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Abstract: The Church-Turing thesis [86] states that the set of computable functions is the
same for any “reasonable” computation model. When looking at complexity classes such as P,
EXPTIME, PSPACE, etc., once again, a variation of this thesis [86] states that these classes do not
depend on the specific choice of a computational model as long as it is somewhat “reasonable™l.
In contrast to that, when talking of a function computable in linear time, it becomes crucial to
specify the model of computation used and to define what is the time required for each operation
in that model.

In the literature of algorithms, the specific model is often not explicit as it is assumed that
the model of computation is the RAM (Random Access Machine) model. However, the RAM
model itself is ill-founded in the literature, with disparate definitions and no unified results.

The ambition of this paper is to found the RAM model from scratch by exhibiting a RAM
model that enjoys interesting algorithmic properties and the robustness of its complexity classes.
With that goal in mind, we have tried to make this article as progressive, self-contained, and
comprehensive as possible so that it can be read by graduate or even undergraduate students.

The computation model that we define is a RAM whose contents and addresses of registers
(including input registers) are O(N), where N is the size (number of registers) of the input, and
where the time cost of each instruction is 1 (unit cost criterion).

The key to the foundation of our RAM model will be to prove that even if addition is the
only primitive operation, such a RAM can still compute all the arithmetic operations taught at
school, subtraction, multiplication and above all division, in constant time after a linear-time
preprocessing.

Moreover, while handling only O(N) integers in each register is a strict limit of the model,
we will show that our RAM can handle O(N?) integers, for any fixed d, by storing them on
O(d) registers and we will have surprising algorithms that computes many operations acting on
these “polynomial” integers — addition, subtraction, multiplication, division, exponential, integer
logarithm, integer square root (or cth root, for any integer c), bitwise logical operations, and,
more generally, any operation computable in linear time on a cellular automaton — in constant
time after a linear-time preprocessing.

The most important consequence of our work is that, on the RAM model, the LIN class of
linear-time computable problems, or the now well-known CONST-DELAY;;, class of enumeration
problems computable with constant delay after linear-time preprocessing, are invariant with
respect to which subset of these primitive operations the RAM provides as long as it includes
addition.

1 Introduction and discussion of the RAM model

While the Turing machine is the “standard” model in computability theory and polynomial time
complexity theory, the standard character of this model is not essential due to the Church-Turing
thesis and the “complexity-theoretic” Church-Turing thesis [86]: the polynomial time complexity
class does not depend on the precise model of computation provided it is “reasonable”.

Nevertheless, it is well-known that the Turing machine is too rudimentary to model the precise
functioning of the vast majority of concrete algorithms. Instead, the complexity of algorithms is
measured up to a constant factor using the RAM model (Random Access Machine) [2] [87].

However, there is a strange paradox about the RAM model, which has persisted since the
model was introduced more than half a century ago 76} 32, [49] 22] [2)]:

e on the one hand, the RAM is recognized as the appropriate machine model “par excellence”
for the implementation of algorithms and the precise analysis of their time and space
complexity [22] 2] [84] 66} 38|, 39, 40| [71], [72], [42] [41] [35] 23, [87];

e on the other hand, unfortunately, the algorithmic literature does not agree on a standard
definition of RAMs and the time costs of their instructions.

A confusing situation. The situation looks like a “Babel tower”: to describe and analyze
algorithms, while some manuals on algorithms [54] [67), 27, [73] only introduce a pidgin program-
ming language — or a standard one (Pascal, C, Java, Python, etc.) — instead of the RAM model,
many other books on algorithms [2 81l 56, 25|, 64 65, 23], [77] or on computational complex-
ity [50, 84] 66, [35] “define” and discuss “their” RAM models.

IWe are talking about classical computers here, to the exclusion of quantum computers which can, for example,
factorize any integer in polynomial time. The question of knowing if the factorization problem can be solved in
polynomial time is a major open problem in the classical framework!



The problem is that the RAM model, whose objective is to model the algorithms in a “stan-
dard” way, presents a multitude of variants in the literature. While the representation of memory
as a sequence of registers with indirect addressing ability is a common and characteristic feature
of all versions of RAM — random access means indirect addressing —, there is no agreement on
all other aspects of the definition of this model:

Contents of registers: the data stored in registers are either (possibly negative) integers [22]
2, [66], or natural numbers [84] [35]; in a few rare references [81], real numbers are also
allowed.

Input/output: an input (or an output) is either a word (on a finite fixed alphabet) which is
read (written) letter by letter [84] 25] [B5], or a sequence of integers read (written) integer
by integer [22] [2]; in several references [60] [7TT] [72] [42] [41], an input is a one-dimensional
array of integers (a list of input registers) accessed by an index.

Operations: the set of authorized operations consists sometimes of the addition and the sub-
traction [22] [38] [39] 40, 711 [72] [42], 4T], sometimes of the four operations +, —, X, /, see [2];
in other cases, it is a subset of either of these two sets plus possibly some specific opera-
tions [81] R4l [66] 35, [77]: division by 2, bitwise Boolean operations, etc.

Sizes of registers: in most references, see e.g. [22 2, 50, 84, [35], [66], the integer contents of
registers are a priori unbounded; in other papers, they must be “polynomial”, i.e. at most
O(N?), see [5l 46] 25, 23], for a constant d, or “linear” O(N), see [38, B39, 40, [7T] [72 57,
42, [41], where N is the “size” of the input.

Costs of instructions: the literature presents the following two measures defined in the pio-
neering paper by Cook and Reckhow [22] and the reference book by Aho, Hopcroft and
Ullman [2):

Unit cost criterion: the execution time of each instruction is uniformly 1 (therefore, it
is also called “uniform cost criterion”, e.g. in [2]); this makes sense if the integers
allowed are bounded, linear, or polynomial in the size of the input;

Logarithmic cost criterion: the execution time of each instruction is the sum of the
lengths of the binary representations of the integers handled by the instruction (ad-
dresses and contents of registers), or is 1 if the instruction uses no integer.

Note that in practice, the books and papers on algorithms, see e.g. [2| [67, [81] [56| 25] [64]
65l [B5] 23] [77], apply almost exclusively the unit cost criterion, which is more intuitive and
easier to use than the logarithmic one.

The confusing situation of the RAM model that we have just described is all the more damag-
ing since the new algorithmic concepts that have appeared in recent years, see for example [29],
require a finer complexity analysis than for traditional algorithms.

Renew the understanding of the RAM model for the analysis of “dynamic” algo-
rithms Since the early 2000s, new concepts have been developed in artificial intelligence (AI),
logic, database theory and combinatorics. Basically, they relate to “dynamic” problems whose
resolution works in two or more phases.

As a significant example, a knowledge compilation problem in Al [19, 26, 58] is a query whose
input breaks down into a “fixed part” F and a (much smaller) “variable part” V. An algorithm
solving such a query operates in two successive phases: a (long) “preprocessing phase” acting
on the “fixed part” F'; a “response phase”, which reads the “variable part” V of the input and
answers (very quickly) the query on the (F, V') input.

A very active field of research for the past fifteen years concerns enumeration algorithms in
logic, the theory of queries in databases, and combinatorics, see e.g. the surveys [74] [75] [85] [79]
1T, 29]. A “fine-grained” and now widespread complexity class (which has some variants) has
emerged for enumeration problems, see [6], 30 [8, 9, 24} [7, 5T, 52, BT, [83], [3] 14} 53] 20]: the class of
problems whose set of solutions can be enumerated with constant delay (between two consecutive
solutions) after a linear-time preprocessing. Each of these papers is based on the RAM model
and uses the “minimal” (or quasi-minimal) complexity classes of this model: mainly, linear time,
for decision or counting problems, and, for enumeration problems, constant delay after linear (or
quasi-linear, or polynomial) time preprocessing.

More recently, several authors in database theory have introduced what they call the “dy-
namic query evaluation algorithms” [12] [T4]. The purpose of these algorithms is to modify the



answer of a query to a database, in constant (or quasi-constant) time when the database is
updated by inserting or removing one tuple.

The “fine-grained” complexity classes associated with these new algorithmic concepts (dy-
namic algorithms) make a thorough understanding of the RAM computation model all the more
urgent. The main objective of this paper is to elucidate and justify precisely what “the” RAM
model “is” or “should be”.

What should the RAM model be? Our requirements are as follows:

e the RAM model we “re-define” must be simple and homogeneous: in particular, the RAM
input and the RAM memory must have the same structure; also, the set of allowed register
contents must be equal to the set of allowed addresses;

e the RAM model must “stick” closely to the functioning of algorithms on discrete structures
(integers, graphs, etc.);

e the “fine-grained” complexity classes [29] defined in the RAM model must be “robust”:
it must be proved that these complexity classes are largely independent of the precise
definition of the RAM and, in particular, of the authorized arithmetic operations.

Remark 1 (What the RAM model does not model). In the 80s and 90s, a few authors, see
e.g. [1, [68], have introduced several versions of the RAM model in order to model the memory
hierarchy of real computers: fast memory (registers) and slower memory with a hierarchy of
cache memory, etc.

Nevertheless, we require that the RAM model be homogeneous, therefore without a memory
hierarchy, as almost all the literature on algorithms does. As the reference book of Cormen et
al. [23] argues, there are two reasons: first, the analysis of an algorithm is very complicated
in memory hierarchy models, which, moreover, are far from being unified in a standard form;
the second and main reason is that the analysis of algorithms based on the RAM model without
a memory hierarchy “generally gives excellent predictions of the performances obtained on real
computers” [23].

Our precise definition of the RAM model will be given in the preliminary section. Let us
present below the main characteristics of our model with some elements of justification.

The RAM model we choose

1. Contents of registers: each register contains a natural number; a RAM with possibly
negative integers can be easily simulated by representing an integer x by the pair of natural
numbers (S, |x|) with s, = 0if © > 0 and s, = 1 if # < 0; real numbers are excluded for
the sake of homogeneity.

2. Input/output: in order for the inputs/outputs to be of the same type as the RAM
memory, a (standard) input is an integerld N > 0 or a one-dimensional array of integers
(N, I[0],...,I[N —1]), the positive integer N is called the “size” of the input; similarly, an
output is an integer or a list of integers.

3. Operations: the set of primitive operations consists only of addition.

4. Sizes of registers: the contents of each register (including each input register I[j]) is
O(N), where N is the “size” of the input, or equivalently, its length in binary notation is
at most logy (V) + O(1).

5. Costs of instructions: the execution time of each instruction is 1 (unit cost criterion).

Our choice of a one-dimensional array of integers (N, I]0],..., I[N —1]) of size N as standard
input (item 2) is convenient for representing usual data structures such as trees, circuits, (valued)
graphs, hypergraphs, etc., while respecting their size. For example, it is easy to represent a tree
of n nodes as a standard input of size ©(n), or a graph of n vertices and m edges as a standard
inputf of size ©(m + n).

2From now on, we write “integer” in place of “natural number”.

3For example, a graph without isolated vertex whose vertices are 1,...,n and edges are (a1,b1), ..., (Gm,bm)
is “naturally represented” by the standard input Z = (N, I[0],...,I[N — 1]) where N := 2m + 2, I[0] = m,
I[1] :== n, and finally I[2j] := a; and I[2j 4+ 1] := b; for j = 1,...,m. Note that since the maximum number of

vertices of a graph having m edges and no isolated vertices is 2m (case when the edges are pairwise disjoint), we
have n < 2m = N — 2, so that each I[j] is less than N.



We do not yet substantiate items (3-5) of our RAM model. Most of this paper is devoted to
showing that limiting primitive operations to addition alone, which acts on integers in O(N), is
not a limitation of the computing power of RAMs. In fact, we will prove that each of the usual
arithmetic operations, subtraction, multiplication, division, and many others, acting on integers
in O(N), even on “polynomial” integers in O(N?) represented in d registers (for a fixed integer d),
can be simulated in constant time in our RAM model with only the addition operation. This
will show the “robustness” and high computing power of our “simple” RAM model, which is the
main focus of this paper.

Structure of the paper: We have tried to make this long paper as self-contained, educational
and modular as possible. For this, we have given complete, detailed and elementary proosz and
structured our many sections so that they can be read, most of the time, independently of each
other.

Sections 2] and B] define our RAM model — with three equivalent instruction sets — and their
complexity classedd. Those sections also introduce two kinds of RAM simulations with their
transitivity properties: first, the faithful simulation which is very sensitive to the primitive
arithmetic operations of RAMs as states Proposition [} second, the faithful simulation after
linear-time initialization (also called linear-time preprocessing) which we prove is the right notion
to enrich the set of primitive operations of RAMs while preserving their complexity classes, see
Corollary Bl (transitivity corollary).

Although Sections[2land [ present the precise concepts and their properties to formally ground
the results of the paper, the reader can skip them on the first reading of the main results, which
are given in Sections [ to Bl while contenting herself with an intuitive notion of simulation. These
sections show how to enrich the RAM model endowed with the only addition operation, by a
multitude of operations — the most significant of which are Fuclidean division (Section [) and
any operations computable in linear time on cellular automata (Subsection B3land Appendix) —
while preserving its complexity classes.

Third, Section [0 proves several results that argue for the “minimality” of the RAM model
with addition.

Section [T (concluding section) recapitulates and completes our results establishing the invari-
ance/robustness of our “minimal” complexity classes, mainly LIN, CONSTy;, and CONST-DELAY: iy,
according to the set of primitive operations (Corollaries @l and Bl). We also explain why and how
our RAM model “faithfully” models the computations of algorithms on combinatorial structures
(trees, graphs, etc.) and discuss the more subtle case of string/text algorithms. Finally, Sec-
tion [I0 gives a list of open problems, supplementing those presented throughout the previous
sections.

Small digression: a comparison with Gurevich’s Abstract State Machines. In addi-
tion to the sequential computation models that are the Turing machine, the “Storage Modifi-
cation Machine” (or “pointer machine”, see Section [I0) and the RAM that we study here, we
must mention the model of “Abstract State Machines” (ASM) introduced by Gurevich in the
80s [43] and studied since in many publications [I8, 44 [T6] 17, 45]. The ambition of Gurevich
and his collaborators is to faithfully model, that is to say step by step, the functioning of all the
algorithms (sequential algorithms, parallel algorithms, etc.).

Although the goals of the ASM Model are foundational, like ours, they are much broader in
a sense:

e it is a question of refounding the theory of computation, algorithms and programming on
a single model, the ASM;

e this unique model includes/simulates in a faithful and natural way the functioning of all
algorithms and computation models: Turing machines, RAMs, etc. (see e.g. [16, [I7]).

Our objectives in this paper are different:
e we limit our paper to a (systematic) study of the RAM model alone;

e if we are also interested in the fine functioning of algorithms, our main objective is to study
the properties of fine-grained complexity classes, in particular the minimal classes;

4The only exception is the proof of Theorem [B] which requires implementing elaborate simulations of cellular
automata acting in linear time.

5Moreover, Subsection studies the properties of the RAM model when it is extended by allowing k-
dimensional arrays (for a fixed k), that is, with O(N*) registers available.



e for this, our main tool is not the faithful simulation, similar to the lock-step simulation
of the ASM (see e.g. [28]), because it is very sensitive to the primitive arithmetic opera-
tions of RAMs (by our Proposition [), but it is the faithful simulation after linear-time
initialization, which is not admitted within the framework of ASM.

2 Instruction sets for the RAM model

In this section, we define our computation model. This is the standard RAM with addition
using only integers O(N): here, N is the “size” integer, i.e. the size of (nonnegative number of
registers occupied by) the input or, when an arithmetic operation is simulated, the upper bound
of the operands. Note that this O(N) limit on the contents of registers also places a limit on the
memory since only cells whose addresses are O(N) can be accessed.

To convince the reader of the flexibility of the model, we define a RAM model with a mini-
mal instruction set, called M[0p], where Op denotes a set of allowed operations (e.g. addition,
subtraction, etc.). We will also introduce two other minimal instruction sets and show that all
these models are in fact equivalent.

For the sake of simplicity, since in what follows we are interested in “minimal” complexity
classes, namely linear time complexity and constant time complexity after linear time prepro-
cessing, our RAM model also uses linear space. However, it would be possible to define the
RAM model for any time T'(N) and space S(IN) complexity class, provided that the functions
N — T(N) and N — S(N) meet some “natural” conditions: constructibility (e.g., see [10],
section 2.4), etc.

2.1 The RAM model with minimal instruction set

A RAM M|0p| has two special registers A (the accumulator) and B (the buffer), work registers
R[j] (the memory), input registers I[j], for all j > 0, and an input size register N. (For the sake
of simplicity, throughout this paper, we identify a RAM with its program.)

Syntax. A program/RAM (AB-program, AB-RAM) of M|0p] is a sequence Iy,...,[._1 of r
instructions, also called AB-instructions, where each of the I; has one of the following forms:

Instruction Meaning Parameter
CST j A+ j for some constant integer j > 0
Buffer B+ A
Store R[A] < B
Load A < R[A]
Jzero ly ¢1  if A =0 then goto ¢y else goto {3 for 0 < /o, <7
op see semantics below for op in Op
getN A+ N
Input A+ I[4]
Output output A

Table 1: Possible instructions for M |[0p]

Semantics. The semantics, called computation, of an AB-program Iy,...,I._1 on a given
input is intuitive. It is formally defined as the (possibly infinite) sequence of the configurations
(AB-configurations) Co,Cy, ... where each C; := (A;, B;, \i, D;) consists of the contents A;, B; of
the two registers A, B, the index A; of the current instruction as well as the description D; of
the memory (the contents of the R[j]) at instant i.

The initial configuration is Ay = By = A = 0 with the array Dy initialized to 0. Then,
from a configuration C; = (A4;, Bi, i, D;), the next configuration — if it exists — is deduced
from the instruction I, using the semantics given in Table [l The instruction Jzero {y 41 is a
conditional jump for which we have \;11 = €y when A; = 0, and \;;1 = ¢; otherwise; for all
other instructions, we have ;11 = A; + 1. Note that we allow \;y; = r: in that case, we say
that CiJrl = (AiJrl, Bi+1, Ai+1, Di+1) where Ai+1 = Ai, BiJrl = Bi, DiJrl = Dz and )\iJrl =risa
final configuration, it is the last of the computation. For an instruction op, its exact semantics
depends on the particular operand but for all classical unary or binary operations (addition,
multiplication, etc.) we assume that it reads A (and B when binary) and stores its result in A,
i.e., its semantics is A < op(A) (resp. A + op(A4, B)) when op is unary (resp. binary).



The output of a program that stops is the list of values that it outputs in the order it produces
them. The running time of a program is the number of configurations it goes through before
ending in its final configuration.

Input In this paper, we will consider two forms of random access inputs:

e a list of integers (N, I]0],...,I[N —1]), for N > 0 — contained in the registers having the
same names — where each I[j], 0 < j < N, is such that 0 < I[j] < ¢N, for some constant
integer ¢ > 1;

e a single integer N > 0, contained in the register V.

Note that these types of inputs impose a limit on what we can model. For instance, it does
not allow to model streaming algorithms or online algorithms where the algorithm is required to
read the data in a particular order whereas, in our model, the input is read in random order. We
believe this design is adequate for our purpose (grounding the RAM model) but this limitation
is not fundamental and the input/output model could easily be tweaked for many specific needs.

An illustrative program. We now demonstrate how to use M[{+}], the RAM equipped with
addition (denoted + or add), with the repetitive but simple AB-program given by Table 2l We
claim that the AB-program is equivalent to the following “high-level” program (in pseudo-code
format), which reads the input size IV, assumed to be greater than 1, sets the registers 1 to N —1
to the value I]0] and outputs/returns the value I1].

For this, it uses a “while” construct, which does not exist in our RAM, and we also adopt
the convention that the variable 7 is stored within the R[0] register.

Algorithm 1 Example program in pseudo-code format

1: BR[N]« 0 > lines 0 - &
2: 11 > expressed by R[0] < 1 since i is stored in R[0], see lines 4 - 7
3: while R[N] =0 do > loop test at lines 8 - 10
4: RJi] + I]0] > lines 11 - 16
5. Rli+1]«i+1 > lines 17 - 21
6: 14 1+1 > lines 22 - 23
7: output I[1] > lines 25 - 27

For better readability, each instruction of Algorithm 1 is annotated with the lines it corre-
sponds to in our AB-program; additionally, the A B-instructions of TableRlare grouped according
to each basic instruction of Algorithm 1 that they simulate together (bold lines beginning by )
and the column “Effect” also details what each A B-instruction does.



# Instruction Effect
> R[N]«O0
0 CSTO A+ 0
1 Buffer B+ A=0
2  getN A+ N
3 Store R[A] < B, which means R[N] + 0
> i«1
4 CST1 A+1
5 Buffer B+~ A=1
6 CSTO A+0
7 Store R[A] + B, which means R[0] < 1, or i+ 1
> if R[N] = 0 then enter the loop
8 getN A+ N
9 Load A « R[A] = R[N]
10 Jzero 1125 Enter loop when A = 0, i.e. when R[N] =0,
else go to loop end
> loop body start
> R[] « I[0]
11 CSTO A+0
12 Input A« I[A] = I]0]
13 Buffer B+ A=1|0]
14 CSTO A0
15 Load A « R[A], which means A «+ R[0] =
16 Store R[A] «+ B, which means RJ[i] < I[0]
> Rli+1]«i+1
17 Buffer B+ A=i
18 C8T1 A1
19 add A~ A+B=1+i
20 Buffer B+~ A=i+1
21 Store R[A] < B, which means R[i + 1] =i+ 1
> i+i+1
22 CSTO A+0
23  Store R[A] + B, which means i = R[0] + i+ 1
> back to the loop test
24 JZero 10 10 unconditional jump to the conditional “go to”
> loop end
> output I[1]
25 CST1 A+1
26 Input A« I[A] = I[1]
27 Output Output A, which means Output I[1]

Table 2: Example of AB-program of M[{+}]

Minimality of the instruction set. No AB-instruction of Table [I] can be removed without
diminishing the expressive power of the model: CST j must be used to compute the constant
function N — j when Op is the empty set; if we remove Load (resp. Buffer or Store), then
the memory registers R[j] cannot be read (resp. modified); if we remove the jump instruction
Jzero (g {1 then any program performs a constant number of instructions, and finally, it is
obvious that the input/output instructions getN, Input, and Output cannot be removed.

Note that the minimality we claim is that no instruction from our RAM can be removed
without decreasing expressiveness. This does not mean that another RAM needs at least as
many instructions to be as expressive.



2.2 Two more instruction sets

We have just observed that the RAM with the AB-instructions is minimal in the following sense:
removing one of the AB-instructions listed in Table [0l strictly weakens the computational power
of the model. Recall that our main goal in this paper is to exhibit a “minimal” RAM in the
sense of a RAM endowed with the least number of operations on the registers: test at zero and
addition, but neither multiplication, nor comparisons =, <, etc. The second (complementary)
objective of this article is to establish the “robustness” of the RAM model: its computational
power (its complexity classes) is (are) invariant for many changes of its definition. To this end,
this subsection will present two alternative instruction sets and Subsection 2.3l will show that all
programs can be transformed from one instruction set to another with time and space bounds
multiplied by a constant.

RAM with assembly-like instruction set.

A RAM with Op operations and assembly-like instruction set, called R-RAM, has work registers
R[j], input registers I[j], for all j > 0, and an input size register N. An R-program is a
sequence Iy, ..., I._1 of labeled instructions, called R-instructions, of the following forms with
given intuitive meaning, where i,j are explicit integers, £y, ¢; are valid indexes of instructions
and op is an operator from Op of arity k:

Instruction Meaning
CSTij R[]« J
Move i j RJ[i] + RJ[j]
Store i j R[R[i]] « R[j]
Load ¢ j RJ[i] + R[R[j]]
Jzeroily ¢y if R[i] = 0 then goto ¢y else goto {1
op R[0] + op(RI0], ..., R[k —1])
getN i R[i] + N
Input i j R[i] + I[R[j]]
Qutput ¢ output RJ[i]

Table 3: Set of R-instructions for M|0p]

The semantics given in TableBlis very similar to that of our original set of instructions. Formally,
the computation of an R-program Iy, ..., 1.1 on a given input is defined as the sequence of the
configurations (R-configurations) Co,Cy,... where each C; = ()\;, D;) consists of the index \;
of the current instruction and the description D; of the RAM memory (contents of the R[j])
at instant ¢; in particular, Co = (Ao, Do) is the initial configuration with A\g = 0 and the RAM
memory Dy initialized to O.

Noticing that we can store the value of A into R[0] and the value of B into R[1], it is relatively
clear that any AB-program can be simulated with an R-program. The third definition of RAM
data structures and instructions that follows is closer to those of a programming language.

Multi-memory RAM.

A multi-memory RAM M with Op operations uses a fixed number ¢ (¢ > 1) of one-dimensional
arrays of integers Tyl0,...],...,Tt—1]0,...], a fixed number of integer variables Cy,...,Cy,_1,
an input array I[0,...] of integers and the input size register N. The program of M uses Op-
expressions or, for short, expressions, which are defined recursively as follows.

Definition 1 (Op-expressions). o Any fixed integer i, the size integer N, and any integer
variable C; are Op-expressions.

o If «a is an Op-expression, then an array element Tjla] or I[a] is an Op-expression.

o Ifay,...,a are Op-expressions and op is a k-ary operation in Op, then op(ai,...,qx) is
an Op-expression.
Ezample: T1[T5[2] + N] x I[C1] is a {+, x }-expression.

The program of a multi-memory RAM with Op operations is a sequence Iy, . .., I,._1 of instruc-
tions, called array-instructions, of the following forms with intuitive meaning, where o and g are
Op-expressions and g, {1 are valid indexes of instructions.
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Instruction Meaning
Tjlo] <

Cj — o

Jzeroa ly 1 if a =0 then goto ¢y else goto ¢
Output «

Table 4: Set of array-instructions for M|0p]

The computation of a program with array-instructions (called array-program) Io,...,I._1 on
a given input is defined as the sequence of the configurations (array-configurations) Co,Cy, . ..
where the configuration C; := (\;, D;) at instant i consists of the index A; of the current instruc-
tion (Ao = 0, initially) and the description D; of the memory (the values of the integer variables
and arrays, all initialized to 0).

2.3 Equivalence of our three instruction sets

The following lemma states that our three instructions sets (our three classes of RAMs) are
“equivalent” , within the meaning of Definition [3]of Subsection Bl when the addition is available.
(Note that, for pedagogical reasons, the notions of “simulation” and “equivalence” involved in
the statement of Lemma [I] are first presented here in an informal/intuitive way. Section B] will
give formal definitions and complete evidence.)

Lemma 1. 1. Any R-RAM can be simulated by an AB-RAM.
2. Any AB-RAM can be simulated by a multi-memory RAM.

3. If addition belongs to the set Op of allowed operations then any multi-memory RAM can be
simulated by an R-RAM.

Therefore, by transitivity, the three classes of AB-RAMs, R-RAMs, and multi-memory RAMs
are equivalent when add € Op.

