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We complete the complexity classification by degree of minimizing a polynomial in two variables over the integer points
in a polyhedron. Previous work shows that in two variables, optimizing a quadratic polynomial over the integer points in
a polyhedral region can be done in polynomial time, while optimizing a quartic polynomial in the same type of region is
NP-hard. We close the gap by showing that this problem can be solved in polynomial time for cubic polynomials.
Furthermore, we show that the problem of minimizing a homogeneous polynomial in two variables of any fixed degree
over the integer points in a bounded polyhedron is solvable in polynomial time. We show that this holds for polynomials
that can be translated into homogeneous polynomials, even when the translation vector is unknown. We demonstrate that
such problems in the unbounded case can have smallest optimal solutions of exponential size in the size of the input, thus
requiring a compact representation of solutions for a general polynomial time algorithm for the unbounded case.

1. Introduction We study the problem of minimizing a polynomial with integer coefficients over the
integer points in a polyhedron. When the polynomial is of degree one, this becomes integer linear program-
ming, which Lenstra [15] showed to be solvable in polynomial time in fixed dimension. In stark contrast, De
Loera et al. [6] showed that even for polynomials of degree four in two variables, this minimization problem
is NP-hard. For a survey on the complexity of mixed integer nonlinear optimization, see also Képpe [13].
Recently, Del Pia et al. [7] showed that he decision version of mixed-integer quadratic programming is in
NP. Del Pia and Weismantel [8] showed that for polynomials in two variables of degree two, the problem
is solvable in polynomial time.

Consider the problem

min{f(x) :xe PNZ"}, (D)

where P = {x € R" : Ax < b} is a rational polyhedron with A € Z™", b € Z", and m,n € Z,o. Let d € Zs
bound the maximum degree of the polynomial function f and let M be the sum of the absolute values of
the coefficients of f. We use size and binary encoding length synonymously. The size of P is the sum of the
sizes of A and b. We say that Problem (1) can be solved in polynomial time if we can either determine that
the problem is infeasible, or find a feasible minimizer in time bounded by a polynomial in the size of A,b
and M, or show that the problem is unbounded by exhibiting a feasible point X and an integer ray F € rec(P)
such that f(X + AF) —» —o0 as 4 — co. We almost always assume the degree d and the dimension n are fixed
in our complexity results. Moreover, in Sections 4 and 5 we assume that P is bounded. Note that if P is
bounded, then there exists an integer R > 1 of polynomial size in the size of P such that P C B := [-R,R]?
(see, for instance, [21]).
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Previous work has shown that the problem is solvable in polynomial time if it is 1-dimensional or the
polynomial is quadratic, whereas for n =2, d = 4 the problem is NP-hard, even when P is bounded.

TaeEorREM 1.1 ([8], 1-dimensional polynomials and quadratics). Problem (1) is solvable in polyno-
mial time when n = 1 with d fixed, and when n =2 with d < 2.

Lemma 1.2 ([6]). Problem (1) is NP-hard when f is a polynomial of degree d = 4 with integer coeffi-
cients and n =2, even when P is bounded.

Using the same reduction as Lemma 1.2, it is possible to show that Problem (1) is NP-hard even when
n=d =2, Pis a bounded, rational polyhedron, and we add a single quadratic inequality constraint (see
[16]).

We improve Theorem 1.1 to the case n =2 and d = 3.
TueorREM 1.3 (cubic). Problem (1) is solvable in polynomial time for n =2 and d = 3.

Thus, we complete the complexity classification by degree d for Problem (1).
Problem (1) remains difficult even when the polynomials are restricted to be homogeneous and the degree
is fixed. The polynomial % is homogeneous of degree d if

h(x) = Z X", 2)

veZ! |Ivily=d

where ¢y € R, || - |l; denotes the 1-norm, and x* =[], x;". It is well known and easy to see that the case
of general polynomials in n variables reduces to the case of homogeneous polynomials in n + 1 variables.
Thus, complexity results for general polynomials provide partial complexity results for homogeneous poly-
nomials.

ProposiTioN 1.4.  Problem (1) is NP-hard when f is a homogeneous polynomial of degree d with integer
coefficients, n > 3 and d > 4 are fixed, even when P is bounded.

We next show that we cannot expect tractable size solutions to unbounded homogeneous minimization
problems in dimension two.

