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—— Abstract

Implicit computational complexity is an active area of theoretical computer science, which aims
at providing machine-independent characterizations of relevant complexity classes. One of the
seminal works in this field appeared in 1965, when Cobham introduced a function algebra closed
under bounded recursion on notation to capture FP. Later on, several complexity classes have
been characterized using limited recursion schemas. In this context, a new approach was recently
introduced, showing that ordinary differential equations (ODEs) offer a natural tool for algorithmic
design and providing a characterization of FP by an ODE-schema. The overall goal of the present
work is precisely that of generalizing this approach to parallel computation, obtaining an original
ODE-characterization for the small circuit classes FAC? and FTC°.
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1 Introduction

As computability theory investigates the limits of what is algorithmically computable,
complexity theory classifies functions based on the amount of resources, typically time and
space, required by a machine to compute them. Taking a different point of view, implicit
computational complexity (ICC) aims at providing machine-independent characterizations,
which in turn have offered remarkable insights on the corresponding classes and led to relevant
meta-theorems in various domains, such as database theory and constraint satisfaction.

One of the major approaches to computability and (implicit) complexity theory is
constituted by the study of recursion. A foundational work in this area is due to Cobham [15],
who gave a characterization of the class of poly-time computable functions FP, relying
on a restricted recursion mechanism, called bounded recursion on notation (BRN). This
groundbreaking result has inspired several characterizations based on limited recursion
schemas for various other classes, but also alternative implicit ways to capture FP, for
instance, via safe recursion [5] and ramification [25, 26].
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Cobham’s work [15], together with other early results in recursion theory [20, 6, 29, 27],
have even paved the way to recursion-theoretic characterizations for small circuit classes [11,
12, 16, 1, 14, 9]. Specifically, in [11, 12], an algebra based on the so-called concatenation
recursion on notation schema (CRN) was introduced and shown able to capture functions
computable in (Dlogtime-uniform) AC" (i.e. computable by families of polynomial size
and constant depth circuits) [11, 12]. This result was extended to AC* and NC* due to
the notions of k-bounded and weak bounded recursion on notation [12]. A few years later, a
similar function algebra to capture TC" was introduced [14]. Other characterizations for
subclasses of NC were independently presented in [16, 1, 9].

Related, but alternative, approaches to capture small circuit classes have also been
provided in the framework of model- and proof-theory. In particular, it is well-known that
there is an equivalence between AC° and first-order logic, which naturally generalizes to
extensions of the latter and larger circuit classes [23, 4, 22, 21, 28]. In [16], both a function
algebra, based on so-called upward recursion tree, and a logical system to capture NC! are
presented. On the proof-theoretical side, in [1], together with the corresponding algebra,
Allen defined a proof system a la Buss to capture NC. Another bounded theory to capture
NC is introduced in [13] and then extended to several small circuit classes [14]. Theories
for TC" have been developed in [24] and, in the setting of second-order theories, in [18].
Alternative, proof-theoretical characterizations for NC! were presented in [2], and, in the
context of two-sorted theories, in [17].

A different descriptive approach to complexity, based on discrete ordinary differential
equations (ODEs), was recently introduced in [10]. Informally speaking, its objective is to
characterize functions computable in a given complexity class as solutions of a corresponding
type of ODE. In this vein, in [10] a purely syntactic characterization of FP was given by
linear systems of equations deriving along a logarithmically growing function. Intuitively, the
latter condition controls the number of steps, while linearity controls the growth of objects
generated during the computation. Recently, this approach has also been generalized to the
continuous setting [7, 8].

Although small circuit classes have been characterized in multiple ways, it is an interesting
and challenging question whether they can be studied through an ODE-based approach and
whether this would shed some new light on these well-known classes. Interesting, because
for a descriptive approach based on ODEs to make sense and be fruitful it has to be able
to cope with very subtle and restricted modes of computation. Challenging, because even
simple and useful mathematical functions may not be computable (e.g. multiplication is not
in ACO), thus tools at hand and the naturalness of the approach are drastically restricted.
In the present paper, we investigate these questions, and show that, in fact, natural ways
to introduce ODE-oriented function algebras to capture small circuit classes can be found.
Our approach relies on the introduction of ODE-schemas, still using derivation along the
logarithmic function and allowing for bit shifting operations through restricted forms of linear
equations. Our case study focuses on the smallest classes ACY and TCY, but is intended
as the first step towards a uniform characterization of other relevant classes in the AC and
NC hierarchies.

Structure of the paper. The paper is divided into two main sections. In Section 2, we
introduce notions and results at the basis of our ODE-style characterizations. In particular, in
Section 2.1, we summarize salient aspects of the approach by [10], which we aim to generalize
from the study of FP to that of small circuit classes. In Section 2.2, we briefly recap
basic notions in parallel complexity and recall the function algebra approach of [11, 12, 14]
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to capture AC? and TC?. In Section 3, we present our ODE-characterizations for the
mentioned classes. Specifically, in Section 3.1, we introduce restricted ODE-schemas, and,
using them, in Sections 3.2 and 3.3, we define ODE-function algebras capturing the analog
for functions of AC® and TC?, respectively. Then, in Section 3.4, we provide alternative
and direct completeness proofs for both classes in the non-uniform setting, namely assuming
that functions describing the circuits are given as basic functions. Finally, in Section 4, we
briefly point at possible directions of future research.

2 Preliminaries

2.1 Capturing Complexity Classes via ODEs

We suppose the reader familiar with the basics of complexity theory [3, 30]. In order to
introduce the approach to complexity delineated in [10], we start by cursorily recalling
Cobham’s result, capturing FP by the following BRN schema.