Proof of item 1. As representative examples, Tables B [6 [1 Bl and @ give the simulation (by
a sequence of AB-instructions) of each of the R-instructions op, for a binary op, Output i,
Store ¢ j, Input ¢ j and Jzero i £y /5.

Instruction Effect Instruction Effect
CST 1 A1 CST j A+
Load A+ R[1] Load A« RJ[j]
Buffer B «+ R[1] Buffer B + RJ[j]
CST 0 A0 CST i A
Load A < RJ[0] Load A < RJi]
op A « op(R[0], R[1]) Store R[R[i]] + Rl[j]
Buffer B + op(R[0], R[1])
CST 0 —0 Table 7: Emulation of Store ¢ j
Store R[0] < op(R]0], R[1])
Table 5: Emulation of op Instruction Effect
CST j A<
Load A < RJ[j]
Instruction Effect Input A < I[R[j]]
CST 1 A+ Buffer B «+ I[R[j]]
Load A « RJi] CST ¢ A
Output output RJi] Store R[] + I[R[j]]
Table 6: Emulation of Output ¢ Table 8: Emulation of Input ¢ j
Instruction Effect
CST 4 A+
Load A « RJi]

Jzero {y {1 if R[i] = 0 then goto ¢y else goto {4

Table 9: Emulation of Jzero i £y ¢
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Proof of item 2. This item is the easiest to prove: we can consider the special registers A, B as
integer variables and the sequence of work registers R[0], R[1],... as the array of integers R[0.. ]
and then any AB-program becomes a multi-memory program. [l

Proof of item 3. Similarly to a compiler that works in two “passes” with an intermediate lan-
guage, our simulation of array-instructions with R-instructions is done in two steps with an
intermediate instruction set that we call “elementary array-instructions” depicted in Table
where h,i,7,71,...,j, are explicit integers, fg, 1 are valid indexes of instructions and op is a
k-ary operator from Op.

Instruction Meaning
C; —J

Ci — N

Ci — Op(le, e 7Cjk~)

Ch — Tj [CZ]

Tj [CZ] — Ch

Jzero C; Yy V1 if C; = 0 then goto ¢y else goto ¢
Output C;

Table 10: Elementary array-instructions

From array-instructions to elementary array-instructions. To achieve this first compi-
lation step, the idea is to create a new integer variable C; for each sub-expression o/ appearing
in any of the Op-expression « that occurs in the initial multi-memory RAM program. So, any
array-instruction will be simulated (replaced) by a sequence of elementary array-instructions.
As a representative example, the array-instruction T2[Cy * T [4]] < T1[T3[2] + N], which is of
the form Tj[a] < f3, is simulated by the following sequence of elementary array-instructions:

° StOI‘ng Cl * T1[4] into Doi Dl — 4 ; DQ — Tl[Dl] ; DO «— Cl * DQ;

e Storing T1[T5[2] + N] into Ds:
D4%2;D5%T3[D4] ;D(;(*N;D7(*D5+D6 ;D3<*T1[D7];

L] StOI‘ng T1 [Tg [2] + N] into T2 [Cl * T1 [4]] : T2 [Do] — D3.

Note that the resulting instructions have the required form: to see it, rename each variable
D; to Cj for some j'. This process can be adapted for any array-instruction using Op-expressions
a and B (see Tabled]) by adding a number of instructions and variables roughly equal to the sum
of the sizes of the expressions « and .

From elementary array-instructions to R-instructions Let us suppose that we want to
translate a program with elementary array-instructions into an R-program. Let Cy,...,C,_1 be
the list of variables of the array-program and Ty, ..., T;—1 be its list of arrays, and finally let k
be an integer greater than the maximal arity of an op (which is at least 2 because we have add).

The idea for building an R-configuration from an array-configuration is to segment the mem-
ory in the following way: the k first registers R[0],..., R[k — 1] will be used for intermediate
computations, the v next registers R[k],..., R[k + v — 1] will store the contents of the variables,
and finally the rest of the memory will be dedicated to store the contents of the arrays. More
precisely, the register R[k + ¢] for ¢ < v will store the content of the variable C; and T}[i] will be
stored in the register R[k + v + t x4 + j]. Clearly, there is no interference between the roles of
registers R[y].

Since each integer variable C; is translated as R[j] where j is the explicit value of k + i, each
elementary array-instruction turns trivially into an R-instruction, with the exception of the three
instructions Ch — Tj [CZ], Tj [Cz] — Ch and Cz — Op(le, PN Cjk)'

The first two of these instructions can be translated as R[k + h| + R[k + v+t * R[k + 1] + j]
and R[k 4+ v + ¢ * R[k + i] + j] < R[k + h], respectively, which must be transformed. The two
transformations are similar, so we will detail the first one. By using the buffers R[0], R[1] and the
addition operation (but not the multiplication!) we can transform the assignment R[k + h]
Rlk+v+1t*R[k+1i]+j] into an equivalent sequence of R-instructions as shown in the program of
Table [Tl with ¢+ 3 instructions. (Note that h, 4, j, k,v and ¢ are all explicit integers and therefore
t+3,k+1i, k+v+j, k+ h, etc., are also explicit integers whose value can be computed before
the RAM is launched.)
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# Instruction Effect
£+0 Move 1 (k+ 1) R[1] + R[k + 1]
041 CSTO (k+v+37) RO+ k+v+j
042 add R[0] + R[0] + R[1], meaning R[0] + k + v+ j + R[k + i]
0+3 add R[0] + R[0] + R[1], meaning R[0] + k +v + j + 2 * R[k + i]

{+t+1 add R[0] + R[0] + R[1], meaning R[0] + k4 v+ j+t* R[k + i

(+t+2 Load(k+h)0 R[k 4 h] «+ R[R|0]], or R[k + h] <= R[k 4+ v + j 4+t * R[k +i]]

Table 11: Emulation of Cj, < T};[C;]

For the op operation C; < op(Cj,,...,C},), the translation is simpler: we first store each
C;, into R[l — 1] with Move (I — 1) (k + ji), then we apply the R-instruction op, which computes
R[0] < op(R[0],..., R[k — 1]); finally, we store back the result into C; with Move (k + 7) 0.

This completes the proof of item 3. Lemma [ is proved. |

2.4 Richer instruction set

At the moment we saw three instructions sets and showed that they are equivalent. Since they
are all equivalent, in the following sections, our procedures will be written in the third instruction
set, which is the easiest to work with.

While this multi-memory model is the closest to a standard language among our three in-
struction sets, it still lacks a lot of the constructs available in most programming languages such
as loops, functions, etc. This section is dedicated to show that we can easily compile a language
with those features to our assembly.

Most of the techniques we use here to enrich the instruction set are very well known and very
well studied for compilers. While they are interesting in themselves there are not the novelty of
the paper, which is why we will only give the intuition of what is happening and point the reader
to the existing literature.

From indexed programs to labeled programs. At this point in the paper, a program is still
viewed as a sequence Iy, ..., I._1 of instructions where the index of each instruction is important
as a Jzero instruction will jump to a given index. We can replace this scheme with a label
scheme and a program becomes a set of labeled instructions I, I, ... where each instruction
has one or several labels and each instruction e which is not Jzero has a next label next(e)
(determining what instruction should be executed after). We also have a special label end for
the label next(e) where e is the final instruction and a special label begin to determine the first
instruction. Such a labeled program can easily be translated into an indexed program.

Composing programs. Once the relabeling scheme is completed, it is easy to talk about the
composition of two programs P; and P,: we relabel the labels of P; and P, to make sure that
they are unique in both, with the end of P, being the begin instruction of P,; then we replace
the output instructions of P; by write instructions in an array O and the input instructions of P,
are replaced by read instructions of the said array O.

Equality conditions. Using labeled programs with array-instructions, we can allow the equal-
ity condition a = f for all expressions «, 3, i.e. allow a new instruction Jequal a 5 ¢y {3
(extending the Jzero instruction), which means “if o« = 8 then goto {y else goto ¢1”. Actu-
ally, we claim that the instruction Jequal a 8 ¢y ¢; is equivalent to the following sequence of
array-instructions using the new array Eq with suggestive name:

Eqla] <— 1 ; Eq[f] < 0 ; Jzero Eqla] 4 ¢4

Proof. Clearly, if a = f then the assignment Eq[f] < 0 gives Eq[a] = Eq[8] = 0; otherwise, we
still have Eq[a] = 1 # 0. In other words, we have the equivalence a = <= Eq|a] = 0. O

Advanced Boolean manipulation. One of the features of a programming language is to be
able to perform complex conditions such as (a = b) V (b # ¢ A b # d). At the moment, the only
condition allowed is the equality comparison but it is easy to convert such a comparison o = f3
into an integer ¢ which is 0 when o # 8 and 1 when a = 5. This also allows manipulation of
Boolean logic: the negation of cond; and the conjunction cond; A conds can be transformed into
c1 = 0 and ¢ 4 co = 2, respectively, where ¢; is the integer associated with cond;. This allows us
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to manipulate any Boolean combinations of conditions (the basic conditions only allow equalities
for the moment, inequalities < will be introduced in Subsection [.2]).

Basic constructions (if-then-else, loops, etc.). Our procedures and programs will freely
use the basic constructs and syntax of a programming language. Once you have moved from an in-
dexed program to a labeled program, it is easy to translate an “if o = 3 then body, else body,”
into a Jequal a B £y ¢1 where ¢; points to the first instruction of body, and body, finishes with
a jump to the end of body,.

The reader can also easily check that a loop “while o = 8 do body” can be translated with
one conditional test at the beginning, then the translation of the body, then one unconditional
test to go back to the conditional test. In the same manner, we can have the for-loop construct.
We will use the following format “for var from o to S do body done” meaning that var will
range from « up to 8. At this stage, this construct is only defined for o < .

Dynamic arrays of bounded size. In our simulation of array-instructions with R-instructions
we use a constant number of arrays with no bound on the size. As in most actual programming
languages, it is often useful to be able to allocate arrays dynamically (i.e. during the execution).

In our RAM model, we can do this with the addition operation using the following memory
allocator scheme. The idea to allocate dynamic arrays uses one static array called DATA storing
the data of all the dynamic arrays and one variable nbCellsUsed storing the number of cells
used for dynamic arrays in DATA. To allocate a dynamic array of size k we increase nbCellsUsed
by k£ and return the value p = nbCellsUsed—k. The value p identifies the array and is a sort
of “pointer” towards the memory of the newly allocated array, very similar to what happens in
languages such as C. Each read or write access to i-th cell of the array T is then replaced with
an access to DATA[T + i].

Note that this creates two kinds of arrays, the static ones (available in array instructions)
and the dynamic ones but for the sake of simplicity we will denote by T'[i] the i-th cell of T no
matter whether T is a value corresponding to a dynamically allocated array or a static one.

Two-dimensional arrays The allocation scheme presented above is very useful to allocate
many arrays (i.e. more than a constant number) as long as the total allocated size is O(N). For
instance, using this we can allocate a dynamic array T of size R and store within each T'[i] an
array of size C. This creates a two-dimensional array of dimension R x C. Note that this is only
allowed if the total allocated memory is O(N) and thus we need to have R x C' = O(N).

Note that we can also generalize this method to any number of dimensions as long as the
total number of cells is O(N).

Functions. Most programming languages are equipped with functions. It is well known that
one can “de-functionalize” a program with a stack. Here, we will notice that the addition is all
we need on a RAM to make this “de-functionalization” work.

For this, each active function call will have its memory stored in an array S (the stack) and
we will have a variable F' (the frame pointer) pointing to the point where is the memory for the
current function call. The memory used by one function call will span v + 2 cells, where v is
the maximal number of variables used in a function: the first cell (stored in S[F]) designates
the point in the program where the function call originated from (so we can return to it), the
cell S[F + 1+ i] will store the memory of the i-th variable. When calling a function, we need to
compute F' = F+v+ 1, then we set S[F] to mark the current function call as the caller. Finally,
we jump. When returning from a function call we determine the caller from S[F] and then we
set F=F—v—1.

Since the memory of the function called is not overwritten until we make a new function call,
we can simulate a “return” instruction by reading the value of the variables of the function we
have just called. Note that we will often handle integers spanning a constant number of registers
(that we later call “polynomial” integers) and will freely use return x for « an array of constant
size.

2.5 RAM models with a different space usage

We have seen three different RAM models all equally expressive when the addition is present
(equally expressive in the sense that they define the same complexity classes). These three models
have three different instructions sets that all manipulate a memory that is zero-initialized, which
leads to our first question:
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Does the expressiveness of the model change if we suppose that the memory is not zero-
initialized?

A second property of our model is that it depends on a parameter N and we suppose that all
registers can only contain a value O(N) which, in turn, limits the available memory to O(N).
This leads to our second natural question:

Can we change our model to take more memory into account? And if so, how does that
impact expressiveness?

The initialization problem. As in the original RAM model [22] 2], we have assumed that
all registers are initialized to zero before the start of the computation. However, as is the rule in
the Python language, it is a principle of good programming that any memory variable (integer,
array, etc.) be explicitly initialized as soon as it is declared/used.

This requirement can be satisfied for any program of the “linear time” complexity classes that
interest us (see Subsection B2)) provided that the addition is available. Indeed, such a program
uses only a linear number of memory registers R[0], R[1],..., R[c x N], for a constant integer c.
Therefore, the program can be transformed into an equivalent program of the same complexity
by adding at the start of the program the explicit initialization. For this, we can use a program
very similar to the illustrative program given in Table[2 but where, instead of setting and reading
R[N], we set and read R[N X c] where N x ¢ is N added ¢ times to 0.

If we suppose that when reading uninitialized memory it might return any value, another way
to deal with the initialization problem is the “lazy array evaluation technique” described in Moret
and Shapiro’s book [63]. interest of this technique is that it applies to general (multidimensional)
arrays, we present this technique below just after presenting extended with more memory, O(N*),
i.e. allowing k-dimensional arrays N X --- X N, for some fixed k.

RAM model with more memory. All the RAM models presented above suffer from the
same limit on space usage. Since the integers stored in the registers are O(NN) and all native
arrays are one-dimensional, it means that the memory accessed by any program is always O(N).

One way to overcome this limit is to consider that we can have k-dimensional arrays avail-
able, for some fixed integer k, and in this case a k-dimensional array would allow O(N*) reg-
isters. Several recent papers about queries in logic and databases, see e.g. [31 [75], 12| [13],
present algorithms inside such an extended RAM model. Significantly, Berkholz, Keppeler and
Schweikardt write in [12]: “ A further assumption that is unproblematic within the RAM-model,
but unrealistic for real-world computers, is that for every fixed dimension d € N5 we have avail-
able an unbounded number of d-ary arrays A such that for given (ni,...,n4) € N the entry
Alni,...,ng] at position (nq,...,n4) can be accessed in constant time.”

We know that a machine with a memory of size O(N*) cannot be emulated (in general) by
a machine with only O(N) memory for k& > 1. This means that the models with or without
k-dimensional arrays are incomparable and, more generally, for all £ the models differ. If we
really want to emulate “true” k-dimensional arrays we need to set the parameter N’ to N* but
this does not provide much hindsight in the problem at hands. An interesting case is when the
program has access to k-dimensional arrays but actually only uses only O(N) memory registers.
Consider first the problem of initializing k-dimensional arrays.

The “lazy array evaluation technique” (according to Moret and Shapiro’s book [63], Sub-
section 4.1, Program 4.2): Let P be a program using k-dimensional arrays assumed to be initial-
ized to zero for free. We want to construct a program P’ simulating P with k-dimensional arrays,
for the same k, which are not initialized. For each k-dimensional array A[1..N]...[1..N] of P, we
create a variable count counting the number of initialized cells (i1, ...,4x) of A, a k-dimensional
array rankInit[l..N]...[1..N] and its “inverse” one-dimensional array rankInit—!, called lazy
arrays, such that rankInit[i1]...[ix] = y and, conversely, rankInit™l[y] = (iy,...,ix) if
Afi1]...[ig] is the yth initialized cell of A. The important thing is to maintain the following
equivalence, called equivalence (E), for each (iy, ..., i) € [1, N]*:

the cell Afiq] ... [ix] has been given a value, i.e. has been initialized, iff
rankInit™![rankInit[i]...[ix]] = (i1,...,ix), for rankInit[ii]...[ix] € [1, count].

This gives the following procedures (freely inspired by Program 4.2 in [63]), which we present,
to simplify the notation, with & = 2. (Note that to simplify also, we do not mention A in the
identifiers of the variable count, arrays rankInit and rankInit™!, and procedures INITCOUNT,
INITCELL, STORE and FETCH corresponding to the array A.)
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Algorithm 2 Lazy evaluation procedures for a 2-dimensional array A

1: procedure INITCOUNT()
. count + 0

N

1: procedure INITCELL(4, j)

2: > answers the question: “Has cell A[3][7] been initialized?” <
return (1 < rankInit[i][j] < count) and (rankInit~![rankInit[i][j]] = (i,]))

1: procedure STORE({, j,x)

2: > runs A[][j] + z and validates that cell (4, ) is now initialized N

3: Afi][] + =

4: if not INITCELL(4, j) then

5: count <— count 4 1

6: rankInit[i][j] - count

7: rankInit~![count] + (i, 3) > now, INITCELL( 4, j) = true

1: procedure FETCH(1, j)

2: > returns A[3][7] if cell (4, ) has been initialized, and 0 otherwise N

3: if IN'TCELL(4, j) then

4:  return A[i][j]

5: else

6: . return0

Justification: Lines 3-6 of the procedure STORE, with the procedures INITCELL and INITCOUNT,
justify that the function (¢, j) — rankInit[i][j] is always a bijection from the set of “initialized”
pairs (i, ) € [1, N]?, i.e. for which IN'TCELL({, j) is true, to the integer interval [1, count], and
y — rankInit~![y], for y € [1, count], is its inverse bijection. The fact that the set of images
rankInit™!([1, count]) is equal to the set of “initialized” pairs (i,5) € [1, N]? justifies that the

equivalence (E) seen above is true for all (4,5) € [1, N]?.

As a consequence, in the general case, a program P using k-dimensional arrays assumed to
be initialized to zero for free, is simulated by a program P’ constructed from P as follows:

e put the procedure call INITCOUNT() (i.e. the assignment count < 0), for each k-dimensional
array A of P, at the beginning of the program P’;

e replace each assignment of the form Aft1]...[tx] + t (resp. each argument of the form
At1]...[tx]) in P by the call instruction STORE(ti,...,tx,t) (resp. by the term
FETCH(t1,...,tx)) corresponding to A.

Now, it is simple to verify that if the RAM program P using k-dimensional arrays N x---xX N,
assumed to be initialized to zero for free, runs in time O(T'), then its simulating program P’
using only uninitialized k-dimensional (and one-dimensional) arrays N x --- X N, including the
additional lazy arrays, runs also in time O(T'). In conclusion, the lazy array evaluation technique
(to simulate multidimensional arrays initialized to zero for free) does not lead to a real complexity
overhead: time and space are only multiplied by a (small) constant.

Multidimensional arrays are equivalent to 2-dimensional arrays. We now give a (very)
partial answer to our second question: how does the expressiveness of the RAM model depend
on the dimensions of the allowed arrays? The following theorem states that the RAM model
with arrays of arbitrary dimensions is equivalent to the RAM model using only 2-dimensional
arrays, and even, more strongly, using arrays of dimensions N x N€, for any € > 0.

Theorem 1. For any integers k > 1 and d > 1, a RAM model equipped with the basic arithmetic
operations and k-dimensional arrays but using only O(N) registers and time O(t(N)), can be
simulated in time O(t(N)) and using O(N) registers by a RAM model equipped with the same
set of operations but using only 1-dimensional arrays and one 2-dimensional array N X {Nl/dJ.

Proof. For the sake of simplicity, we will suppose that we want to emulate one k-dimensional ar-
ray N x---x N. Indeed, if we have multiple k-dimensional arrays T, ..., T¢_1, each of dimensions
c¢N x --- x cN, for a fixed integer ¢, we can replace each k-dimensional key v1,...,v; (v; < cN)
of T; with one (2k + 1)-dimensional key 4, u1,usg,. .., U2k—1, U2k, With ugj_1 = v; div ¢ and
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Ugj = v; mod c¢: the arraysTo,. .., T¢e—1 are emulated by one (2k+1)-dimensional array T of dimen-
sions N X .-+ x N such that T[i][u1]{us]...[usg—1][uer] = Ti[v1]...[vx], assuming
N > max(c, £); thus, the dimension k is increased to 2k + 1.

Now, the general idea of the emulation of a k-dimensional N X --- x N array T with a
2-dimensional array cN x {N 1/ dJ (for some fixed integer ¢) called node and a one-dimensional
called A consists in representing all the data in all the k-dimensional keys as paths in a tree
where the leaves store the values of the original array T. Each node in the tree will have an arit
bounded by LN 1 dJ and all leaves will be at depth < 2dk, which is possible by the inequalit

| N1/ 2% > N*. Since we only use O(N) registers in T, only O(N) leaves and thus O(NN) nodes
will be present in that tree.

Now, to find the leaf associated with a key (vi,...,vx) € [0,N[F, we transform the se-
quence (v1,...,v;), seen as the sequence of digits of an integer in base N, into the sequence
(u1,...,up) € [0,B[* representing the same integer in base B := | N1/]. (Note that k" < 2dk.)
Now, we can access the value stored in the leaf corresponding to (u,...,ug ) by starting from

the root ng = 0 and repetitively using n; = node[n;_1][u;], for 1 < i < k’. Thus, the time of this
access is O(k') = O(kd): it is a constant time. When the value/node returned by node[n;][u;]
is undefined, we create a new node in the tree and set node[n;][u;] to correspond to this node.
Finally, the value “stored” at the leaf ny is A[ng/] = Tv1]. .. [vg].

Note that the values (nodes) n; are less than ¢N, for some fixed integer ¢, and therefore the
arrays used by the simulation are node[0..cN —1][0..B—1] and A[0..cN —1]. Then, replace (encode)
the ¢cN xB array node by the N x LNQ/dJ array E defined by E[z div ¢][cxy+x mod ¢| := node[z][y],
for x < ¢N and y < B: this is possible because we have LNl/dJ >c¢, for N > cd, which implies

cxB=cx NV < LNl/dJQ < |N?/4|. The theorem is obtained by replacing d by 2d: this
means that we set B := | N1/(9) | instead of B := | N1/4|. O

Remark 2 (Essential point). Note that it is assumed in the proof of Theorem [ that the RAM
has access to the basic arithmetic operations (essentially, computation of LNl/dJ, division by a
constant ¢ and base change) but since the RAM model with k-dimensional arrays is more powerful
than the model we study in the rest of this paper (which allows to execute those operations in
constant time with a linear-time preprocessing, as we will establish), we know that a fortiori those
operations (for example, the conversion from base N to base B, used in the above simulation) can
be computed in constant time with a linear-time preprocessing in the more liberal model.

From Theorem [l we can deduce that two models using O(N) registers with k-dimensional
or k’-dimensional arrays are equivalent (for & > &k’ > 1) but remains the question of whether
the RAM model with k-dimensional arrays but using only O(N) cells is equivalent to the RAM
model with only 1-dimensional arrays.

To our knowledge, even the following problem asked by Luc Segoufin (personal communica-
tion) is open.

Open problem 1. Given a set S of N pairs of integers (a,b) with a,b < N, can we preprocess S
in O(N) time, using only 1-dimensional arrays, so that when given (c,d) € [0, N[> we can answer

in constant time whether (c¢,d) € S?

Note that this problem is easily solved with a Boolean 2-dimensional array N x N. Conversely,
if we can positively solve the open problem [ this does not necessarily mean that we can have
k-dimensional arrays: arrays are dynamic (with interleaving of reads and writes) and store values
(and not only Boolean information).

3 Complexity classes induced by the RAM model

Given a RAM machine M|[0p], we can define the class TIME(f(N)) as the class of problems
for which there exists a program running on M|0p] and solving the problem in time O(f(N))
(where N is the parameter of the RAM, that is both the value or the size of the input and the
number such that the values stored within registers must be less than ¢N, for a fixed ¢).

This definition of TIME depends on the specific RAM we start with. For instance, if Op
includes the division, it is pretty clear that the problem of dividing two integers of value O(N)
can be done in time O(1) but if Op only includes the addition, it is not clear that division is in
TIME(1).

SIndeed, for r = |_N1/dJ and N > 29 we have N < (r 4+ 1)% < r2¢ with r > 2, and therefore \_Nl/dJQd > N.
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In Subsection Bl we define a notion of “faithful simulation” of a RAM by another RAM
which preserves their “dynamic” complexity in a very precise sense, see Lemma[2l This allows to
define a very strict notion of “equivalence” between classes of RAMs. Building on that, we will
introduce in Subsection [3.2] Definition Bl a second, weaker, criterion for equivalence that states
that two RAM models are equivalent when they compute the same operations in constant time
after a linear-time initialization.

We believe that this second equivalence criterion is very interesting. It is strong enough to
show that two equivalent RAM models induce the same class TIM E(N) (and similarly for many
other complexity classes) but will also allow us to show that a model simply equipped with the
addition is equivalent to a model with the subtraction, multiplication, division, etc.

3.1 Emulation, faithful simulation and equivalence of classes of RAMs

The notions that we used in the previous section to show that our three instruction sets are equiv-
alent are intuitive notions but, for the sake of rigor, we introduce below the technical notion of
“emulation” as well as the “faithful simulation” and “equivalence” relations and their properties
(Definition 2] Lemma 2] and Definition [B]). First, let us introduce some useful conventions and
notation.

Convention (registers of a RAM, output instructions). We consider that the registers of an
AB-RAM (resp. a multi-memory RAM) are A, B and the R[j] (resp. the integer variables C;
and the array elements T}i]).

The instructions Output (meaning output A), Output ¢ (meaning output R[i]) and Output «
(for an Op-ezpression «) are called output instructions. Fach one means “output p”, for a
register p. (Note that the “identity” of a register of the form T;[B], that is to say its “address” §3,
with j,depends on the value of the expression [ in the current configuration.)

Notation (value of a register in a configuration). Let C be any configuration (AB-configuration,
R-configuration, or array-configuration). The content of a register p in C is denoted value(p,C).

Notation (transitions between configurations). We write C F%{O C' (resp. C Féw’oj C') to signify

that for an input 3, a configuration C is transformed into a configuration C' by one computation
step (resp. j computation steps) of the RAM M, while running with the input J and writing the
output O.

