Lemma 74)

Proof of Theorem 3. Assume that the statement of the theorem is not true. This
implies that for all £ > 0, and for all terms F'(z,y) of M there exists a sequence of terms
G = (Galy) | y € w) such that G decides whether there exists a solution for F' and
the depth of G4 is smaller than e(log d)% for all sufficiently large d € w. Since for each
propositional formula P(x,y) of M there exists a term F(z,y) of calm such that for all
d € w, My | Va,y, P(z,y) < F(z,y) = 0 we get that for all ¢ > 0 if D(z) = ¢(logd)2
then the D quantifier elimination assumption holds for M. This however contradicts to
Lemma 74. Q.E.D.(Theorem 3)
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11 Random Access Machines

A detailed description of the random access machines NN, is given in [5].

Proofs of Theorems 1 and 2. Theorems 1 and 2 are simple consequences of Theorem
3. We describe here the proof Theorem 1 and indicate the only place where it has to be
changed to get a proof of Theorem 2. In this description if d € w the symbol n always
will denote the integer 2¢ even if we do not say it explicitly. We assume that Theorem 1
is not true and show that Theorem 3 cannot be true either.

We will consider programs R running on N,, which get only k integers in 2" as input,
where k£ = 1 or k = 2. For the sake of simplicity we assume that these integers are already
given as the contents of memory cells ¢ and (possibly) ¢ 4+ 1 at time 0 when the machine
start working, where ¢ is a constant.

Assume that F(x,y) is an arbitrary term of M and € > 0. Using the assumption
that Theorem 1 is not true, we construct a sequence of terms G = (G4 | d € w), such
that G decides whether there exists a solution for F', and for all sufficiently large d € w,
depth(Gy) < e(logd)z.

The definitions of the M operations in the structures My imply that there exists a
c > 0 and c-size binary test P, with time requirement ¢ on each machine N,,, such that
for all d € w, and a,b € 2", P,(b,a) = 0if My | F(a,b) =0, and P,(b,a) = 1 otherwise.
(The program P computes the value of F'(a,b) and checks whether it is 0.) If Theorem 1 is
not true then there exists a ¢ € w, and a ¢’-size unary test () such that for all sufficiently
large d € w, the time requirement of () on N, is at most £'(log d)%(log d)~t, and for all
sufficiently large d € w, Q,(a) = 0 iff 3z € 2", P,(x,a) = 0, where ¢’ > 0 is a sufficiently
small constant with respect to e. We construct, for each sufficiently large d € w, an M-
circuit Cy such that at the input a, Cy gives the same output as the program () on N,
and the depth of Cy is at most ¢;e(log d)%, where ¢; is a constant which does not depend
on ¢ or €. The existence of such an M circuit Cy implies a term G4 with the same depth
which meets our requirements. (Fach M circuit can be transformed into a functionally
equivalent M term without an increase in the depth, of course the size of the term may
be much larger than the size of the circuit). For the construction of Cj first we replace @
by another program ()’ which has the same input-output behavior as () and satisfies the
following condition. There exists a c; € w such that for all n € N:

(a) the size of @)’ is less than ¢y,

(b) if @', while running on N,,, executes an instruction I which involves the memory
cell 7 for some 7 > ¢y, then instruction [ is either a write instruction or a read instruction.
(A memory cell is involved an an instruction if either its content influences what happens
when the instruction is executed or its content may change when the instruction is exe-
cuted.)

(c) the time requirements of Q" on N, is larger that the time requirement of ¢ on N,
at most by a factor of cs.

It is easy to see, using only the definition of a RAM, that such a program Q" exists.
(In the case of Theorem 2 the program @ is of length [, where the integer [ may depend
on n. In this case we substitute first () by a program )y of constant length which gets an
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input of length [ which is written in the memory at time 0.) We claim now that if n = 2¢
and the time requirement of (' on N, is t,, then we can simulate )’ running on N,,, by
an M circuit of Cy of depth at most O(t, logt,), whose gates perform operations in M.

