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Abstract

We design nearly-linear time numerical algorithms for the problem of multivariate multi-
point evaluation over the fields of rational, real and complex numbers. We consider both exact
and approximate versions of the algorithm. The input to the algorithms are (1) coefficients of an
m-variate polynomial f with degree d in each variable, and (2) points ay, ..., ay each of whose
coordinate has value bounded by one and bit-complexity s.

Approximate version: Given additionally an accuracy parameter ¢, the algorithm computes
rational numbers By, ..., By such that |f(a;) — B;| < 1/2 for all i, and has a running time
of ((Nm + d™) (s + £))°Y for all m and all sufficiently large d.

Exact version (when over rationals): Given additionally a bound ¢ on the bit-complexity of
all evaluations, the algorithm computes the rational numbers f (a),-.., f (aN), in time
((Nm + d™) (s + )W for all m and all sufficiently large d. .

Our results also naturally extend to the case when the input is over the field of real or
complex numbers under an appropriate standard model of representation of field elements in
such fields.

Prior to this work, a nearly-linear time algorithm for multivariate multipoint evaluation
(exact or approximate) over any infinite field appears to be known only for the case of uni-
variate polynomials, and was discovered in a recent work of Moroz [Mor21]. In this work, we
extend this result from the univariate to the multivariate setting. However, our algorithm is
based on ideas that seem to be conceptually different from those of Moroz [Mor21] and cru-
cially relies on a recent algorithm of Bhargava, Ghosh, Guo, Kumar & Umans [BGGKU22] for
multivariate multipoint evaluation over finite fields, and known efficient algorithms for the
problems of rational number reconstruction and fast Chinese remaindering in computational
number theory.
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1 Introduction

In this paper, we study the problem of designing fast algorithms for the following natural compu-
tational problem.

Given an m variate polynomial f of degree less than d in each variable over an underly-
ing field IF as a list of coefficients, and (arbitrary) evaluation points aj, ay, ..., any € F",
output f(a;) for every i.

This computational task is referred to as Multivariate Multipoint Evaluation (MME) in literature
and fast algorithms for MME are of fundamental interest in computational algebra, not only due
to the evident natural appeal of the problem but also due to potential applications of MME as an
important subroutine for algorithms for many other algebraic problems (see [KU11] for a detailed
discussion on these applications).

The input for MME is specified by (d + Nm) field elements, or alternatively (d" + Nm) - s bits,
where s is an upper bound on the bit complexity of any field constant in the input. For finite fields,
s can be taken to be log |F|. Clearly, there is an algorithm for this problem that takes roughly (4" -
Nm)'+°() many field operations or about (d" - Nm - s)1°(1) bit operations: we iteratively evaluate
the polynomial one input point at a time. Obtaining significantly faster and ideally nearly-linear'
time algorithms for MME is the main question motivating this work. Here the time complexity
of an algorithm could be measured either in terms of the number of field operations (in case the
algorithm is “algebraic’” in the sense that only uses field operations over the underlying field, e.g.

like the trivial algorithm outlined above) or the number of bit operations.

1.1 Prior work

Before describing the precise problem studied in this work and our main results, we start with a
brief discussion of the current state of art of algorithms for MME. While the results in this paper
are over infinite fields like reals, rationals and complex numbers, we begin our discussion of prior

work on MME by recalling the state of affairs over finite fields.

1.1.1 Multipoint evaluation over finite fields

Multipoint evaluation of polynomials is a non-trivial problem even for the case of univariate poly-
nomials, and a non-trivial algorithm is unclear even for this case over any (sufficiently large) field.
When the set of input points have additional structure, for instance, they are all roots of unity of
some order over the underlying field, the Fast Fourier Transform (FFT) gives us a nearly-linear
time algorithm for this problem. However, it is not immediately clear whether ideas based on FFT

can be easily extended to the case of arbitrary evaluation points.

Iwe say that an algorithm has time complexity nearly-linear in the input size if for all sufficiently large n, the
algorithms runs on inputs of size n in time nlto(l),
2Algori’chms for MME that only need arithmetic over the underlying field in their execution, or in other words can

be modelled as an arithmetic circuit over the underlying field are referred to as algebraic.
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In a beautiful work in 1974, Borodin and Moenck [BM74] designed a significantly faster algo-
rithm for univariate multipoint evaluation by building on FFT and a fast algorithm for division
with remainder for univariate polynomials. The algorithm of Borodin and Moenck worked over
all fields and was algebraic, in the sense mentioned earlier, the number of field operations needed
by the algorithm was (N + d)1+°(1), nearly-linear in the number of field elements in the input.

Extending these fast algorithms for multipoint evaluation from the univariate to the multivari-
ate case proved to be quite challenging, even for the bivariate case. Niisken and Ziegler [NZ04]
gave a non-trivially fast algorithm for this problem over all fields, although the precise time com-
plexity of their algorithm was not nearly linear in the input size. The state of art for this problem
saw a significant improvement in the works of Umans [Uma08] and Kedlaya & Umans [KUO08] (see
also [KU11]) who gave fast algorithms for MME for the case when the number of variables m is
significantly smaller than the degree parameter d,i.e. m = d°1)  over fields of small characteristic
and all finite fields respectively.

This case of large number of variables was addressed recently in works of Bhargava, Ghosh,
Kumar & Mohapatra [BGKM?22] and Bhargava, Ghosh, Guo, Kumar & Umans [BGGKU22] who
gave fast® algorithms for MME over fields of small characteristic and over all finite fields respec-
tively, for all sufficiently large m, d.

We also note that the algorithms of Kedlaya & Umans [KUO8] and those of Bhargava, Ghosh,
Guo, Kumar & Umans [BGGKU22] for MME over all finite fields are not algebraic, and in partic-
ular rely on bit access to the input field elements and bit operations on them. This is in contrast
to the algorithms of Umans [Uma08] and Bhargava, Ghosh, Kumar & Mohapatra [BGKM?22] for
MME over finite fields of small characteristic that are algebraic in nature. Designing algebraic
algorithms for MME over all finite fields continues to be a very interesting open problem in this

line of research. *

1.1.2 Multipoint evaluation over infinite fields

As we shall see, our understanding of the problem here is rather limited compared to that over
finite fields. However, before moving on to the results, we first discuss some subtleties with the

definition of this problem itself over infinite fields.

Field operations vs bit complexity: Field arithmetic over finite fields preserves the worst case
bit complexity of the constants generated, but this is not the case over infinite fields. This increase
in bit-complexity in intermediate computations leads to some issues that we discuss next.

The first issue is that even the bit complexity of the output may not be nearly-linear in the
input bit complexity, thereby ruling out any hope of having an algorithm with time complexity

nearly-linear in the bit complexity of the input. The second issue is that even for inputs where the

3Strictly speaking, these algorithms do not run in nearly-linear time, since the running time has (log |F|)¢ factor
where c is a fixed constant that can be greater than one. However, the dependence of the running time on the term
(d™ + Nm) is nearly-linear.



bit complexity of the input field elements and the output field elements are promised to be small,
it might be the case that in some intermediate stage of its run, an algorithm for MME generates
tield elements of significantly large bit complexity. For instance, the classical algorithm of Borodin
& Moenck for univariate multipoint evaluation has near linear complexity in terms of the number
of field operations, but it is not clear if the bit complexity of the algorithm is also nearly-linear in
the input and output bit complexities.

The input and output model: For fields such as real or complex numbers, we need to specify a
model for providing the inputs which potentially require infinite precision. The standard model
used in numerical algorithms is via black-boxes that we refer to as approximation oracles (formally
defined in Definition 2.7). Informally an approximation oracle for a real number « € (—1,1)
provides, for every k € IN, access to the first k bits of a after the decimal, and its sign in time
O(k) (for complex numbers, we will assume the real and imaginary parts are provided via such
oracles).

For the output, we could either ask to compute the evaluations to the required precision, or
compute the evaluations exactly when, say, in the case of rational numbers. In this paper, we con-
sider both versions of these problems.