We are now ready to give the formal definition of a faithful simulation:

Definition 2 (emulation, faithful simulation). Let My and My be two RAMs (among AB-
RAMs, R-RAMs, or multi-memory RAMs). An emulation E of M by Ms is a triplet of maps
(Z+— TP, prs pP, C s CF) which satisfy the properties (1-4) given below:

o a map I — I¥ associating to each instruction I of My an instruction or a sequence of at
most k instructions T¥ of Ma, for some constant k,

e a map p — pP associating to each register p of My a register p¥ of M,

o a map C — CF associating to each configuration C of My a configuration C¥ of M.
Properties satisfied by E:

1. for each configuration C and each register p of My, we have value(p,C) = value(p” CF);

2. if C' is the configuration obtained from any configuration C of My by an instruction T
(of My) for an input 3, then C'F is obtained from the configuration C¥ by the instruction
(or sequence of at most k instructions) IF (of My) for the same input J;

3. moreover, if I is an output instruction, meaning “output p”, which executes on a config-
uration C of My, then the sequence of instructions TP outputs p¥ from the configuration
CE, which gives the same outputted value value(p”,CF) = value(p,C); if at the opposite
T is not an output instruction, then the sequence of instructions T outputs no value;

4. if C is the initial (resp. final) configuration of My, then C¥ is also the initial (resp. final)
configuration of Ms.

When properties (1-4) are satisfied we say that My faithfully simulates My by the emulation E.

Remark 3. Our notion of faithful simulation is a very precise variant, for RAMs, of the different
notions of “real-time simulation” (or real-time reducibility) in the literature for different machine
models: see, e.g., [T0], or [28] who calls it a “lock-step simulation”.
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The following result which follows from Definition [2] establishes that an emulation of a
RAM M; by another RAM M, transforms a computation of M; into a computation of My
which computes exactly the same thing (the same outputs for the same inputs), exactly the
same way, that is to say with the same steps of the same durations to within a constant factor.

Lemma 2 (faithful simulation of a RAM). Let My, My be two RAMs such that Ms faithfully
sitmulates My by an emulation E.

1. Then, for any input J, if the computation of My on input J stops in time T and outputs O
(written Co l—é\?lo’T Cr, where Cy (resp. Cr) is the initial (resp. a final) configuration of M),
then on the same input J the RAM My stops in time 7" < k7 (where k is the constant
integer mentioned in Definition[d), which is O(7), and produces the same output O, which

’
is written CF FéVIZO’T cE.

2. Moreover, if the computation of M, divides into intervals of durations T1,7a,...,Te, SO
that within the jth computation interval, M; reads J; and outputs O;, which is written
Co l—é\{l’ozl Cy l—é\?gj l—é\fl’OT; Ce, where Cy (resp. Cy) is the initial (resp. a final) configu-

ration of My, then we get C§ l—g{zo? cP I—%ZOTZQ I—é\?oif CE, with T]/- <kxTj.

Proof of item 1. Let Cy,Cq,...,C, be the computation of M; on input J. That means that

we have Cy l—g/{lol Cq l—g/{l% l—é\{loT Cr, where Cy (resp. C.) is the initial (resp. a final)
configuration of M; and O1,03,...,0, are the successive outputs produced (notice that a
“non output” instruction produces an empty output). Then, by definition of the emulation E
(Definition BI), we also have C¥ l—év%’fl cE l—év%’f l—é\%f* CE. for some positive integers
i1,42,...,i; < k, where C§’ (resp. CF) is the initial (resp. a final) configuration of M. Therefore,
we have C§ FéV’IZO’T, CE | with the output O = O1,0s,...,0, of M, and the computation time
T=d14+ia+ - +ir <ksxT=0(7). O
Proof of item 2. From C;_; Fébho:’ Cj, for j = 1,...,¢, we deduce (by a proof similar to
that of item 1) that, for each j, we have CjE_1 I—:I]VJIZOTJJ/ CJE, for some TJ/» < k* 7;. This is the
expected result. O

Remark 4 (constant time after linear-time preprocessing). Lemma [d has many applications.
For example, let My be a RAM whose computation divides into two phases:

1. My reads an input J1 and computes an output Oy in time Ti;

2. after reading a second input Jo, the RAM My computes in time Ty a second output Os
(depending on Oy and Js).

Let Ms be a RAM which faithfully simulates My. Then the computation of Mo is exactly similar
to that of My. This means that the computation of My divides into the same two phases (1,2) with
the same outputs O1, 04 for the same inputs J1,To. There is only one difference: the durations
of phases 1 and 2 of My are respectively O(T1) and O(Tz) (instead of Ty and Ts).

In this paper, we will be particularly interested in the complexity class called “constant time
after linear-time preprocessing”, defined in Subsection[3.2. This means that the time bound Ty
of the first phase of the RAM computation is linear, i.e. is O(N), where N is the size of the
first input J1 (the first phase is called “linear-time preprocessing”), and the time bound Ty of the
second phase, which reads a second input Jo of constant size, is constant.

Let us define what it means that two classes of RAMs (for example, the class of AB-RAMs,
or R-RAMs, or multi-memory RAMS) are equivalent:

Definition 3 (faithful simulation relation and equivalence of classes of RAMs). Let Ry and Ra
be two classes of RAMs. We say that Ro faithfully simulates Ry if for each RAM My € R,
there are a RAM My € Ro and an emulation of My by Ms. (Obviously, the faithful simulation
relation is reflexive and transitive.) If moreover Ry faithfully simulates Ra, then we say that R4
and Ro are equivalent.
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3.2 Complexity classes in our RAM model

The equivalence we have defined using the notion the faithful simulation, is quite natural but
it is very strong. Using this notion we can show that two equivalent RAMs define the same
complexity classes but the converse is not necessarily true. For instance, as we will show in
Proposition [, the RAM equipped with addition cannot faithfully simulate the RAM equipped
with the addition and the multiplication, but we will see in the next sections that they define
the same complexity classes of “minimal time”: linear time, etc.

In this subsection, we will introduce a somewhat weaker notion of equivalence that makes
two classes of RAMs “equivalent” if one class can simulate the other (and vice versa) after a
linear time initialization. While this notion might seem less natural, we can still show that
the interesting complexity classes are the same for “equivalent” RAMs and we can prove our
(surprising!) results making the RAM with addition equivalent to the RAM equipped with all
the usual arithmetic primitives.

First, the following result shows that the notion of faithful simulation turns out to be too
restrictive:

Proposition 1. M[{+}] cannot faithfully simulate M[{+, x}].

Proof. To prove that M[{+}] cannot faithfully simulate M[{+, x}], we only need to show that
given two inputs I[0] and I[1], strictly less than N, a program in M [{+}] cannot output I[0] x I[1]
in constant time.

For that, we will consider such a program P and suppose that the RAM starts initialized
with zeros. We will consider My, the largest value strictly below N that the RAM has access to
after the k-th step (i.e. any constant in the program, any value in the input or in any register).

First, My is the maximum value among I[0], I[1], all the constants ¢y, ..., ¢, in the program
and the maximum of registers (which are all set to 0). For M1 we see that the only way
of creating a larger maximum value is by summing two values and in that case we still have
My < 2x M, <2810, (note that by summing N and anything else we get something bigger
than N and therefore it won’t change the value of My).

Overall, we have M), < 2¥ x My and thus by setting I[0] = I[1] = |[N'/3| and taking N
big enough, we have I[0] x I[1] = |[NY/3]2 > 2¢ x My > My, where the constant integer ¢ is

the maximum number of steps executed by program P, because My = max(lp, [1,¢1,...,¢) =
O(N'/3). Therefore, the product I[0] x I[1] cannot be obtained at the ¢-th (final) step or
before. 0

Remark 5. Proposition [1l is not an isolated result : it has several variants, proved by adapting
the above proof. For example, the same proof also establishes that M[{+, —}] cannot faithfully
simulate M[{+, —, x}] where — is the “subtraction” defined by x—y = max(0,z — y).

Similarly, M[{+}] cannot faithfully simulate M[{+, —}] because, for I[0],I[1] < N, a pro-
gram in M[{+}] cannot output I[0]—I[1] in constant time; indeed, at each step of a constant-
time program in M[{+}], each register content is equal to a linear combination of the form
apl[0]+a1I[1]4+aaN +bic1+- - -+ brcy, where ¢, ..., ¢, are the constants of the program and the
integer coefficients a;, b; depend on the current step and the register involved; the important point
is that the number of possible tuples of coefficients (ag,a1,a2,b1,...,b.) is bounded by a con-
stant, implying that, for N large enough, such a linear combination cannot be equal to I[0]—I[1]
when we take I[0] = [NY/2| and I[1] = |N1/3].

Similarly, we invite the reader to demonstrate that M[{+, x}] cannot faithfully simulate
M[{+, x,/}] where / denotes the Euclidean division.

Operations computed in constant time after linear-time initialization: We say that
a RAM M0p] computes an operation op in constant time after a linear-time initialization if it
works in two successive phases:

1. A pre-computation phase where the RAM reads the integer N > 1 and computes an “index”
p(N) in time O(N). The pre-computed “index” p(IN) will be a finite set of arrays (tables)
and constants depending only on N, not on the rest of the input.

2. A computation phase where the RAM reads the input X = (z1,...,z) € [0,cN]¥, for
fixed positive integers k, ¢ and outputs in constant time the result op(z1,...,2) € [0, cN].

In this paper, we will mainly focus on the following problem: what operations can a RAM
with addition (i.e., with Op := {+}) compute in constant time after linear-time initialization? We
will show how this can be generalized to RAMs which compute operations acting on “polynomial”
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operands with a “polynomial” result: a “polynomial” integer is an integer smaller than N¢, for
a constant integer d > 1, and it is naturally represented by the sequence of its d “digits” in the
“standard” base V.

Definition 4 (set of operations M[0p]). By abuse of notation, we call M[0p] the set of opera-
tions op for which there exists a multi-memory RAM program using only the Op operations that
computes op in constant time after linear initialization.

Definition 5 (equivalence of sets of operations, equivalence of RAM models). Two sets of
operations, Op; and Op, are equivalent when the sets of operations M[0p;] and M][0p,] are
equal; we will also say that the RAM models M[0p,] and M][0p,] are equivalent.

These definitions will be justified by Corollary 2] below.

In this paper, we will mainly consider the two following complexity classes: Linear time
and Constant time with linear-time initialization. Recall that constant-time complexity is not
a robust notion, as explained above, unless the constant-time computation is preceded by a
linear-time initialization (also called linear-time preprocessing).

Linear time complexity: A RAM with an integer N > 0 as input (resp. with a list of integers
J:=(N,I[0],..., I[N —1]), N > 0, as input) works in linear time if it uses only integers O(N)
as addresses and contents of registers and stops after O(N) steps.

Constant time after linear-time preprocessing: A RAM with a list of integers
J:= (N,I[0],...,I[N —1]), N > 0, as input and using only integers O(N) (as addresses and
contents of registers) works in constant time after linear-time preprocessing if it works in two
successive phases:

1. Pre-computation: the RAM computes an “index” p(J) in time O(N);

2. Computation: from p(J) and after reading a second input X of constant size, the RAM
returns in constant time the corresponding result output(J, X).

Remark 6. In our concluding section (Section[Ill), we will also study a third class of problems
of “minimal” computational complexity: the now well-known class of problems enumerable with
constant delay after linear-time preprocessing.

The main result of this paper is the proof of the robustness of our three “minimal” complexity
classes with respect to the set Op of arithmetic operations allowed, provided that Op contains
addition. To begin with, the following proposition expresses that the two classes defined above
are robust with respect to other variations of the instruction set.

Proposition 2. Let Op be a finite set of operations including addition. Then the class of problems
computable in linear time (resp. in constant time after linear-time preprocessing) on a RAM with
Op operations does not change depending on whether:

e the program is given by a sequence of AB-instructions;
e the program is given by a sequence of R-instructions;
e the program is given by a sequence of array-instructions.

Proof. It is a direct consequence of Lemma [I] and its proof. The only condition to check is that
in the three simulations (1-3) of this lemma, each integer handled is O(N). This is evident for
simulations 1 and 2. In simulation 3 of an array-instruction by a sequence of R-instructions
(the only one of the three simulations that explicitly uses addition), it suffices to notice that the
address y of a register R[y] which simulates an array element T}[z] is linear in its index . O

As shown by the proofs of Lemma [Il and Proposition [2, the availability of addition seems
essential to implement (one-dimensional) arrays in the RAM model. Most of this paper is devoted
to showing that a RAM with only addition can implement the other usual arithmetic operations,
subtraction, multiplication, division, etc., in constant time after linear-time preprocessing.
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3.3 Reductions between operations in the RAM model

To show the robustness of the RAM model M [0p| with respect to the set Op of allowed operations,
it will be convenient to introduce a notion of reduction between operations or sets of operations.

By Definition @l we have op € M|0p], for an operation op of arity k, if there are two RAM
procedures in M|[0p], a “preprocessing” procedure, suggestively called LINPREPROC() and acting
in time O(N), and a “computation” procedure, called CsSTPROC(x), for x = (21,...,2k), and
acting in constant time, such that after executing LINPREPROC(), executing CSTPROC(x) returns
op(x), for each k-tuple of integers x in the definition domain of the op operation.

Example 1. Let ¢ > 1 be a fized integer. (It will be convenient to choose ¢ such that ¢cN is an
upper bound of the integers allowed as contents of the RAM registers.) To define the arithmetic
operations by induction we will need the predecessor function pred : x — x — 1 from [1,cN] to
[0,ecN[. To demonstrate pred € M[{+}], we use the following procedures of M[{+}], where cN
denotes the sum N +---+ N (c times):

Algorithm 3 Computation of PRED

1: procedure LINPREPROCPRED() 1: procedure PRED(x)
2: y<« 0 2: | return PRED[x]

3: while y # ¢N do

4: L PRED[y + 1] <y

5: y—y+1

Clearly, running LINPREPROCPRED() computes in O(N) time the array PRED[1..cN] defined by
PRED[y] := y — 1, for y € [1,cN], so that any (constant time) call PRED(a), for a € [1,¢N],
returns pred(a). This proves pred € M[{+1}].

Lemma 3. 1. Any program P € M[{+,pred}], i.e. using the operations + and pred is
faithfully simulated by a program P’ € M[{+}] after a linear-time initialization also using
only the operation +.

2. Therefore, we have the equality M[{+,pred}| = M[{+}]. This means that the two sets of
operations computed in constant time after linear-time initialization by a RAM using the
operation + and using or not using the pred operation are equal.

Proof of item 1. P’ starts by calling the procedure LINPREPROCPRED (linear-time initialization)
and then calls P but where each occurrence of the pred operation in P is replaced with a call
to the PRED procedure. ([l

The following general lemma establishes a “transitivity” property.

Lemma 4 (Fundamental Lemma). Let Op be a set of operations including + and pred. Let P
be a program in M[0p U {op}], i.e. using the operations of Op U {op}, where op is an operation
in M|0p], op & Op.

Then P can be faithfully simulated by a program P’ in M[0p], i.e. using only the operations
in Op after a linear-time initialization, also using only the operations of Op.

Proof. Let P be a program in M[0p U {op}]. Intuitively, the idea of the proof is to create a
program P’ that starts by calling LINPREPROC, the initialization procedure for op, and then
calls P but where each occurrence of the op operation in P is replaced with a call to CSTPROC,
the computation procedure of op. This is the essence of our proof but we also need to take care
of the following problem:

e The definition of op € M[0p] does not guarantee that it is possible to make two (or more)
calls of CsTPROC. For instance, we might imagine that CSTPROC is destructive and
prevents us from executing a second call to CSTPROC or that the answer might be wrong.

To solve this problem, we can modify the procedure CSTPROC to ensure that several successive
calls are possible. For that, we use a modified procedure CSTPROC’ where we store the value of
each array cell or integer variable that is overwritten and at the end of the call to CSTPROC we
restore the memory back to its state before the call. This is possible by maintaining a complete
“log” (a history) of the successive modifications (assignments/writes) of the memory. At the end
of the call to CSTPROC’, before its return instruction, the initial state of the memory is restored,
step by step, by reading the “log” in the anti-chronological direction.

For that, we introduce three new arrays called 01dVal, Index and Dest, as well as two new
variables called NbWrite and ReturnValue. The modified procedure CSTPROC’ starts by setting
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NbWrite = 0, and then, for each instruction in CSTPROC that writes something in an individual
variable x; or in an array cell A;[t], i.e. an instruction of the form z; + u or A;[t] < u, we
write into 01dVal|[NbWrite] the current value v of z; or A,[t] that will be overwritten; afterwards,
we write into Dest[NbWrite] the integer ¢ that indicates] which variable z; or array A; is being
written into, and, if the write was a write into an array A; (i.e. if the integer ¢ is greater than k),
we note the value of the index ¢ of the cell A;[t] overwritten into Index[NbWrite|; finally, we
write the new value w into x; or A;[t] and we increment NbWrite by one.

At the end of the procedure, instead of returning directly the expected value, we store it in
the ReturnValue variable. Then, we restore the memory by replaying the “log” (write history)
in reverse. To do this, we decrease the counter variable NoWrite by one as long as it is strictly
positive and, each time, we restore the value v = 01dVal[NbWrite] into the array cell (resp.
variable) indicated by ¢ = Dest[NbWrite], at index index = Index[NbWrite] for an array cell.
This means that we execute the assignment A;[index] < v if ¢ > k (resp. x; «— v if i < k). Once
done, we return the value stored in the ReturnValue variable.

Formally, the code of the CSTPROC'() procedure is the concatenation of the following calls
using the procedures of Algorithm 4 below:

e INITCSTPROC’();

e INITCsTPROC() where each instruction of the form x; < u (resp. A;[t] + u, Returnt ) is
replaced by the call ASSIGNVAR(3,u) (resp. ASSIGNCELL(1i, ¢, u), STORERETURN(?));

e FINALCSTPROC'().

It is important to note that the only operations used by those procedures are + and pred,
which is used at line 3 of the FINALCSTPROC’ procedure.

Finally, note that the time overhead of the procedure CSTPROC' is proportional to the num-
ber of assignments performed by the original constant-time procedure CSTPROC it simulates,
therefore the CSTPROC’ procedure is also constant-time. O

Algorithm 4 Procedures used to construct CSTPROC’ from the code of CSTPROC whose
list of variables is xq, ..., x; and the list of arrays is Agy1,..., Ag

1: procedure INITCSTPROC’()

2: | NbWrite « 0 1: procedure STORERETURN(t)
2: _ ReturnValue ¢+ t
1: procedure ASSIGNVAR(i,u) > T, u
2 0ldVal|[NbWrite] ¢+ x; 1: procedure FINALCSTPROC’()
3: | Dest[NbWrite] + i 2: | while NbWrite > 0 do
4 X; & u 3: NbWrite <— NbWrite — 1
5. | NbWrite ¢ NbWrite+1 4: i < Dest[NbWrite]
5: if i > k then
1: procedure ASSIGNCELL(1,t,u) b 4;[t] < u © ind' ¢ Index[NbWrite]
2: | 0ldVallNbWrite] < A;|t] 7 A;[ind] =
3. Dest|NbWrite] « i 01dVal[NbWrite]
4: Index|NbWrite] + t 8: else .
5 Aift] < u 9: | x; + 0ldVal[NbWrite]
6:  NbWrite « NbWrite + 1 10: | return ReturnValue

The following result is a direct consequence of Lemma [4}

Corollary 1. Let Op be a set of operations including + and pred, and let op’ be an operation
in M[0p U {op}| where op is an operation in M[0p]. Then we have op’ € M[0p].

Proof. If op’ is in M[0p U {op}] and op is an operation in M]0p], then we can emulate the
linear-time preprocessing and the constant-time computation of op in M|0p]. ([l

Corollary 2. Let Op be a set of operations including + and pred, and let op be an operation in
M(0p]. Then we have the equality of sets of operations M[0p U {op}] = M[0Op].

"It is convenient to assume that the set of integers i < k which identify the individual variables z; is disjoint
from the set of integers 7 > k that number the arrays A;. Note that the test ¢ < k does not actually use the order
symbol < since it is equivalent to the disjunction of k£ 4+ 1 equalities \/f:0 i=7j.
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Starting from the equality M[{+}] = M[{+, pred} of Lemma Bl and using iteratively Corol-
lary @ we deduce the following result.

Corollary 3 (Transitivity Corollary). Let opy,...,op, be a list of operations. Let us define
the set of operations Op, = {+,pred} and Op, := Op,_; U {op;}, for i = 1,..., k. Assume
op, € M[Op,_4], fori=1,... k.

Then we have the sequence of equalities M[{+}] = M[{+,pred}] = M[0p,] = --- = M[0p,].
This means that each set of operations Op; thus defined recursively is equivalent to {+}.

Proof. The first equality is given by Lemma [l Each of the k following equalities are deduced
from Corollary 21 by setting Op := Op,_; and op := op,, for each i =1,...k. O

From now on, we will make repetitive and informal (intuitive) use of Lemma (] (Fundamental
Lemma) and Corollary [l (Transitivity Corollary) without mentioning them explicitly.

Remark 7 (Cumulative property). The result of Corollary [3 is “cumulative”. As we will use
for the successive operations studied in the following sections, the preprocessing and computation
of an op, operation can use any operation op, introduced before (j < i) but also any element
— array, constant integer — pre-computed previously, i.e. constructed to compute a previous op; -

4 Computing the sum, difference, product and base change
in constant time

In this section, we show that the first three usual operations acting on “polynomial” integers can
be performed in constant time on a RAM of M[{+}] after a linear-time preprocessing.

4.1 Moving from registers integers to a smaller base

4 N\
A fundamental property for establishing the robustness of complexity classes in the RAM
model is its ability to pre-compute some tables. In particular, in this subsection, we
show how a RAM with addition can compute in linear time several tables which allow to
transform a register integer x into an integer in base B, with B large enough, so that x
fits within a constant number of registers, but small enough to allow us, in the following
subsections, to pre-compute in constant time the usual arithmetic operations on integers
less than B: subtraction, multiplication, base change, division, etc. This in turn will allow
us to compute in constant time operations over O(N) integers.

A general principle to implement binary arithmetic operations in constant time: To
implement in constant time an arithmetic binary operation op, e.g. subtraction or multiplication,
on operands less than N (or less than N, for a fixed integer d), it is convenient to convert these
operands into a base B such that N'/2 < B = O(N'/?). We will see below how it allows

e on the one hand, to represent any natural number a < N (and therefore less than B?) by
its two digits a1, ap in the base B: a1 = a div B and ap = a mod B,

e on the other hand, for any constant integer ¢ > 1, to construct in time O(B?) = O(N) a
“binary” table Top[0..B — 1][0..B — 1] of a binary operation op restricted to operands less
than B, i.e., such that, for z,y < B, Toplz]y] ==z op y.

For this, we must pre-compute the constant B := [\/N ] and then the tables of the functions
r — x div B and z — x mod B, for x < ¢N, and of the function x — Bz, for x < B. This will
be done below.

Computing square roots: we will construct the array CEIL_SQRT[1..N] and the constant B
defined by CEIL_SQRT[y] := [,/y], for 1 <y < N and B = [V/N]. They are computed in time
O(N) by the following code using only equality tests and the addition operation:
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Algorithm 5 Computation of SQRT, with SQRT(z) := [\/z] for 1 <z < N, and
2 = [V

1: procedure LINPREPROCSQRT()
i zS:i 1 1: procedure SQRT(x)

2: EIL. T
4: for y from 1 to N do | returnC SQRT(x]
5: CEIL_SQRT|y| <+ x
6: if v = xSq[ﬂlen 1. procedure B()
7 L xSq ¢ xSq+x+x+ 1 2. return CEIL_SQRT|N]
8 | x4 x+1

Proof of correctness. When initializing the variables x,xSq (at lines 2-3) and after each update
(lines 7-8), we always have xSq = x2 due to the identity (v + 1)?> = 22 + 2 + 2 + 1. Besides,
the inequalities (x — 1)? < y < x? (meaning x = [,/y]) are maintained throughout the exe-
cution of the algorithm: first, they hold at the initialization, that is y = 1 = x2; second, if
(x — 1)? < y < %2, then either we have (x — 1)? < y+ 1 < x? (case y < x?), or we have
x> <y+1<(x+1)? (case y = x?). This justifies the instruction CEIL_SQRT[y] «+ x. O

Choosing a new reference base: We have defined the base B := [v/N]. Now that we
are manipulating integers represented in base B, an integer O(NN) cannot be stored in a single
register. For the sake of simplicity, we will represent integers as bounded arrays with a constant
size d, hence a representation able to represent all the integers up to N2,

Conversion between integers less than ¢N and integers in base B: An array a[0..d — 1]
of size d represents in base B the integer Y, _,a[i]B". In general we will assume that the
representation is normalized which means that ali] < B for all 0 < i < d. All the procedures
that we are going to present return normalized integers but they also often accept non normalized
integers as inputs. For functions that only accept normalized integers, we can normalize them
using the NORMALIZE function. Let us now explain how to move from register integers less than
¢N (recall that ¢ > 1 is defined as the integer such that ¢N is an upper bound of the register
contents) into base B integers (i.e. arrays of d integers less than B).

Let us define the arrays DIVB[0..cN] and MODBJ[0..cN| by DIVB|[z] := = div B and MODB|[z] :=
x mod B, for z < ¢N. Clearly, DIVB and MODB are computed by the following algorithm running
in time O(NN), and the procedure TOBASEB(x, Out), which computes for an integer x < ¢N its
base B representatimﬁ Out[0..d — 1], with d > 3, runs in constant time.

Algorithm 6 Computation of the base conversion

1: procedure LINPREPROCBASECONV() 1: procedure TOBASEB(x)
2: DIVB[0] - 0 2: Out < array of size d
3 MODB[0] <— 0 3: for i from 0 to d—1 do
4: for x from 1 to ¢N do 4: Out[i] «+ MODB[x]
5: if MODB[x — 1] # B — 1 then 5 L x < DIVB[x]
6 MODB|[x] - MODB[x — 1] + 1 6 return Out
7 DIVB[x] < DIVB[x — 1]
8 else 1: procedure NORMALIZE(In)
9: MODB([x] «- 0 2: carry < 0
10: DIVB[x] - DIVB[x — 1] + 1 3: Out < array of size d
Dt MULTB[DIVB[x]] - x 4: for i from 0 tod—1 do
5: temp + In[i] + carry
6: carry < DIVB[temp]
7: Out[i] + MODB[temp]
8: return Out

Proof of correctness. The arrays DIVB and MODB are initialized such that DIVB[z] = |x/B] and
MODB[z| = z mod B, for x < ¢N. The array MULTB satisfies the equality MULTB[y| = y x B for all y
such that y x B < ¢N. Obviously, the procedure NORMALIZE correctly normalizes any array In
which represents (in base B) an integer less than B9, O

3
8Note that for N > ¢? we have ¢ < ’V\/N-‘, which implies ¢cN < ’V\/ N-‘ , so that any integer x < ¢N can be
represented with 3 digits in base B = [\/ N-‘.
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4.2 Computing sum, difference and product in constant time

' N\

In the previous subsection, we showed that our integers O(N) could be moved into a base B
such that NY/? < B = O(N'/?). This allows us to create d-dimensional arrays Bx---x B,
for a fired d > 3, storing the results for each “digit” of our base and by combining them we
will get the result for integers O(N). This technique will be first used for the comparison
(<-inequality test) of integers and then we will show how to apply it to the sum, difference
and product of integers O(N), or even “polynomial” integers, i.e. integers less than Nd/2
(since N%/? < B9),
The algorithms presented here are variants of the standard algorithms for large numbers
manipulation but here they run in constant time and rely on the pre-computed tables
(whereas standard algorithms generally suppose that each operation is available on regis-
ters).

