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Abstract. Schubert polynomials were discovered by A. Lascoux and M.
Schiitzenberger in the study of cohomology rings of flag manifolds in 1980s.
These polynomials generalize Schur polynomials and form a linear basis of
multivariate polynomials. In 2003, Lenart and Sottile introduced skew Schu-
bert polynomials, which generalize skew Schur polynomials and expand in the
Schubert basis with the generalized Littlewood—Richardson coefficients. In
this paper, we initiate the study of these two families of polynomials from the
perspective of computational complexity theory. We first observe that skew
Schubert polynomials, and therefore Schubert polynomials, are in #P (when
evaluating on nonnegative integral inputs) and VNP. Our main result is a de-
terministic algorithm that computes the expansion of a polynomial f of degree
d in Zlxy,...,2,] on the basis of Schubert polynomials, assuming an oracle
computing Schubert polynomials. This algorithm runs in time polynomial in
n, d, and the bit size of the expansion. This generalizes, and derandomizes,
the sparse interpolation algorithm of symmetric polynomials in the Schur ba-
sis by Barvinok and Fomin (Adv Appl Math 18(3):271-285, 1997). In fact,
our interpolation algorithm is general enough to accommodate any linear basis
satisfying certain natural properties. Applications of the above results include
a new algorithm that computes the generalized Littlewood—Richardson coeffi-
cients.
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1. Introduction

Polynomial interpolation problem. The classical polynomial in-
terpolation problem starts with a set of data points, (a1,b1), ..., (ant1,
bnt1), where a;,b; € Q, a; # a; for i # j, and asks for a univariate
polynomial f € Q[z] s.t. f(a;) =b; for i =1,...,n+ 1. While such a
polynomial of degree < n exists and is unique, depending on different
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choices of linear bases, several formulas, under the name of Newton,
Lagrange, and Vandermonde, have become classical.

In theoretical computer science (TCS), the following problem also
bears the name interpolation of polynomials, studied from 1970s: given
a black-box access to a multivariate polynomial f € Flxy,...,x,] (F a
field), compute f by writing out its sum-of-monomial expression. Sev-
eral algorithms have been proposed to solve this problem (Ben-Or & Ti-
wari 1988; Kaltofen & Lakshman 1988; Klivans & Spielman 2001; Zippel
1979, 1990). A natural generalization is to consider expressing f using
the more powerful arithmetic circuits. In this more general setting, the
problem is called the reconstruction problem for arithmetic circuits (Sh-
pilka & Yehudayoff 2010, Chap. 5), and the sum-of-monomial expres-
sion of f is viewed as a subclass of arithmetic circuits, namely depth-2
YII circuits. Reconstruction problems for various models gained quite
momentum recently (Arvind et al. 2010; Bshouty & Cleve 1998; Gupta
et al. 2011, 2012, 2014; Karnin & Shpilka 2009; Kayal 2012; Shpilka
2009; Shpilka & Volkovich 2015).

As mentioned, for interpolation of univariate polynomials, differ-
ent formulas depend on different choices of linear bases. On the other
hand, for interpolation (or more precisely, reconstruction) of multivari-
ate polynomials in the TCS setting, the algorithms depend on the com-
putation models crucially. In the latter context, to the best of our
knowledge, only the linear basis of monomials (viewed as depth-2 311
circuits) has been considered.

Schubert polynomials. In this paper, we consider the interpolation
of multivariate polynomials in the TCS setting, but in another linear
basis of multivariate polynomials, namely the Schubert polynomials.
This provides another natural direction for generalizing the multivariate
polynomial interpolation problem. Furthermore, as will be explained
below, such an interpolation algorithm can be used to compute certain
quantities in geometry that are of great interest, yet not well under-
stood.

Schubert polynomials were discovered by Lascoux and
Schiitzenberger (Lascoux & Schiitzenberger 1982) in the study of co-
homology rings of flag manifolds in 1980s. See Definition 3.1 or Def-
inition 5.3 for the formal definition,! and Macdonald (1991); Manivel

! Definition 5.3 is one of the classical definitions of Schubert polynomials, while
Definition 3.1 defines Schubert polynomials in the context of skew Schubert polyno-
mials.
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(2001) for detailed results. For now, we only point out that (1) Schu-
bert polynomials in Z[z1, ..., z,] are indexed by v = (v1,...,v,) € N,
denoted by Yy;? (2) Yy is homogeneous of degree Y7 ; v;.3

Schubert polynomials have many distinguished properties. They
form a linear basis of multivariate polynomials and yield a general-
ization of the Newton interpolation formula to the multivariate case
(Lascoux 2003, Sec. 9.6). Also, Schur polynomials are special Schu-
bert polynomials (Fact 5.4 (1)). A Schubert polynomial can contain
exponentially many monomials: The complete homogeneous symmetric
polynomials are special Schubert polynomials (Fact 5.4 (2)). It is not
clear to us whether Schubert polynomials have polynomial-size arith-
metic circuits. Because of these reasons, interpolation in the Schubert
basis could not be covered by the aforementioned results for the recon-
struction problems, unless the arithmetic circuit complexity of Schubert
polynomials is understood better: At present, we are only able to put
Schubert polynomials in VNP.

While Schubert polynomials are mostly studied due to their deep
geometric meanings (see, e.g., Knutson & Miller 2005), they do have
certain algorithmic aspects that have been studied shortly after their in-
troduction in 1982. Indeed, an early paper on Schubert polynomials by
Lascoux and Schiitzenberger was concerned about using them to com-
pute the Littlewood—Richardson coefficients (Lascoux & Schiitzenberger
1985). That procedure has been implemented in the program sys-
tem Symmetrica (Kerber et al. 1992), which includes a set of rou-
tines to work with Schubert polynomials. On the other hand, the
complexity-theoretic study of the algorithmic aspects of Schubert poly-
nomials seems lacking, and we hope that this paper serves as a modest
step toward this direction.

Our results. Our main result is about deterministic interpolation
of sparse polynomials with integer coefficients in the Schubert basis,
modulo an oracle that computes Schubert polynomials. The complexity
is measured by the bit size of the representation.

2 In the literature, it is more common that Schubert polynomials indexed by
permutations instead of N". These two index sets are equivalent, through the cor-
respondence between permutations and N™ as described in Section 2. We adopt N™
in the introduction because they are easier to work with when dealing with a fixed
number of variables.

3 Algorithms in this work run in time polynomial in the degree of the polynomial.
By (2), this is equivalent to that the indices of Schubert polynomials are given in
unary.
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THEOREM 1.1. Suppose we are given (1) black-box access to some poly-
nomial f € Zlxy,...,x,], [ = > yer avYy, av # 0 € Z with the promise
that deg(f) < d and |I'| < m; (2) an oracle that computes the eval-
uation of Schubert polynomials on nonnegative integral points. Then,
there exists a deterministic algorithm that outputs the expansion of
f on the basis of Schubert polynomials. The algorithm runs in time
polynomial in n, d, m, and log(}_,cr |av|).

In fact, Theorem 1.1 relies on the algorithm in Theorem 4.3 which
applies to a more general setting: Intuitively, it only requires the linear
basis to satisfy that the leading monomials are “easy to isolate.” See
Our techniques for a more detailed discussion.

Theorem 1.1 generalizes and derandomizes a result by Barvinok
and Fomin, who in Barvinok & Fomin (1997) present a randomized
algorithm that interpolates sparse symmetric polynomials in the Schur
basis. As mentioned, Schur polynomials are special Schubert polynomi-
als, and the Jacobi—Trudi formulas for Schur polynomials yield efficient
algorithms to compute them. So to recover Barvinok and Fomin’s re-
sult, apply our interpolation algorithm to symmetric polynomials and
replace the #P oracle computing Schubert polynomials by the efficient
algorithm computing Schur polynomials. Likewise, for those Schubert
polynomials with efficient evaluation procedures,* we can get rid of the
#P oracle to obtain a polynomial-time interpolation algorithm.

Our second result concerns the evaluation of Schubert polynomials.
In fact, we shall work with a generalization of Schubert polynomials,
namely skew Schubert polynomials as defined by Lenart and Sottile
(Lenart & Sottile 2003). We will describe the definition in Section 2.
For now, we only remark that skew Schubert polynomials generalize
Schubert polynomials in a way analogous to how skew Schur polynomi-
als generalize Schur polynomials. A skew Schubert polynomial, denoted
by Yy /v, is indexed by v < w € N where < denotes the Bruhat or-
der.® Schubert polynomials can be defined by setting w to correspond
to the permutation maximal in the Bruhat order.