Note that computing a real number « € (—1,1) within a given error ¢ < 1 is essentially
the same as computing the most significant ()(log1/¢) bits of the output correctly. In this sense,
O(log1/e) provides a natural upper bound on the bit complexity of the output for an instance of
approximate multipoint evaluation. Perhaps a bit surprisingly, we did not know an algorithm
for multipoint evaluation with bit complexity nearly-linear in input size and (log1/e) even for
the setting of univariate polynomials till very recently. This is in contrast to the result of Borodin
& Moenck [BM74] that obtains an upper bound on the number of field operations (but not the
number of bit operations) for (exact) univariate multipoint evaluation over all fields.

In a beautiful recent work, Moroz [Mor21] designed such an algorithm for the approximation

version of univariate multipoint evaluation. Formally, he proved the following theorem.

Theorem 1.1 (Moroz [Mor21]). There is a deterministic algorithm that takes as input a univariate poly-
nomial f(x) = Y4 fix' € C[x] as a list of complex coefficients, with (|f|, := Y4 o |f:| < 27) and inputs
ai,ay,...,a3 € C of absolute value less than one, and outputs B1, B2, ..., Ba € C such that for every i,

flai) = Bil < Ifly-27,
and has bit complexity at most O(d(T +t)).

As our main result in this paper, we prove a generalization of Theorem 1.1 to the multivariate
setting.



1.2 Owur results

Before stating our results, we formally define the problems that we study. The first question of
approximate-MME is essentially the generalization of the univariate version of the problem stud-
ied by Moroz [Mor21]. For convenience, we state the problem for the fields of rational and real
numbers, but they extend in a straightforward manner to complex numbers and other natural
subfields of it.

Problem 1.2 (Approximate multivariate multipoint evaluation (approximate-MME)). We are given
as input an m-variate polynomial f € R[x| of degree at most (d — 1) in each variable as a list of coefficients,
points ai, ..., any € R™, and an accuracy parameter t € IN. Here every field element is assumed to be in
(—1,1) and is given via an approximation oracle.

Compute rational numbers B, ..., Bn such that |f(a;) — B;| < 1/2 forall i € [N].

We also study the following variant of MME in the paper.

Problem 1.3 (Exact multivariate multipoint evaluation (exact-MME)). We are given as input an m-
variate polynomial f € Q[x] of degree at most (d — 1) in each variable as a list of coefficients, points
ai,...,an € Q" and an integer parameter s > 0, such that all rational numbers in the input and output
are expressible in the form p/q for integers p,q with |p|, |q| < 2° and every rational number in the input
has absolute value less than one.

Compute f(ay),..., f(an).

The restriction that the absolute value of all constants is at most one requires a short discussion.
The restriction on the coefficients of f is without loss of generality (by scaling) but the restriction
on the coordinates of points is not without loss of generality, but is nevertheless well-motived. See
Remark 5.1 for details.

Our main result is fast algorithms for Problem 1.2 and Problem 1.3 for all sufficiently large d.

Theorem 1.4 (Approximate multipoint evaluation - informal). There is a deterministic algorithm for
approximate-MME (Problem 1.2) that runs in time

((Nm + dmyp) o

for all sufficiently large d, t and all m.

Theorem 1.5 (Exact multipoint evaluation - informal). There is a deterministic algorithm for exact-
MMIE over rational numbers (Problem 1.3) that runs in time

((Nm + d™)s)t+e®

for all sufficiently large d, s and all m.



Theorem 1.4 is a generalization (by scaling coefficients) of Theorem 1.1 of Moroz in the sense
that it handles an arbitrarily large number of variables. Interestingly, our proof is not an extension
of the proof of Theorem 1.1 to larger number of variables. It relies on a different set of ideas
and appears to be conceptually different from the proof of Moroz [Mor21]. Moroz’s algorithm
relies on geometric ideas, and does not involve any modular arithmetic, whereas ours crucially
relies on various reductions from an instance of MME (approximate or exact) over rational, real
or complex numbers to instances of MME over finite fields. In fact, a generalization of Moroz’s
univariate algorithm to higher dimensions is not immediately clear to us, and would be interesting
to understand.

As discussed in the introduction, while measuring the complexity of algorithms for MME
over the field of rational numbers in terms the number of bit operations, the dependence of the
running time on the bit complexity of the output, as in Theorem 1.5 is quite natural and essentially
unavoidable. However, the fact that Theorem 1.5 takes the bit complexity of the output as a part
of its input does not seem very natural and desirable. It would be very interesting to have an
algorithm for exact-MME over rationals that does not need a bound on the output complexity as

a part of the input, but runs in time nearly-linear in the input and output bit complexity.

1.3 Overview of the proofs

In this section, we outline the main ideas in the proofs of Theorem 1.4 and Theorem 1.5. For this
discussion, we assume for simplicity that the input is over the field of rational numbers, and the
tield constants in the input are given to us exactly. The ideas here generalize to the setting of real

inputs (for approximate-MME) by some clean and simple properties of approximation oracles.

1.3.1 A naive first attempt

We start by setting up some notation. Let f € Q[x] be an m variate polynomial of degree at most
(d — 1) in each variable and let aj, ay, . .., ay € Q" be the input points of interest. For now, let us
assume that our goal is to output the value of f on each a; exactly. We are also given the positive
integer t such that the numerator and the denominator of each of the field constants in the input,
and the output are at most 2’.

From the prior work of Bhargava, Ghosh, Guo, Kumar and Umans [BGGKU22] we have fast
algorithms for MME over all finite fields. Therefore, a natural strategy for solving MME over
rational numbers is to somehow reduce the problem over rationals to instances of the problem
over finite fields, and use the known algorithms for this problem over finite fields to solve these
instances. A first step towards such a reduction would be to clear all the denominators in the
input instance by taking their LCM and obtain an instance of MME over the ring of integers, and
then work modulo a large enough prime (or several small enough primes if needed for efficiency
reasons), thereby reducing to instances of MME over finite fields. However, this seemingly natural

approach runs into fundamental issues even for the simpler setting where each evaluation point a;



has integer coordinates, and the only rational numbers appear in the coefficients of the polynomial
f. We now briefly elaborate on this issue.

Let us consider an input instance where every denominator in the coefficient vector of f is a
distinct prime. For instance, we can get such an instance where each of the first 4™ primes appears
as a denominator of some coefficient of f. Note that the input bit complexity parameter ¢ needs
to be at most poly(logd, m) for this case. Since the length of this coefficient vector is d”, the LCM
of these denominators is a natural number that is at least as large as the product of the first 4™
primes, which is at least 2", and hence has bit complexity at least d". Thus, if we clear out the
denominators of the coefficients of f to obtain a polynomial f with integer coefficients, each of
the coefficients of f can have bit complexity as large as d™. In this case, the total bit complexity of
the coefficient vector of f is at least d*", which is roughly quadratic in the original input size, and
thus, any algorithm obtained via this approach will have prohibitively large time complexity.

In both our algorithms for approximate-MME and exact-MME, we indeed crucially rely on the
algorithms for MME over finite fields due to Bhargava et al [BGGKU22]. However, this reduc-
tion is somewhat delicate and needs some care. On the way we rely on some well known tools
from computational algebra and number theory, like fast Chinese remaindering, fast rational re-
construction, Kronecker and inverse Kronecker maps. Perhaps a bit surprisingly, our algorithm
for exact-MME uses the algorithm for approximate-MME as a subroutine.

Figure 1: Overview of reductions
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We now give an overview of the main ideas in these algorithms. We start with a very simple
algorithm for exact-MME for the special case of integer inputs that serves as a crucial subroutine
for the algorithm for approximate-MME.