Adding comparison of integers: In our RAM model we assumed that we cannot compare
large integers by inequalities, <, <, etc., but we saw a way to move from large integers (up
to ¢N) to relatively small integers (less than B). We now see how to pre-compute an array
LowerEQ[0..B — 1][0..B — 1] such that LowerEQ[x][y] := 1 when = < y and 0 otherwise. Using this
array and a simple for loop we will be able to compare integers lower than B¢ by inequalities, all
of that just using the addition and pred. Note that this comparison requires that both arguments
are normalized!

Algorithm 7 Computation of <-comparison of integers lower than B¢
1: procedure LOWEREQUALBASEB(a, b)

1: procedure LINPREPROCCOMP() z for .i fr?m d o 1 downto 0 do
3: if a[i] # b[i] then
2: for x from 0 to B— 1 do . .
N for v from x to B — 1 do 4: . return LowerEQ[a[i]][b[i]]
4; L I_B.’owerEQ[x] ] — 1 5: return 1 > Case of equality
5: for y from x—1 downto 0 do
6: | LowerEQ[x][y] « 0 1: procedure LOWEREQUAL(a, b)
: return LOWEREQUALBASEB(
ToOBASEB(a),
B ToBASEB(b))

Proof of correctness. Once the array LowerEQ is initialized as expected, if we take two arrays of
size d representing normalized integers lower than B? then it is clear that we just have to look
at the biggest index where the arrays differ and compare the values contained at this position.
If the arrays do not differ, then the numbers are equal. O

Sum and difference: The sum and difference (of integers less than B?) are pretty straight-
forward applications of the textbook algorithms, we just have to make sure to propagate the
carries in the right way. For the difference, we pre-compute an array DIFF[0..2B — 1][0..2B — 1]
such that DIFF[z][y] =z —y for 0 <y <z < 2B.

Note that the sum is not checking for a potential overflow (i.e. when the result is greater than
or equal to B%) and the difference is not verifying that the number represented by a is actually
greater than the number represented by b but in both cases we could read it from the carry
variable. Those algorithms work as if the numbers are treated modulo B? (just like many modern
computers work modulo 2%4). Note also that the procedure DIFFERENCE expects normalized
arguments but the SUM procedure works even if the given arguments are not normalized and
returns a normalized number.
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Algorithm 8 Computation of sum and difference
1: procedure LINPREPROCSUMDIFF() 1: procedure DIFFERENCE(a, b)

2: for x from 0 to 2 x B—1 do 2: carry < 0
3: DIFF[x][x] + 0 3: res < array of size d
4: for y from x — 1 downto 0 do 4: for i from0tod—1do
5:  DIFF[x|[y] + DIFF[x][y+ 1] +1 5 c « b[i] + carry

6: if LowerEQ[c][a[i]] then
1: procedure SUM(a,b) T res[i] < DIFF[a[i]][c]
2: res « array of size d 8 carry < 0
3: for i from 0 tod —1 do 9: else
4 | res[i] « ali] + bli] 10: L res[i] < DIFF[a[i] + B][c|
5. return NORMALIZE(res) 11: carry < 1

12: | return res

Proof of correctness. The sum is done component by component. The result is not necessarily
a normalized integer (even if the arguments a,b are normalized) but we normalize it afterward:
finally, the integer represented by res is the sum of the integers val(a) and val(b) represented
by a and b if it is less than B? (more generally, it is val(a) + val(b) mod B?).

For the difference, the idea is to maintain a carry along the algorithm. When the carry is set
to one, it means that we need to subtract it from the next “digit”. Notice that storing a carry
of 1 is enough as b[i] < B and carry < 1 and therefore b[i] + carry < B < B + a[i]. Notice
also that a[i] < B and thus a[i] + B < 2B, which justifies that the array DIFF only needs to
be initialized up to 2B — 1. Finally, note that the DIFFERENCE procedure uses not only the
pre-computed array DIFF but also the array LowerEQ pre-computed in Algorithm 7 above. [

Multiplication: The recipe to get the multiplication is, unsurprisingly, the same as before: we
pre-compute an array MULT[0..B — 1][0..B — 1] and use it with the naive textbook multiplication
algorithm.

Algorithm 9 Computation of multiplication

1: procedure MULTIPLY(a,b)

2 res < array of size d
1: procedure LINPREPROCMULT() 3 for i from 0 tod — 1 do
for x from 0 to B—1 do 4: . res[i] + 0

MULT[x][0] <~ 0 5. for i from0tod—1do

for y from 0 to B — 2 do 6 for jfrom0tod—1—1ido

| MULT[x][y + 1] < MULT[x][y] +x 7 L res[i+ j] « res[i + j]+

8 MULT[a[4]][b[3]]

9 return NORMALIZE(res)

AN

Proof of correctness. Here MULT stores a result that might be larger than B, which means that in
the multiplication res will not be normalized but it will get normalized later. (Each cell of res
might contain a value less than or equal to d x (B —1)? < dN. If that is considered too much we
could also normalize after each loop but we don’t do it here for the sake of simplicity.) Finally,
the integer represented by res is the product of the integers val(a) and val(b) represented by
a and b if it is less than B¢ and, more generally, it is (val(a) x val(b)) mod B O

How does the complexity of the sum, the difference, and the product depend on the
size of the operands? Clearly, all the algorithms presented above for addition, subtraction
and product run in constant time. This is due to the fact that each instruction involves a fixed
number of registers and that it is executed a number of times bounded by the constant d. Of
course, more precisely, the execution time of our algorithms depends on the number of digits
(= number of registers) in the base B = [N'/2] of their operands, which is at most twice their
number of digits in the base N. It is a simple matter to observe that the above addition and
subtraction algorithms are executed in time O(d) and that the multiplication algorithm of two
numbers of k and m digits, respectively, runs in time O(k(k+m)), which is O(d?), for k+m = d.
Note that if d was large, one could fall back to any fast multiplication algorithm such as the Fast
Fourier Transform.

Remark 8. Note that our SUM (resp. DIFF) algorithm on “polynomial’ integers a,b < N¢ (or
a,b < B%, for B = [N'/?]) working in time O(d), can be seen as an addition (resp. subtraction)
algorithm on integers a,b < N* working in time O(f), for any non-constant integer .
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In particular, suppose that a,b are arbitrary integers written in binary with at most n bits, i.e.
a,b < 2"; then, splitting their binary representations into subwords of length [(logyn)/2] (the last
subword can be shorter), a,b can be represented in base 8 := 2(og2m)/21 by the arrays al0..N —1]
and b[0..N — 1] of N digits a[i], b[i], where N := [n/ [(logyn)/2]], with a[i], b]i] < 8 < N (forn
large enough). Obuviously, our SUM (resp. DIFF) algorithm applied to the arrays a[0..N — 1]
and b[0..N — 1], with N instead of d, computes their sum array s[0..N] (resp. difference array
s[0..N —1]) in time O(N) = O(n/logn) under unit cost criterion. Note that this is O(n) time
(linear time) under logarithmic cost criterion.

5 Running the division in constant time

4 R

e This is the most significant and surprising result of this paper. Although the division
s obuviously the most difficult of the four standard operations, we will show in this
section that it can also be computed in constant time — again after preprocessing in
linear time.

o The importance of this result is underlined by its consequences:

— the following sections will show that a number of other arithmetic operations on
“polynomial” integers — square root, general cth root, exponential, logarithm —
can also be computed in constant time, by using the four operations, including,
essentially, division;

— as the other arithmetic operations, the division can be used by some “dynamic”
problems: as an example, the paper [9] uses a particular case of division to
compute in constant time (with linear-time preprocessing) the jth solution of a
first-order query on a bounded-degree structure.

The great novelty of our division algorithm is a very subtle case separation which uses a form
of approximation and recursive procedures whose number of calls is bounded by a constant.

It will be convenient to represent the operands of a division sometimes in the base
K = [N'/6], sometimes in the base B := K®. (Note that the conversion of an integer from base
K to base B, and vice versa, is immediate.) The bounds N'/? < B = O(N'/2) will be useful.

We say that an integer x is “small” if z < B, i.e., if it has only one digit when represented in
the base B. First, let us check that this division by a “small” integer can be done in constant
time by a variant of the standard division algorithm.

5.1 Dividing a “polynomial” integer by a “small” integer

Here, we want to divide a “polynomial” integer a = ag_1B* ' + --- 4+ a1 B + ag, represented
in the base B, by an integer b < B. For that we will use Horner’s principle. Let us define the
sequence vg, . . ., v1, g defined inductively by vq := 0 and v; = B X v;4+1 +a;, for 0 <i < d. Note
that vy = a.

For the v;, we can define ¢; and r;, the quotient and the remainder of dividing v; by b, for
0 <1 < d. Note that vy = a, therefore gg is the number we are looking for. Since v; = BXv;4+1+ a;
and viy1 = ¢j+1 X b+ 741 we deduce

Ui:BXqi+1Xb+BXTi+1+ai

Let us introduce the respective quotients ¢’,¢” and remainders ', 7" < b of the division of a;
and B X r;11 by b: we have a; = ¢ x b+ 71" and B X r;11 = ¢ x b+ 1" and therefore

vi= (g1 XB+q¢ +q")xb+r +r"
and thus, depending on whether ' + r” < b, we have
e ¢i=qi+1 XB+q¢ +q¢" and r; =" + " in case r’ + " < b, which gives the equalities (1,2)

1. ¢ =¢i+1 x B+ (ai div b) + (ri-i-l X B) divb
2. r; = (a; mod b) + (141 X B) mod b,

and, in case b <7’ + 71" < 2b,
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e ¢;=qu1 xB+¢" +¢ +1andr,=7"+7r"—0.

The following algorithm uses four arrays D[0.. B][1..B], R[0..B][1..B], DM[0.. B][1..B], and RM[0.. B][1..B],
defined by D[a][b] := |a/b], R[a][b] := a mod b, DM[a][b] := | (ax B)/b], and RM[a][b] := (ax B) mod b.

Algorithm 10 Computation of division |a/b| by small integer (a < B¢ and 0 < b < B)

1: procedure LINPREPROCDIVBYSMALL()

2 for b from 1 to B do

3 D[0][b] - O

4: R[0][b] « O

5: for a from 1 to B do 1: procedure DIvBYSMALL(a,b)

6 D[a][b]  Dla — 1][b] 2 qe 0

7 R[a][]eR[a—l][] +1 3 r+0

8: if R[a][b] =b then 4: for i from d-1 downto 0 do
9: L ][ ]+ 1 5: q < qxB+D[a[i]][b] +DM[r][b]
10 R[a 6: r < R[a[i]][b] + RM[r][b]

11: M[0][b] + 7 if r > b then

12: [][b] 8 L q<q+1

13: forafromltoBdo 9: r<r—>b

14: DM[a][b] +— DM[a — 1][b] + D[B][b] 10: | return q

15: RM[a|[b] <+ RM[a — 1][b] + R[B][b]

16: if RM[a][b] > b then

17: L DM[a][b] < DM[a][b] + 1

18 RM[a][b] < RM[a][b] — b

Justification: Clearly, the LINPREPROC procedure correctly computes the arrays D,R, DM and
RM in time O(B?) = O(N). The DIVBYSMALL procedure initializes the pair (¢,7) to (0,0) =
(gd,7d). Then, for each i =d —1,...,1,0 of the for loop, it transforms (g,r) = (¢i+1,7i+1) into
(g,7) = (gi,r;): indeed, lines (5) and (6) implement exactly the equalities of the above items
(1) and (2), respectively, and lines (7-9) implement the case distinction according to whether r
(=7" 4+ ") is less than b or not. Therefore, the return value of ¢ on line (10) is qg, as expected.
Obviously, DIvBYSMALL runs in constant time.

5.2 Two fundamental “recursive” lemmas

Our division algorithm for the general case is based on the following two lemmas, which justify
recursive processing.

Item 1 of Lemma [Bl below expresses that if the divisor b is large enough then the quotient
|[la/K]/[b/K]] is an approximation within 1 of the desired quotient |a/b] while item 2 justifies
that this computation can be applied iteratively until the divisor is smaller than K3, i.e. becomes
a “small” integer.

Lemma 5 (first “recursive” lemma). Assume N > 1 so that K = {Nl/ﬂ s at least 2. Let a,b
be integers such that b > K3 and b > a/K. Let q be the quotient |a’/b'| where a’ .= |a/K | and

b =T1b/K].

1. We have the following lower and upper bounds: ¢ < a/b < q+ 2. In other words, we have
either |a/b] = q or |a/b] =q+ 1.

2. Moreover, we still have b/ > a' /K.

Proof. We have ¢ = [|a/K]/[b/K]] < |a/K|/[b/K] < (a/K)/(b/K) = a/b, hence ¢ < a/b.
There remains to show a/b < ¢+ 2. We give a name to the difference between each rounded
expression that appears in the expression of ¢ and the value it approximates:

e c; =a/K—|a/K|;ea:=[b/K|—b/K;e3:=|a/K|/[b/K]|—||la/K]|/[b/K]].
Of course, we have 0 < ¢; < 1 for each ¢; and, by definition of g and the ¢;’s,
g=(a/K —€1)/(b/K + €2) — €3.

It comes (¢ + e3)(b/K + e) = a/K — €, and then, by multiplying by K,
qb + e3b + qea K + €365 K = a — €1 K. Hence, we deduce

a—qgb=e3b+ qea K + e3ea K + 61 K.
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Since each ¢; is smaller than 1, we get the inequality
a—qgb<b+(¢g+2)K (1)

From the hypothesis b > a/K which can be written a/b < K and from the inequality ¢ < a/b
we deduce ¢ < K, and then ¢ < K — 1, hence (¢ +2)K < K2 + K which is less than K3 by
the hypothesis K > 2. From the hypothesis b > K3, one deduces (q + 2)K < b and then by ()
a — qb < 2b, which can be rewritten a/b < ¢ + 2. We have therefore proved item 1 of the lemma.

Let us now prove item 2. From the hypothesis b > a/K we deduce b’ = [b/K]| > b/K >
(a/K)/K > |a/K| /K = d'/K and finally b/ > d'/K. O

It remains to deal with the case where the condition b > a/K of Lemma[flis false. The idea
is to return to the conditions of application of Lemma [l and, more precisely, to the computation
of a quotient |a’/b| for an integer o’ such that b > a//K. This is expressed by item 2 of the
following lemma.

Lemma 6 (second “recursive” lemma). Assume 0 <b<a/K. Let ¢ = K|a/(KDb)|.
1. Obuviously, we have ¢ < a/b and |a/b] = q¢+ |(a — gb)/b].

2. We have a — gb < Kb and therefore the computation of |a/b|] amounts to the computation
of |a'/b| for ' = a— gb < Kb, that means b > a'/K.

Proof. It suffices to prove the inequality a —¢b < Kb of item 2. We have |a/(Kb)| > a/(Kb)—1,
then ¢ = K|a/(Kb)] > a/b— K, and finally ¢b > a— Kb, which gives the expected inequality. [

5.3 Recursive computation of division in constant time

The “recursive” lemmas justify recursive procedures for computing the quotient |a/b|, for “poly-
nomial” integers a,b < K?, for a constant integer d.

Here, we assume that the operands a, b are represented in base K. (Recall: K := [N1/¢] and
B = K3) For example, a is represented by the array af0.d — 1] of its digits
a[i] == a; < K with a = ag_ 1 K%' 4+ --- + a1 K + ag, which is also written @g_1...arao.
Note that the quotients |a/K | and [b/ K] involved in Lemma [B] are computed in a straightfor-
ward way: we have |a/K| = aq_1 K92+ -+ asK + ay, that means the d-digit representation
of a/K is the “right shift” 0ag_1 ...a2a;1; moreover, the following identity can be easily verified:

[0/K] = [(b-1)/K]+1 (2)

Dividing by an integer b > a/K. Lemma [ completed by identity (2 proves that the
following recursive procedure correctly computes |a/b| when a and b are “close”, which means
b>a/K.

Algorithm 11 Computation of division for “close” operands

1: procedure DIVCLOSE(a, b) >a/K <b< K% anda < K?
2: if b < K? then > recall B = K3
3  return DIVBYSMALL(a, b)

4: else > here, b> K and b > a/K : apply Lemma[3
5: q < DIVCLOSE(D1vBYSMALL(a, K ), DIvBYSMALL(b — 1, K) 4+ 1)

6 if a< (q+1) x b then

7 \ return q

8 else

9: | . return q+ 1

The general division algorithm. Lemma [6]justifies that the following recursive procedure
which uses the previous procedure DIVCLOSE correctly computes |a/b| for b > 0 in the general
case.

Algorithm 12 Computation of division
1: procedure DIVIDE(a, b) >a,b< K% andb>0
if b x K > a then
 return DIvCLOSE(a,b)
else > here, 0 <b<a/K : apply Lemmald
L q < K x DIVIDE(a, K X b)
return g + DIVCLOSE(a — q X b, b)

A
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Lemma 7. The time complezities of the procedures DIVCLOSE and DIVIDE are respectively O(d>)
and O(d*).

Proof. The complexity of those procedures mainly depends on the number of recursive calls they
make.

Complexity of DIVCLOSE: If K2 < b < K¢ and b > a/K then the execution of DIVCLOSE(a, b)
calls the same procedure DIVCLOSE with the second argument b replaced by [b/K] < K71, etc.
The number of nested recursive calls until the second argument of DIVCLOSE becomes less than
K3 is therefore at most d — 2.

The part of the procedure DIVCLOSE that takes the most time is the line (6) of its code which
computes the product (q + 1) x b in time O(d?). Since DIVCLOSE(a, b) executes line (6) once for
each recursive call and therefore less than d times, its total time complexity is O(d®).

Complezity of DIVIDE: The execution of DIVIDE(a, b), for a,b < K% and b < a/K < K971, calls
DIVIDE(a, b x K), which calls DIVIDE(a, b x K?2), etc. Due to the obvious inequality b x K¢ > a,
the execution of DIVIDE(a, b) stops with the stack of recursive calls to the procedure DIVIDE of
height at most d.

The most time consuming part of the procedure DIVIDE is the line (&) of its code which is exe-
cuted as many times as the number of the nested recursive calls of the form
DIVIDE(a, K X b) that it makes. This number is at most d. It is also the number of calls of
the form DIVCLOSE(a — ¢ x b, b), line (@), each of which is executed in time O(d?). Thus, the
time of the procedure DIVIDE is O(d*). O

As a consequence of the previous results including Lemmalfl the following perhaps surprising
theorem is established.

Theorem 2. Let d > 1 be a fized integer. There is a RAM with addition, such that, for any
input integer N :

1. Pre-computation: the RAM computes some tables in time O(N);

2. Division: using these pre-computed tables and reading any integers a,b < N¢ with b > 0,
the RAM computes in constant time O(d*) the quotient |a/b| and the remainder a mod b.

Using the fact that the usual four operations, addition, subtraction, product and, most im-
portantly, division, are computable in constant time on a RAM with addition, we can now also
design constant time algorithms for several other important operations on integers: square or
cubic root (rounded), exponential function and rounded logarithm, etc.

Convention. For simplicity, we will henceforth write x/y to denote the FEuclidean quotient
DIVIDE(x,y) = |x/y| in the algorithms.

6 Computing the exponential and the logarithm in con-
stant time

Our next examples of arithmetic operations (on “polynomial” operands) we will prove
to be computable in constant time are the logarithm function (x,y) — |log,y| and the
exponential function (x,y) — x¥ provided the result x¥ is also “polynomial”.

6.1 Computing exponential

We want to compute z = 2¥, for all integers =,y < N? such that the result z is less than N,
for a constant integer d > 1. In other words, we are going to compute the function expy , from

[0, N9 to [0, NY[U{OVERFLOW} defined by:

( ) . zY if 2¥ < N9
ex s (x,
PN.d Y OVERFLOW otherwise

Here, we will use the two integers B := [N1/?] and Lq := [logy(N?)] = [dlog, N computable
in time O(N).
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Pre-computation. We are going to compute two arrays:

e the array BOUND[2..B — 1] such that BOUND[z] := max{y | 2¥ < N9} or, equivalently,
BOUND[z] = [log,(N?)] — 1 (note that BOUND[x] < Lg);

e the two-dimensional array EXP[2..B — 1][1..L4 — 1] such that EXP[z][y] := ¥ for all integers
z,ysuch that 2 <z < B = {Nl/ﬂ and 1 < y < BOUND[z].

In other words, the arrays BOUND and EXP are defined so that the following equality is true:
{(z,y,2) € 2, B[x[0, N[ | 2¥ = 2} = {(z,y,2) | € [2, B[ A 1 <y < BOUND[z] A EXP[a][y] = =}.

The following code computes the arrays BOUND and EXP.

Algorithm 13 Pre-computation for EXPONENTIAL
: for x from 2 to B—1 do
: y<0

1

2

3: Z<—

4: while z < N do
5 y+y+1

6 EXP[x][y] « 2

7: Z4zZ XX

8:  BOUND[x] <y

Justification: One easily verifies inductively that each time the algorithm arrives at line 4, we
have z¥ x x = z, so that the assignment at line 6 means EXP[x][y] <— x¥. This also explains why
we have ¥ < N¢ < 2¥*! at line 8, which justifies the assignment BOUND[x] < y.

Linear-time complexity of the pre-computation: Clearly, for each x € [2, B[, the body of
the while loop is repeated i times, where i is the greatest integer i < log,(N?), or, equivalently,
i = |dlog, N |, which is at most |dlogy N| < Lg4. Tt follows that the pre-computation runs in
time and space O(B x Lg) = O(N'/2 x dlogy N) = O(N).

Main procedure: The following remark justifies that the EXPONENTIAL procedure given here
below correctly computes the function expy ;.

Remark 9. If we have ¥ < N%, z > 2 and y > 2d then we also have 2 < x < NY/2 and
2d <y <dlogy N < Lg.

Proof. Note that z¥ < N and y > 2d imply 22¢ < 2¥ < N? and consequently 2 < N'/2. Also,
note that ¥ < N¢ and = > 2 imply 2¢ < 2¥ < N and therefore y < log,(N?). O

Algorithm 14 Computation of EXPONENTIAL

1: procedure EXPONENTIAL(X,y)

2: if x=1o0ry=0 then

3 | return 1

4: if x =0 then

5: | return 0

6 if y < 2d then > x> 2
7 z+1

8 for i from 1 to y do

9: Z<— XXz >z =a
10: if z > N? then
11: | return OVERFLOW >z > gt > W
12: return z >z=uxa¥
13: if x < B and y < BOUND[x] then
14:  return EXP[x][y] > the correct value by the definition of the array EXP
15: else > either y > 2d and x > B, or y > BOUND[x] for x > 2; therefore x¥ > N¢
16: | | return OVERFLOW

Constant complexity of the exponential procedure: Clearly, the most time consuming
part is the for loop, lines 8-11. It makes at most 2d multiplications of integers z,z < N?, each
in time O(d?). Therefore, the procedure runs in time O(d?).
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6.2 Computing logarithm

We want to compute |log, y], for all integers = € [2, N9 and y € [1, N[, where d > 1 is a
constant integer.

Here again, we use the base B = [N1/2].

Preliminary lemmas

Lemma 8. For any integer © > 2 and any real a > 2, we have log,(a) — 1 < log,|a| < log,(a).

Proof. We have a/x < a/2 < a — 1 and therefore log,(a) — 1 = log,(a/x) < log,(a — 1) <

log, [a] < log,(a). O
Here again, our main procedure will be recursive. It is based on the following Lemma.

Lemma 9. For all integers x > 2, £ > 1 and y > 22°, we have

[log, [y/=*]] + ¢ (1)
[log, y] = § or
[log, [y/*]] +£+1 (2)

Proof. Lemma [ applied to a = y/x* > 2 gives log,(y/z") — 1 < log,|y/z’] < log,(y/z").
Adding ¢ to each member of those inequalities yields

log,(y) — 1 < log, |y/a"] + £ < log,(y).

This can be rewritten: log, |y/z| + ¢ < log, (y) < log, |y/x*| + £ + 1. Taking the integer parts,
we obtain

llog, |y/z"]] + ¢ < [log,(y)] < [log, ly/z‘|] + ¢+ 1.
0

How to determine which case (1) or (2) of Lemma [0 is true? The following lemma completes
Lemma [0 by giving a simple criterion.

Lemma 10. Let s = |log, |y/x’|| + £ for integers x > 2, £ > 1 and y > 22°. Lemma[D says
(1) |log, y] = s or (2) |log, y| = s+1. Ifz°T > y then |log, y| = s. Otherwise, |log, y| = s+1.

Proof. (1) means z° <y < 2°T1 and (2) means x°T1 <y < 2572, So, 25! > y implies (1), and
Tt <y implies (2). O

Principle of the algorithm and pre-computation in linear time. For each z € [2, B],
let us define L[z] := [log, B] =min{z € N | 2* > B}. < B implies L[z] > 1. Clearly, the array
L[2..B] can be pre-computed in time O(Blog, B) = O(N) by the following algorithm where an
invariant of the while loop is y = x*.

Algorithm 15 Computation of the array L

1: for x from 2 to B do

2 Y X

3: z<+1

4: while y < B do >y=2°"<B
5 Yy xXy

6 z<z+1 bl < B<y=a*
7 Lix]  z

The algorithm that computes |log, y|, for integers = € [2, N[ and y € [1, N%[, divides into
the following four cases:

1. & > y: then |log, y] = 0;

2. z <y < 2B: then |log, y| will be computed by a simple look up in a pre-computed array
LOGAR[2..2B — 1][2..2B — 1] defined by LOGAR[x][y] == [log, y], for 2 <z <y < 2B;

3. z <yand 2B < y < 2zL%]: then we have z < y < 22L1] < 2z1H108. B — 24 B: this implies
1 < |y/x] < 2B, and because of the identityt] |log, y| = |log, |y/x]| + 1, the value of
|log, y]| is obtained by computing |log, |y/z|]| according to cases 1 or 2;

9Indeed, z = |log,y| means 2* < y < z*t! which implies z*~! < |y/z] < 2* and therefore
z—1<|log, |y/z]] < z. That means z = |log,, |y/z]| + 1.
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4.y > 2z then apply Lemma [0 recursively with ¢ := L[z] (noting that the required
assumptions x > 2, £ > 1 and y > 2z* are satisfied).

We claim that the following code computes the array LOGAR:

Algorithm 16 Computation of the array LOGAR
1: for x from 2 to 2 x B—1do

2 VX

3 z+1

4: t<—x XX

5: while y < 2 x B do

6

7

8

9

while y < t do

L LOGAR[x][y] + z
yy+1

: z+—z+1

10: | t—x Xt

Indeed, it can be checked inductively that each time the execution of the algorithm reaches line 7
then we have 7 <y < 2**! = ¢, which justifies the assignment LOGAR[x][y] <— z. It is also easy
to verify that the algorithm runs in time O(B?) = O(N).