4 For example, there are determinantal formulas (Manivel 2001, Sec. 2.6) for
Schubert polynomials indexed by 2143-avoiding permutations (Fi < j < k < ¢
st. o(j) < o(i) < o(f) < o(k)), and 321-avoiding permutations (#i < j < k
st. o(k) < o(j) < o(4)). 2143-avoiding permutations are also known as vexillary
permutations and form a generalization of Grassmannian permutations.

5 Bruhat order on codes is inherited from the Bruhat order on permutations
through the correspondence between codes and permutations as in Section 2.
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THEOREM 1.2. Given v,w € N in unary, and a € N" in binary,
computing Yy, v (a) is in #P.

COROLLARY 1.3. Given v € N" in unary, and a € N” in binary, com-
puting Yy (a) is in #P.

Note that in Theorem 1.2, we have v,w € N" while in Corol-
lary 1.3, we have v € N™. This is because, while for Schubert polyno-
mials we know Y, for v € N” depends on n variables, such a relation is
not clear for skew Schubert polynomials.

Finally, we also study these polynomials in the framework of alge-
braic complexity.

THEOREM 1.4. Skew Schubert polynomials, and therefore Schubert
polynomials, are in VNP.

Applications of our algorithms. A long-standing open problem
about Schubert polynomials is to give a combinatorially positive rule, or
in other words, a #P algorithm for the generalized
Littlewood—Richardson (LR) coefficients, defined as the coefficients of
the expansion of products of two Schubert polynomials in the Schubert
basis. They are also the coefficients of the expansion of skew Schu-
bert polynomials in the Schubert basis (Lenart & Sottile 2003). These
numbers are of great interest in algebraic geometry, since they are the
intersection numbers of Schubert varieties in the flag manifold. See
Assaf et al. (2014); Mészéaros et al. (2014) for recent developments on
this.

The original LR coefficients are a special case when replacing Schu-
bert with Schur in the above definition. It is known that the original
LR coefficients are #P-complete, by the celebrated LR rule, and a re-
sult of Narayanan (2006). Therefore, the generalized LR coefficients are
also #P-hard to compute, while as mentioned, putting this problem in
#P is considered to be very difficult—in fact, we were not aware of any
non-trivial complexity-theoretic upper bound. Furthermore, there are
few non-trivial algorithms for computing these numbers. On the other
hand, by interpolating skew Schubert polynomials in the Schubert basis,
we have the following.

COROLLARY 1.5. Given w,v € N Jet ' = {u € N™ | ay" # 0}.
Then, there exists a deterministic algorithm that, given access to an
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#P oracle, computes (ayw " |u € N™) in time polynomial in |w/|,|T|, and
log(ZuGF awu)'

The algorithm in Corollary 1.5 has the benefit of running in time
polynomial in the bit size of ayw". Therefore, when |I'| is small com-
pared to ) aw", our algorithm is expected to lead to a notable saving,
compared to those algorithms that are solely based on positive rules,
e.g., Kogan (2001). (Kogan 2001 furthermore only deals with the case
of Schubert times Schur.) Of course, in practice, we need to take into
account the time for evaluating skew Schubert polynomials.

In addition, we note that Barvinok and Fomin’s original motivation
is to compute the Littlewood—Richardson coefficients, Kostka numbers,
and the irreducible characters of the symmetric group. See Barvinok
& Fomin (1997, Sec. 1) for the definitions and importance of these
numbers. Since our algorithm can recover theirs (without referring to
a #P oracle), it can be used to compute these quantities as well. Note
that our algorithm is moreover deterministic.

Our original motivation of this work was to better understand this
approach of Barvinok and Fomin to compute the LR coefficients. This
topic recently receives attention in complexity theory (Biirgisser & Iken-
meyer 2013; Mulmuley et al. 2012; Narayanan 2006), due to its con-
nection to the geometric complexity theory (GCT) (Mulmuley 2011;
Mulmuley et al. 2012). Though this direction of generalization does
not apply to GCT directly, we believe it helps in a better understand-
ing (e.g., a derandomization) of this approach of computing the LR
coefficients.

Our techniques. We achieve Theorem 1.1 by first formalizing some
natural properties of a linear basis of (subrings of) multivariate polyno-
mials (Section 4.1). These are helpful for the interpolation purpose. If a
basis satisfies these properties, we call this basis interpolation-friendly,
or I-friendly for short. Then, we present a deterministic interpolation
algorithm for I-friendly bases (Theorem 4.3). We then prove that the
Schubert basis is interpolation-friendly® (Section 5).

6 While the proofs for these properties of Schubert polynomials are easy, and
should be known by experts, we include complete proofs as we could not find complete
proofs or explicit statements. Most properties of Schubert polynomials, e.g., the #P
result, Lemma 5.6, Proposition 5.9, can also be obtained by a combinatorial tool
called RC graphs (Bergeron & Billey 1993). We do not attempt to get optimal
results (e.g., in Corollary 5.8 and Proposition 5.9), but are content with bounds that
are good enough for our purpose.
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Technically, for the interpolation algorithm, we combine the struc-
ture of the Barvinok—Fomin algorithm with several ingredients from
the elegant deterministic interpolation algorithm for sparse polynomi-
als in the monomial basis by Klivans and Spielman (Klivans & Spielman
2001). We deduce the key properties for Schubert polynomials to be
[-friendly, via the transition formula of Lascoux and Schiitzenberger
(Lascoux & Schiitzenberger 1985). The concept of I-friendly bases and
the corresponding interpolation algorithm may be of independent in-
terest, since they may be used to apply to other bases of (subrings of)
the multivariate polynomial ring, e.g., Grothendieck polynomials and
Macdonald polynomials (Lascoux 2013).

We would like to emphasize a subtle point of Schubert polynomials
that is crucial for our algorithm: For Y5, if the monomial x" is in Y5,
then v dominates u reversely, that is, v, > Un, Vn + Vpn—1 > Up + Up—1,
ey Upte oo+ u > up+- - -+uq. While by no means a difficult property,
and clearly known to experts, it is interesting that the only reference we
can find is a footnote in Lascoux’s book (Lascoux 2013, pp. 62, footnote
4), so we prove it in Lemma 5.6. On the other hand, in the literature,
a weaker property is often mentioned, that is, v is no less than u in the
reverse lexicographic order. However, this order turns out to not suffice
for the purpose of interpolation.

Comparison with the Barvinok—Fomin algorithm. The under-
lying structures of the Barvinok—Fomin algorithm and ours are quite
similar. There are certain major differences though.

From the mathematical side, note that Barvinok and Fomin used the
dominance order of monomials, which corresponds to the use of upper
triangular matrix in Section 4.1. On the other hand, we make use of
the reverse dominance order, which corresponds to the use of lower
triangular matrix in Proposition 5.10. It is not hard to see that the
dominance order could not work for all Schubert polynomials. We also
need to upgrade several points (e.g., the computation and the bounds
on coefficients) from Schur polynomials to Schubert polynomials.

From the algorithmic side, both our algorithm and the Barvinok—
Fomin algorithm reduce multivariate interpolation to univariate inter-
polation. Here are two key differences. Firstly, Barvinok and Fomin
relied on randomness to obtain a set of linear forms s.t. most of them
achieve distinct values for a small set of vectors. We resort to a de-
terministic construction of Klivans and Spielman for this set, therefore
derandomizing the Barvinok—Fomin algorithm. Secondly, our algorithm
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has a recursive structure as the Barvinok—Fomin algorithm. But in each
recursive step, the approaches are different; ours is based on the method
of the Klivans—Spielman algorithm. As a consequence, our algorithm
does not need to know the bounds on the coefficients in the expan-
sion, while the basic algorithm in Barvinok & Fomin (1997, Sec. 4.1)
does. Barvinok and Fomin avoided the dependence on this bound via
binary search and probabilistic verification in Barvinok & Fomin (1997,
Sec. 4.2). However, it seems difficult to derandomize this probabilistic
verification procedure.

Organization. In Section 2, we present certain preliminaries. In Sec-
tion 3, we define skew Schubert polynomials and Schubert polynomials,
and present the proof for Theorem 1.2, Corollary 1.3, and Theorem 1.4.
In Section 4, we define interpolation-friendly bases and present the inter-
polation algorithm in such bases. In Section 5, we prove that Schubert
polynomials form an I-friendly basis, therefore proving Theorem 1.1.
We remind the reader that skew Schubert polynomials are only studied
in Section 3.