1.3.2 Algorithm for exact-MME over integers

For this problem, all the field elements in the input are integers and the absolute value of each of
these input field elements and those in the output is at most 2° for a given parameter s.
The algorithm for MME for this case simply does this computation by working modulo a large



enough prime (based on the given input and output complexities), thereby giving us a reduction
from the problem over integers to that over a large enough finite field. At this point, we essentially
invoke the algorithm of Bhargava et al for MME over finite fields to solve this problem. One
subtlety here is that as stated in their paper [BGGKU22], the algorithm does not quite run in
nearly-linear time due to two factors. The first issue is that the running time has a poly(log |FF|)
term, where the degree of poly() term can be strictly larger than one. The other issue is that even
in terms of the dependence on d, m, their algorithm is nearly-linear time only when m is growing.
So, for constant m, we cannot directly invoke the algorithm in [BGGKU22] for our applications.
We get around both these issues using some simple ideas. To address the issue of a constant
number of variables, we artificially increase the number variables, while reducing the individual
degree bound by applying an inverse-Kronecker map to the polynomial. Then, to deal with the
issue of dependence of the running time on the field size, we first do a lift to integers and a Chinese
remaindering to reduce this problem to many such instances of MME over smaller finite fields.
This is essentially the same as the reduction used by Kedlaya & Umans in [KU11]. To keep the
running time nearly-linear, we do the Chinese remaindering using the well known nearly-linear

time algorithms. The details can be found in Section 3 and Section 4.

1.3.3 Algorithm for approximate-MME

Recall that for approximate-MME, we do not need to compute the value of the polynomial on the
input points exactly, but only require the outputs to be within some error of the actual evaluations.
For simplicity, let us assume that the input polynomial and the evaluation points are all rational
numbers, and are given exactly. As alluded to earlier in this section, it seems difficult to simply
clear the denominators (via an LCM) and reduce to the integer case since there are instances, like
when the denominators are all distinct primes, where this process prohibitively blows up the size
of the coefficients. However, working with approximations gives us the necessary wiggle room to
make something close to this idea work.

As the first step of the algorithm, we approximate all the field constants, the coefficients of the
given polynomial as well as the coordinates of the input points by truncating their decimal repre-
sentation to k bits after decimal (for some sufficiently large k to be chosen carefully). Rounding a
real number « of absolute value at most 1 like this gives us a rational number & of the form /2 for
some integer a with |a| < 2F. Moreover, we have that |« — &| < 1/2*. We now solve MME on this
instance obtained after rounding. The crucial advantage now is that since all the denominators in
this rounded instance are 2%, their LCM is just 2, and clearing the denominator no longer incurs a
prohibitive increase in the bit complexity. We now invoke the algorithm for exact-MME for integer
instances described in the earlier subsection. The details can be found in Section 5.



1.3.4 Algorithm for exact-MME over rationals

For our algorithm for exact-MME, we start by first invoking the algorithm for approximate-MME
on the instance for a sufficiently good accuracy parameter t. The choice of t depends upon the
output bit complexity that is given to us as a part of the input. From the guarantees on the out-
put of the approximate-MME algorithm, we know that the approximate-MME outputs rational
numbers that are at most 1/2 away from the true evaluations. If we can somehow recover the
true evaluations from these approximations, we would be done! What we have here are instances
of the following problem: our goal is to find a hidden rational number, denoted by /b (the true
evaluation) and we have access to another rational number, denoted by A/B (an approximation
to the true evaluation), with the guarantee that |4/ —a/6| < 1/2 and |A|,|B| < 2°). Crucially,
we also have a parameter s (given to us as a part of the input) and a guarantee that |a|, |b| < 2°.

This is essentially an instance of rational number reconstruction, which is a well-studied and
classical problem of interest in computational algebra and number theory. We rely on these results
(essentially in a black-box manner), and in particular the notion and properties of continued frac-
tions to solve this problem efficiently. We observe that our choice of the parameter ¢ (as a function
of s) implies that #/b is a convergent (a rational number obtained by a truncation of the continued
fraction representation of 4/B). This observation along with some of the properties of convergents
lets us find /b in nearly-linear time given 4/8. The details can be found in Section 6.

2 Preliminaries

Notation

o We will use boldface letters a, b etc. for finite-dimensional vectors. We will also use this to
denote tuples of variables x = (x1, ..., x,) etc. Usually the dimension of the vectors would

be clear from context.

e For exponent vectors e = (ey,...,e,) € Z", and a vector x = (xy,...,x,), we will use x® to
denote the monomial x7" - - - x3".

e For a real number «, we use |« | to denote the closest integer to . When a = a + % for some
integer a, |a] is defined as a.

2.1 Useful inequalities
Lemma 2.1 (Bounds on binomial series). For d € IN and € > 0 with |e| < 1/4?, we have

1+de < (1—|—£)d <1+ de+ d?e.

Proof. The inequalities are clearly true for d = 1,2, so for the rest of this discussion, we assume
without loss of generality that d > 3.



For any i > 3, we have (%) < (g) -d'~2. Hence,

i
d i-2
d\ AN i AN
< g2, .
% () <(5) @ gl < (3)

<2 (1)

where the last inequality uses ¢ < 1/42. Therefore,

d 4 rd\ .
d: 2 l>
(1+¢) 1+de+ (2)8 +i§:3 <i>s >1+de

and
d .
(1+e) =1+de+ <;Z>€2 +3Y (?)sl
i=3

d\ o, (d\ >
<
_1+d8+<2>e + (2)8

<1+ de+ d?&. O

2.2 Kronecker map for base-d

The Kronecker map is a commonly used tool used to perform a variable reduction without chang-

ing the underlying sparsity. This map is defined formally as follows.

Definition 2.2 (Kronecker map for base-d). The c-variate Kronecker map for base-d, denoted by
D n.c maps cm-variate polynomials into a c-variate polynomials via

d d2 dmfl d d2 dm—l
q)d,m;c(f(xl,L'~~/x1,711/'--/-xc,1/---/xC,m)):f(]-/y]/yl /'--/y /-~-/1/yc/]/c /-~-/]/C )

If f is a polynomial of individual degree less than d, then the monomial x7* - - - x¢° is mapped to the monomial
yil -+ - Y& where e; is the base-d representation of e;.

In the same spirit, we define the inverse Kronecker, denoted by CD;}n; o that maps a c-variate polyno-
mial of individual degree less than d™ into a cm-variate polynomial of individual degree less than d, given
via extending the following map linearly over monomials:

€m

-1 e1 ec) — €1
®d,m;c(y1 .”yCC) _Xl "'Xm

where x; = (Xj1,...,%; ) and e; € {0,...,d — 1}" is the base-d representation of e; < d™.

Associated with the inverse Kronecker map, we also define g ,,.c : IF¢ — IF"" that acts on points, given
by

-1 -1
Yame : (a1,...,ac) — (1,a‘f,...,a’fm ,...,1,af,...,afm ).
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The inverse Kronecker map is defined so that we have the following observation.

Observation 2.3 (Kronecker maps and evaluations). If f(x1, ..., x.) is a polynomial of individual de-
gree less than d™, then for any a € €, we have that @1 (f)(gmc(a)) = f(a). O

d,m;c
The above observation would be useful to trade-off degree with the number of variables as
needed in some of our proofs.

2.3 Computing all primes less than a given number

The classical Prime Number Theorem [Had96, LVP97] asserts that there are ®(N/ log N) primes

numbers less than N, asymptotically. We can compute all prime numbers less than N in determin-
istic O(N) time.

Algorithm 1: PrimeSieve
Input :Aninteger N > 1

Output: All prime numbers less than N.

[y

Initialise an array S indexed with 2,3, ..., N with all values set to TRUE.
fori < 2to+/N do

N

3 | if S[i] is TRUE then

" Set j +— 2i

5 while j < N do

6 Set S[j] to FALSE.
7 L jjti.

8 return {i : S[i] is TRUE}.