» Definition 1 (Bounded Recursion on Notation, BRN). Given g : NP — N, k : NP+l 5 N and
h; : NP*2 — N, with i € {0,1}, f : N°T! — N is defined by BRN from g, ho, h1 and k if

f(O;Y):g(Y) and f(si(sc),y)Zhi(f(x,y),x,y), forx #0
with f(z,y) < k(z,y) and sj(z) =2z +j (j € {0,1}) being the binary successor functions.

The growth of f is controlled by the function k (in FP), while the number of induction steps
is kept under control by the application of the binary successor functions s;. Such a schema
is not fully satisfactory as it imposes an explicit bound on recursion in the form of an already
known function.

As anticipated, Cobham’s paper not only led to a variety of implicit characterizations

for classes other that FP, but also inspired alternative approaches to capture this class.

Among them, the proposal by [10] has the specificity of not imposing any explicit bound on
the recursion schema or assigning specific role to variables. Instead, it is based on Discrete
Ordinary Differential Equation (a.k.a. Difference Equations) and combines two peculiar
features: derivation along specific functions, so to control the number of computation steps,
and a special syntactic form of the equation itself (here linearity), allowing to control the
object size. We present the basics of the method as necessary to formulate our new results.

Recall that the discrete derivative of f(x) is defined as Af(z) = f(z + 1) + f(z), and that
ODEs are expressions of the form:

of
% = h(f(,I, y)a x, y)a
where W stands for the derivative of f(x,y) considered as a function of z, for a fixed

value for y. When some initial value £(0,y) = g(y) is added, this is called Initial Value
Problem (IVP). Then, in order to deal with complexity, some restrictions are needed. First,
the notion of derivation has to be generalized, allowing to derive along functions.

» Notation 1. For x # 0, let £(z) denote the length of  written in binary, i.e. [loga(z + 1)],
and £(0) = 0. For u > 0, a(u) = 2% — 1 denotes the greatest integer the binary length of
which is u. Also, we use +2 to denote integer division by 2, i.e. for all x € Z, x + 2 = EJ

» Definition 2 (\-ODE Schema). Let f,\: NP — Z and h : NP*1 — 7 be functions. Then,

of(z,y) Of(z,y)
ax  oNzy) h(f(z,y),.y) (1)

is a formal synonym of f(z +1,y) = f(z,y)+ (AMz+1,y) — Mz,y)) x h(f(z,y),z,y). When
Az,y) =¥(x), we call (1) a length-ODE.

10:3
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Intuitively, one of the key properties of the A-ODE schema is its dependence on the number
of distinct values of A, i.e., the value of f(z,y) changes only when the value of A(z,y) does.

The computation of solutions of A-ODEs have been fully described in [10]. Here, we
focus on the special case of A\ = ¢, which is particularly relevant for our characterizations.
First, observe that the value of ¢(x) changes (i.e. increases by 1) when x goes from 2! — 1
to 2¢, i.e. from «a(t) to a(t) + 1. So, if f is a solution of (1) with A = ¢ and initial value
£(0,y) = g(y), then f(1,y) =£(0,y) + h(f(a(O),y),a(O),y), and, more generally, for all x
and y, f(z,y) = f(z — 1,y) + A(l(z — 1)) x h(f(z — 1,y),z — 1,y) = f(a(l(z) — 1),y) +
h(f(a(l(z) —1),y),al(z) — 1),y), where A(€(t — 1)) = £(t) — £(t — 1). Starting from
t =z > 1 and taking successive decreasing values of ¢, the first difference such that A(t) # 0
is given by the biggest ¢ — 1 such that ¢(t — 1) = ¢(x) — 1, i.e. t — 1 = a(¢(z) — 1). Hence, by
induction, it is established that:

l(z)—1

f.y)= ), h(f(a(w).y).a().y),

u=—1

with h(-,a(—1),y) = £(0,y) and, as seen, a(u) = 2% — 1.

The second crucial novelty is the introduction of a special concept of linearity, utilized
to control the growth of functions defined by ODEs. First, we present the notion of degree
for a polynomial expression, which is a generalized (and slightly modified) version of the
corresponding definition in [10]. Here, the degree of an expression is considered in relation to
a set of variables, instead of a single one.

Let sg : Z — Z be the sign function over Z, taking value 1 for x > 0 and 0 otherwise.

» Definition 3. A sg-polynomial expression P(x1,...,xy) is an expression built over the
signature {+,—, X}, the sg function and a set of variables X = {x1,...,xn} plus integer
constants. Given a list of variables x = x;,, ..., x;, , foriy, ... ,im € {1,...,h} the degree of

a set x in a sg-polynomial expression P, deg(x, P), is inductively defined as follows:
deg(x, P) =0 for P constant
deg(x,x;;) =1, for x;, € {x;,,... 2, }, and deg(x, ;) = 0, for x;; & {xs,..., 2, }
deg(x, P+ Q) = deg(x, P — Q) = max{deg(x, P), deg(x,Q)}
deg(x, P x Q) = deg(x, P) + deg(x, Q)
deg(x,sg(P)) = 0.
A sg-polynomial expression P is said to be essentially constant in a set of variables x when
deg(x, P) = 0. A sg-polynomial expression P is said to be essentially linear in a set x, when
deg(x, P) = 1.
In what follows, we consider functions f : NPTt — 79 i.e. vectors of functions f = f1, ..., fa
from NP1 to Z, and we introduce the linear >-ODE schema.

» Definition 4 (Linear \-ODE). Given g: NP — N¢ h: NPt = 7 and u: Z x NP+ — 74,
the function £ : NPT1 — 74 js linear A-ODE definable from g, h and u if it is the solution of
the IVP with initial value £(0,y) = g(y) and such that:

of(x,y)
o\

= u(f(m,y)7h(x7y),$7}’)»

where u is essentially linear in f(x,y). For A = ¢, such schema is called linear length ODE.
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If u is essentially linear in f(x,y), there exist matrices A and B, whose coefficients are
essentially constant in f(x,y) and such that:

£(0,y) = &(y)
%éy) = A(f(z,y),h(z,y),2,y) x f(z,y) + B(f(z,y),h(z,y),z,y).