2. Preliminaries

Notations. For n € N, [n] := {1,...,n}. Let x = (x1,...,zy) be
a tuple of n variables. When no ambiguity, x may represent the set
{z1,...,zn}. For e = (e1,...,e,) € N", the monomial with exponent
eis x®:=z{'...2%. Given f € Z[x] and e € N", Coeff(e, f) denotes
the coefficient of x°® in f. x® (or e) is in f if Coeff(e, f) # 0, and
E; == {e € N* | x®* € f}. Given two vectors ¢ = (c1,...,¢,) and
e = (e1,...,e,) in Q", their inner product is (c,e) = Y " ; ¢je;. Each
c € Q" defines a linear form c*, which maps e € Q" to (c, e).

Codes and permutations. We call v = (vy,...,v,) € N" a code.
We identify v with v/ = (v1,...,v,,0,...,0) € N™ for m > n. The
weight of the code v, denoted by |v|, is > ;v;. A code v € N"

is dominant if v1 > vg > --- > v,. We define a partition to be a
dominant code and often represent it using «. v is anti-dominant if
vp Svp <o < and vgyy = =0, = 0.

For N € N, Sy is the symmetric group on [N]. A permutation
o € Sy is written as o(1),0(2),...,0(N). We identify o with ¢/ =
o(l),...,0(N),N+1,...,.M € Sy, for M > N. The length of o,
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denoted by |o|, is the number of inversions of 0. That is, |o| = [{(¢,7) :
i <jio(i) > o(4)}-

Given a permutation o € Sy, we can associate a code v € N*,7 by
assigning v; = |{j : j > i,0(j) < o(i)}|. On the other hand, given a
code v € N", we associate a permutation o € Sy (NN > n) as follows. (N
will be clear from the construction procedure.) To start, o(1) is assigned
as v1 + 1. 0(2) is the (ve + 1)th number, skipping o (1) if necessary (i.e.,
if o(1) is within the first (v2 + 1) numbers). o(k) is then the (v + 1)th
number, skipping some of o(1),...,0(k — 1) if necessary. For example,
it can be verified that 316245 gives the code (2,0,3,0,0,0) = (2,0, 3)
and vice versa.

Given a code v, its associated permutation is denoted as (v). Con-
versely, the code of a permutation o € Sy is denoted as ¢(o). It is clear
that |o] = |v|.

Bases. Let R be a (possibly nonproper) subring of the polynomial ring
Z[x]. Suppose M is a basis of R as a Z-module. M is usually indexed by
some indez set A, and M = {t) | A € A}. For example, A = N" for R =
Z[x], and A = {partitions in N"} for R = {symmetric polynomials}.
f € R can be expressed uniquely as f = Y cpaxty, ay # 0 € Z,
ty € M, and a finite I' C A.

A construction of Klivans and Spielman. We present a construc-
tion of Klivans and Spielman that is the key to the derandomization
here. Given positive integers m, n, and 0 < € < 1, let t = [m?n/e].
Let d be another positive integer and fix a prime p larger than ¢t and d.
Now, define a set of ¢ vectors in N® as KS(m,n, €,d, p) := {c, ... c®}
by CZ(-k) = k! mod p, for i € [n]. Note that cgk) < p = O(m?nd/e).
The main property we need from KS is as follows.

LemMA 2.1 (Klivans & Spielman 2001, Lemma 3). Let e, ... e(™
be m distinct vectors from N™ with entries in {0, 1,...,d}. Then,

kP[r}[(c(k),e(j)> are distinct for j € [m]] >1—m?n/t >1—¢
et

7 This is known as the Lehmer code of a permutation; see, e.g., Manivel (2001,
Section 2.1).
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On #P and VNP. The standard definition of #P is as follows: func-
tion f : Upen{0,1}"™ — Z is in #P, if there exists a polynomial-time
Turing machine M and a polynomial p, s.t. for any =z € {0,1}",
f(x) = |{y € {0,1}*™) st. M accepts (x,y)}|. In the proof of Theo-
rem 1.2 in Section 3, we find it handy to consider the class of Turing
machines that output a nonnegative integer (instead of just accept or re-
ject), and functions f : Upen{0,1}™ — N s.t. there exists a polynomial-
time Turing machine M and a polynomial p, s.t. for any = € {0,1}",
f(@) =3 yero1ypem M(,y). As described in de Campos et al. (2013),
such functions are also in #P, as we can construct a usual Turing ma-
chine M’ which takes 3 arguments (z,y, z), and M'(z,y, z) accepts if
and only if 2 < M(z,y). Then, >°  M'(z,y,2) = >, M(z,y). Note
that z € {0, 1}Q(”) for some polynomial ¢ as M is polynomial time.
The reader is referred to Shpilka & Yehudayoff (2010) for basic
notions like arithmetic circuits. VP denotes the class of polynomial
families {fn}nen s.t. each f, is a polynomial in poly(n) variables, of
poly(n) degree, and can be computed by an arithmetic circuit of size
poly(n). VNP is the class of polynomials {g, }nen s.t. gn(z1,...,2,) =
2(017._.7Cm)€{071}m folx1, ... 2p,c1,...,¢n) where m = poly(n), and
{fn}nen is in VP. Valiant’s criterion is useful to put polynomial families

in VNP.

THEOREM 2.2 (Valiant’s criterion, Valiant 1979). Suppose ¢ : {0,1}*
— N is a function in #P/poly. Then, the polynomial family {fy}nen
defined by fn =3 ecqo13n ¢(€)x® is in VNP.

3. Skew Schubert polynomials in #P and VNP

In this section, we first define skew Schubert polynomials via the la-
beled Bruhat order as in Lenart & Sottile (2003). We also indicate how
Schubert polynomials form a special case of skew Schubert polynomials.
We then put these polynomials, and therefore Schubert polynomials, in
#P and VNP. Also note that it is more convenient to work with per-
mutations instead of codes in this section.

Definition of skew Schubert polynomials. The Bruhat order on
permutations in Sy is defined by its covers: For o,m € Sy, o < 7 if (i)
o~ ! is a transposition 7, for i < k, and (ii) |o| + 1 = |7|. Assuming
(i), condition (ii) is equivalent to:

(a) o(i) < o(k);
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(b) for any j such that ¢ < j < k, either o(j) > o(k), or o(j) < (7).

This is because w gets an inversion added due to the transposition 7.
So in no position between ¢ and k can o take a value between o (i)
and o(k). Else, the number of inversions in 7 will change by more
than 1. Taking the transitive closure gives the Bruhat order (<). The
maximal element in Bruhat order is mo = N, N —1,...,1, whose code
isd=(N-1,N—-2,...,1).

The labeled Bruhat order is the key to the definition of skew Schubert
polynomials. While naming it as an order, it is actually a directed graph
with multiple labeled edges, with the vertices being the permutations
in Sy. Foro < mst. o lr=1g,s<j<tandb=o0(s)=m(t),add a

j,b .
labeled direct edge as o Q . That is, for each o < 7, there are t — s

edges between them.

For any saturated chain C' in this graph, we associate a monomial
x¢(©) where e(C) = (e1,...,en—_1), and e; counts the number of i
appearing as the first coordinate of a label in C. A chain

(J1,01) (J2,b2) (G sbm)
00 o1 e m
is increasing if its sequence of labels is increasing in the lexicographic
order on pairs of integers.

Now, we arrive at the definition of skew Schubert polynomials.

DEFINITION 3.1. Let d and my be as above. Given two permutations o
and m, s.t. o is no larger than 7 in the Bruhat order (o < m), the skew
Schubert polynomial

Yo o(x) =) x9/xo0), (3.2)
C

summing over all increasing chains in the labeled Bruhat order from o
to m. The Schubert polynomial Y, :=Y,

mo /o

Now, in the increasing chain (or any chain in the labeled Bruhat
order), each edge increases |o| by 1. So the number of edges in an
increasing chain from o to 7 is |7| — |o].

Skew Schubert polynomials in #P and VNP. Before describing
the #P algorithm for skew Schubert polynomials, we note the following.
First, by the correspondence between codes and permutations, from a
code v € N we can compute (v) € Sy in time polynomial in |v|. Also,
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we have N = max;cp,{vi +1} < |vi| +n < [vo| +n. Second, the length
of the path from o to 7 is |7| — |o].
To start with, let us see how Corollary 1.3 follows from Theorem 1.2.

PROOF (Proof of Corollary 1.3). Given v, we can compute (v) € Sy.
Note that N < |v| +n. Then, form w = (N —1,N —2,...,1). Invoke
Theorem 1.2 with (v, w,a). O

PROOF (Proof of Theorem 1.2). Consider the following Turing ma-
chine M: the input to M is (1) codes v,w € N in unary; (2) a =
(a1,...,a,) € N” in binary; and (3) a sequence s of triplets of integers
(Si,ji,ti) € [N] X [N] X [N] where s; < Ji < tiy, N = ‘W’ 4+ m, and
i € [f], ¢ =|w|—]v|]. (Note that all the conditions on s can be checked
efficiently.) The output of M is a nonnegative integer.