Lemma 2.4 (Computing primes less than a given number). There is a deterministic algorithm (Algo-
rithm 1) that computes the set of all primes less N in deterministic time O(N). ]
2.4 Fast Chinese Remaindering

We also rely on the following two theorems concerning fast algorithms for questions related to
the Chinese Remainder Theorem (CRT). We refer the reader to the book by von zur Gathen and
Gerhard [GG13] for proofs.

Lemma 2.5 (Fast-CRT: moduli computation). There is an algorithm that, when given as input coprime
positive integers py,...,p, and a positive integer N with N < []p; < 2°, computes the remainders
a; = Nmod p; fori = 1,...,r in deterministic O(c) time.

For proof of the above lemma see [GG13, Theorem 10.24].
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Lemma 2.6 (Fast-CRT: reconstruction). There is an algorithm that, when given as input coprime positive
integers p1,...,prand ay,. .., a, such that 0 < a; < p; outputs the unique integer 0 < N < [] p; such
that N = a; mod p; fori = 1,...,r in deterministic O(c) time where [ p; < 2°.

For proof of the above lemma see [GG13, Theorem 10.25]

2.5 Input model for arbitrary precision reals

Throughout this section, we will assume that all real numbers that are “inputs” (namely the co-
efficients of the polynomial and the coordinates of the evaluation points) are in the range (—1,1)

and are provided via approximation oracles with the following guarantees:

Definition 2.7 (Approximation oracle). The approximation oracle for « € (—1,1), can provide the
“sign” o in O(1) time, and on input k returns an integer by € [—2,2%] satisfying

| — be /2| < 1/2%,

We will use |a] to refer to the fraction bx/2* obtained from the approximation oracle.
The running time of the approximation oracle is the time taken to output by. We will say that the

approximation oracle is efficient if the running time is O(k). O

Such efficient approximation oracles can be obtained for any “natural” real number from any
sufficiently convergent series. For algebriac reals of the form /2 etc., the standard Taylor series is
sufficient. Even for “natural” transcendental numbers, we may have such approximation oracles:

1 1 1
T =4-tan (1)
=4. (tan_l(l/z) + tan_1(1/3))
1/25  1/%5 1/33  1/3
:4.(1 BT S B 1/3 — 2 7_)
2=+ = + -+

Any explicit series with O(k) terms of the series having an error less than 1/2* would qualify as

an efficient approximation oracle for the purposes of the approximate-MME algorithm over reals.

Lemma 2.8 (Repeated exponentiation for approximation oracles). Given an approximation oracle A
for a real number « € (—1,1) with running time T(k), and any positive integer D, we can build an
approximation oracle AP for «P with running time T(k + O(log D)) + O(klog D).

Proof. On an input k, we wish to find an integer r, € [—2%,2¢] such that |aP — /2| < 1/2+,
Let us first consider the case when D is even. Let t = k 4 3 and suppose we recursively
compute an integer a; € [—2,2'] such that [«P/2 —a /2| < 1/2'. Let § = a /2t — aP/2,

’sz —ap /2%

= [@P72)2 = (&P72 4 62| < 4172 <1/

12



Thus, if Ry = 7y - 2%~ is the multiple of 2%~* that is closest to a2, then

+ |a2 /22 — r22k /22|

< 1okl 2tk /2t < ok,

’txD — 1ok

< ‘txD — a3 /2

If D is odd, then let t = k 4 4. We use the approximation oracle A to obtain an integer b; €
[—2f,2!] such that |a — b1/2'| < 1/2!, and recursively compute an integer a; € [—2f,2!] such that
‘oc(Dfl)/z — ﬂt/2[| < 1/2t, Then,
< |

’sz — b

2
(oc(Dfl)/Z) — a2 /2

< 4-1/2t 4 1/28 < 1/okH1,

+ |a7 /2] |a — bi /2t

Similarly, if R; = 7 - 237 is the multiple of 2%~ that is closest to a?b;, then

’ocD — )2k < 1/2k,

If 7 (k, D) is the running time of this algorithm (namely Algorithm 2) to compute r; € [—2F, 2¥]
such that ‘ocD — ”k/Zk‘ < 1/2¢, then we have

T(k,D) < T(k+4,D/2)+O(k)
< T(k+O(logD),1) + O(klog D)
= T(k+O(log D)) + O(klog D). O

Algorithm 2: ApproximationOracle-Powering

Input : An approximation oracle A for a real number «, an integer D > 0, and an integer

k> 0.
Output: An integer r, € [—2F,2F] such that |aP — nfak| < 12,
1 if D =1 then

2 L return 7, = A(k).

3 if D is even then

4 | Lett=k+3.

5 Compute a; = ApproximationOracle-Powering(A,D/2,t).

6 | return |f/22F].

7 else

8 Lett =k+4.

Compute by = A(t). Compute a; = ApproximationOracle-Powering(A, (D—-1)/2,¢).
10 | return |47 b/2%F].

We also note that this notion of approximation oracles naturally extends to representation of

13



complex numbers. Here, each complex number is given by two such oracles, corresponding to the

real and the imaginary part respectively.

3 Revisiting MME over prime fields

We recall the result of Bhargava, Ghosh, Guo, Kumar and Umans [BGGKU22].

Theorem 3.1 (Fast multivariate multipoint evaluation over finite fields [BGGKU22]). There is a
deterministic algorithm that when given as input the coefficient vector of an m variate polynomial f of
degree less than d in each variable over some finite field F, and N points aj,ay,...,ay € F"™ outputs

f(a1), f(az), ..., f(an) in time
(d" + Nm)' W) . poly(m, d,log | F|),

forall m € N and sufficiently large d € IN.

The above running time is not quite nearly-linear in the input considered as bits due to the
factor of poly(log |F|). Also, in the setting when m is a constant, we can no longer absorb poly(d)
within (Nm + d™)°("). However, we show below that for the case of prime fields, we can get
around these issues and obtain the following nearly linear-time bound.

Theorem 3.2 (Nearly-linear time MME over prime fields). There is a deterministic algorithm (namely
Algorithm 3) that, when given as input the coefficient vector of an m-variate polynomial f of degree less than
d in each variable over a prime field F,, and N points aW,...,a™N) ¢ F™, outputs f(aV),..., f(a™)) in
time

((d" + Nm) -log p)* oV

forall m € N and sufficiently large d € IN.

We first discuss how we handle the two cases when the number of variables is constant and
growing with the input respectively in the following two subsections and then prove Theorem 3.2.
We first discuss how we handle the two cases when the number of variables is constant and

growing with the input respectively in the following two subsections and then prove Theorem 3.2.

3.1 Handling cases when the number of variables is too small

As mentioned above, in the setting when the number of variables is too small (say m < c for
a constant ¢), we may no longer have that poly(d) = d°™). However, we can use the inverse-
Kronecker map (Definition 2.2) to trade-off degree with the number of variables.

To make the parameters more informative, we rename them and let f be a c-variate polynomial

N)

of individual degree less than D, and let a(l), .. .,a( IS IF;, be the points at which we wish to

evaluate the polynomial.

14



Let d = |log D] and m be the smallest integer such that " > D. Note that d" > D > d"~!
and m = ©(logD/loglogD). If f(x1,...,x.) = Y fe - x¢, define the polynomial g(y11,...,Yem) =
@1 (f), as defined in Deﬁnition 2.2.

d,m;c

For all i € [N], define al) = = Pam; (a), as defined in Definition 2.2. Then, from Observa-
tion 2.3, we have that f(a’ ) =g(a 10 0)) for all i € [N]. The following observation shows that all
can be computed efficiently from a().

(N)bservation 3.3. Given a € IF}, the point a := tpc(i?n(a) € " can be computed in poly(d,m,c) -
O(log p) time.

Proof. The running time bound follows from repeated exponentiation as a® mod p= (adk_1 mod
p)? mod p and the fact that additions and multiplications modulo p can be performed in O(log p)

time. =

Thus, the task of computing f(a (aM),..., f(alM) reduces to the task of computing the evalu-

ations g(a a) )),...,g(a A(N) )) where al) = ¢ Cr)n(a). Also, the reduction runs in time ((D¢ 4 Nc) -
log p)'+°(W) since d, m = D°).