Then, for all x and y,

l(z)—1 ,e(z)—1
fry)= > ( I1 (1+A(f(a<t>,y),h(a(t),y»a<t>,y)))xB(f<a<u>,y),h<a<u>,y),a<u),y),

t=u+1

with the convention that 1—[271 k(z) =1 and B(-, -, a(-1),y) = £(0,y).

u=-—1

» Example 5 (Function 2¢®)).  The function z +— 2“®) can be seen as the solution of the
IVP with initial value f(0) =1 and such that %(f) = f(z), i.e. where A =1, B =0. Indeed,
the solution of this system is of the form f(x) = Hi(:zzfl 2 = 24) In addition, the function
(z,y) : z,y — 2% x y can be captured by the same equation, with initial value f(0,y) = .

One of the main results of [10] is the implicit characterization of FP by the algebra made
of basic functions 0,1, 77 ¢, 4+, — x,sg and closed under composition (o) and ¢-ODE:

s Ly Mg

LDL = [0,1,#?, ¢, +, —, X, sg; 0, .-ODE].

s Mg

2.2 On Parallel Computation and Function Algebras for FAC°

Boolean circuits are vertex-labeled directed acyclic graphs whose nodes are either input nodes
(no incoming edges), output nodes (no outgoing edges) or labeled with a Boolean function
from the set {A,V,—=}. A Boolean circuit with majority gates allows in addition gates labeled
by the function MAJ, that outputs 1 when the majority of its inputs are 1’s. A family of
circuits (C),) is Dlogtime-uniform if there is a Turing machine (with a random access tape)
that decides in deterministic logarithmic time the direct connection language of the circuit,
i.e. which, given 1", a,b and t € {A,V, —}, decides if a is of type ¢t and b is a predecessor of
a in the circuit (and analogously for input and output nodes). When dealing with circuits,
the resources of interests are size, i.e. the number of its gates, and depth, i.e. the length of
the longest path from the input to the output (see [30] for more details and related results).

» Definition 6 (Classes FAC' and FTC?). Fori € N, the class AC" (resp., TC') is the class
of languages recognized by a Dlogtime-uniform family of Boolean circuits (resp. circuits
including magority gates) of polynomial size and depth O((logn)?). We denote by FAC® and
FTC! the corresponding function classes.

For FACY, a particularly relevant recursion-theoretic characterization was provided by
Clote [11, 12]. It relies on the schema of concatenation recursion on notation.

» Definition 7 (Concatenation Recursion on Notation, CRN). A function f is defined by
concatenation recursion on notation from g and h;, with i € {0,1}, if for all x,y:

f0,y) =g(y) and  f(si(x),¥) = Sh,(ey) (f(2,¥)), for x #0.
Then, Clote’s function algebra is defined as the class:
Ao = [0, Ff, sg, 1,4, BIT, #; 0, CRN],

where BIT(z,y) returns the y** value in the binary representation of x, and z#y = 2¢(*)*¢()
is the smash function. This class was also proved able to capture FAC® [11, 12].

10:5
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» Theorem 8 ([11, 12]). A, = FAC®.

That Ay € FACY is proved by passing through the (function version of the) logarithmic time
hierarchy FLH, which is known to be equivalent to FAC’. Then, Ay C FLH is established
by showing that basic functions are computable in log-time and that FLH is closed under
composition and CRN. That FLH C Ay is proved by the arithmetization of log-time bounded
RAM. Remarkably, in [14], these results are even generalized to FTC®, which is proved
equivalent to the function algebra:

TCO = [Oa ﬂ-fa S0, S1, éa BlTa X7#; o, CRN]

3 Towards an ODE-Characterization of FAC®

In this section, we provide the first implicit characterization of FAC? in the ODE-setting.
We start by introducing the new ODE-schemas which are at the basis of our characterizations
of FAC? and FTC and intuitively corresponding to left- and right-shifting (Sec. 3.1). Due
to them, we introduce the function algebra ACDL, the defining feature of which is precisely
the presence of these special ODE-schemas, and prove this class able to capture FAC?
(Sec. 3.2). This is established passing through Clote’s Ag. As a byproduct, we obtain a
similar ODE-characterization for FTC° (Sec. 3.3). Finally, an alternative, direct proof of
completeness is provided for both classes in a non-uniform setting (Sec. 3.4).

» Remark 9. Here, functions can take images in Z. Accordingly, a convention for the binary
representation of integers must be adopted, e.g. by assuming that, in any binary sequence,
the first bit indicates the sign. Then, all arithmetic operations can be easily re-designed to
handle encodings of possibly negative integers by circuits of the same size and depth.

3.1 Discrete ODE-Schemas for Shifting

We start by considering the ODE-schemas which are at the basis of our characterizations
of FAC? and FTC’. Observe that they will sometimes include x. This is admissible since,
as we shall see, the “kind of multiplication” we consider is actually limited to special cases
(namely, multiplication by 2¢), which are proved to be computable in FAC.

The £-ODE; and ¢-ODE> Schemas. We start with the limited /-ODE; schema, intuitively
corresponding to left shifting(s) and (possibly) adding a bit.

» Definition 10 (¢-ODE; Schema). Given g : NP — N and h : N°*1 — N, such that h takes
values in {0,1} only, the function f : NPTY — N is defined by £-ODE; from functions g and
h when it is the solution of the IVP with initial value f(0,y) = g(y) and such that:

of (x,y
19)4
The definition of the function 2¢*) (and 2¢*) x y) given in Example 5 is a special case of a

{-ODE; (with h(z,y) = 0).