ProposiTion 1.5.  There exists an infinite family of instances of Problem (1) with f homogeneous, d = 4,
n =2 such that the minimal size solution to Problem (1) has exponential size in the input size.

Proof. Consider the minimization problem
min{(x* - Ny*)*: (x,y) € PN Z7), 3)

where P ={(x,y) €R?: x> 1, y > 1} is an unbounded rational polyhedron and N is a nonsquare integer. The
objective function is a homogeneous bivariate polynomial of degree four. Since (0,0) ¢ P, (x> — Ny*)? is
nonnegative, and since N is nonsquare, the optimum of Problem (3) is strictly greater than zero. Note that
(x* = Ny*)? = 1 if and only if (x,y) is a solution to either the Pell equation, x* — Ny* = 1, or the Negative
Pell equation, x> — Ny* = —1. The Pell equation has an infinite number of positive integer solutions (see, for
instance, [23]) and therefore, we infer that the optimum of Problem (3) equals 1.

Lagarias [14, Appendix A] shows that the Negative Pell equation with N = 5**! has solutions for every
k > 1 and that the solution (x*, y*) to this equation with minimal size satisfies

x*+y*\/§:(2+ \/§)Sk.

The method is based on principles due to Dirichlet [9]. This implies that while the input is of size O(k), any
solution to the Negative Pell equation expressed in binary form for these N has size Q(5).

Theorem 6.10 of [4] (see also [23]) shows that if the Negative Pell equation has a solution, then the
minimal size solution to x* — Ny* = +1 is in fact the minimal size solution to the Negative Pell equation.
Therefore, any solution to Problem (3) with N = 5%*! has a an exponential size in the size of the input. Since
Problem (3) is has an objective function that is homogeneous of degree four and has linear constraints, this
finishes the proof. [
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For bounded polyhedra P, we will show that Problem (1) is solvable in polynomial time for any fixed
degree in two variables when the objective function is a polynomial that is a coordinate translation of a
homogeneous polynomial. A polynomial f(x): R"” — R is homogeneous translatable if there exists t € R”
such that f(x + t) = h(x) for some homogeneous polynomial A(x). In our results, we will assume that we
are given a homogeneous translatable polynomial f with integer coefficients, but that we are not given the
translation t. In fact, we do not need to know what t is in order to optimize f over the integer points of a
bounded polyhedron.

THeOREM 1.6 (homogeneous translatable, bounded). Problem (1) is solvable in polynomial time for
n =2 and any fixed degree d, provided that f is homogeneous translatable and P is bounded.

This theorem highlights the fact that the complexity of bounded polynomial optimization with two integer
variables is not necessarily related to the degree of the polynomials, but instead to the difficulty in handling
the lower order terms.

Despite the possibly large size of solutions to minimizing homogeneous polynomials of degree four (see
Proposition 1.5), Theorem 1.3 shows that we can solve the unbounded case for degree three.

The details of our proofs strongly rely on the properties of cubic and homogeneous polynomials. When
f: R* > R is a quadratic polynomial, [8] proves Theorem 1.1 using the fact that P can be divided into
regions where f is quasiconvex and quasiconcave. We use a similar approach for homogeneous polynomials
and determine quasiconvexity and quasiconcavity by analyzing the bordered Hessian. We show that the
bordered Hessian can be well understood for homogeneous polynomials. For general polynomials, these
regions cannot in general be described by hyperplanes and are much more complicated to handle, even for
the cubic case.

In Section 2, we present the tools for the main technique of the paper. This technique is based on an
operator that determines integer feasibility on sets PN C and P\ C, where P is a polyhedron, C is a convex
set, and the dimension is fixed. It relies on two important previous results, namely that in fixed dimension
the feasibility problem over semialgebraic sets can be solved in polynomial time [12], and the vertices of
the integer hull of a polyhedron can be computed in polynomial time [5, 10]. We employ this operator to
solve the feasibility problem by dividing the domain into regions where this operator can be applied.

In Section 3, we give some results related to numerically approximating roots of univariate polynomials,
which we use throughout this paper. We show how we can find inflection points of a particular function
derived from the quadratic equation using these numerical approximations, which will play a key role in
Section 4.