3.2 When individual degree and number of variables are moderately growing

We return to the familiar variable convention of f(xi,...,xu) € Fplxy,..., %, with degree in
each variable less than d. From the previous section, may assume without loss of generality that
d,m = w(1) and hence poly(d,m) = (d" + Nm)°(1). Let f be written as a sum of monomials as
follows.

flxr,oxm) =) fe ]!
e
Interpreting the above as a polynomial over integers with each coefficientin {0,1,...,p — 1}, and

foranya € {0,...,p — 1}", the integer f(a) is bounded by d" - p - p?™. The idea is to use Chinese
Remainder Theorem to reduce the problem to MME over smaller prime fields.

15



Algorithm 3: NearlyLinearTimeMME-PrimeFields

Input : f(x1,..., %) € ]Fp[xl,. .., Xm| with degree in each variable less than d, and
a(l),...,a(N) S IF’Zf.
Output: Evaluations b; = f(al)) fori € [N].
1 if m < loglogd then

Letd’ = [logd| and m’ be the smallest integer such that (d')"" > d.
Replace f by CD;}m/;m (f) and each a') by ¥ . (al?)).

N

w

4 Let L = (dm + 1) log p + mlogd. Compute the first L primes numbers {p, ..., p; }.
5 Let L < L be the smallest integer such that py - - - pp, =t M > d" - p - p™™.
forec {0,...,d—1}" do
L Compute fe(g) = fe mod py for ¢ € L via fast-CRT-moduli-computation (Lemma 2.5).

8 fori € [N],k € [m] do

9 L Compute a;; ¢ = a,((i) mod py for £ € L via fast-CRT-moduli-computation (Lemma 2.5).

10 for / € L do

11 | Let fO(xy,...,xn) = Lo f.g(e)xe € Fy, [x].

12 | Leta) = (a;1,...,80) € IF}, for eachi € [N].

13 | Computeb;, = f¥)(al?)) forall i € [N] using Theorem 3.1.

ori € [N]do

15 Compute the unique b; € [0, M) such that b; = b; y mod p, for all £ € [L], via

=2}

N

——

14

fast-CRT-reconstruction (Lemma 2.6).

16 return (b; mod p,...,by mod p).

Proof of Theorem 3.2. The correctness of Algorithm 3 is evident.

As for the running time, Lines 1 to 3 takes (d" + Nm)'*°(1) time by Observation 3.3 and reduces
to the case when m > loglogd. In this case, Lines 4 and 5 require O(L) time (Lemma 2.4), which
is O(log p) - poly(d, m).

Using Lemma 2.5, we have that Lines 6 to 9 require time (d" + Nm) - O(log M) = ((d™ + Nm) -
log p)l-i-o(l).

From Theorem 3.1, we have that Line 13 runs in time (d™ + Nm)”"(l) -poly(d, m,log p;), and
since p; < O(L) = O(dmlog p), the entire loop in Lines 10 to 13 takes time (d" 4 Nm)!*o() .
O(log p) = ((d™ + Nm)log p)* o).

And finally, from Lemma 2.6 we have that the entire loop in Lines 14 to 15 takes time (Nm) -
O(log M) = ((d™ 4 Nm) - log p)**+°(). Hence, Algorithm 3 runs in time ((d” + Nm) log p)**°().

O

4 Exact-MME over integers with known output bit complexity

In this section, we study the following version of MME over integers.
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Input: An integer s > 0, a polynomial f(x1,...,x,) € Z[x1,...,xn] of individual de-
gree less than d, given as a list of d" integer coefficients, a set of points a(),...,aN) €
Z" with each coordinate of magnitude at most 2°, with the guarantee that all coeffi-
cients of f, coordinates of al!)’s, and evaluations f(a’)) are bounded in magnitude by
2s.

Output: Integers by, ..., by that are the evaluations, i.e. b; = f(al)) fori € [N].

Theorem 4.1 (Exact-MME over integers). There is a deterministic algorithm (namely Algorithm 4) that
on input as mentioned above returns the required output as mentioned above and runs in deterministic time
(@™ + Nm) -s)1+°W) for all m € N and sufficiently large d € N.

The main idea is to use the Chinese Remainder Theorem and reduce to the case of MME over
finite fields. Since we wish to obtain a nearly-linear time algorithm, we would once again need
to use Chinese Remainder Theorem implemented in nearly-linear time (Lemmas 2.5 and 2.6) and
make use of the nearly-linear time algorithm for MME over prime fields (Theorem 3.2).

Algorithm 4: ExactMME-integers

Input : f(x1,...,%n) € Z[x1,...,xn] and a, ..., alN) € Z" and an integer s > 0 such
that all coefficients of f, coordinates of al’) and evaluations f(a!)) have
magnitude bounded by 2°.

Output: Evaluations b; = f(a)) fori € [N].

1 Compute the first s primes numbers {p1,..., ps}.

2 Let L < s be the smallest integer such that p; - - pp =: M > 2571,

3 fore € {0,...,d —1}" do

4 L Compute fgg) = fe mod py for £ € L using Lemma 2.5.

5 fori € [N], k € [m] do

6 L Compute a;; o = a,((i)
for ¢ € [L] do

s | Let fO(xy,...,xn) = Zefy)xe € Fp,[x].

o | Leta®™) = (a;14,...,8;) € IF, for each i € [N].

10 | Computeb;, = f(¥)(al9)) foralli € [N] using Algorithm 3.

11 fori € [N] do

12 | Compute the unique b; € [—M/2, M/2] such that b; = b; y mod p, for all £ € [L], using
L Lemma 2.6.

13 return {b; : i € [N]}.

mod py for ¢ € L using Lemma 2.5.

AN

Proof of Theorem 4.1. We are guaranteed that ‘ f (a(i))‘ < 2° for all i € [N]. Hence, by the Chinese
Remainder Theorem, it is sufficient to compute f(a) mod p; for each i € [L] since py - - - p > 2571
Hence, the correctness of Algorithm 4 is evident. As for the running time, we will do an analysis

very similar to the analysis for Algorithm 3.
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Using Lemma 2.5, we have that Lines 1 to 2 require time O(5). By the Prime Number Theorem
[Had96, LVP97], we also have that each p; = O(s) and hence p; - - - p < 21 - O(s).

From Theorem 3.1, we have that Line 10 runs in time ((d" + Nm) - log p;)'+°(!) the entire loop
in Lines 7 to 10 takes time ((d" + Nm) (¥, log p¢))' M) = ((d" + Nm) - s)1+o(1),

And finally, from Lemma 2.6 we have that the entire loop in Lines 11 to 12 takes time (Nm) -
O(logM) = ((d" + Nm) - s)1*°(). Hence, Algorithm 4 runs in time ((d" + Nm) - s)'*°() as

claimed. O

Remark 4.2. If we are only given that all coefficients of f and all coordinates of the points are inte-
gers bounded in magnitude by 2° with no a-priori bound on the bit complexity of the evaluations,

a naive bound on the size of evaluations is
]f(a)] < gm.os 'stm < stm—&-s—i-mlogd.

Thus, we may use s’ = (sdm + s + mlogd) in Theorem 4.1 to get the time complexity bounded by
((d™+ Nm) - (sdm))HO(l). If m is a growing function, then the output complexity is nearly-linear
in the input complexity since poly(d) = (d" + Nm)°(1). But, in the regime when m is a constant,
this is super-linear in the input size (d" + Nm) - s because of the additional factor of 4. However, a
slightly worse running time is to be expected in this case since the output complexity is Q(N - sdm)

in the worst case. O

5 Approximate-MME over reals

Throughout this section, we will assume that all real numbers as part of the input are in the inter-
val (—=1,1).