» Remark 11. An equivalent, purely-syntactical formulation of Definition 10 is obtained by
substituting the explicit constraint that h(x,y) € {0,1} with the assumption that h(z,y)
is of the form sg(B(hl, cee hm,m,y)), where B is an expression built over the signature
{+,—,+2,sg} and calling previously defined FAC? functions hi(z,y),. .., hm(z,y).
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In terms of circuits, this schema intuitively allows us to iteratively left-shifting (the binary
representation of) a given number, each time possibly adding 1 to its final position. This is
clarified by the proof below, establishing that FACY is closed under the mentioned schema.

» Proposition 12. If f is defined by (-ODE; from g and h in FAC?, then f is in FACY.

Proof Sketch. By Def. 10, for all z and y: f(z,y) = Eﬁ(i):ll ( fgﬁ;i 2) x h(a(u),y) =

ST ol@)—u=1 ¢ h(a(u),y), with the convention that a(u) = 2% — 1, [[* " k(z) = 1 and
h(a(fl), y) = f(0,y). Clearly, the multiplication here involved is always by a power of 2
(which basically corresponds to left-shifting, so is computable in FAC?). Since h(z,y) € {0, 1},
the outermost sum amounts to a concatenation (which again can be computed in FACY). <

Notice that this schema is not as weak as it may seem since, together with sg, it is enough
to express bounded quantification.

» Remark 13. Let R C NP*! and hg be its characteristic function. Then, for all  and y, it
holds that (3z < ¢(z))R(z,y) = sg(f(z,y)), where f is such that f(0,y) = hr(0,y) and

W = f(x,y) + hR(ﬁ(:C + 1),y).
Clearly, f(z,y) is an instance of £-ODE;. Intuitively, f(x,y) # 0 when, for some z smaller
than z, R(z,y) is satisfied (i.e. hg(z,y) = 1): when such instance exists, our bounded search
ends with a positive answer. Universally bounded quantification can be expressed in a similar
way, considering cosg(f(x,y)), where f is defined substituting the value of hr with its co-sign
(such that, cosign(z) =1 — sg(z)).

The more general schema ¢(-ODEy allows multiple left-shifting, such that each “basic
operation” corresponds to shifting a given value of a number of digits determined by ¢(k(y)).

» Definition 14 (/-ODE; Schema). Given g : N — N, h : NP*! 5 N and k : NP — N, the
function f: NPT! — N is defined by £-ODE, from g, h and k if it is the solution of the IVP
with initial value f(0,y) = g(y) and such that:

% = (260D _ 1) x f(z,y) + hlz,y),

where h(x,y) € {0,1}, and if, for some x and 'y, h(xz,y) # 0, then k(y) # 0.

Since this schema is introduced to characterize FACP, the constraint imposing k(y) # 0,
when at some point h(x,y) takes value 1, is really essential. Indeed, as we shall see (Sec. 3.3),
if we omit it, ¢-ODEz will be too strong, as able to capture binary counting (which is not in
FACY).

Observe that -ODE; is a special case of /~-ODE,, such that £(k(y)) = 1, and that, also
for it, the following closure result holds.

» Proposition 15. If f is defined by (-ODE, from FACP-functions g, k and h, then f is in
FAC’.

Proof Sketch. There are two cases: if k(y) # 0, the proof is analogous to that of Prop. 12;
if k(y) =0 (and h(z,y) = 0), for all z and y, f(z,y) = g(y), in FAC? by hypothesis. <«

10:7
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The Schema ¢-ODE3. Let us now consider /-ODEg, intuitively corresponding to (basic)
right-shifting operations.

» Definition 16 ((-ODEj3 Schema). Given g : NP — N, the function f : NPTt — N is defined
by £-ODEs from g if it is the solution of the IVP with initial value f(0,y) = g(y) and such
that:

Of (,y) V(%yw

ol 2
where [5] is a shorthand for z — (2 + 2).
» Proposition 17. If f is defined by (-ODE5 from g in FACP, then f is in FAC® as well.

Proof Sketch. The proof is similar to the one for Prop. 12. By Def. 16 and since (a+2°)+2 =
a <+ 2"*1 it can be shown by induction that for all z and y: f(z,y) = g(y) + 2¢@®) =1, This
intuitively corresponds to right-shifting g(y) a number of times equal to £(z) — 1 and can be
easily shown computable by a constant-depth circuit. |

3.2 An ODE-Characterization of FAC®

We now define a new class of functions, crucially relying on the ODE-schemas just introduced:
ACDL = [0,1,77,¢,+, —, +2,sg; 0, -ODEy, (~-ODE3].

Observe that all its basic functions and (restricted) schemas are natural in the context
of differential equations and calculus. In ACDL, multiplication is, of course, not allowed.
Compared to LDL, the linear-length ODE schema is substituted by the two schemas -ODEs
and -ODEg, characterized by a very limited form of “multiplication” and intuitively allowing
to capture left and right shifting.

In order to prove that ACDL captures FAC® we start by providing an indirect proof
that FAC? C ACDL. This is established by showing that any basic function and schema
defining Clote’s Ag (so its arithmetization of log-time bounded RAM) can be simulated in
our setting by functions and schemas of ACDL. Preliminarily, observe that some important
operations “come for free” by composition. For instance, the modulo 2 operation is defined as

xz

(x mod 2) =x — bJ — L%J, while binary successor functions are expressed in our setting as

so(x) = x + x and sy () = so(z) + 1 (being the constant 0 and + basic functions of ACDL).

The smash function 2¢(®)*€®) The smash function z#y : z,y — 2¢@)*4W) is rewritten
as the solution of the IVP defined by the initial value f(0,y) = 1 and such that % =
(2¢%) — 1) x f(z). This is clearly an instance of (~-ODEy, such that g(y) = 1, k(y) =y and
h(z,y) = 0. Recall that, since h(z,y) = 0, even the limit case of y = 0 is properly captured.