The main algorithm. We assert that the following procedure LOGARITHM correctly computes
|log, y|, for all the integers x € [2, N[ and y € [1, N4|.

Algorithm 17 Computation of LOGARITHM

1: procedure LOGARITHM(X,y)

2: if y < x then > case 1
3 _ return 0

4: if y <2 x B then > case 2
5 | return LOGAR[x][y]

6 if y < 2 X EXPONENTIAL(x,L[x]) then > case 3: 1 <y/x < 2B
7 return LOGARITHM(x,y/x) + 1

8 else > case 4 (y > 2x"): apply Lemma I with ¢ = L[z
9: S <— LOGARITHM(X, y/EXPONENTIAL(x, L[x])) + L[]

10: if EXPONENTIAL(x,s + 1) >y then

11: ~ return s

12: else

13: | . returns+1

Justification: Obviously, the LOGARITHM procedure is correct for y < x (case 1: lines 2-3)
and for z < y < 2B (case 2: lines 4-5). Lines 6-7 treats the case 3, x < y < 222 (recall
L[z] = [log, B]), which implies 1 < y/x < 2B : we therefore return to cases 1 or 2 by taking
y/z instead of y. This justifies line 7. The case y > 2zl (case 4: lines 8-13) is justified by
Lemma [I0 by taking ¢ := L[z] and noting that the required assumptions 2 > 2, £ > 1 and
y > 22 are satisfied.

Constant time and space complexity of the logarithm procedure. Let us first note
that all the numbers (operands, intermediate values, results) manipulated by the procedure are
less than N2¢ and that all the arithmetic operations it uses can be computed in constant time
and space. In particular, this holds for the “exponential” expressions 22%% < 2zB < N%t! and
5t < 2y < N?¢, which involve the function exp N .24 Of the previous subsection, computed by
the EXPONENTIAL procedure in constant time and space. Therefore, it suffices to prove that the
LOGARITHM procedure performs at most a constant number of recursive calls. We have z**! > B,
by definition of L[z]. Therefore, for y < N% < B??, the algorithm cannot divide y by z** > B
more than 2d — 1 times. This implies that it makes at most 2d — 1 recursive calls (by case 4)
before reaching a value of y less than a (basic case 1), or less than 2B (basic case 2), or less than
21 L17] (case 3, which performs one recursive call leading to case 1 or case 2). Thus, for a fixed d,
the LOGARITHM procedure runs in constant time and space.

Open problem: computing the modular exponentiation. Obviously, the functions
(r,y,2) = +y mod z, and (2,9,2) — = x y mod z, for ,y < N4 and 1 < z < N are
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computable in constant time. Thus, a natural candidate for being computable (or not) in con-
stant time, is the following version of the exponential function, widely used in cryptography: the
function EXPMoD from [0, N[>x[1, N9 to [0, N[ defined, for x,y < N and 1 < z < N%, by

ExpMoD(z,y, z) = 2Y mod z.

Now, we cannot prove that EXPMoD(z, y, z) is computable in constant time, even when fixing
x = cor z= N%, for constant integers ¢ > 1, d > 1. Indeed, it seems likely that even the following
functions are not computable in constant time after a linear preprocessing, for z,y, z < N:

(y,2) — 2Y mod z (z,y) — 2¥ mod N? oreven (z,y)+— x¥ mod N.

Intuitively, the irregularity of the modulo function applied to a large number - an exponential -
prevents us from designing an induction by approximation as we have done for division and
logarithm and as we will for the square root and the other roots in the next section.

7 Computing the square root and other roots in constant
time

o [t is easy to compute in linear time a table giving the square roots or the c-th roots
|z'/¢], for a fized integer ¢ > 2, of the integers v < N.

o In this section, we will show that, for a fized integer ¢ > 2, the c-th root of a
“polynomial” integer can be computed in constant time.

e Our algorithm will use a discrete adaptation of Newton’s approximation method.

7.1 The cthRoot algorithm

Let ¢ > 2 be a fixed integer. Let us explain how to compute the c-th root of an integer z < N¢,
for a constant integer d, that is the function = + |2'/¢] on the domain [0, N.

Similarly to the division method, our algorithm will distinguish “small values” for which the
c-th root will be precomputed and “large values” for which we will compute an approximation
(using recursively the CTHROOT function with smaller values) before improving this approxima-
tion.

The preprocessing here is similar to that of the division: we have a bound M’ and we populate
an array cthRoot such that cthRoot[x] = Lxl/CJ for all 0 < x < M. To compute the c-th root
for an x below this M’ limit, we return its precomputed value. For an x over this M’ limit, we
first compute t which is the floored c-th root of the Euclidean quotient |x/K°|. Note that the
flooring happens twice: we floor the quotient x/K¢ and we floor the ¢-th root of x/K¢. Overall,
we only know that the value x/¢ is in the range [t x K, (t 4+ 1) x K[. As we will show below, the
following two points are essential:

e by a careful choice of K and M, this is a sufficiently good approximation and it suffices to
update this approximation by using two steps of Newton’s method and one step of checking
whether the answer is g or g — 1 where g is our current approximation;

e the values for K and M can also be chosen such that M = O(N), which allows a linear
preprocessing, and K = ©(N v (2‘3)), which ensures that the procedure executes in constant
time.

We know present the algorithm whose correctness is justified in the next paragraphs.
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Algorithm 18 Computation of = — Lzl/ CJ using the pre-computed constants M and K

1: procedure LINPREPROCCTHROOT()

2: cthRoot < an array of size M’ 1: procedure CTHROOT(x)

3 cthRoot[0] + 0 2: if x <M then

4 for x from 1toM —1do 3| return cthROOT[x]

5: s < cthRoot[x — 1] 4: else

6 if x < (s+1)° then 5: s < x/K°

7  cthRoot[x] + s 6: t < CTHROOT(s)

8 else 7 g, + t XK

9: . cthRoot[x] + s +1 8: g,  IMPROVE(g, x)
9: g, < IMPROVE(g,, X)

1: procedure IMPROVE(g, x) 10: if g5 <x < (g, +1)° then

2. if g <x < (g+1)° then 11: . return g,

3: ‘ return g 12: else

4: else 13: | L return g, — 1

5. return (x+(c—1)xg)/(cxg1)

Setting the integers K and M': Here, we will simply use K := [N/(29], which is the integer K
such that (K — 1)%¢ < N < K?¢, and let M := K?°. (Note that K and M can be easily computed in
time O(N).) The value of M will be set as M’ := max(M, ¢3¢+ c§), for ¢y a constant specified in the
next paragraph, which only depends on c. Note that, for any given ¢, we have M = M’ for any N
large enough, which justifies the linearity of the preprocessing, and we have K¢ > N'/2, which,
considering lines 5-6 of the CTHROOT procedure, will justify that the recursion depth is at most
2d for an integer x < N (and thus the CTHROOT procedure is constant time for any fixed d).

The mysterious constant co: We define the constant integers co == [[v/6c — 12 | x (¢ — 1)/(6¢)]
and ¢3¢+ c§. This allows us to define M’ := max(M, c2°+c§). The role of the strange constants co
and ¢3¢ + ¢ will be elucidated at the end of the proof of the algorithm. Note that for ¢ = 2,
we have cg = 0 and therefore M’ = M, and for ¢ = 3, we have ¢y = 2 and ¢3¢ + ¢§ = 72. More
generally, for any fixed ¢, the values ¢y and ¢Z¢ + c§ are explicit integers.

7.2 Correctness and complexity of the cthRoot procedure

First, note the inequality, for all ¢ > 0 and ¢ > 1:

(a+1)c+1§<a+ct1)c 3)

It follows from the (in)equalities (a + <) = ((a+1)+ 1) > (a+ 1) +c(a+ 1)t x L =
(a+1)°+(a+1) 1> (a+ 1)+ 1.

When z < M’, the CTHROOT procedure returns cthRO0T[z], which is the correct value. Oth-
erwise, we have z > K?¢ and z > ¢3°. The integers s and ¢ will be such that

t° < s < (t+1)° Because of t* < s < z/K° < s+1 and gy = tK and inequality @) for a = ¢, we
. 1\° 1.\°
obtain: g = t°K¢ <z < (s+ 1)K < ((t+1)° + 1)K¢ < <t+ et > K = <tK+ et K>
c c

1 ¢ 1
and then ¢g§ < z < <go + iK) . Hence, go < z'/¢ < go + iK Let ¢y denote the real
c c

number such that
2Y° = go x (14 €). (4)

K 1 1
We have 0 < ¢g < (C+):C+ .
cgo ct
Starting from the approximate value go of '/¢, let us apply Newton’s method: let g; be
the abscissa of the point of ordinate 0 of the tangent to the point (go, f(go)) of the function

X — f(X) = X¢—z. This means that ¢g; is the number satisfying the equation:

/ _ 0-— f(go)
f'(g90) = — (5)
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C
-1 T—9o

91— 9o
cgig5~" = (¢ — 1)g§ + «, and finally

This gives cgg , and (multiplying by g1 — go), cglgg_1 —cg§ = x — ¢§, and therefore

0= (e~ =) ©)

c+ceg+ (L+e)—1—ce <

-1 1 ¢
From (@) and (@) we get g1 = (c—1Dgo+ (1 +e€)*xg0 _ go(1+€) x
c c+ ceg

¢ e\ i c c\ _1—2
Ll/e (1 n Zi_2c(i)60> = gl/c » <1 + €3 x M) We deduce

e <« 0« /e 14 e2 C\ i—2 .
r/°<g <z X( +eo/cx<;(i € (7)

Let us compare two consecutive summands S;, S;+1 of the sum Y. ,S; where S; := (j)eéﬁ2
c—1)e c—2)e
For 2 < i < ¢, we have S;y1 = 5; X g < S X %, from which we deduce

Siy1/S: <

if we assume

(c—2)eg < (c—2)(c+1)
3

1
< oy because of ¢g < —CJ; . The quotient S;+1/S; is at most 1
c c

-2 1
t > ¢y for the constant ¢; == %
c
Under this assumption, each of the ¢ — 1 summands S; = (f) 6872, 2 <14 <, is less than or equal
¢ (c) i-2 2
, _ o 1 -1 -1
to Sy = (;) = —C(C2 1), so that we obtain 721_2 (Z) O < x (c—1)x c(c2 ) = (c 5 ) and,
c c
c+1

as another consequence of ¢y < e
c

Yo (e _ (@ -1

<
c - 2022

(8)

Note that in the CTHROOT procedure, the variable g; represents the integer part | g1 | of g1. We
know that z1/¢ < g; but it is possible that |g;| < z!/¢. In this case, we have |g;| < z'/¢ < g1,
which implies g, = |g1] = [#'/¢], that means g, is the value we are looking for. Otherwise, we
have |g1] > x'/¢ and we denote ¢; the positive number such that [g; | = /¢ x (1 + ¢;). From
the inequalities z1/¢ < 21/¢(14¢;) < g1 < 2'/°x (1 + €2 /c x (2;2 (?)ei_2)) and (8), we deduce
(c—1)?

0<e < ——~
== g2

(9)

When g, = |g1] > [#'/¢] we iterate Newton’s method by using the approximate value |g; | and,
by replacing go by |g1] in expression (@), we obtain the integer part g, = |g2| of the number

@:Ex(wnmu+@f;ﬁ-

1 /e -1 41
Then, we have go = — x ((c — 1)x1/c(1 +e€1)+ v ) _— (e JA+e)+ =
c

xle=D/e x (1 + ¢ )t c x (14 €)c!
pre y emDUtcat i, @a)+l 0 etee—Dat (- D, ()

c(14e)et c+clc—1)e Jrc(Zf;Ql (Czl)eﬁ)
xl/e x (1 + 5 x (35, ()€™ x e%) Finally, we obtain
c

—1 /e .
1/c < < 1/c 1 ¢ i—2 2 10
T2 ><<+ c X ;:2 ;e X €] (10)

With the same argument as above, the quotient between two consecutive summands of the sum

-2 —2)(c®? - 1)2

(CT)Q, which is at most % because of ().
c

(c—2)( — 1)

6c2

S5 (§)e™? is not greater than

This quotient is not greater than 1 if we assume ¢2 > , that means
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o V6e —12 x (¢ — 1)
- 6c

or, if we assume, more strongly, t > ¢y, by definition of ¢g.

Therefore, if we assume t > cg, then each of the ¢ — 1 summands (f) e§72, 2 <1 <c, is less than

cle—1)
2

or equal to the first summand (5) =

c— =~ (c\ ; c— clc— c—1)3
c1x<z;<i)ezl_2>§ clx(cfl)>< (21):( 21)

and, as another consequence of (),

c—1 L /e\ i 9 c—1)3 2 —1)4 c—1)"(c+1)?
c X<Z<i)el )XGIS( S = ()

1=2

so that one deduces the inequality

From the inequalities (I0) and ([IJ), we deduce
(c—1)7(c+ 1)’
8ct '
Remark 10. Recall that those inequalities hold under the hypotheses t > ¢; = (¢—2)(¢+1)/(3¢)

and t > co. Also, note that the hypothesis t > cq is sufficient since we have ¢ > ¢y for ¢ > 2,
which is easy but tedious to prove.

zl/e < gy < zl/ex (1 + E—j) where ¢y =

Proof of z'/¢ < g, < z'/¢ + 1 (under the hypothesis t > cy). We have z/¢ < gy <

x1/¢ 4 €3 for ez = CQ?:/C. Besides, we have t = U%J UCJ > (%)UC -1 = xl/cT_K

(because we have Ua] UCJ = |a'/¢] > a'/¢ — 1, for each positive real number a). We deduce

63202$1/C < coK4al/e ZCQXK‘l((xl/C—K)—i—K) ., ( K* N K>® )
= (21— K)b (z1/c — K) (z1/c—K)3 ' (/e — K)*

Recall the hypothesis z > K¢ for K = [N¥/(29]. This implies 2!/ — K > K? — K and

@S e <<K2§4K>3 N <K2§5K>4) Cax ((KI—{l)3 i <KI—(1>4) T u(%

K2
We Obtain€3§C2Xm.
K? 1 2 1 1 2 1 1
For K > 1+2.,/c5 19 £ = D
or K 2 142/, we ge K- (K—12 (K-18 (K=1 " 4cs dcy 4z '

2

7 < 1. Therefore, we obtain /¢ < gy < 2'/¢41, or, equivalently,

which implies €3 < cg % m

g2 — 1 < al/e < go.

This implies that we have either |z/¢| = [g2] = g, or |2¥/¢| = |g2] — 1 = g, — 1. This
justifies the last line of the CTHROOT procedure and completes the proof of its correctness if we
can prove that the hypothesis t > ¢ always holds when x > M’.

Why z > M’ implies ¢ > ¢y. Let us prove this implication by contradiction. Assume we have
both > M’ and t < ¢y. We have x > M = K?¢ and = > ¢° + c§.

Recall that s = |z/K°] and t = |s/¢| imply /K¢ < s+ 1 and s¥/¢ < ¢ + 1, which means
s < (t+1)°. With the hypothesis x > M = K?2¢, this yields K¢ < /K¢ <s+1< (t+1)°+1
and therefore K¢ < (t+1)°. Finally, using the hypothesis ¢ < ¢g, we get K <t+1 < ¢p+ 1 and
K S Co-

Besides, from the hypothesis z > ¢3¢ 4 ¢§ and from K < ¢g, we deduce, for s = [z/K¢],
the inequalities: s > x/K¢— 1> (c3°+ ¢§)/K®—1 > (c3° + ¢§)/c§ — 1 = ¢§, hence s > ¢§ and
t = [s'¢] > |(c§)'/¢| = co. Therefore, we get ¢t > cg, a contradiction.

The proof of the correctness of the CTHROOT procedure is now complete. O

2
10That means M = K?2°¢ > (1 + (=172 x (c+1)2/(v/2 x 02)> ‘. For instance, it means M > 46 for ¢ = 2
and M > 12 405 543 for ¢ = 3.
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Proof of the constant time of the cthRoot procedure. Forz < N¢ < K?°¢ the algorithm
(see lines 5-6) can divide x by K¢ at most 2d — 2 times before reaching a value z < M = K?*¢
for which the c-th root is given by cthRoot[z]. This means that the CTHROOT procedure makes
at most 2d — 2 recursive calls and therefore, for a fixed d, executes in constant time. [l

Finally, we have proved that any root of any “polynomial” integer can be computed in
constant time. More precisely:

Proposition 3. Let ¢ > 2 and d > 1 be fized integers. There is a RAM with addition such that,
for any input integer N :

1. Pre-computation: the RAM computes some tables in time O(N);

2. Computation of the root: using these pre-computed tables and reading any integer x < N¢,
the RAM computes in constant time the c-th root |x'/¢|.

7.3 Generalized root: a conjecture partially resolved positively

Although we are unable to prove it, we believe that Proposition 3 can be generalized to yth root,
for an integer variable y < N<.

Conjecture 1. For any fized integer d > 1, the function (z,y) — Lxl/yJ, where x < N¢ and
2 <y < N9, is computable in constant time after preprocessing in O(N) time.

In this subsection, we give strong arguments in favor of this conjecture.

Remark 11. The conjecture is true for the restriction of the function (z,y) — {xl/yJ to the
following subdomains:

1. y > logy N: then 0 < Lzl/yJ < 2d (because for z = Lxl/yJ we have 218NV < 2V < g <
N = 24182 N yhich implies z < 2%) and therefore, Lzl/yJ can be computed in time O(d)
by dichotomic search;

2. y < (logy N)/(121log, log, N): then the algorithm of subsection[7.1] computing the cth root
Lxl/CJ, for x < N% and any fized integer c, and its justification (subsection [7.9) can be
slightly adapted.

Since the conjecture is also answered positively for y < logy N and x < N'7¢, for any fizred e > 0,
by pre-computing in time O(N) an array root of dimensions N'=¢ x log, N, in fact the only
open case is logy N/(121ogy logy N) < y < logy N with N1=¢ <z < N<.

This yields the following algorithm, which makes free use of the exponential and (rounded)
logarithm functions proven to be computed in constant time in Section
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Algorithm 19 Computation of (z,y) — Lxl/yJ, for # < N4 and (2 < y < L/(12 [log, L]) or
L < y < N%), where L := |log, N

1: procedure LINPREPROCROOT() 1: procedure ROOT(x,y)
2. B¢ max([NV/4]? [N/@+D]7 4 1) 2. if y > L then >0 < [zt/v] < 2¢
3: L + |log, N| 3 T Od
4: RootN < an array of dimension L 4 U 2
5: root < an array of dimensions B x L 9 whileu—r > 1do
6:  for y from 1 to L do 6: z < (r+u)/2
7. <0 7 if x < z¥ then
8: while r3*7 < N do 8 C uez
9: | rer+1 9: else
10: . RootN[y] - r ©r=[NVEw] 10 L rez
11: for y from 1 to L do L > return r
12: root[0][y] + 0 12: if y < L/(12 x [logy L]) then
13: for x from 1 toB— 1 do 13: if x <B then
14: s < root[x — 1][y] 14: | return root[x][y]
15: if x < (s+1)¥ then 15: else
16: ~ rootx][y] + s 16: s < x/(RootN[y])Y
17. else 17: t < ROOT(s,y)
18 | . rootlx][y] +s+1 18: go < t x RootN[y]
19: g, < IMPROVE(g,X,Y)
) 20: g, < IMPROVE(g;,X,y)
1: procedure IMPROVE(g, X,y) 52 1
% ifg <x<(g+1) then 2L: if g3 < x < (g, + 1) then
" 22: \ return g
3: ‘ return g 2
" else 23: else
5 L return (x+(y—1)xg’)/(yxg' ) 24 | L L L return g, — 1

Justification of the algorithm. The case y > L, for L = |logy, N |, lines 2-11 of the ROOT
procedure, is justified by the following invariant condition: ¥ < x < u¥ (meaning 0 < x < 2% at
the initialization): therefore, the return value r, obtained after at most d iterations of the body
of the while loop, satisfies r¥ < x < (r + 1)V as required.

The case y < L/(12x [log, L]), lines 12-24 of the ROOT procedure, is a variant of the CTHROOT
procedure, where the fixed integer c is replaced by the integer variable y. Moreover, the com-
putations which justify the correctness of this case are the same as those of cTHROOT, see
Subsection [[.2] with the following adaptations.

o Instead of setting K = [N1/(9], we set K := [N'/G)], which we pre-compute and store
as an array element: RootN[y] := [N1/(3¥)],

e The recursive case of of the ROOT procedure is x > B, for
B = max( [Nl/ﬂ3 , {Nl/(d+1)—|d + 1), instead of x > M’, for M’ := max(M, ¢3¢ + c&¢) (with
M = K? and ¢ = [[6c—12 | x (¢ —1)/(6c)]).

e Our computations continue to use the numbers ¢y, ¢1, ¢ introduced in Subsection [[.2] now

defined by replacing ¢ by y. In particular, we now set co := [[v/6y —12 | x (y*> —1)/(6y)]
and co = (y — 1)7 x (y + 1)*/(8y*).

For the reasoning and computations of Subsection to still be valid, it suffices to check that
the following three conditions hold under the assumption y < L/(12 x [log, L]), for sufficiently
large integers y and IV:

1. B> K?%;
2. BZc§y+cg;
3. K >1+2/c.

It is important to note that, by items 1 and 2, the condition = > B implies
x> max(K?,ct? + ). This corresponds to the condition z > M’ = max(K?,c2¢ + ¢§) of
the cTHROOT procedure. Recall also that, to conclude the reasoning of Subsection [[.2] condi-
tion 3 (K > 1+ 2,/c2) has been assumed.
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Proof of item 1. Since we have K = [NY/B%)] > 2 for N > 2, we obtain K/2 < K — 1 <
NY/GY)  This implies K < 2NGY% and then K% < 2% x N?/3. From the assumption
y < L/(12 x [logy L)), we get 22V < 2L/(6[logs L1) < 9(logy N)/(6flogy L1) < N1/(6[log2 L) and thus
22y < N1/(6[log2 L1) - Moreover, for N > 16, we have L = |logy, N| > 4 and then [log, L] > 2.
This gives 22 < N¥/12. All in all, we get K2 < 2%¥ x N?/3 < N1/12 x N2/3 = N3/* < B, and
B > K?Y as claimed. O

The following lemma will be useful to prove items 2 and 3.

Lemma 11. For all numbers y,z and o such that y > 2, 2z > 1 and 0 < o < 1, we have the
implication
y<axz/log,z=ylog,y <axz

Proof of the lemma. Assume y < a x z/log, z. Using also the inequalities log, logy y > 0 and
log, a < 0, we obtain
ylogoy ylog,y <y < X2 a Xz _axz
logy(ylogyy)  logyy +logy logyy — v= logy,z ~ logy z +logy @ logy(a x 2)
1 X
Y08 Y < axz Noticing that the function x —
log,(ylogy y) — logy(ar x 2) log, x
its domain, we obtain ylog, y < a X z as required. O

, and thus

is strictly increasing on

As a direct application of Lemma [[1] where we take z = L = |logaN| > 1 and o = 1/12, we
obtain

Lemma 12. Ify < L/(12 x [logy L]) then ylog,y < L/12.

Proof of item 2 (B > ¢3! +¢¥). We have
(VBy —12+1) x (32— 1) (Vy—2+1/V6) xy+ 6
co=[[vBy—12| x (y* = 1)/(6y)] < & 7 .
If y > 6, which implies v6 < y/\/f_)' and 2/\/6_)' < 2 < Vy-—2, we obtain
VY —2+2//6 2y — 2
co < (Vy +/\/_)><y< Y xy<y3/2. This implies ¢! + ¢ < 2 x ¢3! <
V6 V6
2x (y3/2)% = 2x gy = 2% 23Y1982¥ < 2% 1082 ¥ (note that y > 2 implies ylog, y > 1) and therefore
eV 4l < 2410829 Because of ylog, y < L/12 according to Lemma[l2, we get log, y < (1/12)L/y
and then 4ylog,y < (1/3)L. All in all, we deduce c? + ¢ < 2(/3F < N'/3 < B and then
B > ng + cg. O

+1 <

(y =17 x (y+1)°
V2 x g2
< 1. It comes 1 +2,/c3 < 1+ (y — 1)7/2 < y7/2,

Proof of item 3 (K >1+2,/c3). We have 1 +2,/c; =1+

(y+1)°
V2 x g2
which implies 1+2,/c3 < 2(7/2)1082 9 Because of ylog, y < L/12 according to Lemma 2, we get
logy y < (1/12)L/y and then 14-2,/c; < 2(7/2xW/1xL/y < aL/By) < NV GY) < [NVGV] = K.
We have proved K > 1+ 2,/cs. O

. Moreover, it is

easy to verify that for y > 6, we have

Justification of the complexity. In the LINPREPROCROOT procedure, for each y € [1, L],
the while loop, lines 8-9, does at most N'/(3%) jterations. Because of N*/(3%) < N/3 the running
time of the for loop, lines 6-10, is O(L x N'/3) = O(N). Since the run time of lines 11-18 (of
LINPREPROCROOT) is O(L x B) = O(N), all preprocessing runs in time O(N).

To analyze the time of the ROOT procedure, it suffices to determine its recursive depth.
We have (RootN(y))Y = {Nl/(3y)]y > N3, Since we cannot divide the integer z < N? by
(RootN(y))¥ (which is an integer greater than N'/3) more than 3 x d times, the running time of
the ROOT procedure is O(d), which is constant for fixed d.

Conveniently, the notations used must be recalled and completed:

Notation. Let L, A\ and B denote the integers L == |logy N |, A := L/(12 x [logy L1), and, for
a fized integer d > 1, B = max({]\fl/ﬂ?’7 {Nl/(dJrl)wd +1).

In addition to the above algorithm, the root Lxl/ yJ can also be computed in constant time
for “most” integers y in the “remaining” interval [A, L]. This is the consequence of the following
two lemmas.

Lemma 13. For all positive integers x,p,q, the identity {xl/(l’xq” = le/l’J 1/qJ holds.
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Proof. Let u,v denote the successive roots u := [z'/?| and v := |u!/?|. That means u? < z <
(u+1)? —1and v? <u < (v+1)?—1, from which we deduce v?*4 <uP <z < (u+1)P—-1<
(v+1D)2—-141)P—-1=(v+1)P*? — 1. That gives vP*? < z < (v + 1)P*9 — 1, which means
v = L:Cl/(pX‘J)J as expected. O

Lemma 14. Let d > 1 be a fized integer. Suppose N is large enough for the inequality \* /d* > L
to hold. Lety be an integer in [\, L], which is not of the form, called forbidden for, p X q for
a prime number p and an integer ¢ < d. Then, y has a divisor y1 such that d <y < .