Remark 5.1 (On the restriction on absolute value of constants). Given any arbitrary polynomial
f(x) € R[x], we can scale the polynomial by the largest coefficient to obtain and run the approximate-MME
on the scaled polynomial f. If we have | f(a) — B;| < e, then we immediately have | f (a) — (max |fe|) Bi| <
e - (max |fe|). Thus, we may assume without loss of generality that all coefficients of f have absolute value
at most 1.

However, the assumption that coordinates of all evaluation points have absolute value bounded by one
is not without loss of generality but is well-motivated nevertheless. Even in the case of univariate integer
polynomials, the evaluation f(a) could be as large as |a|d where |a| = max |a;|. Therefore, the output
bit-complexity for MME is potentially O(d - N) which is super-linear in the input bit-complexity.

The restriction of insisting that evaluation points consist of coordinates with absolute value at most
1 ensures that the evaluations are never prohibitively large in magnitude, thereby making the quest for
approximate-MME in nearly-linear time more meaningful. O
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5.1 The problem statement and algorithm

We now state the precise problem statement and our results for approximate-MME over the field
of real numbers.

Input: A polynomial f(x1,...,xy) € R_11) [x1, ..., %] of individual degree less than
d, given as a list of 4™ efficient approximation oracles for each coefficient, a set of points
a®, ... alN) ¢ (—1,1)™ each of whose coordinates are also provided via efficient ap-
proximation oracles, and an accuracy parameter ¢.

Output: Rational numbers by, . . ., by such that ’f(a(i)) - b,-‘ < 1/2 foralli € [N].

Theorem 5.2 (approximate-MME over reals). There is a deterministic algorithm (namely Algorithm 5)
that on input as mentioned above returns the required output as mentioned above and runs in time ((d™ +
Nm) - t)1+°W) for all m € N and sufficiently large d € N.

The rest of the section is devoted to the proof of the above theorem.

High-level idea: The algorithm is a suitable reduction to the task of exact-MME over integers
(Theorem 4.1). We will replace each of the real numbers by appropriately chosen approximations
of the form ai/2* (for a suitable large k = O(t)) so that the evaluations of the perturbed polyno-
mial at the perturbed points are not too far from the original evaluations. Since we now have all
denominators of the form 2, we can clear the denominators and reduce to the case of computing
MME over integers.

As expected, there are some subtleties that need to be addressed to make sure that the entire
algorithm runs in nearly-linear time.

Rounding coefficients of f

Let k be a parameter to be chosen shortly. Define the polynomial | f], as
LA 1kCen oo xm) o= ) [ fel e x5
e
Observation 5.3 (Error due to rounding coefficients of f). Forany a € (—1,1)™, we have that

[f(@) = Lf1(a)| < 172 mest.

Proof.

f@) = [f1(@) = }(fe — [feli) -
= |f(@) = @] < Y lfe = [felil - [a%] < d™ 172 O
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Rounding points

Let k be a parameter to be chosen shortly. For any a = (ay,...,a,) € (—1,1)", define |a]; as

laly = (Lol - [amly) -

Observation 5.4 (Error due to rounding points). Let e = (eq,...,en) € {0,...,d —1}" and a €
(—1,1)™. Suppose k € N such that 2F > 4d*m?. Then,

‘ae o Lawz‘ < 1/2k—10g(4dm)

Proof. Note thatall a; € (—1,1). Let §; = |a;|; —a; for i € [m]; we have that |5;] < 1/2¢ < 1/48%m2.
Hence,

Lal—|k e L m-| (al —|—51)61 c (am 4 5m)6m

— ail .. .a‘;gl + | E <2> . <;’:) ﬁ[ (a;’i—ji . 5{1)

1 Selrm/]mﬁem i=1
notall j; =0

m_ .
= )yl el <] % (9) () IT4
j1§91/~~~rj771§3n1 ]1 ]m =1
notallj; =0

m

< H(1+‘5ji)d_1

i=1
< (1424(1/2)" =1 < 4dm(1/2*). (Lemma?2.1) [

Handling the case when number of variables is too small

To make the variables suggestive, we will rename them and say f(x1,...,x.) is a c-variate poly-
nomial in ]R(,M) [x1,...,xc] with degree in each variable less than D. We wish to evaluate the
polynomial on points a!),...,alN) € (—1,1)c.

Once again, let d = [log D| and let m be the smallest integer such that @ > D. Note that
d">D >d" and m = @(10gD/loglogD) Define the polynomial g(y1,1,...,Yem) = CDd;C(f) as
defined in Definition 2.2. Define a) = 4 ,,..(a®)). From Observation 2.3, we have that f(a!)) =
g(a ()) foralli € [N].

Even if a()) consisted of only rational numbers, unlike the setting in Theorem 3.2 where we
could use Observation 3.3, the rational numbers in a()) have much larger bit complexity due to the
exponentiation. However, by Lemma 2.8, we have efficient approximation oracles for a) and that

suffices for our algorithm.
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5.2 Reduction to exact-MME over integers

From the previous subsection, we may now assume without loss of generality that we are working
with an m-variate polynomial f(x1,...,x,) of individual degree less than d, with both m,d as
growing parameters, and wish to evaluate this polynomial on N points a),...,aN) € (—1,1)",
with all coefficients and coordinates provided via approximation oracles running in time O(k +
O(mlogd)). We wish to compute integers by, ..., by such that ’f(a(i)) —bi/2t| < 1/2t. We now
describe the algorithm (Algorithm 5).

Algorithm 5: approximate-MME-Reals

Input : An m-variate polynomial f(x1,...,%m) € R(_;)[x] of individual degree less than
d, and points a(l),. ey alN) ¢ IR’(”_M) (with all real numbers provided via
approximation oracles) and an integer t > 0.

Output: Integers by, . . ., by such that ’f(a(i)) —bi/2t| < 1/2tforalli € [N].

[y

if m < loglogd then
Letd = [logd| and m’ be the smallest integer such that (d')"" > d.
Replace f by @;}m/;m (f) and each a') by ¥ . (al?)).

@ N

'Sy

Letk; = [t +mlogd+ 2] and k, = [t + mlogd + log(4md) + 2]; let k = max(ky, k2) = ko.
Compute | f1;, = e Sek /29 - XE = 1/25 - Lo gef, - X

fori € [N] do

L Compute [al)] = (s1x/2, ..., Gime /22) = 1/2% - (100, -, By iy )-

g1

NS

—

Letal) = (a;1 4y, -, Aim,)-

9 Compute the polynomial G(xj, ..., x,,) defined as

G(xl, . ,Xn) = Z Sek; z(kgdm)sz\e\ . x®
ec{0,...d—1}"

where |e| refers to the sum of the coordinates (i.e., the degree of the monomial x€).
10 Run Algorithm 4 (Exact-MME-integers) with inputs (G, (a(l), el a(N)) ,8 = 3kdm) to
obtain By, ..., By such that, for all i € [N], we have

—

Bi = G(a(’))

Let b; = |Bi/2h+hdn—t] for each i € [N].
11 return (by,...,bN).

Proof of correctness: Without loss of generality, we may assume that d, m are growing parame-
ters (from Lines 1 to 3).

Note that for any a) we have

f(a(i)) - [fl kl(La(isz)

< D) = £, D) + |1, ) = L1y, (12D,
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< 1/ot2 41 /142 < 1 /pt+1,

where the last inequality uses Observation 5.3 and Observation 5.4 with our choice of k; and k».
Thus, it suffices to compute | f1;. (La(iﬂ kz) for each i € [N]. The polynomial | f]; is computed

in Line 5 and the points [a(?)] , are computed in Lines 6 to 8. Let all) = 2% [a®)] k, € (=22, 2k2)m,
Since each coefficient of 2¢1 - | f] k, is bounded in magnitude by 2k, we have

’G(a(i))‘ _ Z Qek o lkadm)—kale| . 1(i) < gm .ok gkadm | pkadm — p3kdm

From the definition of G(x3, ..., X, ), note that

G@M) = L ges, 20t Rl a0
ec{0,...d—1}"

= Z Sek . plkadm) (1/2kz . a/(\z))
ec{0,...d—1}"

= lthadm | £] oy ( La(i”kz)-

e

—

Since Theorem 4.1 correctly computes the evaluations of G(x) on a())’s, we have we have for each
i € [N]

1/ -G (al0) = £y, (1a]y,) = /2,
Finally, if b; = | Bi/2htkdn—t], then
|bi /2! — Bif2tkedm| = 1/5t . |b; — B; fokithadm—t| <1 /541,
Hence,

‘f(a(l)) _ bi/2'

< @) - £ (1a"1,,)

<1/

S A(EC Y

Running time analysis: After Lines 1 to 3, we may assume that d, m = w(1) and all coefficients
of f and coordinates of points are provided via approximation oracles with running time O(r +
mlogd) to compute an r-bit approximation.