The BIT function. Intuitively, the function BIT(x,%) returns the y** bit in the binary
representation of x. In order to capture it, a series of auxiliary functions are needed:
the log most significant part function msp(z,y) : x,y — {%J, which can be rewritten
via (-ODEj3,
the basic conditional function if(x,y, z), returning y if © = 0 and z otherwise, can be
rewritten in our setting by composition, using, in particular, the “shift function” 2¢®) x y
(defined using ¢-ODEy),
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the special bit function bit(z,y), returning 1 when the £(y)*" bit of  is 1, can be rewritten
in ACDL due to msp,
the bounded exponentiation function bexp(zx,y), that, for any y < ¢(z), returns 2¥, can be
obtained relying on functions in ACDL, including, in particular, msp, if and 2¢() together
with ODE-schemas.
Then, using bexp and bit, the desired BIT function can be rewritten in our setting by
composition: BIT(z,y) = bit(x, bexp(z,y) — 1).

The CRN Schema. A function f defined by CRN from g, hg and h; can be simulated in
ACDL via the -ODE; schema. Let us consider the IVP with initial value F(0,z,y) = g(y)
and such that:

OF(t,z,y)

where h(t,z,y) € {0,1} is, in turn, defined as:
if (bit (2, 2/ =) — 1), ho(msp (2“0 2) ), by (msp(2°) 1) ) ).

The function F(t,z,y) is clearly an instance of ¢-ODE;, and h(¢, z,y) is defined by composi-
tion from functions proved to be in ACDL. Then, we set f(z,y) = F(z,z,y).
We now have all the ingredients to prove our main result.

» Theorem 18. ACDL = FAC’.

Proof. ACDL C FAC’. All basic functions of ACDL are computable in FAC®. Moreover,
the class is closed under composition and, by Prop. 15 and 17, under /-ODE; and ¢-ODEg.
FAC" C ACDL since, as we just proved, functions and schemas constituting Ay have been
rewritten in ACDIL. |

A careful analysis of the above definitions shows that /-ODE, is actually used only to
capture the smash # function. One obtains a class equivalent to ACDL by allowing # and
by replacing ¢-ODEs with the simpler /-ODE; schema.

» Corollary 19. FAC® = [0,1, 7%, ¢, +, —, =2, sg, #;0,(-ODEy, (-ODE3]

3.3 An ODE-Characterization of FTC°

As a byproduct, an ODE-characterization for FTC? is easily obtained, this time passing
through 7Cq [14]. We consider an extension of ACDL endowed with the basic function x:

TCDL = [0,1, 77,4, +, —, +2, X, sg; 0, {-ODEy, (-ODE;].

» Proposition 20. Let f be defined by (-ODE, from functions in FTCC. Then, f is in
FTC’.

Proof Sketch. The proof is similar to that of Prop. 15. The main difference concerns
the computation of level 0, i.e. that of the initial values ¢g(y) and h(z,y), which are now
expressions possibly including x. This does not affect the overall structure of the circuit. <«

» Proposition 21. Let f be defined by (-ODEs from functions in FTCC. Then, f is in
FTC’.

10:9
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Proof Sketch. Straightforward generalization of Prop. 17, with the same provisos of Prop. 20.
<

Then, the desired characterization easily follows from Propositions 20 and 21 and from [14],
rewritten in our ODE-setting (see Sec. 3.2).

» Theorem 22. TCDL = FTC".
An alternative characterization of FTC" is obtained by considering the following class:
TCDL* = (0,1, 7%, ¢, 4+, —, +2,sg; o, (-ODE3, (-ODE3].

where TCDL" does not include x as a basic function, but allows the generalized schema
¢-ODE3, with no constraint over the function k:

» Definition 23 (/-ODE} Schema). Let g : N — N, h: NPTt = N and k : N’ — N, where h

takes values in {0,1}. Then, the function f : NP*1 — N is defined by (-ODE} from g, h and

k when it is the solution of the IVP with initial value f(0,y) = g(y) and such that:
Of(z,y)

7 _ (2€(k(y)) — 1) X f(gj,y) + h(a:,y).

» Example 24 (bcount). Observe that if k(y) = 0, then (-ODE; is enough to express
the binary counting function bcount(z), that outputs the sum of the bits of z. Indeed,
beount(z) = f(x,x) where f is the solution of the IVP with initial value f(0,y) = bit(0,y)
and such that:

Of (x,y)

o

Since such function is not in FAC? (see [19]), this also illustrates that /~-ODE} is really more
expressive than ¢-ODE,.

= bit(z,y).

It is easy to see that £-ODE} is enough to capture majority (and to “simulate” multiplication,
see [30]), which is the essential step to show that TCDL* = FTC".

This observation, together with the fact that what really makes /-ODE?; more expressive
than ¢-ODE; is its behavior for k(y) = 0, leads us to an alternative characterization for
FTC", in line with the one of Corollary 19. Let’s consider the following schema.

» Definition 25 (/-ODE] Schema). Let g : NP — N and h,k : NP*1 — {0,1}. Then the
function f : NPTY — N is defined by (-ODE; from g,h and k, when it is the solution of the
IVP with initial value f(0,y) = g(y) and such that:

Of(z,y)

o = k(e y) X f(ay) + hizy).

By straightforward inspection and Example 24, it is easily seen that FTC is again captured
by adding the basic function # and by replacing /~-ODES; with the simpler schema ¢-ODE].