The set of nodes of the M-circuit C; will be denoted by Q. For a given input a of
the circuit Cy, we may evaluate the circuit, and this evaluation assigns a value x(a, u) for
each node u of Q, which is the value computed by the gate at node w if the input is a.
For each s € t, and ¢ € ¢, the set Q will have an element u,;, and for each ¢ € {0, 1,2}
and s € t, the set Q will have an element v, 5. (The set Q will have other elements as
well.) We will define the circuit in a way that if at input a and at time s < ¢,,, while Q’
is running on N, the content of cell ¢ for some i < ¢y is w then x(a, us;) = w. The nodes
vs5 for i > c9, s € t, will be used in the following way. If at time s while @’ is running
on N,, the machine performs a write write instruction, and it writes the integer x in cell
J then x(a,vs0) =z, x(a,vs1) = j, and x(a,vs2) = 1. If at time s the machine does not
perform a write instruction then x(a,vs0)) = x(a,vs1) = x(a, vs2) = 0.

First we note that the existence of a circuit Cy with these properties and the required
bound on its depth implies the theorem. Indeed since at the nodes u,; we have the
contents of the first ¢ memory cells at each time, we have the output of the program @’
as well.

We claim that for all s € ¢, there exists an M circuit Dy of depth at most O(t,, logt,)
such that given x(a,us;), x(a,v.5), i € co,7 € [0,5], 0 € {0, 1,2} as input the circuit gives
as output the values x(a, usi1,), x(a,vst16), 7 € c2, d € {0,1,2}. Clearly the existence of
such circuits D, imply the existence of the circuit Cy with the required properties.

Assume that at time s instruction [ is executed. We distinguish two cases according
to whether [ is a read instruction or not.

(1) if I is not a read instruction then it is easy to see that condition (b) implies that
for each fixed i € c9, § € {0, 1,2} the earlier specified values of x(a, us11,) and x(a, vsi1.5)
can be computed by a constant depth M circuit B ;s from the input x(a,us;). i € co,
5 €{0,1,2}.

(ii) if I is a read instruction which reads the content of cell j then we need a circuit
which determines which is the largest integer r < s such that x(a,v.1) = j, x(a,vs2) = 1,
and for this integer r, x(a,v,1) will be the current content of cell j. (If there is no such
r then it will be the content of cell j at time 0). Since the total number of nodes needed
for this is at most O(t,), this can be done by a circuit of depth at most O(logt). The
circuits in case (i) and case (ii) can be combined into a single circuit which first checks
whether [ is a read instruction. According to condition (b) this can be done in constant
depth.

Since the number of possible values for s is at most ¢,, this construction gives the
required circuit with depth O(t, logt,). Q.E.D.(Theorem 1 and Theorem 2)
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12 N P-completeness, proof of Theorem 5

Proof of Theorem 5. The theorem is a consequence of Lemma 43. The following problem
is clearly N P-complete with a suitable choice of the finite automaton A. The size of the
problem is m. Let u = [log,(m/3)], d = u. Let T be a restricted turing machine with
aut(7) = A, width(7) = 1, tplength(T) = 2.

Suppose that an b € 22°1 is given, decide whether there exists an a € 22~ such that
the a is a possible u-based input for the turing machine 7 and if restricted turing machine
T = (A, 2") starts to work with u-based input a, then b = ?:Ou_l contr ;022" , where
T = 24=*. (That is, the machine with the input described by a reaches a state described
by b at time T'.)

Lemma 43 implies that there exists an existential formula ¢ of M such that for all
u € w, and for all b € 22"~ the problem described above has a solution iff M, E (b, u),
where ¢ € w is a sufficiently large constant. The condition M, = ¥ (b, u) is equivalent
to My, | 32,2* = n A (b, +(z,)). Therefore there exists an existential formula 1’
of M such that for all u € w, and for all b € 22~ the problem described above has a
solutioniff M, = ¢/(b).

The formula v/’ may have more than one existential quantifiers. However Lemma 37
implies that there exists an existential formula ¢ of M with a single existential quantifier
such that if ¢ = 2¢, then M,/ (b) is equivalent to M., = ¢(b). Therefore for a suitable
chosen term 7 of M this can be written in the form of M., | 3z, 7(x,b). Therefore
we have reduced our the NP-complete problem about turing machines to an instance of
the problem that we called “the solution of the equation 7(x,b) = 0 in z”. Moreover,
since we are looking for a solution in M., the size of the problem is 2°* < 2¢l°g2m — mpe,
Q.E.D.(Theorem 5)
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