Given the input (v,w,a,s), M uses s as a guide to compute an

increasing chain from (v) to (w) in the labeled Bruhat order of Sy. Let
(J1,b1) o (52,b2)
1

oo = (v). Suppose the chain to be constructed is oy

LN oy. At step i, 0 < i < £, M also maintains an exponent vector
e; € NV~1 and the label (j;,b;).

To start, M sets eg = (0,...,0), and (jo,bo) = (0,0) (lexicographi-
cally minimal). Then, when the step ¢ — 1 finishes, M maintains e;_1,
0i—1, and (j;—1,b;—1). Then, at step i, based on (s;, j;, t;), M performs
the following. First, it computes o; = 0;_17s;;, and checks whether
loi—1| + 1 = |og|: If equal, then continue, otherwise return 0 (not a
valid chain). Second, it sets e; by adding 1 to the j;th component
of e;_1, and keeping the other components same. Third, it computes
b; = o0;(t;) and checks whether (j;,b;) is larger than (j;—1,b;—1) in the
lexicographic order: If it is larger, then continue, otherwise return 0
(not a valid chain).

When the fth step finishes, M obtains o, and e,. It first checks
whether o, = (w): If equal, then continue, otherwise return 0 (not a
valid chain). M then computes ad/a® as the output.

This finishes the description of M. Clearly, M runs in time polyno-
mial in the input size. M terminates within ¢ steps where ¢ = |w| — |v]|
and recall that w and v are given in unary.

Finally, note that Yy /v (a) is equal to 3 5 M (v, w, a,s), where s runs
over all sequences of triplets of indices as described at the beginning of
the proof. By the discussion of #P at the end of Section 2, this puts
the evaluation of Yy in #P. O
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PROOF (Proof of Theorem 1.4). Let wus outline the proof of
Theorem 1.4, which basically follows from the proof of Theorem 1.2.
By Valiant’s criterion (Theorem 2.2), to put Y, v in VNP, it suffices to
show that the coefficient of any monomial in Yy, /y is in #P. Therefore,
we consider the following Turing machine M’, which is modified from
the Turing machine M in the proof of Theorem 1.2 as follows. Firstly,
M’ takes input (v, w,a,s), where a is thought of as an exponent vector
and is given in unary. Second, in the last step, M’ checks whether d —e,
equals a or not. If equal, then output 1. Otherwise, output 0. It is clear
that this gives a #P algorithm to compute the coefficient of x®. The
only small problem here is that in the literature (Biirgisser (2000, Prop.
2.20), Koiran (2005, Thm. 2.3)) we can find, Valiant’s criterion is only
stated for multilinear polynomials.® But it only takes a little more effort
to overcome this; essentially, this is because the degree is assumed to be
polynomially bounded, so a can be given in unary. First, note that N
(as in the beginning of the proof of Theorem 1.2) is an upper bound on
the individual degree for each x; and then introduce N copies for each
variable x;. Since a = (aq,...,a,) is given in unary, we can assume
w.lo.g. that each a; is an N-bit string (a;1,...,a; n), and if a; = k,
the first k bits are set to 1, and the rest 0. (These conditions are easy to
enforce in the definition of M’.) We then use a; j to control whether we
have the jth copy of x;, or 1, using the formula a; jz; + 1 — a; ;. After
this slight modification, the Valiant’s criterion applies, and the proof is
concluded. O

4. Sparse interpolation in an interpolation-friendly basis

4.1. Interpolation-friendly bases. Let M = {t\ | A € A} be a
basis of a Z-module R C Z[x1,...,x,], indexed by A € A. Given a
function K : A x N — Rt M is called K-bounded, if Vty € M, the
absolute values of the coefficients in the monomial expansion of ¢ty € M,
tx € Z[z1,. .., z,) are bounded by K(\,n).”

For a (0,1), non-singular matrix A, Ly := {c* € (Q")* | 3¢’ €
(Z*t)", ¢ = Ac'}. Note that ¢’ is a vector with positive integer compo-
nents. Also recall that for ¢ € Q™, c* denotes the linear form determined

8 It is well known though that Valiant’s criterion works for even non-multilinear
polynomials. However, the only reference we are aware of is Saptharishi (2016, pp.
10, Footnote 1), where no details are provided. Therefore, we describe the procedure
to overcome this for completeness.

9 Note that while A depends on n already, we feel that it is clearer to explicitly
designate n as a parameter of K, as shown, e.g., in Proposition 5.9.
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by c. M is L4-compatible, if for every ty € M, we can associate an ex-
ponent ey s.t. (1) for any c¢* € L4, ¢* achieves the maximum uniquely
at ey over By, = {e € N" | x° € t)}; (2) ex # ey for X # X; (3)
the coefficient of x®* in ¢y is 1. x®* (resp. e)) is called the leading
monomial (resp. leading exponent) of ty w.r.t. Ly. By the conditions
(1) and (2), the leading monomials are distinct across M, and for each
ty, the leading monomial is unique. We assume that from ), it is easy
to compute ey, and vice versa. In fact, for Schubert polynomials, A is
from A =7Z", and e = \.

Combining the above two definitions, we say that M is (K, L4)-
interpolation-friendly, if (1) M is K-bounded; (2) M is L 4-compatible.
We also call it (K, L 4)-friendly for short, or I-friendly when K and L4
are understood from the context.

o A trivial example is the monomial basis for Z[x|, where K =1, A
is the identity transformation, and a leading monomial for x€ is
just itself;

o For symmetric polynomials, the basis of Schur polynomials (in-
dexed by partitions «) is (K, L4)-friendly, where (1) K(a,n) =
V/|a|! by Proposition 5.2, (2) A = (Ti4)ijen) where r;; = 0 if
i > 7, and 1 otherwise, by the fact that every exponent vector in
Sq is dominated by « (Barvinok & Fomin (1997, Sec. 2.2)). (A is
the upper triangular matrix with 1’s on the diagonal and above.)
The associated leading monomial for s, is x%. In retrospect, the
fact that Schur polynomials form an I-friendly basis is the math-
ematical support of the Barvinok—Fomin algorithm (Barvinok &
Fomin 1997).

4.2. Sparse interpolation in an interpolation-friendly basis. In
this section, we perform deterministic sparse polynomial interpolation
in an interpolation-friendly basis. The idea is to combine the struc-
ture of the Barvinok—Fomin algorithm with some ingredients from the
Klivans—Spielman algorithm.

We first briefly review the idea of the Klivans—Spielman algorithm
(Klivans & Spielman 2001, Section 6.3). Suppose we want to interpolate
f € Z[x,. .., xy,] of degree d with m monomials. Their algorithm makes
use of the map

Ge(T1y. . oyxn) = (Y. y™) (4.1)

where ¢ = (c1,...,¢,) € (ZT)". If c satisfies the property: Ve #
e € f,{(c,e) # (c,€e), then we can reduce interpolation of multivariate
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polynomials to interpolation of univariate polynomials: first apply the
univariate polynomial interpolation (based on the Vandermonde ma-
trix) to get a set of coefficients. Then to recover the exponents, modify
Oc as

Ge(1, -y Tn) = (P1Y oo PRY), (4.2)

where p;’s are distinct primes and get another set of coefficients. Com-
paring the two sets of coeflicients, we can compute the exponents. Note
that the components of ¢ need to be small for the univariate interpola-
tion to be efficient. To obtain such a c, Klivans and Spielman exhibit
a small—polynomial in n, m, d, and an error probability € € (0,1)—
set of test vectors ¢ s.t. with probability 1 — €, a vector from this set
satisfies the above property. Furthermore, the components of these vec-
tors are bounded by O(m?nd/e). Their construction was reviewed in
Lemma 2.1, Section 2.

Now, suppose M is a (K, L4)-friendly basis for R C Q[x], and we
want to recover f = ), paxty of degree < d, and |[I'| = m. To apply
the above idea to an arbitrary I-friendly basis M, the natural strategy
is to extract the leading monomials w.r.t. L4. However, as each basis
polynomial can be quite complicated, there are many other non-leading
monomials which may interfere with the leading ones. Specifically, we
need to explain the following:

(1) Whether extremely large coefficients appear after the map ¢,
therefore causing the univariate interpolation procedure to be in-
efficient?

(2) Whether some leading monomials are preserved after the map ¢.?
(That is, will the image of every leading monomial under ¢. be
canceled by non-leading monomials?)