» Corollary 26. FTC" = TCDL* = (0,1, 7%, £, +, —, +2,sg, #; 0,(-ODE}, (-ODE3].

s Ly Mg

3.4 Alternative Direct Proofs

In this section, we introduce alternative classes ACDL: and TCDL¢, (resp.) extending ACDL
and TCDL with new basic functions that arithmetize the circuit families of polynomial size
and constant depth (C),),>0 used for computation. In this non-uniform context, we prove
both FAC® C ACDL¢ (Sec. 3.4.1) and FTC" C TCDL¢ (Sec. 3.4.2) directly, i.e. without
any references to results in [11, 14], .
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3.4.1 Direct Completeness for ACDL,

Let C = (Cy)n>0 be a class of circuits of polynomial size n*, for some k € N, and constant
depth d. We assume that each circuit C), is in a special normal form, such that it strictly
alternates between A and V (and edges are only between gates of consecutive layers): input
gates are all at level 0, negation gates are all at level 1, even levels are all A gates, odd levels
(other than 1) are all V gates, and the depth d is even (so output gates are A gates).

In this context we keep the basic functions of ACDL, but add a set circc = {C, L{", Ly, L. }
of characteristic functions associated to the following predicates. The predicate C' C NxNxN
describes the underlying graph of the circuit: for any integers z, o, 8, (z,a, 8) € C when,
in Cy(y), the o' < £(z)* gate of some level is a predecessor of the 5 < ((z)* gate of the
next level (thus, in this encoding, o and § are exponentially smaller than z). The relations
Li", Ly, L. C N x N, for e € {1,...,d}, describe the level of gates (and, implicitly, their
type): L& refers to input gates, Ly to negation gates, and L. to A and V gates, depending
on e being odd or even. Since we aim at defining functions over integers, we assume that

input gates are numbered from n — 1 to 0 and output gates from m — 1 to 0, with m < £(x).

By considering the functions corresponding to the given relations, we obtain the desired
ODE-style family of classes (parameterized by C):

ACDL¢ = [0,1,77, 4,4+, —, +2,sg, circc; o, -ODE,, -ODE3).

» Remark 27. If the family C is Dlogtime-uniform, then the functions in circe are computable
in Ag. Consequently, in this case, it holds that ACDL, = ACDL.

In this non-necessarily uniform context, a completeness proof still holds.

» Proposition 28. If a function f : N — N is computable by a family C = (Cp)n>0 of
polynomial size and constant-depth circuits, then it is in ACDLc.

To prove it we need the following lemma (which is easily established relying on Remark 13).

» Lemma 29. Let g and h be functions computable in ACDL¢ and k € N. Then, the function
min; <oz k1900, )  h(i,x) > j}, for> € {<,<,>,>,=} and j € {0,1}, is in ACDLc.

Proof of Prop. 28. Let Eval(t,x) be a function that returns the value of the ¢t** output gate
of the circuit Cy(,) of input  when ¢ < m — 1 (and Eval(t,z) = 0 for ¢ > m — 1). Then,
the following expression defines a function f such that f (2‘3(””)k,x) outputs the value of the
computation of Cy, (for n = ¢(x)) on input z:

of(y,x) _
T(y) = f(y’x) + Eval(ﬁ(x) - f(y) - 1,13)

with f(0,2) = 0. Intuitively, the function above computes the successive suffixes of the
output word, starting from the bits of bigger weights. Remarkably, this is an instance of the
¢-ODE; schema (indeed, Eval(y,z) € {0,1}). So, the given f can be rewritten in ACDLc.

It remains to describe how the function Eval(¢, x) is computed. Again, we assume that
C,, has depth d, is in the normal form described above, and d is even. Concretely, we start
by defining a special (bounded) minimum operator function such that, given & € N and two
functions g and h, with h(t,x) € {0,1} for t € N and x = x1,...,zp,

minigf(xl)k{g(iax) : h(ZaX) > 0}7

with > € {<,<,>,>,=} and j € {0,1}. Intuitively, given ¢ € {0,...,¢(z1)}, this function
computes the minimum of the values of ¢(i,x), for ¢ and x such that h(i,x) > j.

The inductive definition of Eval relies on those of the d + 1 functions Evalg, ..., Evalg,
with Eval; = Eval:

10:11
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Evalg(t, z) is equal to BIT(¢,z) if L& (¢,x) holds and to 1 — BIT(t,z) if Ly (¢, ) does. For
t not corresponding to gate index, Evaly(t, z) is set to an arbitrary value, say 0. Recall
that, since BIT can be rewritten in ACDL (Sec. 3.2), Evaly is in ACDLc as well.
Evalae(y, ) is equal to min,<ygyx{Evalae—1(i, ) : C(x,4,t) = 1}, for Lac(t,z) (ie., if ¢ is
the index of a gate at this level). The evaluation for the *"
is the minimum of the evaluations of its predecessor gates of level 2e — 1. As seen, min is
in ACDL (Lemma 29), so Evals, can also be rewritten in this class.

Similarly, Evalyey1(y, ) is the 1 — min;<pps{1 — Evala.(i,x) : C(x,i,t) = 1}. The
evaluation for the t* gate of level 2e + 1 (a A-gate) is the maximum among evaluations of
its predecessor gates of level 2e. As for Evalg,, Evalyey1 can be rewritten in ACDL. <«

gate of the level 2e (a A-gate)

» Remark 30. The following converse to Proposition 28 also holds (by inspecting the proofs
of Proposition 15 and 17): If a function f : N — N is in ACDL¢ for some family C of
polynomial size and constant-depth circuits, then there exists a family C’ of polynomial size
and constant-depth circuits that computes it.

3.4.2 Direct Completeness for FTC°

Let us now consider the similar, direct characterization for FTCP. Suppose that C,, strictly
alternates between A,V and MAJ gates, and that input gates and their negation are all at
level 0, V gates are at levels 3e + 1, A gates at levels 3e + 2, and MAJ gates at levels 3e.
Accordingly, in this case L. describes the level of a gate of a type not limited to A, V, but
including MAJ. Then, the desired family of classes is defined as:

TCDL¢ = [0,1, 7%, ¢, +, —, +2, sg, circe; o, (-ODE], (-ODE;3]

where, with a slight abuse of notation, we use circe to denote the function corresponding
to a (set of) relation(s), this time including the extended L.. The proof that non-uniform
FTC? C TCDL, is similar to the one from Section 3.4.1.