In Section 4, we prove Theorem 1.3 under the assumption that P is bounded. We do this by dividing the
feasible domain into regions where either the sublevel or superlevel sets of f can be expressed as a convex
semialgebraic set. With this division in hand, the operator presented in Section 2 is then applied.

In Section 5, we derive a similar division description of the feasible domain for homogeneous polyno-
mials. While for cubic polynomials the division description depends on the individual sublevel sets, there
is a single division description that can be used for all sublevel sets of a particular homogeneous function.
We separate the domain into regions where the objective function is quasiconvex or quasiconcave. These
regions allow us to use the operator from Section 2, establishing the complexity result of Theorem 1.6.

In Section 6, we consider again cubic polynomials, but relax the requirement that P is bounded, and thus
prove Theorem 1.3.

2. Operator on Convex Sets and Polyhedra Our main approach for solving Problem (1) for bounded
P is to instead solve the feasibility problem. As is well known, the feasibility problem and the minimization
problem are polynomial time equivalent via reduction with the bisection method, given that appropriate
bounds on the objective are known. We summarize this here. Given a function f: R> - R and w € R, define
ST ={(x,y) €R?: f(x,y) *x w) for * € {<, >, <, >, =}.
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Lemma 2.1 (feasibility to optimization). Let f be a bivariate polynomial of fixed degree d with integer
coefficients and suppose that P is bounded. Then, if for each w € Z + % we can decide in polynomial time
whether the set S ’_;w NZ* is empty or not, we can solve Problem (1) in polynomial time.

Proof. Since PC B =[-R,R]* and f is a polynomial of degree d, it follows that —MR“ < f(x,y) < MR".

Thus, the result is a simple application of binary search on values of w in [-MR?, MR{1N(Z + 1/2). |
We consider w € Z + % since this implies S éLw ;N Z*=S ’;w NZ? because f has integer coefficients. Further-

more, this implies that %, NZ? = 0, and therefore S¥, NZ* = S/, NZ?* and similarly S{ n7Zz> =S/, nZ2.
This is important for the proof of Theorem 4.7.

A semi-algebraic set in R" is a subset of the form _, "V, {x €R" | f; (x) *;; O} where f;;:R" > Risa
polynomial in n variables and *, ; is either < or =fori=1,...,sand j=1,...,r; (cf. [2]).

LemMma 2.2 (polyhedra/convex set operator). Let P,C CR” be such that P is a rational, bounded poly-
hedron, C is given by a membership oracle, P N C is convex, and n € Zs, is fixed. In polynomial time in
the size of P, we can determine a point in the set (P\ C) NZ" or assert that it is empty. Moreover, if C is
semi-algebraic, in polynomial time we can determine a point in PN C NZ" or assert that it is empty.

Proof. We can determine whether or not (P \ C) = @ by first computing the integer hull P; of P in polyno-
mial time using [5, 10]. Next, we test whether all of its vertices lie in C. If they all lie in C, then by convexity
of C we have that PNCNZ" C C, thus (P\ C)NZ" is empty. Otherwise, since vertices are integral, we have
found an integer point in (P\ C) NZ".

Next, since PN C is a convex, semialgebraic set, by [12] we can determine in polynomial time whether
PN CNZ"is empty, and if it is not, compute a point contained in it. [

If we can appropriately divide up the feasible domain into regions of the type that Lemma 2.2 applies to,
then we are able to solve Problem (1) in polynomial time. We formalize this in the remainder of this section.

DeriniTioN 2.3, Given a sublevel set S J;w and a box B = [-R, R]?, a division description of the sublevel
set on B is a list of rational polyhedra P;, i=1,...,1,, Q;, j=1,...,{,, and rational lines Ly, k= 1,...,{s,
such that

G) P; ﬂSﬁw isconvex fori=1,...,¢;,
(i1) Qj\Szw =0Q; nwa is convex for j=1,...,0,,
(iii) and

31 (%3 &
BN7Z?= UP,.uUquULk n7Z2. 4)
i=1 j=1 k=1

We will create division descriptions of sublevel sets S on a box B :=[~R,R]> with P C B.

TueEOREM 2.4.  Suppose P is bounded, and for every w € Z + % with w € [-MR?, MR?), we can determine
a division description for S éw on B in polynomial time. Then we can solve Problem (1) in polynomial time.