It is immediate to realize that I-friendly bases are designed to over-
come the above issues. (1) is easy: By the K-bounded property, for
any monomial x" in f, the absolute value of Coeff(u, f) is bounded by
K - (34 lax|). Therefore, the coefficients of the image of f under ¢
are bounded by O((”ji'd) K - (3, lax])). (2) is not hard to overcome
either; see the proof of Theorem 4.3 below. These properties are used
implicitly in the Barvinok—Fomin algorithm.

There is one final note: If, unlike in the monomial basis case, the
procedure cannot produce all leading monomials at one shot, we may
need to get one t) and its coefficient, subtract that off, and recurse.
This requires us to compute t) efficiently. As this is the property of ¢y,
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not directly related to the interpolation problem, we assume an oracle
which takes an index A € A and an input a € N”, and returns ¢(a).

THEOREM 4.3. Let M = {ty | A € A} be a (K, La)-friendly basis
for R C Z[x], K = K(\,n), A a (0,1) invertible matrix. Given an
access to an oracle O = O(\, a) that computes basis polynomial t(a)
for a € N, there exists a deterministic algorithm that, given a black
box containing f = Y ycpaxty, ay # 0 € Z with the promise that
deg(f) < d and |I'| < m, computes such an expansion of f in time

poly(n,d, m,log(>_, |ax|),log K).

PROOF. We first present the algorithm. Recall the maps ¢, and ¢,
defined in (4.1) and (4.2).

Input: A black box B containing f € R C Zxi,...,z,] with the
promises: (1) deg(f) < d; (2) f has < m terms in the M-basis.
An oracle O = O(\,a) computing ty(a) for a € N".

Output: The expansion f =), axty.

Algorithm: 1. By Lemma 2.1, construct the Klivans—Spielman set
KS = KS(m,n,1/3,nd,p).
2. For every vector ¢ in KS, do:
(a) fe« 0.7+ 0.d+« Ac.
(b) While ¢ < m, do:
i. Apply the map ¢q to B— f (with the help of O), and
use the univariate interpolation algorithm to obtain
g(y) = E?:o biy'. If g(x) = 0, break.

ii. Apply the map ¢[; to B— fc (with the help of O), and
use the univariate interpolation algorithm to obtain
9'(y) = Sio by’

iii. From by and b}, compute the corresponding mono-
mial x®, and its coefficient ae. From x€, compute
the corresponding label v € A, and set a, < ae.

iv. fe— fetayty,. i — 1+ 1.

3. Take the majority of f. over c and output it.

We prove the correctness of the above algorithm. As before, let
ey be the leading vector of ty w.r.t. L. Note that as AT is (0,1)-
matrix, entries in the vector ATey are in {0,1,...,nd}. By the property
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of KS(m,n,1/3,nd,p), no less than 2/3 fraction of the vectors from
c € KS satisfy that (c, ATe,) are distinct over A € T'; call these vectors
“distinguishing.” We shall show that for any distinguishing vector, the
algorithm outputs the correct expansion, so step (3) would succeed.

Fix a distinguishing vector c. As ey # ey for A # X and A is
invertible, there exists a unique v € A s.t. e, achieves the maximum
at (c,ATey) over A € T. As (c,ATe)) = (Ac,e)) = (d,e)), by the
definition of M being L 4-compatible, we know that within each ¢y, d*
achieves the unique maximum at ey over Ei,, the set of all exponent
vectors in ty. Thus, over all e € f, d* achieves the unique maximum
at e,. This means that y(d®) is the monomial in g(y) of maximum
degree and could not be affected by other terms. As Coeff(e,,t,) =1,
Coeff(e,, f) is just the coefficient of ¢, in the expansion of f. So we
have justified that from Step (2.b.i) to (2.b.iii), the algorithm extracts
the monomial of maximum degree in g(y), computes the corresponding
coefficient and exponent in f, and interprets as a term axty.

To continue computing other terms, we just need to note that c is
still distinguishing w.r.t. (f—some of the terms within f). This justifies
Step (2.b.iv).

To analyze the running time, the FOR-loop in Step (2) and the
WHILE-loop in Step (2.b) take O(m?n) and m rounds, respectively.
In the univariate polynomial interpolation step, as the components in
c are bounded by O(m?n - nd) and A is (0,1), the components in d
are bounded by O(m?n3d). It follows that k = deg(g) = (d,e,) =
O(m?n3d?). By the K-bounded property, the coefficients of g(y) are
of magnitude O((”zgd) - K - (Y,]ax])). So the running time for the
univariate interpolation step, and therefore for the whole algorithm, is

poly(m,n,d,log(>_, |ax|),log K). O

5. Schubert polynomials form an interpolation-friendly
basis

In this section, our ultimate goal is to prove Propositions 5.9 and 5.10,
which establish that Schubert polynomials form an I-friendly basis. The
main theorem Theorem 1.1 follows immediately. For this, we need to
review some properties of Schur polynomials, the definition of Schubert
polynomials via divided differences, and the transition formula (Lascoux
& Schiitzenberger 1985). The transition formula is the main technical
tool to deduce the properties of Schubert polynomials we shall need for
Propositions 5.9 and 5.10. These include Lemma 5.6 which helps us
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to find the matrix A needed for the L s-compatible property, and an
alterative proof for Schubert polynomial in #P.

Schur polynomials. For a positive integer ¢, the complete symmetric
polynomial hy(x) € Z[x] is the sum over all monomials of degree ¢,
with coefficient 1 for every monomial. We also define ho(x) = 1, and
he(x) = 0 for any ¢ < 0. For a partition a = (a,...,qp) in N
the Schur polynomial s, (x) in Z[x] can be defined by the Jacobi-Trudi
formula as so(x) = det[ha,—i+j(X)]ijen)- Note that deg(sa(x)) = |a].
Via this determinantal expression, we have

PROPOSITION 5.1 (Barvinok & Fomin 1997, Sec. 2.4). For a € Z",
sa(a) can be computed using O(|a|? - n + n3) arithmetic operations,
and the bit lengths of intermediate numbers are polynomial in those of
a.

Littlewood’s theorem shows Schur polynomials have positive coefficients.
We also need the following bound on coefficients—the Kostka numbers—

in sq(x).

PROPOSITION 5.2 (Barvinok & Fomin 1997, Sec. 2.2). For any e &
N, 0 < Coeff(e,s,(x)) < /||

Definition of Schubert polynomials via divided differences.
We follow the approach in Lascoux (2003, 2008). For i € [n — 1], let x;
be the switching operator on Z[z1, ..., x,]:

in(.’L'l, cee s Ly L1y - - .,Z‘n) = f(xl,. ey Lj4 15 Ljy e v - ,xn).

Then, the divided difference operator 0; on Z[x1,...,zy] is 0;(f) =
[

Ti—Tiq1’
DEFINITION 5.3. For v = (v1,...,v,) € N", the Schubert polynomial
Yy € Z[xq, ..., xy,)] is defined recursively as follows:

(i) If v is dominant, then Yy = x{'x3* ...zl

(ii)) If v; > w1, then Yy = 0;Y, where v/ = (v1,...,0i41,0; —
1.0, vm).

It is not hard to see that this defines Y5 for any v. We list some
basic facts about Schubert polynomials.
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Fact 5.4 (Manivel 2001). (i) If v = (v1,...,vy) Is anti-dominant
with k being the last nonzero index, Y, equals the Schur poly-
nomial 8, (21, . ..,x) where a« = (Vg, ..., v1).

(ii) As a special case of (1), if v.=(0,...,0,w,0,...0) where w is at
the kth position, then Yy (x) is the complete homogeneous sym-
metric polynomial hy (21, ..., Tk).

(iii) If v = [v1,...,v5,0,...,0] € N" then Yy € Z[z1,...,xk].

The transition formula and its applications. Given a code v €
N", let k be the largest ¢ s.t. v is nonzero, and v/ = [v1,...,v% —
1,0,...,0]. For convenience, let o = (v'). Then, the transition formula
of Lascoux and Schiitzenberger (Lascoux & Schiitzenberger 1985) is:

Yo =apYe + ) Ya,
u

where u € N” satisfies that: (i) (u)o~! is a transposition 7 for i < k;
(ii) Ju| = |v|]. Assuming (i), condition (ii) is equivalent to:

(a) o(i) < o(k); (b) for any j s.t. i < j <k,
either o(j) > o(k), or o(j) < o(i). (5.5)

Let Uy be the set of codes with weight |v| appearing in the transition
formula for v, and ®, = U, U{v'}. Any u € W, is uniquely determined
by the transposition 7;x, therefore, by some i € [k — 1].