Proof. Let us consider the decomposition of y into prime factors, y = Hle pi, with k& > 2
and p1 > py > -+ > pp. Let ig (vesp. i) be the least index such that ", p; > d (resp.
[T, pi > ). For N large enough, we have A > d, which implies ig < i;. We have two cases:

1. 49 < 4y: taking y; = Hillpi, we obtain (by definition of ip and i1) d < y1 < A;

2. 19 = 11: then, we get Hz"zl P = Hi;lpl > X and Hz":_llpl < d (by definition of iy and i1),
which gives, by division, p;, > A/d. It implies ig = 1, since otherwise, we would have
L >y > pi,—1Xpi, > pi, > A?/d?, which contradicts the inequality A?/d* > L, for N large
enough. Thus, we obtain the factorization y = p; X y1, where p; > X\ and y; = Hf:z D;.
We get y; < )\, since otherwise, we would have y = p; x y1 > A% > L, a contradiction.

Moreover, the inequality y; > d also holds, since otherwise, y = p; X y; would be of the
“forbidden form”.

Thus, in both cases, we can exhibit a divisor y; of y such that d < y; < A. [l

Notice that we can compute in time O(L x A\) = O(N) an array factor[A..L] defined by
factor[y] := y1, where y; is the least divisor of y in [d+ 1, A — 1], if it exists (by Lemma[I4]), and
is 0 otherwise, i.e. when y is of the forbidden form: it suffices to check, for all y; € [d+ 1, A — 1],
if y mod y; = 0.

Now, using the factor array and Lemma [I3] it is easy to compute Lxl/yJ in constant-
time (with linear-time preprocessing), for every z < N? and every y € [\, L] not in forbidden

form: take y; = factor[y] and y» = y/yi, which gives |z¥/¥] = Uzl/yljl/sz; the roots

z = |2}/¥1] and then |2'/¥2| = U;cl/lel/yZJ can be computed respectively by the above

algorithm, lines 12-24, and by reading the element root[z,y] of the array root[0..B — 1][1..L],
since we have respectively y1 < A and y; > d + 1, from which z = {xl/ylj < (NHVE+D) <

[Nl/(dﬂ)wd < B is deduced.

Remark 12. Using Lemmas[I4] and[I3, it is easy to verify that Conjecture[d is equivalent to its
following restriction: For any fixed integer d > 1, the function (z,y) — L:cl/pJ , wherex < N% and
p is a prime number such that logy N/(121logylogs N) < p < logy N, is computable in constant
time after preprocessing in O(N) time. Indeed, an integer in forbidden form being of the form

Yy = pXgq, for a prime number p and an integer q < d, the computation of Lxl/yJ = le/pJ 1/qJ 18

reduced to the computation of z == Lxl/pJ since, obviously, the final result Lzl/qJ can be computed
i constant time.

8 Computing many other operations in constant time

Real computers treat the contents and addresses of registers as binary words. In addition to
arithmetic operations and for the sake of efficiency, assembly languages as well as programming
languages (Python, etc.) use string operations and bitwise logical operations: and, or, xor, etc.

The objects processed by the RAM model are integers that can be assumed to be in binary
notation, i.e. they can be seen as binary words. In this section, we show that the usual
string operations and logical operations on binary words can be computed in constant time
with linear-time preprocessing.

11n particular, for d = 1 (resp. d = 2), an integer is of the forbidden form iff it is prime (resp. it is prime or
twice a prime number). In general, by the repartition theorem of prime numbers, there are asymptotically about
d x L/(In L) integers of forbidden form among the integers in [\, L], which is only O((log N)/(loglog N)).
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8.1 String operations computed in constant time

We identify each integer x € N with the string 2,1 ...z129 € {0,1}, of its binary notation
with x =3 ., 2" x x;. The length £ of the representation of = (without useless leading zeros:
x¢—1 > 0) is given by the following function:

LENGTH(x) ! ife=0
) =
[logoz| +1 otherwise.
logy N + O(1), for each integer x = O(N) contained in

Remark 13. We have LENGTH(z) <
= O(log N) for each “polynomial” integer x = O(N?), for a

a RAM register, and LENGTH(x)
fized d.

Three operations are essential for manipulating binary strings:
e the concatenation of two strings X and Y is defined as CONC(X,Y) i= X x 2UNemi(Y) 1y

e the function that maps each pair (X,4) of a string X and an index ¢ to the ith bit z; of X
is defined as BIT(X, i) := (X div 2¢) mod 2;

e the substring function which associates to each string X = z¢_;...2129 and two in-
dices 4,5 with £ > ¢ > j > 0 the (nonempty) substring x;_1z;—2...x;, is defined as
SUBSTRING(X, 4, 7) := (X mod 2") div 27.

With SUBSTRING, one can express that a string X is a suffix or a prefix of another string Y:

e X isasuffix of Y <= X = SUBSTRING(Y,LENGTH(X),0);

LENGTH(X) < LENGTH(Y") and

e X isaprefix of Y <—
X = SUBSTRING(Y, LENGTH(Y), LENGTH(Y') — LENGTH(X))

Remark 14. Note that these procedures can be straightforwardly adapted if the integers are
represented in a fived base v > 2, i.e. are identified with strings xo_1 ...x120 € {0,1,..., 7 —1}%

8.2 Bitwise logical operations can be computed in constant time

Processing is similar for each bitwise logical operation. As an example, let us study the oper-
ation xor applied to two integers X,Y which are less than N¢ (for a fixed d) and can there-
fore be identified with the strings of their binary notations zy_1...z¢ and ye—1...yo of length
¢ = LENGTH(max(X,Y)) = O(log N).

The natural idea is to decompose each operand X,Y < 2¢ into its ¢ bits copied in ¢ registers,
to compute the bits z; = x; xor y; in ¢ registers too, and to get the result Z = X xor Y by
concatenating the ¢ bits z; in one register: Z = zy_1...z9. Obviously, this process takes time
O(¥), which is, generally, not a constant time.

To compute the integer X xor Y in constant time, for operands X,Y < N¢ where d is a fixed
integer, our trick is to notice that if we set X = X1 xp+ Xgand Y =Y; x p+ YY), where pis a
power of two such that Xg, Yy < p, then we get

X xorY = (X7 xor Y1) x p+ (Xo xor Yp) (12)

Of course, the same “decomposition” property holds for the other bitwise operations and, or:
XandY = (X; and Y1) x p+ (Xo and Yp) and X or Y = (X7 or Y1) X p + (X or Yp). Also,
note that those equalities hold for all pairs of integers X,Y > 1, i.e. represented with at least 2
bits.

Now, by using equation (I2)) iteratively for p = 2, we can pre-compute a 2-dimensional table,
called xorAr, giving Z = X xor Y for all the pairs of small enough operands X,Y. For large
operands, we use equation (I2)) for p = 2¢ and ¢ = L% X LENGTH(max (X, Y))J Thus, we obtain
a recursive procedure called XOR: at each step the maximum length L of the arguments of XOR,
L := LENGTH(max(X,Y)), is divided by two, i.e. L becomes |L/2| or [L/2].

The previous arguments justify that the following algorithm correctly computes the xor
operation.
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Algorithm 20 Computation of the xor operation
: procedure LINPREPROCXOR()
| K< sQrr(N) > K= [\/ﬁw

for j from 0 toK—1 do return p X XOR(x/p, y/p)

+ XOR(x mod p,y mod p)

1
2
¢ di . 1: procedure XOR(x,y)
3 xorAr < array of dimension K x K 9. if x <K and y < K then
4: for i from 0 to 1 do
3: ~ return xorAr(x|[y]
5: for j from 0 to 1 do 4 else
6 L L xorAr(i][j] « (i + j) mod 2 5: ¢ + LENGTH(max(x,y))/2
7 for i from 0 toK—1 do 1
6: p<2
8
7
9

: ifi>1or j>1then
10: xorAr[i][j] « 2 x xorAr[i/2][j/2] -
+ xorAr[i mod 2][j mod 2]

Time complexity. We have the linearity of the preprocessing because K = {\/N —‘ and thus

the two nested loops, lines 7-10, take O(N) time. The result of the preprocessing is an array such
that xorAr[x][y] = x xor y for all x,y < K. When calling XOR(x, y), either both arguments x,y
are smaller than K, or we recurse with two calls, XOR(x’,y’) and XOR(x",y"), where the length
of the maximum of x’ and y’ (resp. x” and y”) is, at most, half the length of the maximum
of x and y plus one. Starting with x,y < N¢, which implies x,y < K??, we obtain, for the
number L defined as the smallest power of two greater than or equal to LENGTH(max(x,y)), the
inequalitied™ Ly < 2 x LENGTH(max(x,y)) < 2 x LENGTH(K24) < 4d x LENGTH(K), from which
we deduce Lo /(21982 41%2) < L, /(4d) < LENGTH(K).

Therefore, the recursion depth is bounded by the number § := [log, d] + 2 since, after
repeatedly dividing Ly by two, d times, Lo becomes smaller than LENGTH(K) so that the operands
of the XOR procedure themselves become less than K. This means that the XORrR procedure
executes in constant time, for any fixed integer d > 1.

Getting other bitwise logical operators. All the bitwise operations can be obtained in the
same way. To get the operation and (resp. or), we only have to replace the xorAr array with
an andAr (resp. orAr) array, and the assignment xorAr[i][j] + (i + j) mod 2, which defines
the Boolean xor operation (line 6 of the preprocessing procedure), is replaced by the assignment
andAr[i][j] < ixj (resp. orAr[i][j] < max(i, j)), defining the Boolean and (resp. or) operation.

8.3 The operations computed in linear time on Turing machines or on
cellular automata are computable in constant time on RAMs

It is easy to verify that addition, subtraction and all the string or logical operations studied in
the previous subsections are computable in linear time on multi-tape Turing machines. On the
other hand, it is known that multiplication and modular multiplication are computable in linear
time on cellular automata [306] 33, [62].

e A natural question arises: is it true that each operation computable in linear time
on a Turing machine or on a cellular automaton is computable in constant time on
a RAM with addition, with linear-time preprocessing?

e We answer this question positively.

Since it is known and easy to verify that any problem computable in linear time on a multi-
tape Turing machine is computable in linear time on a cellular automaton [78| [82], it suffices to
prove the expected result for cellular automata.

First, we need some definitions about cellular automata.

Definition 6 (cellular automaton, configuration, computation). A cellular automaton (CA)
A= (Q,0) consists of a finite set of states Q and a transition function 6 : Q% — Q.

A configuration C' of the CA is a bi-infinite word . ..c_sc_1cocicsa ... € QL.

The successor configuration of C for the CA is 6(C) = ...c oc 1c(cich... where
¢ =06(ci—1,¢i,¢i41), for each i € Z.

The computation of the CA from any initial configuration C is the sequence of configurations
(67(C)) >0, defined by §°(C) := C and §71(C)) == 6(67(C)).

12We use the general inequality LENGTH(u X v) < LENGTH(u) + LENGTH(v), for all integers u,v.
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We are interested in finite word problems.

Definition 7 (configuration representing a finite word). The configuration of a cellular automa-
ton A = (Q, ) which represents a finite nonempty word w € LV over a finite alphabet ¥ C Q
is the bi-infinite word ...#fwit ..., simply denoted fwh, where € Q \ ¥ is a special symbol
(comparable to the “blank” symbol of a Turing machine).

Definition 8 (permanent state, permanent state on the right). The f state is permanent for
the cellular automaton A = (Q,0) if we have §(q,8,q") =48, for all ¢, ¢’ € Q.
The § state is permanent on the right for A = (Q,d) if we have §(q,4,8) =4, for each q € Q.

Remark 15. If § is a permanent state on the right, the infinite sequence of f states to the
right of a configuration of form C = .. #tURt ..., simply denoted U4, cannot be modified in
§(C): the interval of the “significant part” of the configuration (its states other than those of the
infinite f§-sequences to its left or to its right) can only widen towards its left.

We have to describe how a CA computes a function in linear time, a notion which is defined
and studied in [37] and which we slightly adapt here below.

Definition 9 (function and operation computed by a CA in linear time). Let be two finite
alphabets 3,5 and a cellular automaton A = (Q,0) such that ¥ C Q, with the state f € Q@ \ X
permanent on the right.

A computes a function f: Xt — X'T in linear time if there are a constant integer ¢ > 1 and
a projection 7 : Q — X' such that, for each integer n > 0 and each word w € X", called the input
of A, we have 6" (fwf) = fvff for a word v ="v;...v, € (Q\ {t})T with f(w) = w(v1)...7(vm).
The word f(w) € X' is called the output of A.

A computes an operation op : N* — N of arity r > 1 in linear time if it computes in linear
time a function Xi;...;X, — Y from {0,1,;}T to {0,1}F, i.e. for the integers Xi,..., X,
represented in binary and a binary representation Y of op(X1, ..., X,), possibly including leading
zeros.

Remark 16. The condition of Definition [ that the output configuration of a CA is 5™ (fwi)
for an input w of length n, which means that it is produced at exactly time cn, may seem dif-
ficult to satisfy. However, it can be controlled by the CA itself. Indeed, as we have known for
many years [59, [60, [61)], one can build a cellular automaton A, = (Q,,0,) — called a “fir-
ing squad” automaton — having two special states, the permanent state § and the “fire state”
¢ (synchronization state), such that, for each integer n and each input w of length n, we
have O} (fwf) = f"t, while, for each time t < n, we have &, (fwf) = fv(t)f with a word
v(t) € (Q\ {p})™ (the “fire state” ¢ does not appear before time n).

By “coupling” (by running in parallel) the original CA and the “firing squad” automaton A,
it can be assumed that each active cell has a clock indicating instant n (the instant when @ is
encountered), and by iterating, the instants 2n, 3n, and, more generally, cn, for any fized integer
c>1.

It should be noted that the states of a CA can be composite without inconvenience (the im-
portant thing is that the number of states is finite); in particular, the output is finally “filtered”
thanks to the w projection.

Here is the most general theorem of this paper.

Theorem 3. Let d > 1 be a constant integer and let op : N” — N be an operation of arity r > 1
which is computable in linear time on a cellular automaton. There is a RAM with addition, such
that, for any input integer N > 0:

1. Pre-computation: the RAM computes some tables in time O(N);

2. Operation: using these pre-computed tables and reading any integers X1, ..., X, < N?, the
RAM computes in constant time the integer op(Xy,...,X,).

The proof of this result is quite elaborate: it is given in the Appendix.

9 Minimality of the RAM with addition

We have proved that the RAM model using addition as the only operation can perform in
constant time — with linear preprocessing — any other usual arithmetic operation and, above all,
Euclidean division. The reader may ask the following natural questions which we explore in this
section:
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1. Is the addition a “minimal” operation for our complexity results? Can it be replaced by a
finite set of unary operations (such as the successor and predecessor functions)?

2. Can addition be replaced, as a primitive operation, by any other usual arithmetic operation

— subtraction, multiplication, division — or a combination of two of them?

9.1 Addition is not computable in constant time on a RAM with only
unary operations

In this subsection, we will establish the megative result given by its title and formulated
precisely and in a stronger form by Proposition [}

Proposition 4. Let Unary0Op be a finite set of unary operations. There is no RAM in M[UnaryQp]
such that, for any input integer N :

1. Pre-computation: the RAM computes some tables in space O(N);

2. Addition: by using these pre-computed tables and by reading any two integers x,y < N,
the RAM computes in constant time their sum x + y.

Also, the result is still valid if the RAM is allowed to use any (in)equality test, with =,#, <, <,
in its branching instructions.

Remark 17. By its item 1, Proposition[]] states a strictly stronger result than what is required.
Indeed, the space used by a RAM operating in linear time is by definition linear.

Proof of Proposition[]] by contradiction. Suppose that there is a RAM M in M|[Unary0Op| which
fulfills the conditions 1,2 of Proposition @l Without loss of generality, the following conditions
can be assumed.

o Step 1 of M (the pre-computation) ends with the internal memory registers R(0), R(1), ...
containing the successive integers p(0),p(1),...,p(c¢N),0,0,..., for a constant ¢ > 1, with
p(i) < ¢N in the register R(i), for each ¢ < ¢N, and 0 in R(%), for each i > ¢N;

e Step 2 of M (the addition) does not modify the internal memory registers R(0), R(1),...
(which are read-only throughout Step 2) but uses a fixed number of read/write registers,
denoted A (the accumulator) and By, ..., By (the buffers), all initialized to 0, and two read-
only registers X and Y, which contain the operands x and y, respectively. The program of
Step 2 is a sequence Iy, ..., I,—1 of labeled instructions of the following forms:

- A=0;A=X;A=Y;

— A = op(A), for some op € UnaryOp;

— A = R(A) (meaning A = R(a), where a is the current content of A);
— B;=A, forsome i€ {1,...,k} ; A= B;, for some i € {1,...,k};

— if A < Bj then goto {; else goto {1, for < € {=,#,<,<,>,>} and some
ly,ty € {0,...,r — 1} (branching instruction);

— return A (this is the last instruction I,._1; recall that the instruction executed after
any other instruction I;, j <r — 1, is I;11, except after the branching instruction).

Justification: The constraint that the internal memory be read-only throughout Step 2 is made
possible by the hypothesis that the time of Step 2 is bounded by some constant. Thus, Step 2
can consult/modify only a constant number of registers R(i). Instead of modifying the contents
of a register R(i), we copy it — at the first instant when it needs to be modified — in one of the
buffer registers Bi, ..., By so that its contents can be modified as that of the original register
R(7) that it simulates.

More precisely, if m is an upper bound of the constant time of the simulated (original)
constant-time program so that this program modifies (at most) m distinct registers R(7), then
k = 2m+ 2 buffer registers By, ..., By are sufficient for the simulation: B is the original buffer;
the contents of By is the number of original registers R(i) which have been currently modified (in
the simulated/original constant-time program); the sequence of m buffers Bs, ..., By, 2 (resp.
B3, ..., Bam42) contain the current sequence of addresses i (resp. sequence of contents) of
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these registers R(7) 3. The reader can check that the time of Step 2 of M is still bounded by a
constant u = O(m?).

For 0 < i < p, let (A(3), B1(i),..., Bi(i), L(2)) respectively be the sequence of contents of
the read/write registers A, By,..., By and the value L(z) of the ordinal instruction counter at
instant ¢ of Step 2. At instant 0, we have (A(0), B1(0), ..., Bk(0),L(0)) = (0,0,...,0,0). For
convenience, we adopt the following convention when L(i) = r — 1, for some i < u (recall that
the instruction I,_; is return A):

(A(i + 1), Bi(i + 1), ..., Bi(i+ 1), L(i + 1)) = (A(), B1(d), ..., Bi(i),r — 1) (13)

Claim 1. At each instant i (0 <i < ) of Step 2, an equation of the following form holds:

if 1 then (al, b171, . ,bk,l, )\1)
(AG), By ()s vy Be(), L) = & o (14)

Here, each test t; is a conjunction of (in)equalities )\, cn <n dp where <) € {=,#,<,<,>,>}
and each term ap,bp j,cn,dp is of the (unary) form (fio fao---o fs)(u) where u is either X,
or'Y, or the constant 0, and s > 0, and each f; is either a unary operation op € UnaryQOp or
the “internal memory function” p : [0,c¢N] — [0,cN| which sends each address a to the contents
p(a) of the corresponding read-only register R(«) (note that the function p depends on N ).

Moreover, the family of tests (tj)1<j<q satisfies the partition property: for each pair of
integers (x,y), exactly one test t; is true for X =z and Y = y.

Proof of the claim. It is a proof by induction on the instant ¢. Clearly, Claim [lis true for ¢ = 0.
Assume that the equality [[4] is true for some i < p. There is nothing to prove if I ;) is the
instruction return A because of equality[I3l All other instructions are handled by a fairly similar
process, with specific processing for the branching instruction. First, suppose that I is an
assignment of the form A = v where v € {0, X,Y}. Then we have

if t1 then (’U,bl,l, .. .,bk71, A+ 1)
(AG+1),Bi(i+1), . Brli+ 1), LG+ 1) = ooveeiieiiiei e
if ty then (v,b1,q, ..., bkq, Aqg + 1)

Now, suppose that I7(;) is an assignment A = op(A) where op € UnaryOp. Then we have

(A +1),B1(i+1),....,Bp(i4+1),LE+1)) =< oo (15)
if t, then (op(aq),b1,g;.--,bkq: Ag + 1)

In the case where I1,(;) is the assignment A = R(A), replace the terms op(a1),...,op(a,) by the
respective terms p(a1),. .., p(aq) (involving the “internal memory function” p) in equality

The cases where Iy(;) is A= B; or B; = A are similar. For example, for B; = A, we have

if t1 then (al,al,bg,l, .. .,bk71, A+ 1)
(A(i + 1),Bl(i + 1), .. .,Bk(i + 1),L(i + 1)) S e e
if t, then (aq,aq,b2,q,. .., bk g, Ag + 1)

Finally, suppose that I ;) is if A < By then goto /y else goto /. Clearly, we have

ifti Nayp < b111 then (0,1, bl,l; . ,bk,1,£0)

if 1 Aaq 74 b111 then (0,1, bl,l; - ;bk,lagl)
(AG+1), B+ 1)y, Bl + 1), L+ 1) =& oo

if ¢ty Aag < b1 4 then (aq, 01,4, -, bk,q,0)

if tg Aag £ b1 g then (aq, 01,4, -, bk, 1)

13When the original RAM tries to write a value v in a register R(3), then the simulating RAM M consults the
list of contents of the s “address” buffers B3, ..., Bsy2, where s is the contents of the counter B>. If the address ¢
is found, that means, for some j (3 < j < s+ 2), B; contains 4, then the value v is written in Bj{,, (the buffer
that simulates R(¢)). Otherwise, the (not found) address ¢ is copied in the buffer Bs43 (the first buffer not yet
used after Bs12), the value v is written in the buffer B4 34y, — this buffer now simulates R(¢) — and the counter
buffer By is incremented by 1: it now contains s + 1.
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Note that each test has the required form since the negation A of a relation < in the set
{=,#,<,<,>,>} belongs also to this set; moreover, by construction, the 2¢ tests still satisfy
the “partition property”.

In conclusion, the reader can observe that for every possible instruction Iy,; of M, an equality
of the required form [I4] with ¢ replaced by ¢ + 1 is true. This completes the proof by induction
of Claim [l O

End of the proof of Proposition 4l The contradiction will be proven as an application of the
“pigeonhole” principle. By hypothesis, the Step 2 of M (addition step) computes/returns the
sum x + y at time p, that means A(u) = = + y. Therefore, by Claim [[l we obtain, for all
(z,y) € [0, N[,

if t1(x,y) then ap
r+y=Ap) =< .. (16)
if t4(x,y) then a,

where each test ¢; is a conjunction of (in)equalities A, c¢n <5 d, where <), € {=,#,<, <, >, >}
and each term aj,cp,dp, is of the (unary) form f(0), f(z) or f(y), in which f is a composition
fio fao---o fs of functions f; € UnaryOp U {p}.

Without loss of generality, assume N > ¢. Let us define the ¢ parts D; of [0, N[? defined by the
tests t;: D, == {(z,y) € [0, N[* | tj(x,y)}. The partition property implies >y card(D;) = N?
from which it comes — by the pigeonhole principle — that at least one of the ¢ sets D; has at least
N?/q elements. For example, assume card(D;) > N?/q.

Also, by [M6] the implication ¢1(x,y) = x + y = a1 is valid. Therefore, we get
card{(z,y) € [0,N[> | z+y = a1} > card(D;) > N?/q. Now, suppose that a; is of the
form f(x) (the case f(y) is symmetrical and the case f(0) is simpler). By a new application of
the pigeonhole principle, we deduce that there is at least one integer x¢ € [0, N[ such that

card{y € [0, N[ | zo+y = f(x0)} > N/q

From the assumption N > ¢, we deduce that there are at least two distinct integers y1,y2 € [0, N[
such that xo + y1 = f(z0) = x¢ + y2, a contradiction. This concludes the proof of Proposition [
by contradiction. [l

Remark 18. Using the pigeonhole principle again, it is also easily seen that not only addition but
also each binary operation whose result really depends on the two operands cannot be computed
in constant time on a RAM using only unary operations. Intuitively, a constant number of
comparisons (branching instructions) generates a constant number of cases: to compute a binary
operation, it is not enough to use a constant number of cases defined by (in)equalities over
“unary” terms, each of which depends on only one operand.

9.2 Can addition be replaced by another arithmetic operation?

Although addition is the simplest of the four arithmetic operations and perhaps for this
reason, it is among them the only “fundamental” operation of the RAM model, as this
subsection shows.

The question we attempt to answer in this subsection is: Can addition be replaced by one of
the other three standard operations, subtraction, multiplication x and Euclidean division div?
If not, can it be replaced by two of them?

Obviously, the addition can be replaced by the subtraction over Z, i.e. relative integers, as
x4y = z—(0—y). Addition can also be replaced by subtraction and multiplication (or multiplica-
tion by 2) on natural numbers because of the following identity where
x—y = max(0, z — y) denotes our subtraction on natural numbers:

[ 2xx—(z—y)ify—2 =0, iey<uw
Ty = { 2% y—(y—x) otherwise

Obviously also, subtraction and division are not enough to compute the successor func-
tion, and a fortiori the addition, because, for all integers z and y > 0, we have z—y < = and
x divy < x. More fully, we state the following negative results.
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Proposition 5. 1. No RAM with subtraction and division over natural numbers computes
the successor function.

2. No RAM with multiplication computes the successor function.

Proof. As we have given the argument for item 1, it suffices to justify item 2. Suppose M is a
RAM with multiplication which computes the function N +— N + 1. Let us fix an integer N
greater than all the numbers 71, ..., ji that appear in the program of M and such that N + 1 is
a prime number. By construction, each number that appears in the computation of M over the
input N must be a product of integers belonging to the set {N, ji,...,jr} and therefore cannot
be equal to N + 1, because N + 1 is prime and greater than all the factors, a contradiction. O

We therefore have M[{—, x}] = M[{+}] but the RAM models M[{—,div}] and M[{x}] are
strictly weaker.

Also, we do not know if addition can be replaced by multiplication and division, i.e. if we
have M[{x,div}] = M[{+}], even if we think the answer is no.

The intuition comes from the ability to manage (dynamic or static) arrays using concatenation
as we do with addition.

10 Final results, concluding remarks and open problems

We hope that the results established in the previous sections have convinced the reader that
our RAM model with addition, also called addition RAM, or M[{+}], is the standard model
for the design and analysis of algorithms. This means that the complexity classes defined in
this model are robust and faithfully reproduce/model the intuitive complexity classes of concrete
algorithms. This is already true for the “minimal” complexity classes defined as follows.