Proof. Follows from Lemmas 2.1 and 2.2. [

3. Numerical Approximations and the Quadratic Formula For a finite set A = {ay =
—R,ay,...,q, a1 = R} CR, with a; < @11, i =0,...,k, we define the set of points Xg := {la;],[a;]: i
0,...,k+ 1} and the set of intervals J 4 := {[[e;] + 1, @] — 11:i=0,...,k}. Notice that [-R,R]NZ =
(X2 UUjer, D N Z. Therefore, a minimizer x* € argmin {f(x) : x € PNZ*} where P C B := [-R,R]* is at-
tained either on a set P N ({x} X R) for some x € X4 or on a set P N (I X R) for each I € 1 4. Solving the
minimization problem on each of those sets separately and taking the minimum of all problems will solve
the original minimization problem in P N Z2. We use this several times with A being an approximation to
the roots, extreme points, or inflection points of some univariate function.

Lemma 3.1 (numerical approximations). Let p be a univariate polynomial of degree d with integer
coefficients, let M be the sum of the absolute values of the coefficients of p, and let € > 0 be a rational
number.
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(i) In polynomial time in d and the size of M and €, we can determine whether or not p = 0.

(ii) Suppose p £0 and «y,...,qa, are the real roots of p. Then, in polynomial time in d and the size of
M and €, we can find a list of rational numbers &,,. .., & of e-approximations of ay,...,qa, that is,
la; —&| <efori=1,...,k

(iii) Suppose p #0 and «,...,q; are the distinct real roots of p in increasing order. Then, in polynomial
time in d and the size of M and €, we can determine a list of rational numbers & < @i <--- <&, <@,
such that &; <a; <a@; and|a; —a|<efori=1,... k.

Proof. For part (i), compute the value of p in d + 1 integer values. If they are all zero, then p = 0 by the
fundamental theorem of algebra. Otherwise, p # 0. Parts (ii) and (iii) follow, for example, from [18]. [ |

We use Lemma 3.1 repeatedly in the following sections. One way we will use it is in the form of the
following remark.

Remark 3.2. By choosing e sufficiently small, for example € = 1/4, we can use Lemma 3.1 part (ii) to
determine approximations A = {&y, . . ., &} of the roots of p such that no interval I € 7 4 contains a root of p.
Thus, by continuity, p does not change sign on each interval. Moreover, if an interval I € 1 4 is non-empty,
we can determine whether p is positive or negative on [ by testing a single point in the interval.

The next lemma will be crucial for proving Lemma 4.6.

Lemma 3.3, Let fy, fi, fo: R = R be polynomial functions in one variable of fixed degree and suppose
that f> #0. Consider the two functions
_—h=* VA
2f
where A = ff —4£ fy. In polynomial time, we can find a set rational points A ={a,..., &} such that y.
are well defined, continuous and either convex or concave on each I € I 5. Moreover, we can determine
numbers c'. € {—1, 1} that indicate whether y. is convex or concave on I € I 4.

+ .

Proof. We start with A = (. Since f, is not identically equal to zero, the number of its zeros is bounded
by the degree of f,. By Lemma 3.1 part (ii), we can approximate its zeros with € = 1/8, which we add to the
list A. We do the same for the zeros of A.

We will show the result can be done for y, only, since the computation is analogous for y_. Then

, _ VABL-HR) AL +IAN _ AGS - B+ (AL +3H8) VA
" 2/ VA 2f;A ’

. _ =P+ VAq
y+_ 8f;A3/2

where

—p = ARSA - ALAN) + A (8 4L ) - FAY,
q:=AdLAS +8LAK -8AU —4f 1))

Therefore, y” = 0 if and only if we have p = ¢ VA. It can be checked that its solutions are exactly
the solutions of p? = ¢g°A and pg > 0. We can determine integer intervals where pg > 0 by computing e-
approximations of the zeros of pg using Lemma 3.1 part (i) and part (ii). Note that if pg = 0, then there is
just one interval, which is R. Moreover, we can determine whether p? — g?A = 0. If it is, then we add the
approximations of the zeros of pq to A. Otherwise, we compute e-approximations of the zeros of p* — ¢*A
and add those to (A. Finally, we can determine the convexity or concavity of y, on each non-empty interval
1 € 1 4 by evaluating the sign of ¥/ on an point of this interval. [

In the absence of exact computation of irrational roots, we must make up for the error. In Sections 4 and
5 we will use our numerical approximations to construct thin boxes containing irrational lines.
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Lemma 3.4.  Let K CR? be a polytope with vol(K) < % Then dim(conv(K N Z?)) < 1 and in polynomial
time we can determine a line containing all the integer points in K.