» Proposition 31. If a function f : N — N is computable by a family C = (Cy)n>0 of
polynomial-size and constant-depth circuits including MAJ gates, then it is in TCDL¢.

Proof Sketch. The functions f and Eval are globally defined as before. Modifications only
affect the definition of Eval; and, in particular, the inductive levels corresponding to MAJ.
Specifically, it is obtained as follows:
for a given function h and integer k, bcounty(t,z) = 32, <, h(i, ¢, ). Notice that this
function is in TCDLc, since it can be rewritten as an instance of -ODE3, and h is in
TCDL* (due to Lemma 29),
for any i such that Ls._1(i) and 3e — 1 < d: v3,_,(i,t,x) = sg(C(z,i,t)) and
vy, (i,t,x) = if(C(x,i,t), Evals._y(; 4),0). The value of v3, ;(i,t,x) is 1 when i is
a predecessor of gate ¢, and v3,_;(i,t,x) is 1 when, in addition, the value of gate i, on
input z, is 1,
for ¢ such that L3, (t), Evals.(t, z) is defined as sg(bcountvge_1 (t,x) —2xbcount,1 (¢, z)).
The function outputs 1 when more than half of the inputs of gate t are 1. |

4 Conclusion

We have presented new characterizations for FAC? and FTC® through the prism of discrete
differential equations. Although the use of classical arithmetical functions is intrinsically
limited by the low computational power of these classes, the ODEs used are surprisingly
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natural restrictions of linear ODEs. More generally, this work is intended as the first
step of a project aiming at characterizing other relevant classes, starting with FACF and
FNCF. Another challenging direction of future research would be to develop logical and

proof-theoretical counterparts to ODE-style algebras, e.g. by defining natural rule systems

(oriented by the ODE design) to syntactically characterize the corresponding classes.
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Proofs from Section 3

A.1 The Schemas ¢-ODE; and ¢-ODE,

Proof of Proposition 12. By Definition 10, for all  and y:

L(z)—1 ,l(z)—1

fley) =Y ( 11 2) x h(a(u),y)
u=-—1 t=u+1
£(x)—1

= 30 2@ h(a(u),y)

u=-—1

with the convention that a(u) =2% —1, Hifl r(z) =1 and h(a(-1),y) = f(0,y). Notice
that the given multiplication is always by a power of 2 decreasing for each increasing value
of u, which basically corresponds to left-shifting (which can be computed in FACO). Hence,
since by Definition 10, h(x,y) € {0,1}, the outermost sum amounts to a concatenation
(which again can be computed in FAC?).

Concretely, for any inputs x and y, the desired polynomial-sized and constant-depth

circuit to compute f(z,y) is defined as follows:

In parallel compute the values of g(y) and of each h(a(u),y), for any u € {0,...,¢(x)—1}.
For hypothesis, g and h are computable in FAC®, and, since there are £(z) + 1 initial
values to be computed, the whole desired computation can be done in polynomial size
and constant depth.

In one step, (left-)shift the value of h(a(—1),y)) = g(y) by padding {(z) zeros on the
right and, for u > 0, (left-)shift each value h(c(u),y) by padding on the right £(z) —u—1
zeros (this corresponds to multiply by 2/*)~“~1) and padding on the left u 4 £(g(y))
ZEros.

Compute, bit-by-bit, the disjunction of all values computed above. Clearly, this is done
in constant depth. <
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Proof of Proposition 15. There are two main cases to be taken into account. If k(y) # 0,
the proof is similar to that of Proposition 12. Indeed, for all z and y:

L(x)—1 /L(x)—1
fay) = 3 ( 11 2“’“”)) % h(a(w),y)

u=—1 t=u+1
L(z)—1

= Z k() x (U(z)—u=1) o h(a(u),y)
u=—1

with the convention that a(u) = 2% — 1, Hi_l r(z) =1 and h(a(—1),y) = f(0,y). Observe
that here multiplication corresponds to a left-shifting where “basic shifting” corresponds
to a left movement of ¢(k(y)) digits. As for the basic case, it can be easily shown that
this operation can be implemented by a constant-depth circuit. Then, analogously to
Proposition 12, the outermost iterated sum amounts to concatenation (as, by construction,
ha(u),y) € {0,1}).

Concretely, we can construct a constant-depth circuit generalizing the procedure defined
for the special case of .~-ODE;:

In parallel, compute the values of ¢g(y) and h(a(u),y), for each u € {0,...,¢(z) — 1}.

This can be done in constant depth by hypothesis.

In one step, shift the value of g(y) by padding £(k(y)) x £(x) zeros on the right, and, for
u > 0, shift all values h(a(u),y) by padding on the right ¢(k(y)) x ({(z) —u — 1) zeros
(i.e. multiplying by 2(*)x(=)=u=1)) and by padding on the left £(g(y)) + £(k(y)) x
(u+ 1) — 1 zeros.

Compute, bit-by-bit, the disjunction of all the values above.

In the special case of k(y) = 0 and h(x,y) = 0, it holds that for all x and y, f(z,y) = g(y).