“Minimal” complexity classes of addition RAM
e LIN is the class of functions Z — f(Z) computed in linear time by an addition RAM.

e CONST;;, is the class of “dynamic” problems (Z, X) — f(Z,X) computed in constant time
by an addition RAM with linear-time preprocessing, which means:

1. Pre-computation: from an input Z of size N, the RAM computes an “index” p(Z) in
time O(N);

2. Computation: from p(Z) and after reading a second input X of constant size, the
RAM computes in constant time the output f(Z,X).

e CONST-DELAY:;, (see [30, (8,7, 29]) is the class of enumeration problems Z +— f(Z) computed
with constant delay and constant-space by an addition RAM with linear-time preprocessing,
which means:

1. Pre-computation: from an input Z of size N, the RAM computes an “index” p(Z) in
time O(N);
2. Enumeration: from p(Z) and using constant space, the RAM enumerates without

repetition the elements of the set f(Z) with a constant delay between two successive
elements and stops immediately after producing the last one.

Remark 19 (More liberal constant-delay complexity classes with linear-time preprocessing). In
the literature on enumeration algorithms, the space complexity of the enumeration phase is often
not accurately described or appears to be larger than our constant space bound, see e.g. [75,[3,[29].
We think that the most natural variants (extensions) of our CONST-DELAY1;, class are the following
two ones:

e [Let CONST-DELAY-LIN-SPACE;i, denote the extension of the class CONST-DELAY1;, where the
space bound of the enumeration phase is O(N), instead of constant. Note that this com-
plexity class can be defined in our RAM model which only uses O(N) integers (contents
and addresses of registers).

e One can also allow the constant-delay enumeration phase to use an unlimited memory,
i.e. unlimited addresses, which is forbidden in our RAM model and seems unrealistic to
implement.
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The operations we have studied. We have extended the RAM model with the following
two kinds of operations:

o Let Op,,,,, be the set of arithmetic operations that follow: addition, subtraction, multipli-
cation, division, exponential, logarithm, and c¢-th root (for any fixed integer ¢ > 2), acting
on “polynomial” integers, i.e. integers less than N9, for a fixed d.

e Let Opg™ be the set of operations on “polynomial” integers computable in linear time on

cellular automata.

The following corollaries summarize our main results and establish the robustness and ex-
pressiveness of the complexity classes thus defined in our RAM model.

Corollary 4. Let Op be a finite set of operations such that {+} C Op C 0p,,;en U Opga®. Then
we have M[0p] = M[+].

Corollary 5. The classes LIN, CONSTy;i,, CONST-DELAY;i, and CONST-DELAY-LIN-SPACE;i, do not
change if the set of primitive operations of the RAMs is any finite set of operations containing

lin

addition and included in 0p,,;., U Opgy™.

Proof. Each of these four complexity classes allows linear-time preprocessing and we have proved
lin

that each operation in Op,,;., U Opg;™ can be computed by an addition RAM in constant time
after linear-time preprocessing. (|

Remark 20. For simplicity, we have chosen to state Corollary [A for the “minimal” complexity
classes of the RAM model. However, it is easy to deduce the same result for complexity classes
of greater time and/or greater space, e.g. Time(N?), etc.

Addition of randomness? Our RAM model is purely deterministic but we can easily add
to our model a source of randomness, for instance by having an instruction RANDOM that fills
the accumulator A (of an AB-RAM) with some random value (in [0,cN|[, for some constant
integer c).

Adding randomness to a RAM model does not change the worst case complexity of well-
defined problems as, in the worst case, the random instruction might behave exactly like the
instruction CST 0. For that reason, the addition of randomness is only useful when talking about
complexity classes where the answer is allowed to be only probably correct (as opposed to always
correct) or about programs terminating in ezpected time T'(N), for some function 7.

In computational complexity theory, there are open conjectures about whether the addition
of a source of randomness to Turing machines might make them exponentially faster. Since the
classes of problems computable in polynomial or exponential time in our RAM or in a Turing
machine are the same, there is little hope to solve whether a RAM machine with randomness is
equivalent to a RAM without randomness.

Weakness of the RAM with successor and predecessor? Let LINS¢Pred CQNSTSICOPred,

lin
and CONST-DELAYS.S®P™® denote the complexity classes similar to the LIN, CONSTyi,, and
CONST-DELAY:;, classes, respectively, when the successor and predecessor functions, z — x + 1
and x — x — 1, where z < ¢N, for some constant integer ¢ > 0, are the only primitive operations

of the RAM model instead of the addition operation.

In contrast with Corollary [ the following “negative” result holds.

Corollary 6. We have the strict inclusion CONST5.cPred G CONSTysp.

lin

Proof. The inclusion is a direct consequence of what we have proved before. So, it suffices to
prove that it is strict. Let us consider the “dynamic” problem (Z,X = (z,y)) — x + y, for
x,y € [0, N[, where N is the size of Z. This problem trivially belongs to CONSTy;, but it does
not belongs to CONSTS c¢?**¢ by Proposition [l O

We ignore if Corollary [6l can be “extended” to the other “minimal” complexity classes.
Open problem 2. Is the inclusion LINS®C:PTed C LIN strict?

Open problem 3. Is the inclusion CONST-DELAYS <“P**® C CONST-DELAY:i, strict?

lin
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The difficulty comes from the fact that RAM with successor, also known as successor RAM, is
much more powerful than it seems at first glance. As a striking example, Schénhage [70] showed
as early as 1980 that integer-multiplication, which is the problem of computing the product of
two integers in binary notation, i.e., with one bit per input register , is computed in linear
time on a successor RAM and therefore belongs to LINS"“:P*e4_ Moreover, Schonhage [T0] proved
that the successor RAM is equivalent to what he calls the “Storage Modification Machine”, also
called “Pointer Machine” by Knuth [54] and Tarjan [80], who proves that in this computational
model, Union-Find operations can be performed in amortized quasi-constant time a(n), where
a(n) is the inverse of Ackermann’s function A(n,n).

Why does our RAM model the algorithms in the literature? Our RAM model repro-
duces/models exactly the computations of the algorithms on the combinatorial structures. The
reason is threefold:

1. Such a structure S, e.g. a tree or a graph, is naturally encoded by a RAM input
Z = (N,I[0],...,I[N —1]), with I[j] = O(N) and N = ©(L), where L is the “natural
length” of the structure S, which is L = n if S is a tree of n nodes, or L=m+n if Sis a
graph of m edges and n vertices, etc.

2. The input array Z = (N, I[0], ..., I[N —1]) is of the same nature as the array R[0], R[1],...
of RAM registers of contents also O(N).

3. The RAM functioning is also homogeneous: a read/write instruction is a random access
instruction like the other instructions.

Why RAM linear time is intuitive linear time under unit cost criterion? By our
conventions, any linear-time (and linear—spac) algorithm from the literature on combinatorial
structures (trees, graphs, etc.) is modeled/implemented by a RAM algorithm that uses O(N)
registers and executes O(N) instructions, each involving O(1) registers of bit length ©(log N).
Consequently, its time complexity under unit cost criterion is O(N), which is O(L), where L is
the “natural length” of the input structure, by item 1 of the above paragraph.

What about linear time under logarithmic cost criterion? Since a linear-time algorithm
performs O(N) instructions, each of cost O(log N), its time is O(N log N) under logarithmic
cost criterion. Is it a linear time for this criterion?

Linear-time algorithms on combinatorial structures are also linear under logarithmic
cost criterion. Let us justify this assertion for graph algorithms. (The proof is similar for
algorithms on other structures: trees, formulas, etc.) A graph without isolated vertex whose
vertices are 1, ..., n and edges are (a1, b1),. . ., (Gm, by is “naturally represented” by the standard
input Z = (N, I[0],...,I[N —1]) where N = 2m + 2, I[0] :== m, I[1] := n, and finally I[2j] = q;
and I[2j 4+ 1] ;== b; for j = 1,...,m. Recall that we have n < 2m = N — 2.

If 7 is encoded by a binary word, its bit length, called LENGTH(Z), is ©(LENGTH(N) +
> i LENGTH(BINARYCODE(aj, bj))), which is O(Nlog N). On the other hand, since the m
edges (a;,b;) are pairwise distinct, we have

m m
Z LENGTH(BINARYCODE(a;, b;)) > Z LENGTH(w;) (17)
j=1 j=1

where wy,...,w,, is the list of the m shortest nonempty binary words numbered in increasing

length, that means LENGTH(w;) < LENGTH(w;4+1), for each j < m. The (in)equation (I7) is
justified by the following points:

e without loss of generality, assume that the m edges (a1,b1),..., (@m, by) are numbered in
increasing length of their (pairwise distinct) encodings BINARYCODE(a;, b;), j = 1,...,m;

e consequently, we have LENGTH(BINARYCODE(a;, b)) > LENGTH(w; ), for each j < m.

14Note that in our formalism, the input of  this problem is of the form
Z = (N,I[0] = ao,...,I[n — 1] = apn—1,I[n] = 2,I[n 4+ 1] = bo,...,I[2n] = bp—1), where N = 2n + 1
and the a;,b; belongs to {0,1}, and its output is (2n,po,...,p2n—1), where p = a x b, for a = a,—1...a1a0,

b=bp_1...b1bo, and p =D2p—1-..P1P0-
15 As is the case with almost all linear-time algorithms in the literature and as required for RAMs, we require
that a linear-time algorithm use linear space.
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Moreover, the (in)equality 37" | LENGTH(w;) = Q(mlogm) is intuitive and not hard to provdd.
By (I7), this implies LENGTH(Z) = Q(mlogm) = Q(Nlog N). Thus, we have proved.]

LENGTH(Z) = O(N log N) (18)

Consequently, a graph algorithm running in linear time under unit cost criterion, therefore in
time O(N log N) under logarithmic cost criterion, runs in time O(LENGTH(Z)) under the same
criterion, according to equation (I8]). This is the true linear time under the unit cost criterion!

Thus, algorithms on graphs or similar combinatorial structures (trees, formulas, hypergraphs,
etc.) running in linear time under unit cost criterion are also running in linear time, that is to
say in time O(LENGTH(S)), under logarithmic cost criterion, where LENGTH(S) is the bit length
of the input structure S.

However, our above argument for combinatorial structures does not apply to word structures.

What linear time complexity for algorithms on words? As seems most natural, it is the
rule for a text algorithm (see e.g. the reference book [25] or Chapter 32 of [23]) to represent an
input word (text, string) w = wq ... wy_1 € X" over a finite fixed alphabet X, identified with the
set of integers {0,1,...,b— 1} for b = card(X), by an array W[0..n — 1] where W[j] = w;. Thus,
the text algorithm is faithfully simulated by a RAM whose input is Z = (N, I[0],..., I[N — 1])
where N = n and I[j] = w;; this means 0 < I[j] < b= O(1).

Many word algorithms of the literature, e.g. the well-known string-matching algorithm of
Knuth, Morris and Pratt [55], 28] 47], are executed in the RAM model in time O(N) under unit
cost criterion, where N is the length of the input word w (or the maximum of the lengths of the
two input words). Therefore, such an algorithm runs in time O(N log N) under logarithmic cost
criterion, for N = LENGTH(w). A priori, it is not O(LENGTH(w))... This corresponds to the fact
that the input elements I[j] are in O(1) while the contents of the memory registers are in O(N):
here, there is heterogeneity between input and memory.

To recover homogeneity, we can adopt a technical solution already introduced in [40, [7T], [42]:
partition any input word w € X" (where ¥ = {0,...,b—1}) into N = O(n/logn) factors of length
O(logn) = O(log N). More precisely, using the parameters ¢ := [(log,n)/2] and N = [n/{],
we partition w into the concatenation w = fy... fy—1 of N factors f;, with LENGTH(f;) = ¢
for j < N—1and 1 < LENGTH(fy-1) < ¢. The word w € X" is represented by the input
Z = (N,I[0],...,I[N —1]) defined by I[j] :== f; for each j < N. Many other variants of this
representation can also be adopted, the important point being the orders of magnitude obtained:

N =0(n/logn) ; I[j] = O(*) = O(b1°8:™)/2) = O(n'/?) = O(N), for each j < N.

With such a representation of words, the time complexity of a RAM operating in time O(N),
which is in O(n/logn), under unit cost criterion, is O(Nlog N) = O(n), that is to say really
linear, under logarithmic cost criterion. It would be a vast and challenging objective to deter-
mine which word problems known to be computable in “linear time” can be computed in time
O(n/logn) under unit cost criterion using our word representation. For example, paper [40]
proves that it is true for the following “sorting” problem from (SU{f})* to (SU{t})™, for § & %,
defined as
xlﬁxQﬂ e ﬁxq = xﬂ(l)ﬂzﬂ(2)ﬂ e ﬁxfr(q)

where z1,29,...,24 are words in X7, and 7 is a permutation of {1,2,...,q} such that
Tr(1) < Tr2) < - .. < Tp(q) for the lexicographic order < of >t

Is multiplication more difficult than addition in the RAM model? We mentioned
above that Schonhage [70] surprisingly proved that the successor RAM, equivalent to his “storage
modification machine” (but seemingly weaker than our addition RAM!) can compute in time O(n)
the product of two integers of length n in binary notation, each contained in n input registers
(one bit per input register).

16Note the sequence of equivalences LENGTH(w;) = £ <= Zf;ll 2 << ZE:I 2 = 262 <j <2t 2
— 26 <j+2< 2% «— ¢ =log,(j+2)] — 1. Hence, LENGTH(w;) = [logy(j +2)] — 1. Therefore, we
get > 7" LENGTH(w;) > Z;.”:rm/ﬂ LENGTH(wj) > (m/2)LENGTH(W[p,/21) = (m/2) [logs([m/2] +2)] — 1, from
which -7, LENGTH(w;) = Q(m logm) is deduced.

I7Note that the truth of equation (I8) is largely independent of the representation of the graph provided it

is “natural”. E.g., if the vertices of the graph are 1,...,n, some of which may be isolated, and its edges are
(a1,b1),...,(am,bm), the graph is “naturally” represented by the standard input Z = (N, I[0],...,I[N — 1])
where N :=2m +n + 1, I[0] :==m, I[j] :=j for j =1,...,n, and finally I[2j +n — 1] := a; and I[2j 4+ n] := b;
for j = 1,...,m. We still have LENGTH(Z) = O(N log N). Moreover, by the same reasoning as above, we get

LENGTH(Z) = Q(nlogn + mlogm) = Q(NlogN) (because N = ©(max(m,n))) and therefore LENGTH(Z) =
O(NlogN).
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On this point, in his lecture on receiving the ACM Turing award [2I] in 1982, Stephen Cook
expressed his astonishment as follows: “ Schonhage [70] recently showed...... that his storage
modification machines can multiply in time O(n) (linear time!). We are forced to conclude that
either multiplication is easier than we thought or that Schénhage’s machines cheat.”

Although we agree that Schonhage’s result is very beautiful and strong (it is all the more
powerful that it uses a successor RAM instead of an addition RAM!), we believe that the paradox
highlighted by Cook is only apparent. The product of two integers of binary length n is computed
by a successor RAM in time O(n) under unit cost criterion, and therefore in time O(n logn) under
logarithmic cost criterion. This is not linear timel!

At the opposite, we have noticed, see Remark[8 that our addition RAM can compute the sum
(resp. difference) of two integers of binary length n in time O(n/logn) under unit cost criterion
(by representing each input integer by the array of binary words of length [(log,n)/2] whose
concatenation is its binary notation, like the word representation we suggest in the previous
paragraph). This is O(n) time under logarithmic cost criterion, which is really linear time. This
is not the case with the Schonhage multiplication algorithm or the Fast Fourier multiplication
and we conjecture that our RAM model cannot compute the product of two integers of binary
length n in time O(n/logn) under unit cost criterion as its does for their sum and difference.

Multiplication continues to seem harder than addition and subtraction!

Linear space or larger space? The RAM model we have chosen uses linear space. This means
that the addresses and contents of registers R[0], R[1],... are integers in O(NN); in particular, no
k-dimensional array N7 X Na X -+ x Ny, is allowed unless it uses N1 X Na X -+ X N = O(N)
registers so that it can be represented by a one-dimensional array of size O(N). This is justified
by two arguments:

e our RAM model models the vast majority of linear-time algorithms in the literature: they
use a linear space;

e our RAM model is very “robust”: its complexity classes are invariant for many variations,
in particular with respect to the primitive operations of the RAM, as established at length
in this paper.

Nevertheless, we have noticed that several recent papers about queries in logic and databases, see
e.g. [31L[75, 12, [13], present algorithms which use k-dimensional arrays A with O(N*) available
registers, such that for given (ny,...,n;) € N¥, with each n; = O(N), the entry A[ny,...,ng] at
position (nq,...,ny) can be accessed in constant time. Although this “multidimensional” RAM
model is “unrealistic for real-world computers”, as [12] writes, it is robust in two respects:

e clearly, it inherits all the invariance properties of our (stricter) RAM model according to
the primitive operations;

e it is invariant according to the dimensions of arrays: Theorem [I] states that the RAM
model with arrays of arbitrary dimensions is equivalent to the RAM model using only
2-dimensional arrays, and even, arrays of dimensions N x N€, for any € > 0, hence with
O(N1F€) registers available.

There remains the open and difficult question whether the RAM model with k-dimensional arrays
but only using O(N) cells is equivalent to the RAM model with only 1-dimensional arrays of O(N)
size. Answering this question is crucial in determining whether the algorithms of [311 [75] 12 [13]
can be implemented in linear space in “real-world computers”.

What space complexity for enumeration algorithms? In accordance with and in the
spirit of the definition of the complexity class CONST;i,, whose second phase uses constant time
and therefore constant space, the “minimal” enumeration complexity class that we have cho-
sen as the standard (when each solution to be enumerated is of constant siz@) is the class
CONST-DELAY,;, whose second phase uses constant time and also constant space. This is justified
by two points:

e some basic enumeration algorithms in combinatorics, logic and database theory [34] 8] 30,
7, [29] belong to CONST-DELAYy;

18Note that if the solutions are not of constant size, e.g. if they are subsets of vertices of an input graph,
then the “minimal” (standard) enumeration complexity class is the class of problems, called LIN-DELAY1in, whose
preprocessing phase uses O(N) time and space and enumeration phase uses O(|S|) delay and space, for each
solution S, see [6] [7, [24]. Of course, belonging to LIN-DELAY1i;n amounts to belonging to CONST-DELAY1in for an
enumeration problem whose size of solutions is constant.
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e this complexity class is as “robust” (and for the same reasons) as the classes LIN and
CONST14n.

The a priori larger complexity class CONST-DELAY-LIN-SPACE;;,, which allows the enumeration
phase to use O(N) space, instead of constant space, is also realistic (its two phases use a linear
space) and as robust as CONST-DELAY ;.

Again, the question of whether the inclusion CONST-DELAY;;, C CONST-DELAY-LIN-SPACE;;, is
strict remains an open and difficult problem.

Which operations are computed in constant time? We have the feeling that our addition
RAM can compute in constant time (with linear-time preprocessing) any operation on “polyno-
mial” integers defined from the usual arithmetic operations (whose versions on R are continuous),
plus the rounding functions z — |z] and z — [z], and the compositions of such operations,
provided that the intermediate results are “polynomial”. We managed to prove this for all the
operations we studied in Sections [ to [ except for the general root operation (z,y) — Lxl/ yJ
for which Subsection gives only a partial proof. However, we have failed to prove any general
result — except for the set of linear-time computable operations on cellular automata — and our
proofs are “ad hoc” even though a discrete analog of Newton’s approximation method used in
Section [7] seems promising for establishing such a systematic result.

Final remarks on the RAM model. As observed and discussed in the introduction to this
paper, on the one hand the RAM model is generally considered to be the standard model in the
foundations of algorithm design and algorithm analysis, and on the other hand, surprisingly, the
literature does not agree on a standard definition of the RAM model and its complexity classes.

Although in the past some papers [39, 38, [40, [42, 4T, B0, [7] have defined and started to
study the LIN class of our RAM model with addition and its subclass of decision problems
called DLIN, so far no systematic work has investigated from scratch the robustness and extent
of computational power of this model and its complexity classes.

Having such a systematic and unified study was all the more urgent as the many recent studies
on the algorithms and the complexity of “dynamic” problems, and especially of enumeration
problems [74) [75], [3} 14} 53 [79] 20 [IT] 29], essentially refer to the reference book [2] (excellent
but almost half a century old!) and to the scattered and incomplete papers cited above. This gives
an impression of imprecision and approximation and can lead to ambiguities or even error.

We hope that this self-contained article meets this need for precision. We have designed our
paper as a progressive, detailed and systematic study.

We consider that the main arguments in favor of adopting the addition RAM as the basic
algorithmic model are as follows:

e its simplicity /minimality and its homogeneity;

e its ability to represent usual data structures and in particular tables, essential for prepro-
cessing;

e the robustness and computing power of its complexity classes (Corollary Bl): the most
important and surprising result that this paper establishes is that the addition RAM can
compute the Euclidean division in constant time with linear-time preprocessing; as we also
proved, this allows to compute many other arithmetic operations on “polynomial” integers
in constant time with linear-time preprocessing.

Open problems. Even if we have positively solved in this paper the main (old) open question,
which is the equivalence of the addition RAM with the RAM equipped with the four operations
+,—,x and / acting on “polynomial” integers, for the complexity classes under the unit cost
criterion, there remain many other interesting open questions regarding the RAM model, several
of which have been presented throughout this paper.

We have tried to establish the most complete list of integer operations that an addition RAM
can compute in constant time with linear-time preprocessing. In fact, many algorithms deal with
combinatorial structures such as trees, circuits, graphs, etc. The next step would therefore be
to undertake a similar systematic study of operations on combinatorial structures computable in
constant time (or quasi-constant time) on addition RAMs with linear-time preprocessing. For
example, although a lot of work has been done in this direction, it would be very useful to establish

19Most of the papers cite the book [2] which considers the four operations +, —, X and / as primitive operations
of RAMs without limiting the values of their operands. However, Schonhage [69] proved that the class of languages
recognized by such RAMs in polynomial time under the unit cost criterion contains the entire class NP!
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“largest” set of “atomic” tree operations computable in constant (or quasi-constant) time

after a linear (or quasi-linear) time preprocessingj@. This would constitute a toolbox to optimize
algorithms for “dynamic” problems such as those studied in [3} 12} [15] [14] [4].
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11 Appendix: Proof that an operation computed in linear
time on a cellular automaton can be computed in constant
time on a RAM

In this appendix, we prove Theorem [3, which we recall below.

Theorem Bl Let d > 1 be a constant integer and op : N — N an operation of arity r > 1,
computable in linear time on a cellular automaton (CA). There is a RAM with addition, such
that, for any input integer N :

1. Pre-computation: the RAM computes some tables in time O(N);

2. Operation: using these pre-computed tables and reading any integers X1, ..., X, < N?, the
RAM computes in constant time the integer op(Xy,...,X,).

Proof. Let A = (Q,6) be a CA which computes the operation op, ie. the function
fop ¢ X155 X, — op(X1,...,X,), in linear time. Before building a RAM that simulates
the CA, let us slightly tweak the CA input configuration. In particular, we add the integer N to
the input as a reference to the upper bound N¢ of the operands X1, ..., X, < N%.

Let us represent the (r + 1)-tuple of integers (N, X1,...,X,), for Xi,..., X, < N¢ by the
word, called code(N, X1,...,X,) == wur_1...u1ug € ', on the alphabet I :== {0,1,...,y — 1},
where 7 := 2711, which is defined as follows:
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Length of the code: L := length(NY);

Letters of the code: u; = Y ;_,x;;2', for 0 < j < L, where ;11 ...2;1%;0 denotes the
binary representation of X; on L bits, for i € {0,1,...,r} and Xy := N. In other words, u;
is the integer whose binary representation is column j of the 0/1 matrix (z; ;)o<i<r,0<j<L
when the columns are numbered from L — 1 (left) downto 0 (right).

Ezxample: For r = 2, d = 1, and the size integer N = 13, which has the binary representation
1101 of length L = 4, and for X; = 7 and X5 = 9, which have the binary representations (of
length L = 4) 0111 and 1001, respectively, we obtain v = 2" =8 T = {0,1,...,y -1 = 7}
and code(N, X1,...,X,) = 5327 € I'%, see Table [2

Xo=9 1 0 0 1
X1=7 0 1 1 1
Xo=N=13 1 1 0 1

|code(N,X1,X2) || us = b | us =3 | up =2 | u0:7|

Table 12: Encoding the input (N, X1,...,X,)

It is tedious but easy to build a CA which computes the function ¢ : code(N, X1,..., X,.) —
Xi1;...; X, in linear time. Since the class of functions computable in linear time on cellular
automata is closed under composition (see Remark 10 in [37]), the composition of functions
fopog:code(N,X:,...,X;) — op(Xi,...,X,) is computed in linear time on a cellular automa-
ton, also called, for simplicity, A = (Q,d). By Definition [@ it means that there are a constant
integer ¢ > 1 and a projection w : @ — {0,1} such that, for all integers N, X;,..., X, with
Xj < N4 for 1 <j <r, we have 6L (fInputf) = §Yt,

e for Input := code(N, X1,...,X,) and L := length(Input) = length(N?),

e and for a word Y = y;p—1...90 € (Q \ {#})T such that Output = 7(ym—1)...7(yo) €
{0,1}*, where OQutput is the binary notation of the integer op(Xy, ..., X,), written with
m bits, possibly including leading zeros.

We can assume @ := {0,1,...s — 1} with T := {0,1,...,7 — 1}, v == 2"} # = ~, and
Tu{f} € @, which implies s > v+ 1.

A cell of the CA is said to be active in the computation fInputf, d(Inputf),. .., 5" (fInputt)
if its state is different from f at at least one time ¢ € {0,1,...,cL} of the computation. It is clear
that the set of active cells forms an interval, called the active interval of the computation, which,
without loss of generality, can be assumed to be of length cL. For convenience, we number the
active cells ¢L — 1,...,1,0, increasing from right to left (like the representation of integers in
any base). Thus, at any time t € [0, cL] of the computation, we consider that the configuration
has the form f#ger—1...q1qofl, where ¢; € Q is the state of cell ¢ (possibly §) at time t. We also
assume that in the last configuration 6°(§Inputf) = Y, we have Y := y.,_1...%o: this means
that the output integer op(Xi, ..., X,) is written 7(yer_1)...7(yo) € {0,1}°F, with exactly cL
bits.

We are now ready to present the simulation of the CA by a RAM. Before describing it with
some details, let us first give the guiding ideas of this simulation.

A simplified view of the simulation. The trick is to divide the active interval of the com-
putation, of length cL, into a constant number of consecutive blocks of “small” length ¢, called
¢-blocks, numbered ...2,1,0 (increasing from right to left!). We take £ = elogy N for a “small”
constant €. (Precisely, we will define ¢ :== [L/D], for a large fixed integer D.) Similarly, we di-
vide the computation, of time cL, into a constant number of computation intervals of duration /¢,
called “global /-transitions”.

By abuse of language, the string of states B; € Q' of an -block at some time ¢ is called an
{-block at time t. Therefore, the configuration at any time ¢ is the concatenation ﬂBEO ... Bt
for the constant ¢y := [¢L/¢].