Proof. The fact that dim(conv(K NZ?)) < 1 is a well known result. See, for example, [1] for a proof. Using
Lenstra’s algorithm [15], in polynomial time we can either find an integer point X € K N Z?, or determine
that no such point exists. If no point exists, then return any line. Otherwise, let K, = KN {x: x; < x; — 1}
and K, = KN {x: x; > % + 1}, and use Lenstra’s algorithm twice to detect integer points in the sets K; N Z?
and K, NZ2. If an integer point X € (K, U K,) N Z? is detected, then return the line given by the affine hull of
{X, X}. Otherwise return the line {x : x; = X;}. [

4. Cubic Polynomials In this section we will prove that Problem (1) is solvable in polynomial time for
n =2 and d = 3 when P is bounded. For the rest of this section, let f(x,y) be a bivariate cubic polynomial.
We represent f(x,y) in terms of y as

3
FEy =D HEY = fx)+ filxy + Y + Ay
i=0

Let deg,(f) denote the maximum index i such that f; is not the zero polynomial. Given a similar repre-
sentation in terms of x, we can similarly define deg (f). Without loss of generality, we can assume that
deg, (f) > deg (f). We will consider each case deg (f) =0, 1,2, 3 separately.

DerniTion 4.1. A bivariate polynomial is called critically affine if the set of critical points, i.e., points
where the gradient vanishes, is a finite union of affine spaces—i.e., all of R?, lines, or points.

Lemma 4.2, All cubic polynomials in two variables are critically affine.

Proof. Consider a cubic polynomial f(x,y) in two variables. Since it has degree at most three, both
components of its gradient have degree at most two. Thus the gradient vanishes on the intersection of two
conic sections (i.e., quadrics in the Euclidean plane). If one of the conic sections is a line, then its intersection
with the other conic section is either a line or a finite number of points. Thus suppose that neither of the
two conics is a single line. If the two conic sections are distinct, then their intersection consists of at most
four distinct points. Therefore suppose that they are not distinct, which happens when f, = af, for some
a € R, where f,, f, are the derivatives of f with respect to x and y respectively. By equating coefficients, a
straightforward calculation shows that

f(x,y)=c3(ax+ y)3 +cy(ax + y)2 +ci(ax+y)+co,

where ¢, ¢, 2,3 are a subset of the coefficients of the original polynomial. The gradient of f vanishes if
and only if
3cs(ax +y)* +2c,(ax+y) +¢; =0. 5)

If ¢; = ¢, = 0, then this is either the empty set or all of R?, depending on whether ¢; #0 or ¢; =0.If ¢ =0
and ¢, # 0, then equation (5) reduces to the line ax +y = —20712. Finally, if ¢; # 0, then the gradient vanishes

if and only if
Cr % 4[5 —3ci63

3C3

ax+y=-

’

which is either the union of two real lines, or is not satisfied by any real points, depending on whether
¢ —3cic3 > 0 holds or not. ]
We now start with showing that Problem (1) can be solved in polynomial time if deg, (f) = 0.

Lemma 4.3, Suppose deg,(f) = 0. Then we can solve Problem (1) in polynomial time.
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Proof. The possible extreme points of the one-dimensional function f; correspond to the zeros of its
first derivative, say ay,...,a; where k < 3. By Remark 3.2, we can determine a list of approximations
A=A{a,...,&} and define 7 4 and X 4 as in Section 3. We then solve the problem on each restriction of P to
{x} xR for each x € X4 using Theorem 1.1, since this problem is one dimensional. For each interval I € 7 4,
Jo(x) is either increasing or decreasing in x. Therefore, the optimal solution restricted to the interval is an
optimal solution to one of the problems min / max{x : (x,y) € PN Z?, x € I}. These problems are just integer
linear programs in fixed dimension that are well known to be polynomially solvable (see Scarf [19, 20] or
Lenstra [15]). Since |J 4| < 3, the algorithm takes polynomial time. [ |

For the remaining cases, we solve the feasibility problem instead and rely on Lemma 2.1 to solve the
corresponding optimization problem. Moreover, we only need to find a division description for § J;w, because
then we can solve the feasibility problem by Theorem 2.4.