The transition formula yields the following simple, yet rarely men-
tioned'? property of Schubert polynomials. This is the key to show
that the Schubert basis is L 4-compatible for some appropriate A. For
completeness, we include a proof here.

Given v and u in N, v dominates u reversely, denoted as v > u, if
Up 2 Upy, Un +Up—1 2 Up + Up—1, ., Unp+ -+ V2 = Uy + -+ + U,
Up+ - +v1 =up+ -+ u.

LEMMA 5.6. For u € N", if x" is in Y5, then v > u. Furthermore,
Coeff(v,Yy) = 1.

PrROOF. We first induct on the weight. When the weight is 1, the
claim holds trivially. Assume the claim holds for weight < w, and

10 The only reference we know of is in Lascoux (2013, pp. 62, Footnote 4).
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consider v.€ N" with |v|] = w + 1. We now induct on the reverse
dominance order, from small to large. The smallest one with weight
w+11s [w+1,0,...,0]. As Yjy410,..0 = 2% the claim holds.

For the induction step, we make use of the transition formula. Sup-
pose k is the largest i s.t. v; is nonzero, v/ = [v1,...,vx — 1,0,...,0],
and o = (v’). Then, by the transition formula, Y, = 2,Y, + >, Ya,
where u € N” satisfies that: (i) (u)o~! is a transposition 7 for i < k;
(ii) |u| = |v|. Assuming (i), the condition (ii) is equivalent to that:
(a) o(i) < o(k); (b) for any j s.t. ¢ < j < k, either o(j) > o(k), or
o(j) < o(i). Thus, u and v’ can only differ at positions ¢ and k, and
u; > v, = v, up < v), < vg. It follows that v >u, and it is clear that
v # u. By the induction hypothesis on |v|, each monomial in Y, is
reverse dominated by v/, and Coeff(v’,Y,/) = 1. As Y, depends only
on zi,...,x by Fact 5.4 (3), each monomial in x;Y,/ is reverse dom-
inated by v. By the induction hypothesis on the reverse dominance
order, every monomial in Y}, is reverse dominated by u, thus is reverse
dominated by v and cannot be equal to v. Thus, Coeff(v,Y;) = 1,
which is from z;Ys. This finishes the induction step. [l

We then deduce another property of Schubert polynomials from the
transition formula. Starting with vg, we can form a chain of transitions
Vo — Vi — Vo — -+ — Vv; — ... where v; € ¥y, . The following
lemma shows that long enough transitions lead to anti-dominant codes.

LEMMA 5.7 (Lascoux & Schiitzenberger 1985, Lemma 3.11). Let vy —
vy — -+ — vy be a sequence of codes in N", s.t. v; € Uy, |, 1€ [{]. If
none of v;’s are anti-dominant, then £ < n - |vg|.

Based on Lemma 5.7, we have the following corollary. Recall that
for v.e N* &, is the collection of codes (not necessarily of weight |v|)
in the transition formula for v.

COROLLARY 5.8. Let vo — v — --+ — vy be a sequence of codes in
N, s.t. v; € @y, ,, i € [(]. If none of v;’s are anti-dominant, then
¢ < n-(Jvol? + Ivol).

ProOOF. For w € [|vo|], let iy, be the last index i in [¢] s.t. v; is of
weight w. As none of v;s are anti-dominant, by Lemma 5.7, 4,1 — iy <
n-w+1<mn-|vg|+ 1. The result then follows. O
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In fact, by following the proof of Lemma 5.7 as in
Lascoux & Schiitzenberger (1985), it is not hard to show that in
Corollary 5.8, the same bound as in Lemma 5.7, namely ¢ < n - |vgl,
holds.

From Corollary 5.8, a #P algorithm for Schubert polynomials can
also be derived.

PROOF (An alternative proof of Corollary 1.3). Consider the follow-
ing Turing machine M: The input to M is a code v € N” in unary,
a point a = (ay,...,a,) € N" in binary, and a sequence s of pairs of
indices (s;,t;) € [n] x [n], 8; < t;, and i € [¢] where £ :=n - (|v|? + |v]).
The output of M is a nonnegative integer. Given the input (v,a,s), M
computes a sequence of codes vg — v — --- — vy, and keeps track of
a monomial x®0 — x® — ... — x® where e; € N". The pair of indices
(Sit1,ti+1) is used as the instruction to obtain v;;1 from v;, and e;;1
from e;.

To start, vo = v, and e = (0,...,0). Suppose at step i, e; =
(e1,...,en), and v; = (v1,...,0%,0,...,0), vp # 0. (k is the maximal
nonzero index in v;.)

If v; is anti-dominant, then Y5, equals to some Schur polynomial by
Fact 5.4 (1). Using Proposition 5.1, M can compute the evaluation of
that Schur polynomial on a efficiently, and then multiply with the value
Hz‘e[n] a;’ as the output. Note that as will be seen below, the weight
of e; is £ < n - [vg|?, so the bit length of [Licpny @' is polynomial in the
input size.

In the following, v; is not anti-dominant. M checks whether ¢;,1 =
k. If not, M outputs O.

In the following, t;11 = k. M then checks whether s;,1 = t;11.

If si41 = tiy1, M goes to step i + 1 by setting vi11 = (v1,..., 0% —
1,0,...,0), and e;41 = (e1,...,ex—1,€x + 1, €ky1,...,€n).

If siy1 < tiy1, then M tests whether s;;1 is an index in Uy, as
follows. It first computes the permutation o := ((vi,..., V51,V —
1,0,...,0)) € Sy, using the procedure described in Section 2. Note
that N = max;epp {vi +4} < |vi| +n < |vo| +n. Then, it tests whether
Si+1 is in Wy,, using (5.5). If s;41 is not in Uy, then M outputs 0.
Otherwise, M goes to step i 4 1 by setting vi11 = ¢(07s;,,,4,4,), and
€i+1 = €.

This finishes the description of M. Clearly, M runs in time polyno-
mial in the input size. M terminates within ¢ steps by Corollary 5.8.
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M always outputs a nonnegative integer as Schur polynomials are poly-
nomials with positive coeflicients.

Finally note that Y, (a) is equal to ) M(v,a,s), where s runs over
all the sequences of pairs of indices as described at the beginning of the
proof. By the discussion on #P in Section 2, this puts evaluating Y5,
on a in #P. O

The Schubert basis is interpolation-friendly. Now we are in the
position to prove that the Schubert basis is interpolation-friendly.

ProprosiTION 5.9. {Y, € Z[z1,...,2,] | v € N*} is K-bounded for

K(v,n) =n2VPHVD o /T,

Proor. The alternative proof of Corollary 1.3 for Schubert polyno-
mials implies that Y, can be written as a sum of at most (n2)™(VI*+IvD
polynomials f, where f is of the form x® -s,, |a| + |e| = |v|. The
coefficients in Schur polynomial of degree d are bounded by Vd! by
Proposition 5.2. The claim then follows. ([

ProprosITION 5.10. {Yy € Zlz1,...,x,) | v € N'} is La-compatible
for A = (rij)ijem), rij = 0 if i < j, and 1 otherwise. The leading
monomial of Yy, w.r.t. Ly is xV.

The matrix A in Proposition 5.10 is the lower triangular matrix of 1’s
on the diagonal and below. Compare with that for Schur polynomials,
described in Section 4.1.

Proor. This follows easily from Lemma 5.6: note that for any ¢ =
(c1y.vyen) € (Z7)" we Yy, (Ac,u) = ci(ur+-+ +up) +c2(up+ - +
Up)+-Fenptn < cr(vi4 - 4vp)+ea(vat - Fvp)+ - Hepu, = (Ac, V).
As ¢; > 0, the equality holds if and only if u = v. (I

Now we conclude the article by proving the main Theorem 1.1.

PROOF (Proof of Theorem 1.1).  Note that n2»(V*+IVD .\ /[yl is up-
per bounded by 20(mlogn- (V2 +IVD+IvIlog(IV) and recall |v| = deg(Yy).
Then combine Proposition 5.9, Proposition 5.10, and Theorem 4.3. [
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A. An alternative proof of skew Schubert polynomials in
VNP

By Equation (3.2), skew Schubert polynomial can be written as:

Yﬂ'/a(x) = W/U(m17x27 .- ..QZ'N)

N-1
= ;Xd/xe(c) = ; 1:11 g ie (A1)

Note that ey = 0.

Let m be the length of an increasing chain. The first and second
indices of each label in an increasing chain are encoded by N x m 0 —1
matrices g and b, respectively. In these matrices, the variables are listed
along the row and the edges of a chain along the column. So for each
column, there will be a 1 in the row which corresponds to the index
that appears in that label. Thus, in case of the g matrix, it indicates
which variable should be multiplied in the monomial.