Lines 5 to 8 overall takes time

(d™ + Nm) - O(k + O(mlogd)) = (d" + Nm) - O(t + O(mlogd)) = ((d™ + Nm) - )T,
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Computing the coefficients of G(x) takes time (d™) - O(kdm). By Theorem 4.1, Line 10 takes time
((d™ + Nm) - 3kdm) o) = ((d" + Nm) - )1+,

Therefore, Algorithm 5 takes ((d” + Nm) - t)1*+°() overall.

This completes the proof of Theorem 5.2. O

6 Exact-MME over rationals with known output complexity

We now use our algorithm for approximate-MME over real numbers to obtain a fast algorithm for
exact-MME over the field of rational numbers. We start by formally stating the precise problem
that we solve and then build upon some necessary preliminaries that we need for our algorithm.

6.1 The problem statement

Input: A polynomial f(x1,..., %) € Q1,1 [x1,...,xy] of individual degree less than d, given as
a list of 4™, a list of points al, ... alN) e Q'(”_M), an integer parameter s > 0 such that all rational
numbers in the coefficients of f, the coordinates of points and evaluations f(a(?)) are expressible
as rational numbers of the form r/; with |p|, |q] < 2°.

Output: Integers by,...,bn,c1,...,cn such thatf(a(i)) = b/ foralli € [N].

Theorem 6.1 (Exact-MME over rationals). There is a deterministic algorithm (namely Algorithm 7)
that on input as mentioned above returns the required output as mentioned above and runs in time ((d™ +
Nm) -s)1+°W) for all m € N and sufficiently large d € IN.

Mainidea: The mainidea would be a reduction to approximate-MME (Theorem 5.2) followed by
a rational number reconstruction step. If we can compute f(a))) to a reasonable degree of accuracy
(depending on the output guarantee s), we can recover the rational number exactly from it. Before
we present the algorithm for the above theorem, we discuss the notion of continued fractions

which would be the key to reconstructing the rational number of interest.

6.2 Continued fractions, rational approximations, and extended Euclid’s algorithm

Definition 6.2 (Continued fractions). A finite continued fraction expressed by a sequence of integers
(91, - - -, qt] computes the rational number
1

+ .
ql qz_i_%

1 ;
9-1%7;
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An infinite continued fraction expressed by an infinite sequence of integers [q1,qa, . . .| satisfying*

92, -.,qn > 0 s said to compute a real number « if

1
e=qt o
G2+ T

in the sense that lim, .« & — [q1,...,qu]| = 0. O

We note some basic properties of continued fractions which may be found in most standard
texts (cf. Schmidt [Sch80, Chapter 1]).

Proposition 6.3 (Uniqueness of continued fractions (Lemma 4C, 4D in [Sch&0])). Every real number

has a unique continued fraction expansion up to the following exceptions:
1. If w is an integer, then there are exactly two continued fraction representations for « namely [«] and
[ —1,1].
2. If w is a non-integral rational number, then there are exactly two continued fraction representations
for w: one of the form [q1, . .., qn) with g, > 2, and [q1, ..., qn — 1, 1] being the other.
3. If w is irrational, then there is exactly one continued fraction representation for .

Definition 6.4 (Convergents). For a real number a with [q1,qa, . . .| being the unique’, the rational num-

ber ai/v; corresponding to the i-th prefix [q1, . .., q;] is called the i-th convergent of . O

Lemma 6.5 (Properties of convergents). Suppose {ai/v;}; be the convergents of a real number x =
(91,92, - - .]. Then

1. Forany n > 3, we have

Ay = qnay—1 + ay_2,
b, = Elnbnfl + by
In particular, the denominator sequence {by }, ., is increasing.

2. Foralln > 1,

Gnp1 _ Gn _ (-prt _(=pm!

bn+1 by bn(qn-i-lbn"‘bn—l) N bnbn—H ‘

3. Foranyn > 1, unless & = Z—", we have
n

1 ay 1
_— < — | < —.
bn(bn + bn+1) — bu| — bnbn+1
4Traditionally, continued fractions with this condition are called ‘simple’ continued fractions but we will drop this
qualifier as we will only deal with continued fractions with this additional constraint.
5As a convention, for rational numbers, we will only consider continued fraction representations of the first form
described in Proposition 6.3 Items 1 and 2.

o —
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4. Suppose a/b is a rational number satisfying |« — a/v| < 1/2v> Then, a/b is one of the convergents of «.

Proof. Items 1,2 and 4 are just [Sch80, Lemma 3A, Lemma 3E, Theorem 5C] respectively.

For Item 3, if & # ax/b,, we have that g,,+1 exists. Let a1 = [§u+1,...]. Then, we may abuse
notation and express « as the “continued fraction” &« = [g1, ..., gn, @y11]. [tem 2 for this expression
yields

’ an| 1
by by (D‘nJrlbn + bnfl) ‘

Note that g,4+1 < a41 < gn4+1 + 1 and hence

A !
bn B bn(“n-ﬁ-lbn +bn—1)
1 1
< = , (byltem 1
= blGutbn T boy) by YT D
ay 1
and |a— —| =
by by (“n+1bn + bnfl)
1 1

> = . O
~ by (Qn+1bn +by1+ bn) bn(bn + bn+1)

Extended Euclid’s Algorithm

Closely related to continued fractions is the classical Extended Euclid’s Algorithm for computing
the greatest common divisor of two numbers.
Definition 6.6 (Remainder and quotient sequences). For a pair of integers a,b > 0, we define the
remainder sequence {r;},_o .., and the quotient sequence {q;};_, _, for the pair (a,b) as follows:

e ro=aandr, = b,

e Foralli > 1, define q;,ri+1 as the quotient and remainder respectively when r;_y is divided by r;.
Thus,

fiz1 = ricy mod r; = ri_y — qit;.

® 1411 is the first element of the sequence that is equal to zero. O

Observation 6.7 (Continued fractions for a rational number and quotient sequences). Suppose
a,b > 0 are a pair of integers and {q,...,q:} is the associated quotient sequence. Then, the continued
fraction representation of the rational number a/v is [q1, . .., q):
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Computing the gcd of two given integers, and more generally computing the entire quotient
sequence, can be done in deterministic nearly-linear time; this is attributed to Knuth and Schon-
hage (cf. Moller [M6108] for a complete description and a detailed history).

Theorem 6.8 (Fast Extended Euclid Algorithm (cf. Moller [M6108] )). There is a deterministic algo-
rithm that, on input a pair of integers a > b > 0 with a,b < 2°, computes the entire quotient sequence
q1,---,qt for the pair (a,b) in time O(s).

Corollary 6.9 (Fast computation of convergents). There is a deterministic algorithm that, on input a
pair of integers M, N > 0 with M, N < 2°, and an integer i > 0 computes integers a;, b; such that ai/b; is
the i-th convergent of the rational number M/N, with running time O(s).