The essential point is the “locality” of the cellular automaton: the state of any cell x at any
time ¢t + 1 (resp. t+¢) is entirely determined by the states of the three cells x — 1, 2,2 + 1 (resp.
the state string of the cell interval [z — £, 2 + ¢]) at time ¢t. As a consequence, an ¢-block B;‘M,
i.e. the (-block j at time t 4 £, is completely determined by the three (-blocks, B, B}, Bf_,,
which are the ¢-block itself and its left and right neighboring ¢-blocks at time ¢. In other words,
the ¢-block B;-H € Q¢ is determined by the concatenation of ¢-blocks B, \BIB; | € Q3¢. Such
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a concatenation is called a “local configuration” and the transformation B}, B{B} | B;-H
from Q3¢ to Q¢ is called a “local ¢-transition”. There are two crucial points:

What preprocessing in linear time? The number of possible “local configurations”, there-
fore the number of possible “local ¢-transitions” corresponding to the parameter N, called
NbLocalConf(N), is the cardinality of the set @3¢, which is “small”, precisely s3¢; this will
make it possible to pre-compute in O(N) time a table of all possible “local ¢-transitions”
for the parameter V;

How to compute op in constant time? Since the time (resp. length of the active interval)
of the computation is ¢L, then the computation (resp. the active interval) is the concate-
nation of ¢L/¢ = O(1) global ¢-transitions (resp. ¢-blocks), and all the computation on
Input := code(N, X1, ..., X,) can be done by performing (cL/¢)* = O(1) local ¢-transitions;
it is a constant time since each local ¢-transition is performed by consulting a single element
in the table of local ¢-transitions.

Remark 21 (processing the input and output in constant time). In this simplified view, we have
not mentioned the reading of the operands X1,...,X, < N®, with the encoding process giving
the initial configuration §Inputf, for Input := code(N, X1,..., X,), nor the final output process
building op(X1,...,X,) by the projection of the final configuration. We will explain below how
these input and output processes can also be performed in constant time.

Remark 22. Our simplified view also overlooked the fact that in general, the time cL of the
computation is not a multiple of £. In general, we have cL = (¢co — 1)€ + p, for the “constant”
co = [eL/l] and an integer p € [1,£]. Therefore, the computation breaks down into co — 1 global
L-transitions, each composed of cq local £-transitions, and one global p-transition composed of cq
local p-transitions of time p. As a local (-transition, a local p-transition produces, from a local
configuration (Ba, By, By) € (Q)® of adjacent £-blocks at some time t, the value B} € Q° of the
middle €-block at time t + p (instead of time t + £ for a local £-transition).

The number of local configurations: Let us now determine the value of the “cut” con-
stant D which determines the block length £(N) := [L(N)/D], for L(N) := length(N4), so that
the number NbLocalConf(N) of the possible local configurations for an input (N, X1,...,X,) of
the cellular automaton A = (Q, ¢) is O(N7), for some o < 1. By definition of local configurations,
we have

NbLocalConf(N) = s = §3[L/P1 < ¢3g3L/D

because of [L/D] < L/D + 1. We also have L = length(N?) < 1+ log, N = 1 + dlog, N.
It comes s3L/P < g3/ D g(3d/D)logy N — ¢3/D N(3d/D)loga s from which we deduce

NbLocalConf(N) < §3+3/D o N(3d/D)logy s

This implies NbLocalConf(N) < ¢; N7, for the constant factor ¢; = s3+3/D and the constant
exponent o := (3d/D)log, s, which is less than 1 if we fix the value of our constant integer D to
more than 3dlog, s. Therefore, setting D := 1+ [3dlog, s| is suitable.

It is time to present in detail how a RAM can simulate in constant time the cellular automaton
A = (Q, ) thanks to tables pre-computed in linear time. It is convenient to confuse the active
part (resp. any ¢-block) of a computation of A, which is a nonempty word over the alphabet
Q =1{0,1,...,s—1}, with the integer represented by this word in the base s. As we have already
seen, we can easily pass from a string of s-digits to the integer represented by this string in the
base s, by Horner’s method, and vice versa.

Computation of local transition tables. First, to represent the transition function § of the
CA, let us define the 3-dimensional array DELTA[0..s — 1][0..s — 1][0..s — 1] by
DELTA[x2][z1][20] = d (22, 21, Z0)

(Note that g, x1, 22 and 0(ze,x1, ) are explicit integers.) Of course, the following code com-
putes the array DELTA in constant time:

Algorithm 21 Computation of the DELTA array
1: for xo from 0 to s — 1 do
2: for x; from 0 to s — 1 do

3: L for x5 from 0 to s — 1 do

4: L DELTA[XQ] [Xl][XQ] — (S(Xg, X1, XQ)
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Let us now represent the table of local p-transitions Bf,  B{B! | — B;-H from Q% to Q,
for all the p € [1,€], by the 2-dimensional array LT[1..£][0..s3 — 1] defined, for 1 < p < /,
Bo,B1, B € Q' and B = Bys?** + Bys’ + By, by LT[p][B] := R, which must be interpreted as
follows: if, at any time t, three consecutive ¢-blocks numbered j + 1, j, j — 1 are respectively
Bs, By, By, then at time t 4+ p, the middle £-block (numbered j) is R.

The following code computes the LT array thanks to the DELTA array:

Algorithm 22 Computation of the LT array

1: for B from 0 to s3* — 1 do

2: for p from 1 to ¢ do

3: R+ B

4 for x from 0 to 3%/ —1 do

5: L C[x][0] <~ Rmod s

6: R<Rdivs

7: for t from 1 to p do

8: L for x from {—p+tto2xf{—1+p—tdo
9: . C[x][t] - DELTA[C[x + 1][t — 1]][C[x][t — 1]][C[x — 1][t — 1]]
10: R+ 0

11: for x from 2%/ — 1 downto ¢ do

12: . R+ Rxs+C[x][(]

13: | | LT[p][B] +R

Justification: First, note that the main loop (1) goes through all the integers B < s which
encode the local configurations (groups of three adjacent ¢-blocks). Of course, Clz, t] represents
the state of the cell x € [0,3¢ — 1] of the local configuration at the instant numbered t € [0, p)
of a time interval of duration p, and the main assignment (9) is a paraphrase of the transition
function

Clz][t] = 6(Clz + 1]t — 1], C[z][t — 1], Clx — 1][t — 1]) (19)

The loop condition = € [{ — p+ 1,20 — 1+ p — t] of line (8) for the application of ([I9) is justified
inductively by the locality of the transition function: obviously, the states at time t of the cell
interval [( — p+1t,2¢ — 1+ p—t] (which is equal to the middle ¢-block interval [¢,2¢ — 1] for t = p)
are determined by the states at time ¢t — 1 of the cell interval [{ —p+ (t —1),20—14+p— (t —1)],
which has one more cell, numbered ¢ — p+ ¢ —1 (resp. 2 — 14 p —t + 1), at each end.

Besides, we use Horner’s method for passing from an integer B < 53 (representing any local
configuration) to the array of its 3¢ s-digits (the initial string C[x][0], for 0 < 2 < 3¢ — 1), and
for passing from an array of ¢ s-digits (the final string C[z][p], for £ < x < 2{ — 1) to the integer
R < s’ represented by this array (the resulting middle ¢-block of the local p-transition).

Representing the computation by a two-dimensional array of /-blocks. We represent
the computation of the CA by the sequence of its co + 1 global configurations Cy == #BE ... Bi‘f
at time t¢, for 0 <t < ¢g, where Bfl is the ¢th ¢-block, 1 < i < ¢g, of Cyy from the right. Since we
have ¢L = (¢ — 1) + p, for the constant ¢ := [¢L/{] and an integer p such that 1 < p < ¢, note
that, in case p < ¢, we will have to add £ — p symbols f at the left of the p-block numbered c¢( to
make it an /-block.

It will be convenient to add to each global configuration Cyy two £-blocks, BE := #* at its right,
and BY | = * at its left. Thus, the global configuration Cy, is now written B! | B¢ ... BBl

Note that the string #¢ is assimilated to the integer represented in base s by ¢ digits v, 77,
which, by our convention § := v := 2" ! is equal to 2" (s "L+ 4 s54+1) = 27 (sf 1) /(s —1).

Computing the initial configuration. Recall ¢cL = (¢g — 1)¢ + p, for the “constant” ¢y :=
[cL /] and the integer p, which satisfies 1 < p < £. Similarly, L = (¢; —1)¢+ A, for the “constant”
¢1 = [L/f] and the integer A\, which satisfy 1 < A < £ and ¢; < ¢g. (We write that ¢y and ¢;
are “constant” between quotes since, even if they depend on N, the main thing is that they are
bounded by constants: precisely, we have ¢; = [L/¢] = [L/[L/D ]| < [L/(L/D)] = D and,
likewise, ¢y < ¢D.) Also, recall the definition code(Xg, X1,...,X;) = up_1...u1ug € 'L where
u; = Z;O xm»Qi, for 0 < j < L, and z;—1...2;1%;,0 denotes the binary representation of X;
on L bits. In other words, the jth y-digit of code(Xy, X1, ..., X,.), where v := 271 is

> (jthbit of X;) x 2'

i=0
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We obtain the initial configuration Co = B By, ... B{Bf by the four following steps.

1. Decompose each of the binary strings X; € {0,1}f, 0 < j < r, as a concatenation
Xi = X¢,iXei—1,i-.- X1, of, from right to left, ¢; — 1 ¢-blocks X7 4,...,Xc,—1,; € {0, 1}
and a A-block X, ; € {0,1}*;

2. Compute the decomposition of Input := code(Xo, X1,...,X,) € I' as a concatenation
U=U,U;_1...U; of 4 —1 £-blocks Uy,...,U., -1 € I'Y and a A-block U, € T'*: here
again, for each h € [1, ¢1], we write Uy, = code(Xn 0, Xn1,-- -5 Xn,r), to mean that for each

rank 4, the ith 7-digit of Uy is 3_7_(ith bit of X, ;) % 27;

3. Compute the (-blocks B}, for j € [1,¢1—1], of the global configuration Co = B B, ... B{ Bj
at time 0; note that, for each j € [1,¢; — 1], the representation of U; in base vy, denoted

[35p)

ag—1...a1ap’, “is” the representation of B]Q in base s, i.e. the same string of digits:
. . . . . —1 ;
B? = Qr_1...aap°; in terms of integers, this means that if we have U; = Zf:o a;y"

(0 < a; <~ —1), then we obtain B? = Ze’

1 . .
i—o @is', which we write B} = convert, (Uj);

4. Compute the other /-blocks of Co: as seen above, we have BY = #* = 2771 (s* —1)/(s — 1),
for j € {0} U[c1 + 1, co + 1] (recall § := ~ == 2"+1); finally, the representation of the integer
Bgl in the base s is the concatenation of strings v~ *U,,, that means

BY =27T(s" — M) /(s — 1)+ U,
with U/, := convert, (U, ), which means that U,, = Zj‘;ol ay' (0 < a; <v—1) implies
/ A-1 i
Uy = 2izo @is"

Computing the tables CODE and CONVERT. To compute the initial configuration in con-
stant time by the previous algorithm (1-4), we need to pre-compute two arrays in linear time.
Let CODE[L..£][0..2¢ — 1][0..2° — 1]...[0..2° — 1] be the array defined, for each A € [1,/] and all
X0, X1,..., X, €[0,2* — 1], by

CODEP\] [Xo], [Xl] e [XT] = code(XO, Xl, e ,XT)

where code(Xp, X1,. .., X,) is the integer in [0,y — 1] (y = 2"F!) defined by item 2 above. The
CODE array is computed by the following algorithm:

Algorithm 23 Computation of the CODE array

1: for A from 1 to ¢ do

2: for (Xo,X1,..., %) € [0,2* —1]**! do
3 for j from 0 to r do

4: for i from 0to A —1 do

5: BIT;[i] < X; mod 2

6 L L Xj + X; div 2

7 for i from 0 to A — 1 do

8 DIGIT[i] « 0

9: for j from r downto 0 do
10: | DIGIT[i] « 2% DIGIT[i] + BIT;[i]
11: V0
12: for i from \ — 1 downto 0 do
13: V< %V +DIGIT[i]
14: | | CODE[N[Xo][X1]...[Xe] <V

Similarly, let CONVERT[1..£][0..7* — 1] be the array defined, for all lengths A\ € [1,¢] and all
integers B € [0, — 1], by

CONVERT[A][B] = convert,_,s(B)

where convert._,s(B) is the integer in [0,7* — 1] defined by items 3 and 4 above. Clearly, the
CONVERT array is computed by the following algorithm:
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Algorithm 24 Computation of the CONVERT array
: for X\ from 1 to ¢/ do
for B from 0 to v* — 1 do
U<+ B
for i from 0 to A — 1 do
L DIGIT[i] <+ Umod 7y
U<+ Udivy
U<« 0
for i from A\ — 1 downto 0 do
U< s U+ DIGIT[i]
CONVERT[)|[B] - U

—
14

Computing the output by projecting the final configuration. This step is similar but
much simpler than the computation of the initial configuration from the input. Here again, by its
locality, the projection is done for each symbol z € @ of each ¢-block of the final configuration.
It uses the array PROJECT[0..s" — 1] defined by

/—
PROJECT[B] i= > m(z;) x 2'

1=

—

where B is any ¢-block xy_1 ... x120 € QF, or equivalently, B = Zf;ol x; X s8¢, for x; € [0,5 — 1].
Clearly, this array is defined by the following algorithm:

Algorithm 25 Computation of the PROJECT array

for i from ¢ — 1 downto 0 do
. R+ 2%R+DIGIT[i]
PROJECT[B] + R

1: for B from 0 to s — 1 do

2: R+ B

3: for i from 0 to / —1 do
4: L DIGIT[i] < PI[R mod s]
5: R+ Rdivs

6: R+ 0

7

8:

9:

The code above uses the array PI[0..s — 1] defined by PI[z] := w(z) and computed by the
following code, where 7(0),7(1),...,7(s — 1) are explicit elements of Q:

PI[0] = pi(0) ; PI[1] = pi(1) ; ... ; PI[s-1] = pi(s-1)

Simulation of the complete computation of the cellular automaton. Recall that, for
the “constants” ¢o = [cL/{] and p = ¢L — (¢o — 1)¢ (so that 1 < p < {), the computation
decomposes into ¢y — 1 global /-transitions, each composed of ¢y local ¢-transitions, and one
global p-transition composed of ¢q local p-transitions of time p. (As a local ¢-transition, a local
p-transition produces, from a local configuration (B, B, Bg) € (Q°)? of adjacent ¢-blocks at
some time ¢, the value B} € Q° of the middle ¢-block at time ¢ + p.)

Finally, the operation op is computed by the following procedure, also called op, which
simulates the cellular automaton A = (@, §) with its projection 7 : Q — {0,1}. The main data
structure of the OP procedure is a two-dimensional array, called BK[0..co + 1][0..co] and defined by
BK[x][t] := B, where B’ is the f-block numbered z, 0 < z < ¢g + 1, of the global configuration
Cie at time t£.
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Algorithm 26 Constant-time computation of the op operation computed by the
cellular automaton A in linear time
1: procedure OP(Xy, ..., Xy)
Xg <N
for j from 0 to r do
for x from 1 to ¢; do
L X[j][x] + X; mod 2°
X;j < Xj div 2°
for x from 1 to c; — 1 do > 2: get the ¢y — 1 £-blocks (and the \-block) of
tode(Xo,Xl, . 7)(T)
8: U[x] < CODE[(][X[0][x]]...[X[r][x]]
9: Ulcq] < CODE[N][X[0][c1]].-[X[x][c1]]
10: for x from 1 to c; — 1 do
11: . BK[x][0] + CONVERT[{][U[x]]
12: BK[0][0] < 27T} (s* —1)/(s — 1)
13: BK[c1][0] <~ CONVERT[A][U[c1]] + 2T ! (s’ — M) /(s — 1)

U

14: for x from ¢c; +1to ¢y + 1 do

15: | BK[x][0] < 27F1(s —1)/(s — 1)

16: for t from 1 to cg — 1 do

17: L for x from 1 to ¢cg do

18: . BK[x][t] + LT[{][CoNC(BK[x + 1][t — 1], BK[x][t — 1], BK[x — 1][t — 1])]
19: for x from 1 to ¢g do

20: . BK[x][co] « LT[p][COoNC(BK[x + 1][co — 1], BK[x][co — 1], BK[x — 1][co — 1])]
21: R+ 0

22: for x from ¢y downto 1 do

23 | R+ s’*R+PI[BK[x][co]]

24: | returnR

It is immediate to check that the body of each “for” loop of the OP procedure is repeated a
number of times bounded by r, ¢y or c1, therefore by a constant, and therefore the OP procedure
works in constant time as claimed.

Why is the preprocessing time linear? Our constant-time procedure OP uses five pre-
computed tables: PI, computed in constant time, and LT, CODE, CONVERT and PROJECT. By
examining the structure of the loops of the above algorithms, it is easy to verify that

e LT is computed in time O(NbLocalConf(N) x £3) = O(N° x (logN)3) = O(N) (recall
NbLocalConf(N) = s3 = O(N7), for a fixed o < 1),

e CODE and CONVERT are computed in time O((2)"*! x £2) = O(y* x £?), and O(v* x £?),
respectively, and therefore in time O(s’ x £2), and PROJECT is computed in time O(s* x £),
and therefore, a fortiori, all these tables are computed in time O(N).

This completes the proof of Theorem [3
O

12 Appendix: Another constant-time algorithm for divi-
sion

While multiplication can be computed in linear time on a cellular automaton, so Theorem [3
applies to it, it is unknown if division is. However, the intuitive principle of the usual division
algorithm is also “local”: to compute the most significant (leftmost) digit of the quotient of
integers | A/B], the first step is to “try” to divide the integer a consisting of the 1, 2, 3, or 4
leftmost digits of A by the integer b consisting of the 1, 2, or 3 leftmost digits of B.

We are going to design a new constant-time algorithm for division by a careful adaptation of
the usual division principle combined with a judicious choice of the base K in which the integers
are represented. To avoid any vicious circle here, we will only use the addition, subtraction,
multiplication and base change of “polynomial” integers, and the procedure DiIvBYSMALL(A, B)
of Subsection 5.1 which returns |A/B] for A < 8%, 0 < B < f3, for a fixed integer d > 1 and

B = [N1/6]°.
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Analyzing and optimizing the usual division algorithm. Assume the dividend A and
the divisor B are represented in any fixed base K > 2 and let a (resp. b) be the integer
represented by the 1, 2, 3, or 4 (resp. 1, 2, or 3) leftmost digits of A (resp. B). Each positive
integer is assimilated to the string Z,—1 ... 1o of digits x;, 0 < z; < K, which represents it in
base K, with leading digit x,—1 > 0. Clearly, we get the inequalities aK™ < A < (a + 1)K™
and bK™ < B < (b+ 1)K", for some integers a,b > 1 and m,n. Because of A > B, we can
assume m > n. It implies ;{5 K™™" < A/B < anle*". To do one test instead of several
tests to get the most significant digit of the quotient A/B in base K, we want the difference

between the bounds to be less than K™~", it means %1 — 741 < 1. Noticing the identity
ol _ P = e T 7, this can be rephrased as
a 1

—— + - <1 20

b(b+1) * b~ (20)

Lemma 15. Assume aK™ < A < (a +1)K™ and bK™ < B < (b+ 1)K, for some integers
K >2, andA B such that A > B > 1, and m,n,a,b such that m >n >0, anda > b > 1, and
(b+1) —|— < 1. We then get
qufn S A/B < (q+1)Km7n forq: \‘b-;-LlJ or q = \‘b-i-lJ +1
which implies A = BgK™ ™™ + R for some integer R < BK™™", and therefore
|A/B] = qK™ " + |R/B| (21)
with ¢ > 1 and |[R/B| < K™™™.
Proof. From the inequalities ;$7 K™ ™" < A/B < et Km=n we deduce {TJ K™ " < A/B<

[¢EL] K™=, Besides, the inequality %+t — 741 < 1 implies el {bilJ + 2. This yields

gKm ™" < A/B < (q+2)K™ ™ for ¢ = { a

bJr—lJ > 1, which proves the lemma. (|

Remark 23. Lemma gives and justifies the principle of a recursive division algorithm in
any fized base K > 2: to compute |A/B], compute the integers ¢ and |R/B] in base K ; the
representation of the integer | A/B] in base K is the concatenation of the string representing the
integer ¢ > 1 and the string of m — n digits representing the integer |R/B| < K™™™ (possibly
with leading zeros).

How to use Lemma [I57 How many leftmost (most significant) digits of A and B, written
in base K should we take to obtain integers a and b, with a > b > 1, that satisfy the condition
) —|— < 1 of Lemma [I5F? This is expressed precisely by the followmg questlon for which

+ < 1 true for

o)
integers 4,7 is the implication K’ < a < K'*' A KJ < b < KIit!

all a, b?

= 0D

Lemma 16. Let i,j be two positive integers. Then the condition i < 2j is equivalent to the
condition

V(a,b) € K, K™ [x[K7, K7+ <b(bi 0" = 1>

Proof. The maximum of the numbers b(b;‘jrl)—i—% for all pairs of integers (a,b) € [K*¢, K"T![x[K7, KIT1[

is % + KJ = %_‘TKKJ, which is at most 1 if and only if ¢ + 1 < 2j. This proves the
lemma. 0

We are now ready to give our new division algorithm using the principle given by Lemma [T5l
Here again, we must choose carefully the base K.

The choice of the base. We take K = [N 1/ 7] and we assume that each “polynomial”
operand X < Nd, for a fixed integer d, is written T,,—1 ...2Z120, 0 < ; < K — 1, in base K,
with one digit z; per register, and is therefore stored in m < 7d registers, since X < N¢ < K74,
In particular, the following functions can be computed in constant time for their argument X so
represented: length, (X) :=m; Substring,(X,,j) :=T;—1...8;, form > 1> j > 0.

Notation. For an integer X written Tp—1...2120 tn base K, 0 < =z, < K — 1,
and a positive integer p < m, denote by X(,) the prefiz of the p most significant digits of X:
Xp) =Tm—1---Tm—p = X div K™7P.



66

The division algorithm. Let A, B be two “polynomial” integers such that 0 < B < A < K¢,
for a fixed integer d. To divide A by B, we consider four cases:

1. B< K?

2. KP < B< A< KPT! for an integer p > 2, and Ay = B(a);
3. K* < B< Aand Ag) > Bs);

4. K? < B < KPT! < A, for an integer p > 2, and A3y < Byg).

Obviously, these four cases are mutually exclusive. To ensure that there is no other case than
these four cases, just note that if condition 2 is false when K? < B < A < K<, then either we
have A3 > B3 (case 3), or we have A3y < Bs) and A has more digits than B in base K
(case 4).

e Case 1 is handled by the procedure DIvBYSMALL(A, B) of Subsection Bl (note that
K2 — {N1/7w2 < {N1/6W3 = B).

e In case 2, we clearly get A — B < KP~? < B, which implies A < 2B and therefore
|A/B| = 1.

e Cases 3 and 4 are handled by Lemma In case 3 (resp. case 4), take a = A3y and
b = B (resp. a = Ay and b = Byz)), which implies K? < b < a < K® (resp.
K?2<b< K?<a<K*).

The integers ¢ = 2 and j = 2 (resp. ¢ = 3 and j = 2) satisfy the condition ¢ < 2j of Lemmal[l6l
Thus, in cases 3 and 4, the condition I)(%_H)Jr% < 1 of Lemmal[IHlis satisfied. Therefore, Lemma[lH]
proves the correctness of the following DIVISION procedure which implements cases 1-4 for
A > B. More precisely, the lines 17-21 of the algorithm compute |A/B] in cases 3 and 4 by
using the pre-computed array DIV[0..K*—1][2..K3] defined by DIV[z][y] := |z/y], for 0 < z < K*
and 2 < y < K3 (see the pre-computation code of the DIV array presented after the DIVISION
procedure).

Algorithm 27 Constant-time computation of the division operation

1: procedure DIVISION(A, B)
2: if A <B then
3 . return 0
4: if B < K? then > case 1
5. | return DIvBYSMALL(A,B)
6 ly < lengthy(A)
7 a < Substring, (4, ly, ly — 3) > a < A
8 m <— EA -3
9: ls < length,(B)
10: b < Substring, (B, ls, fz — 3) > b < Bs)
11: n<flg—3
12: if /, = {5 and a = b then
13:  return 1 > length,(4) = length,(B) and A3y = B(s): case 2
14: if a <b then > A(3) < B(g) :case 4
15: L a < Substring, (A, {y,ly —4) > a < Ay, sob= By <a< (b+ 1)K
16: m<«fy —4
17: q « DIV[a][b+ 1] pb+1<a<(b+1)K and therefore 1 < q < K
> common treatment of cases 3 and 4 justified by Lemma I3
18: if A>Bx(q+1)«K* ™ then
19: . gq+q+1
20: R< A—-Bxqgx*xK" "
21:  return qx K" ® + DIVISION(R, B) > justified by equation [Z1]

Comments: In case 4 (a = Ay < Bgg) = b), after the assignment a < Ay of line 15,
we have a = Ay < (A@z) + 1)K. Now, by the hypothesis A3y < By = b (line 14), we get
b= DB <a= Ay < (Ag) + 1)K < (b+ 1)K, and thus b < a < (b+ 1)K, as the comment of
line 15 claims.
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In case 3, i.e. fora = A3y > B(3) = b, we also have a = A(3) < By < (Bg)+1)K = (b+1)K.
This justifies, for cases 3 and 4, the assertion given as a comment of line 17: b+1 <a < (b+1)K.

It remains to describe the preprocessing and to prove that the claimed complexity is achieved.

Pre-computation of the DIV array. Note that in the DIVISION procedure, we compute

q=la/(b+1)] when 2 <b+1< K3and 1 <¢q < K — 1. Therefore, the following algorithm
constructs the DIV array.

Algorithm 28 Pre-computation of the DIV array
1: for y from 2 to k® do
for g from 1 toK—1 do
for r from 0 toy —1 do
L X4 qQ*xy—+r
DIV[x]ly] < q

A

Complexity of the preprocessing and division algorithm. We immediately see that the
time of the above algorithm which constructs the array DIV[0..K*—1][2..K3]is O(K®* x K x K3) =
O(K") = O(N).

The complexity of the DIVISION procedure is determined by its recursive depth (number of
recursive calls). By equation 2I] (implemented by line 21), which is |A/B| = ¢K™ " + |R/B|
with ¢ > 1 and |R/B] < K™ ™, the quotient |R/B| has at least one digit less than |A/B]
when represented in base K (the digit ¢, multiplied by K™~"). Therefore, the recursive depth is
bounded by the number of digits of the representation of | A/B] in base K, which is less than 7d
because of |[A/B] < K7. Since the most time consuming instruction is the multiplication,
executed O(d) times (lines 18, 20, 21) and whose time cost is O(d?), the time of the DIVISION
procedure is O(d?), at compare to the time O(d?) of the DIVISION procedure of Section [ see
Theorem
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