All permutations are represented by N x N 0 — 1 matrices, acting
on length-NV column vectors. Wy and V, representing permutations
o and m, respectively, are given. Let W1y,...W,, be the intermediate
permutations in the increasing chain.

Now consider the following polynomials.

N m N
hin = sz H Ziﬂk k) (A.2)

hin encodes the monomial for a given increasing chain, which depends
on g.


http://mathoverflow.net/q/186603
http://mathoverflow.net/q/186603
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In the following, we shall gradually build up a series of polynomials,
which basically characterize the property that g and b form an increasing
chain.

m N N
han = E[(-Hk(l - Wswow) - AT W0l as)

where the second product is over all 1 <4, 7,1l,k < N such that ¢ = [ iff
J # k. hon encodes valid permutation matrices. That is, it is nonzero
iff Wy,...W,, are valid permutation matrices, that is, each row and
column contains exactly one 1.

han = [[T(1 = giwgp)] - [T (1 = birbiy)] (A.4)

/[:7j7k i7j7k

where both the products are over all 1 < k <m and 1 < 4,5 < N such
that ¢ # j. hsn is nonzero iff each column of g and b has at most one 1.

han = [H > ol 1T bl (A.5)

h4pn is nonzero iff there is at least one 1 in each column of g and b.

N

hsy = H (1= ((Wm)ij = Vig)l - 1+ (Win)ig — Vig)] (A.6)

hsn is nonzero iff W,,, = V.

N
heije = [ 1=((We)ap—(Wieer7i)an))- 1+ ((We)ab— (Wi 174 )ab)] by
a,b=1
(A7)

heiji is nonzero iff for a particular transposition (7,j) and for a pair
of consecutive permutations W;_; and Wy, (a) Wy = W;_17;; and (b)
second index of the label is given according to the definition of labeled
Bruhat order.

N N
ha=>_ > Wi)ie- Wiea)j- [] 1= (Wiet)ab) - heije (A.8)
ig=1ki=1 i<a<j
k<l k<b<l
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h7; is nonzero iff for any pair of consecutive permutations o/, 7’ being
encoded by W;_; and W4, respectively, such that ' = 7;;0" , we have
o'(i) < d'(j) (i < j) and for every i < k < j, either o/(k) < o/(i) or
o'(k) > o'(j). That is, o/ < " in the Bruhat order.

hsn = th > ga (A.9)

1<s<J

where 1 < s < N. hgy is nonzero iff the sequence of permutations
is correct, namely maintaining the Bruhat order so that the labels are
given accordingly.

N
Z gzt Z gj,t+1 + Git+1 Z bkt Z bl t+1 (A.lO)
k=1

t=1 i=1 j=i+1

m—1

hgon is nonzero iff each pair of labels in a chain respects the increasing
lexicographic order.
We define the polynomial:

hN(xl,...xN,g,b,Wl,...Wm)
= hin - hon - h3n - han - hsn - hgn - hon (A.11)

For each assignment to g,b, W;, hy is either 0, or a monomial corre-
sponding to one correct increasing chain. It is clear that the size of a
straight line program to evaluate hy is polynomial in N. So hy is in

VP.
The skew Schubert polynomial then can be given by

Yejoltr,...an) = Y. hn(@n,...an,g,0, Wi, ... W) (A12)
g,0,W1,.. Wp,

g and b have mN elements and since m is O(N?) so each has O(N3)
elements. Each W; has N? entries. Thus, the summation is over 0-1
strings of polynomial length.

This proves Y /,(x) is p-definable and hence is in VNP.

References

VIKRAMAN ARVIND, PARTHA MUKHOPADHYAY & SRIKANTH SRINIVASAN
(2010). New Results on Noncommutative and Commutative Polynomial Iden-
tity Testing. Computational Complexity 19(4), 521-558.



906 Mukhopadhyay & Qiao cc 26 (2017)

SAMI ASSAF, NANTEL BERGERON & FRANK SOTTILE (2014). A combinatorial
proof that Schubert vs. Schur coefficients are nonnegative. arXiv preprint
arXiv:1405.2603.

ALEXANDER BARVINOK & SERGEY FOMIN (1997). Sparse interpolation of
symmetric polynomials. Advances in Applied Mathematics 18(3), 271-285.

MICHAEL BEN-OR & PRASOON TIWARI (1988). A Deterministic Algorithm
for Sparse Multivariate Polynominal Interpolation (Extended Abstract). In
Proceedings of the 20th Annual ACM Symposium on Theory of Computing,
May 2-4, 1988, Chicago, Illinois, USA, 301-309. URL http://doi.acm.org/
10.1145/62212.62241.

NANTEL BERGERON & SARA BILLEY (1993). RC-graphs and Schubert poly-
nomials. Ezperimental Mathematics 2(4), 257-269.

NADER H. BsnouTy & RICHARD CLEVE (1998). Interpolating Arithmetic
Read-Once Formulas in Parallel. STAM J. Comput. 27(2), 401-413.

PETER BURGISSER (2000). Completeness and reduction in algebraic complexity
theory, volume 7. Springer Science & Business Media.

PETER BURCISSER & CHRISTIAN IKENMEYER (2013). Deciding Positivity
of Littlewood-Richardson Coefficients. SIAM J. Discrete Math. 27(4), 1639—
1681. URL http://dx.doi.org/10.1137/120892532.

Cassio P pE CAMPOS, GEORGIOS STAMOULIS & DENNIS WEYLAND (2013).
A Structured View on Weighted Counting with Relations to Quantum Com-
putation and Applications. In Electronic Colloquium on Computational Com-
plexity (ECCC), volume 20, 133.

ANKIT GUPTA, NEERAJ KAYAL & SATYANARAYANA V. LOKAM (2011). Effi-
cient Reconstruction of Random Multilinear Formulas. In IEEE 52nd An-
nual Symposium on Foundations of Computer Science, FOCS 2011, Palm
Springs, CA, USA, October 22-25, 2011, 778-787. URL http://dx.doi.
org/10.1109/F0CS.2011.70.

ANKIT GUPTA, NEERAJ KAYAL & SATYANARAYANA V. LOKAM (2012). Re-
construction of depth-4 multilinear circuits with top fan-in 2. In Proceedings of
the 44th Symposium on Theory of Computing Conference, STOC 2012, New
York, NY, USA, May 19-22, 2012, 625-642. URL http://doi.acm.org/10.
1145/2213977.2214035.

ANKIT GUPTA, NEERAJ KAYAL & YOUMING QIa0 (2014). Random arith-
metic formulas can be reconstructed efficiently. Computational Complexity
23(2), 207-303. URL http://dx.doi.org/10.1007/s00037-014-0085-0.


http://arxiv.org/abs/1405.2603
http://doi.acm.org/10.1145/62212.62241
http://doi.acm.org/10.1145/62212.62241
http://dx.doi.org/10.1137/120892532
http://dx.doi.org/10.1109/FOCS.2011.70
http://dx.doi.org/10.1109/FOCS.2011.70
http://doi.acm.org/10.1145/2213977.2214035
http://doi.acm.org/10.1145/2213977.2214035
http://dx.doi.org/10.1007/s00037-014-0085-0

cc 26 (2017) Polynomial interpolation in the Schubert basis 907

ERICH KALTOFEN & YAGATI N. LAKSHMAN (1988). Improved Sparse Multi-
variate Polynomial Interpolation Algorithms. In Symbolic and Algebraic Com-
putation, International Symposium ISSAC’88, Rome, Italy, July 4-8, 1988,
Proceedings, PATRIZIA M. GIANNI, editor, volume 358 of Lecture Notes in
Computer Science, 467-474. Springer. ISBN 3-540-51084-2. URL http://dx.
doi.org/10.1007/3-540-51084-2_44.

ZOHAR SHAY KARNIN & AMIR SHPILKA (2009). Reconstruction of General-
ized Depth-3 Arithmetic Circuits with Bounded Top Fan-in. In Proceedings of
the 24th Annual IEEE Conference on Computational Complexity, CCC 2009,
Paris, France, 15-18 July 2009, 274-285. URL http://dx.doi.org/10.1109/
CCC.2009.18.

NEERAJ KAYAL (2012). Affine projections of polynomials: extended abstract.
In Proceedings of the 44th Symposium on Theory of Computing Conference,
STOC 2012, New York, NY, USA, May 19-22, 2012, 643-662. URL http://
doi.acm.org/10.1145/2213977.2214036

ADALBERT KERBER, AXEL KOHNERT & ALAIN LAscoux (1992). Symbolic
Computation in Combinatorics SYMMETRICA, an object oriented computer-
algebra system for the symmetric group. Journal of Symbolic Computation
14(2), 195 — 203. ISSN 0747-7171. URL http://www.sciencedirect.com/
science/article/pii/0747717192900353.