Proof. Let q1,...,q: be the quotient sequence for the pair (M, N), which may be computed using
Theorem 6.8 in O(s) time. By Observation 6.7, this is the continued fraction representation of M/N.
Thus, it is easy to note that

ai aia| _ g 1) g 1
b by 1 0 10

where 4;/b; is the j-th convergent. Note that ‘qj‘ < ri-1/r;where {ry, ..., r:} is the associated remain-
der sequence and hence we have |g; - - - q;| < M < 2°. Thus, this matrix product can be computed
in O(s) time. O

6.3 Rational number reconstruction

Lemma 6.10 (Fast rational number reconstruction). There is a deterministic algorithm (namely Al-
gorithm 6) that, given as input an integer parameter s > 0 and integers A, B with the guarantee that
|B| < 22*1 and there exist a unique rational number (in reduced form) a/b with |b| < 2° and

A 1
B

< 22s+17

_ 2
b
finds the integers a, b in time O(s).

Proof. The algorithm is straightforward given Corollary 6.9 and Lemma 6.5.

Algorithm 6: Fast-Rational-Number-Reconstruction

Input :Integers A, B and an integer parameter s > 0 such that |A|, |B| < 2%T! and there
is some rational number /b such that |b| < 2° and |A/B — a/b| < 1/22+1,

Output: The integers 4, b.

1 Using Theorem 6.8, compute the quotient sequence gy, ..., q, for the pair A, B.

2 Using Corollary 6.9 and binary search, compute the largest index i such that the i-th
convergent 4i/p; satisfies |b;| < 2°.

3 return a;, b;.
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The running time of the algorithm is clearly O(s) as claimed as ¢ = O(log(A + B)) = O(s) and
thus we have at most O(log ¢) = O(logs) uses of Corollary 6.9 in Line 2.

For correctness, assume that 4/B is in its reduced form. Since we know b; = 1, let i be the
largest index with the denominator b; of the convergent 4/p; satisfies b; < 2°. If this is the last
convergent, then 4/ = 4/b; and we are done. Thus, we may assume that 4/B # ai/b,.

Since we are given that |[A/B —a/p| < 1/2%+1 < 1/21?, by Lemma 6.5 Item 4, /b is one of the
convergents of 4/B. For any ¢ > i, the {-th convergent 4./b, has denominator larger than 2°. For

any j < i, from Lemma 6.5 Item 3 and Item 1 we have

é 4 1 - 1 S 1
B b]' - b]'(b]' + bj+1) 2. bi2 — 22s+1°
Thus, /v must be the i-th convergent 4i/;. O

6.4 Algorithm for exact-MME over rationals

We now have all the necessary ingredients to describe the algorithm to prove Theorem 6.1.

Algorithm 7: Exact-MME-Rationals

Input : A polynomial f(x1,...,xy) € Q(_Ll)[x], points al ... alN) ¢ QZ’[LD, with all
rational numbers provided via the numerator and denominator, and an integer
parameter s such that all numerators and denominators of the coefficients of f,
coordinates of the points, and evaluations f(a()) are at most 2°.

Output: Integers by, ..., by and ¢y, ..., cn such that f(a(i)) =1bi/c; foralli € [N].

1 Using the numerators and denominators for the required approximation oracles, run
approximate-MME-Reals (f, {a(l), e, a(N)} , =25+ 1) (Algorithm 5) to obtain integers
(B, ..., Bn) such that

1 1
ot T D2541°

iy _ Bi
) - 5] <

2 fori € Ndo
3 Run Fast-Rational-Number-Reconstruction (B;, 2%, s) (Algorithm 6) to get bj, ¢;
with |¢;| < 2° such that

B; b;

225+1 o

1
22s+1°

4 return (by,...,by),(c1,...,cN) -

The correctness of Algorithm 7 is evident from Theorem 5.2 and Lemma 6.10. Theorem 5.2
asserts that Algorithm 5 correctly provides the required approximations for the evaluations, and
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Lemma 6.10 asserts that Algorithm 6 reconstructs the correct rational number.

As for running time, given the numerator and denominators, we can build approximation or-
acles for each rational number with nearly-linear running time. Thus, Line 1 takes ((d" + Nm) -
s)1*°() time and the loop in Lines 2 to 3 takes O(N -s) time. Thus, the total running time is
((d™ + Nm) - s)1+°() as claimed.

This completes the proof of Theorem 6.1. O

7 Approximate-MME over complex numbers

In this section, we briefly discuss the extension of Theorem 5.2 to the field of complex numbers.
As discussed in the preliminaries, the field constants in this case are given by two approximation
oracles, one for the real part of the complex number, and one for the imaginary part. The ideas
needed for this extension, on top of the ideas in the proof of Theorem 3.1 are quite standard
and were introduced by Kedlaya & Umans [KU11] for designing fast algorithms for MME for
finite fields that are not prime. This approach also found a subsequent application in the work
of Bhargava et al. [BGGKU22], again in the context of dealing with non-prime finite fields while
designing algorithms for MME. In the interest of keeping this discussion succinct and to avoid
repetition, we outline the main steps needed for this generalization, but skip the formal details.
The structure of the algorithm closely follows that of Algorithm 5, with some additional care.

As in the proof of Algorithm 5, we first make sure that the number of underlying variables is
growing. Next, we round each of the field constants (both the real and the imaginary parts) by
rational numbers with denominator 2¥ for some sufficiently large integer k to be chosen later. At
this point, we have introduced some error (which turns out to be small if k is sufficiently large),
but have reduced the problem instance over C to an instance over Q[w], where w is a square root
of —1. Moreover, all the denominators of the field constants in the problem are of the form 2k,
We now clear out the denominators, as in Algorithm 5, and get an instance of MME where the
constants in the problem are from the ring Z[w]. At this point, we replace w in the constants in
the input by a new formal variable z, and instead of working over the ring Z[w], we work over
the ring Z[z]/(z* + 1). Note that this is sufficient, since given a solution to MME over this ring,
we can obtain a solution to the original problem by just replacing z by w. Now, the idea is to
just invoke the algorithm for exact MME over integers (Algorithm 4) for this problem instance.
However, we cannot quite do that directly since the instance at hand is over Z[z]/(z> + 1) and
not over Z as desired. Nevertheless, we proceed as in Algorithm 4 by picking sufficiently many
primes p1, pa, . . ., ps and reducing the problem instance over Z[z]/(z> 4+ 1) modulo these primes
to obtain instances over the rings F,[z]/(z* + 1) for every i. In Algorithm 4, we just invoked
the result of [BGGKU22] over prime fields at this stage, and then combined the outputs using
fast Chinese remaindering. However, in this case, what we have are instances over the finite
rings Fj,[z] / (z2 + 1). But this does not turn out to be an issue as the algorithm of Bhargava et al
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continues to work over such rings, and indeed the results and proofs in the [BGGKU22] are stated
in this form. One final thing to note is that the small optimizations that we do over the results
in [BGGKU22] in Section 3 to make sure that the dependence of the running time on the field
size is nearly-linear continues to be true for the extension rings that we have here. Once we have
solved all the instances over F,, [z] / (z*> + 1), we can recover the solution over Z[z]/(z* 4+ 1) by an
application of fast Chinese remaindering as in Algorithm 4, and an appropriate scaling of these
evaluations (again, as in Algorithm 5) gives us approximations of the original evaluations over C.
The error analysis and the bound on the running time essentially the same as that in the analysis
of Algorithm 5. We skip the rest of the details.

8 Discussion and open problems
We conclude with some open problems.

1. Perhaps the most natural question here is to seek an algebraic algorithm for multivariate
multipoint evaluation over general fields, both finite and infinite. Currently, we only know
such algebraic algorithms over finite fields of small characteristic [Uma08, BGKM22].

2. The aforementioned question of having an algebraic algorithm for MME is also interesting
in the non-uniform setting. For instance, we do not know if the linear transformation given
by a multivariate Vandermonde matrices can be computed by an arithmetic circuit of nearly-

linear (or even sub-quadratic) size over fields other than finite fields of small characteristic.

3. It would be interesting to have additional applications of these faster algorithms and the
ideas therein, beyond the applications already mentioned by Kedlaya and Umans [KU11].
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