This is clearly computable in FACY, as corresponding to compute 9(y), which is computable
in constant depth by hypothesis. <

A.2 The Schema ¢-ODEj;

For = > 0, the equation characterizing Definition 16 can be re-written as:

flz,y) = fl@—1,y) - Az — 1) x [f(x—;yw

where, as seen, Al(x — 1) = ¢(x) — ¢(x — 1). Observe that also in this case we are using
x with a slight abuse of notation: indeed, we are dealing with “bit multiplication” and
multiplying a number by 0 or 1 can be easily done in FAC® (and easily rewritten in our
setting using the basic conditional function if, which, in turn, can be defined in ACDL, see
Sec. 3.3). In other words,

B flz—=1y) if b(z) =4(x—1)
fay) = flea—1y)— [ww otherwise

B flz—=1y) if b(z) =L(x—1)
B {7“1721’3'% otherwise

_ flz—1,y) if b(z) = l(x—1)
flz—1y)=2 otherwise.
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A Dbit more formally,

x) — (z)-1 _
f(%y):{f(w(; M)J:V(?é : Ly)J: 1) o

where 3(((z)) = 2(*) 1 is the greatest integer the length of which is £(2), i.e. here, 2¢®)~1 1
is the greatest integer the length of which is £(z) — 1. Hence, starting with 2 > 0, there are
£(z) — 1 jumps of values.

Proof of Proposition 17. By Definition 16 (as clarified by the remarks above),and, since
(a+2%) +2=a+ 2! it is easily shown by induction that, for all z and y:

L(z)—1

f(%y):{ 1T g(2y)J

=1

- [#55]

=g(y) + 201,

This corresponds to right-shifting ¢(y) a number of times equal to ¢(x) — 1, which can be

—~

Q =&

easily implemented by a constant-depth circuit. |

A.3 Rewriting the Function BIT in ACDL

First, the log most significant part function msp(x,y) : x,y — L%J can be rewritten as
the solution of the IVP:

f(07y) =Y
0f(z,y) :_[f(x,y)w
o¢ 2

which is clearly an instance of ¢-ODEg.
Second, we introduce the basic conditional function:

. y ifz=0
if(x,y,z) =
(@y,2) {z otherwise.

Notice that this function is also crucial to rewrite the CRN schema. As seen, the “shift
function” 2¢(*) x y can be easily rewritten via /-ODE;. Thus, if(z,y, z) is simulated in our
setting by composition from shift, addition and subtraction:

if(x,y,2) = (25(1*%(””)) Xy—y)+ (2€(sg(w)) Xz —2).

Indeed, as desired, if z = 0, then sg(z) = 0 and £(sg(z)) = 0, so that if(0,y, z) = (2/) x y —
y) + (26(0)”%) = y; similarity, for x # 0, if(0,y, z) = (24(0) Xy — y) + (25(1) X z—2z)=z.
Generalizing this definition we can capture a more general conditional function below:

ifz<w
cond(x,v,y,2) = 4
z otherwise

Then, we consider the special bit function bit(z,y) returning 1 when the £(y)!"* bit of
is 1. This can be rewritten in ACDL due to msp:

bit(x,y) = msp(y,z) — 2 x msp(2y + 1, ).
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Finally, we introduce the function bexp(z,y), that, for any y < ¢(z), returns 2¢. We start
by defining fu..(t, z,%) by the ¢-ODE; schema below:

Ffaus(0,2,4) = if(4,1,0)
0 faua (t, 2, 1)

0(0) = faua(t,2,1) + haua(t, 1)

where
haus(t,1) = if(€(t) —4,1,0).

Observe that, as seen, if can be rewritten in ACDL (while ¢ and subtraction are basic
functions). Then, for i < £(x), we obtain fuu.(x,x,i) = 24%) = The function bexp is then
defined as follows:

9L(x) )
bexp(z,i) = msp(faur(amx,i) — 1,26(””)) = {W“J =2,

as the length of fuy. (2, 2z,4) — 1 is £(x) —i. Clearly, the function bexp is also in ACDL as all
the functions involved in its definitions (namely, msp, fqu. and 2¢0)) are in ACDL.

We conclude by showing that, due to bexp and bit, the desired BIT function can be
rewritten in our setting by composition:

BIT(z,y) = bit(z, bexp(z,y) — 1).

Observe that alternative proofs are possible, but the one proposed here, and based on the
introduction of bexp, not only has the advantage of being straightforward, but also avoids
the unnatural use of function most significant part function, MSP.

A.4 On the ODE-Characterization of FTC"

Proof of Proposition 20. The proof is similar to that of Proposition 15. The main difference
concerns ¢(y) and h(z,y), which are now expressions possibly including x.
As seen, for all x and y:

L(x)—1 /L(x)—1
fay) = 3 ( 11 2“’“”)) % h(a(w),y)

u=—1 t=u+1

with the convention that a(u) = 2% — 1, Hiil k(z) = 1 and h(a(-1),y) = f(0,y). In-
tuitively, the (constant-depth) circuit we are going to construct is equivalent to that of
Proposition 15, but the values to be initially computed in parallel are obtained even via Xx.
Yet, the introduction of multiplication does not affect the overall structure of the circuit, as
h(a(u), y) € {0, 1}, so that the final sum again corresponds to a simple bit-concatenation
(without carries).

More precisely, the desired constant-depth circuit is defined as follows:

In parallel, compute the values of g(y) and, for any « = 0,...,¢(x) — 1, of h(a(u),y).

Observe that this can be done in FTC®, but possibly not in FACY, as now these

arithmetic expressions may include x.

The value of g(y) is shifted by padding 2/*)**) zeros on the right and, for u > 0, all

values h(a(u),y) are shifted by padding on the right ¢(k(y)) zeros £(z) —u — 1 times,

and by padding on the left £(k(y)) zeros £(g(y)) + u times.

the disjunction of the above values is computed bit by bit. <
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10:18 A New Characterization of FAC? via Discrete ODEs

Proof of Proposition 22. TCDL C FTC'. All basic functions are computable in FTCY,
and the class is closed under composition and, by Propositions 20 and 21, under ¢-ODE,
and /-ODE;.

FTC’ C TCDL. By mimicking the arithmetization proof provided in [14] (see Sec. 2.2),

as all the functions defining 7Cy can be rewritten in TCDL (this time including x, which is

basic in TCDL). <
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