ApAM KLIVANS & DANIEL A. SPIELMAN (2001). Randomness efficient iden-
tity testing of multivariate polynomials. In Proceedings on 33rd Annual ACM
Symposium on Theory of Computing, July 6-8, 2001, Heraklion, Crete, Greece,
216-223. URL http://doi.acm.org/10.1145/380752.380801.

ALLEN KNUTSON & EZRA MILLER (2005). Grobner Geometry of Schubert
Polynomials. Annals of Mathematics 161(3), pp. 1245-1318. ISSN 0003486X.
URL http://wuw. jstor.org/stable/3597357.

MikHAIL KOGAN (2001). RC-graphs and a generalized Littlewood-Richardson
rule. International Mathematics Research Notices 2001(15), 765-782.

PascAL KOIRAN (2005). Valiant’s model and the cost of computing integers.
Computational Complexity 13(3-4), 131-146. URL http://dx.doi.org/10.
1007/s00037-004-0186-2.

ALAIN LAsSCOUX (2003). Symmetric functions and combinatorial operators on
polynomials, volume 99. American Mathematical Soc.

ALAIN Lascoux (2008). Schubert and Macdonald polynomials, a paral-
lel. Electronically available at http: // igm. univ-mlv. fr/ ~al/ARTICLES/
Dummies. pdf.


http://dx.doi.org/10.1007/3-540-51084-2_44
http://dx.doi.org/10.1007/3-540-51084-2_44
http://dx.doi.org/10.1109/CCC.2009.18
http://dx.doi.org/10.1109/CCC.2009.18
http://doi.acm.org/10.1145/2213977.2214036
http://doi.acm.org/10.1145/2213977.2214036
http://www.sciencedirect.com/science/article/pii/0747717192900353
http://www.sciencedirect.com/science/article/pii/0747717192900353
http://doi.acm.org/10.1145/380752.380801
http://www.jstor.org/stable/3597357
http://dx.doi.org/10.1007/s00037-004-0186-2
http://dx.doi.org/10.1007/s00037-004-0186-2
http://igm.univ-mlv.fr/~al/ARTICLES/Dummies.pdf
http://igm.univ-mlv.fr/~al/ARTICLES/Dummies.pdf

908 Mukhopadhyay & Qiao cc 26 (2017)

ALAIN Lascoux (2013). Polynomials. Electronically available at http: //
igm. untv-mlv. fr/ ~al/ARTICLES/ CoursYGKM. pdf.

ALAIN LAascoux & MARCEL-PAUL SCHUTZENBERGER (1982). Polynémes de
Schubert. C. R. Acad. Sci. Paris Sér. I Math. 294(13), 447-450.

ALAIN LASCOUX & MARCEL-PAUL SCHUTZENBERGER (1985). Schubert poly-

nomials and the Littlewood-Richardson rule. Letters in Mathematical Physics
10(2-3), 111-124.

CRISTIAN LENART & FRANK SOTTILE (2003). Skew Schubert polynomials.
Proceedings of the American Mathematical Society 131(11), 3319-3328.

IAN GRANT MACDONALD (1991). Notes on Schubert polynomials, volume 6.
Montréal: Dép. de mathématique et d’informatique, Université du Québec a
Montréal.

L. MANIVEL (2001). Symmetric Functions, Schubert Polynomials, and De-
generacy Loci. Collection SMF.: Cours spécialisés. American Mathematical
Society. ISBN 9780821821541. URL http://books.google.com.au/books?
id=yz7gyKYgIuwC.

KAROLA MKESzZAROS, GRETA PANOVA & ALEXANDER POSTNIKOV (2014).
Schur Times Schubert via the Fomin-Kirillov Algebra. Electr. J. Comb.
21(1), P1.39. URL http://www.combinatorics.org/ojs/index.php/eljc/
article/view/v21i1p39.

KETAN MULMULEY (2011). On P vs. NP and geometric complexity theory:
Dedicated to Sri Ramakrishna. J. ACM 58(2), 5. URL http://doi.acm.
org/10.1145/1944345.1944346.

KETAN D MULMULEY, HARIHARAN NARAYANAN & MILIND SOHONI (2012).
Geometric complexity theory III: on deciding nonvanishing of Littlewood-
Richardson coefficient. Journal of Algebraic Combinatorics 36(1), 103-110.

HARIHARAN NARAYANAN (2006). On the complexity of computing Kostka
numbers and Littlewood-Richardson coefficients. Journal of Algebraic Combi-
natorics 24(3), 347-354.

R. SAPTHARISHI (2016). A survey of lower bounds in arithmetic circuit com-
plexity. https://github.com/dasarpmar/lowerbounds-survey/releases.

Version 3.0.0.

AMIR SHPILKA (2009). Interpolation of Depth-3 Arithmetic Circuits with Two
Multiplication Gates. SIAM J. Comput. 38(6), 2130-2161.

AMIR SHPILKA & ILyA VOLKOVICH (2015). Read-once polynomial identity
testing. Computational Complexity 24(3), 477-532. URL http://dx.doi.
org/10.1007/s00037-015-0105-8.


http://igm.univ-mlv.fr/~al/ARTICLES/CoursYGKM.pdf
http://igm.univ-mlv.fr/~al/ARTICLES/CoursYGKM.pdf
http://books.google.com.au/books?id=yz7gyKYgIuwC
http://books.google.com.au/books?id=yz7gyKYgIuwC
http://www.combinatorics.org/ojs/index.php/eljc/article/view/v21i1p39
http://www.combinatorics.org/ojs/index.php/eljc/article/view/v21i1p39
http://doi.acm.org/10.1145/1944345.1944346
http://doi.acm.org/10.1145/1944345.1944346
https://github.com/dasarpmar/lowerbounds-survey/releases
http://dx.doi.org/10.1007/s00037-015-0105-8
http://dx.doi.org/10.1007/s00037-015-0105-8

cc 26 (2017) Polynomial interpolation in the Schubert basis 909

AMIR SHPILKA & AMIR YEHUDAYOFF (2010). Arithmetic Circuits: A survey
of recent results and open questions. Foundations and Trends in Theoretical
Computer Science 5, 207-388. ISSN 1551-305X. URL http://dx.doi.org/
10.1561/0400000039.

LESLIE G. VALIANT (1979). Completeness Classes in Algebra. In Proceedings
of the 11h Annual ACM Symposium on Theory of Computing, April 30 - May
2, 1979, Atlanta, Georgia, USA, MICHAEL J. FISCHER, RICHARD A. DE-
MiLLo, NANCY A. LYNCH, WALTER A. BURKHARD & ALFRED V. AHO, ed-
itors, 249-261. ACM. URL http://doi.acm.org/10.1145/800135.804419.

RICHARD ZIPPEL (1979). Probabilistic algorithms for sparse polynomi-
als. In Symbolic and Algebraic Computation, EDWARDW. Ng@G, editor, vol-
ume 72 of Lecture Notes in Computer Science, 216-226. Springer Berlin
Heidelberg. ISBN 978-3-540-09519-4. URL http://dx.doi.org/10.1007/
3-540-09519-5_73.

RICHARD ZIPPEL (1990). Interpolating Polynomials from Their Values. J.
Symb. Comput. 9(3), 375-403.

Manuscript received 2 November 2015

PRIYANKA MUKHOPADHYAY YOUMING QIAO

Centre for Quantum Technologies Centre for Quantum Computation
National University of Singapore and Intelligent Systems

Singapore 117543, Singapore University of Technology Sydney

mukhopadhyay . priyanka@gmail.com Sydney, NSW 2007, Australia
jimmyqiao860@gmail.com


http://dx.doi.org/10.1561/0400000039
http://dx.doi.org/10.1561/0400000039
http://doi.acm.org/10.1145/800135.804419
http://dx.doi.org/10.1007/3-540-09519-5_73
http://dx.doi.org/10.1007/3-540-09519-5_73

	Sparse multivariate polynomial interpolation on the basis of Schubert polynomials
	Introduction
	Preliminaries
	Skew Schubert polynomials in #P and VNP 
	Sparse interpolation in an interpolation-friendly basis
	Interpolation-friendly bases
	Sparse interpolation in an interpolation-friendly basis

	Schubert polynomials form an interpolation-friendly basis
	Acknowledgements
	An alternative proof of skew Schubert polynomials in VNP
	References