Lemma 4.4, Suppose deg,(f)=1. For any w € Z + % we can find a division description for S";w on Bin
polynomial time.

Proof. Since f; # 0, apply Lemma 3.1 part (ii) to find approximate roots @, ...,a&; of fi(x) = 0 with
k <2 and an approximation guarantee of € = 1/4. Hence, for all intervals [ € 1 4, we know that fi(x) #0
Vx € 1. We now consider solutions (x,y) € SZ,, and see that we can write y as a function of x by rewriting
f(x,y) = w. We denote this function by y, and compute it and its derivatives y’,y” with respect to x.

.(x) = w — fo(x)
' ffl (x) ,
(=) [0 - A LX)

yo(x) = 70 ,
,,kﬁuMMmﬂ»ﬁm+mwmuwmw—mmﬂm%ﬁuﬂ—ﬂm
T fix)? '

Let N(x) be the numerator of y”, so y” = N(x)/(f;(x)*). Using Lemma 3.1 part (i), we can check whether
N(x)=0.

Case 1: N(x) = 0. If N(x) =0, then ¥, is constant, and hence y. is an affine function on each interval
I € I;. Since deg (f) = 1, the sublevel set is either the epigraph or the hypograph of the affine function y..
Thus, X4 and 7 4 yield a division description.

Case 2: N(x) #0. We use Lemma 3.1 part (ii) to find 1/4-approximations 8 = {B1,...,Br) of the roots of
N(x) =0. The division description is then given by X 4,5 and 7 4,g, since the curve has no inflection points
on these intervals. [

A crucial tool for the next lemma is the following consequence of Bezout’s theorem.

Remark 4.5.  Let f(x,y) be a cubic polynomial and let L = {(x, y) : ax+ by + c = 0} be any line with either
a# 0 or b # 0. Then either L is contained in the level set SZ,,, or they intersect at most three times. When

b # 0 (a # 0 is analogous), this is because f(x, —‘”;") is a cubic polynomial in x, which is either the zero
polynomial, or has at most three zeros.

Lemma 4.6.  Suppose deg,(f) = 2. For any w € Z + 1, we can find a division description for S’;w on Bin
polynomial time.

Proof. We begin by finding a set of 1/4-approximations A = {@;,..., &}, k < 1, of the zeros of f>(x) with
Lemma 3.1 part (ii). We focus on intervals I € 1 4, since f,(x) is non-zero on these intervals. On the level
set S, we can write y in terms of x using the quadratic formula, yielding two functions

_—fi)+ VA

— i) - VA
yo(x) = y.() = “hi - VA

26 7 2h(0)

By Lemma 3.1 part (i), we can test whether or not A = 0.

where A = f1(x)? = 4 £(0)(fo(x) - w).
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Ficure 1. The techniques from each subcase of Case 2 from the proof of Lemma 4.6. (a) The curve y*(8 + 4x) + y(=32) + (x* —
4x? —16x+32) = 0 on the region 1 < x < 4 satisfies y_ is convex while y, is concave. One can find a line separating the two by only
considering the y, and y_ at the endpoints x = 1 and x = 4. (b) The curve y*(=20x + 80) + (3x> — 8x? + 82x + 336) = 0 on the region
6 < x <10 satisfies y, is convex while y_ is concave. We determine the x-values x* where y, and y_ are closest and then create two
separate regions on which to separate y, from y_. The separation on each region computes a point and a slope from this point to
separate. (c) The curve y*(4x — 1) +y(32) + (2x*> — 16x —32) on the region —2 < x < § satisfies y, and y_ are concave. To separate the
curves, we draw the line connecting the endpoints of y, to itself. The red shaded region around this line in the figure is explained
better in the next subfigure. (d) A more abstract example of two concave functions shows that connecting the endpoints may still
intersect the lower curve. Therefore, we remove the red shaded region around this line to ensure that we separate the two curves.

Case 1: A=0. If A =0, then y, =y_, meaning that all roots are double roots. Therefore, f(x,y) — w can

be written as fz(x)(y - ;}’;‘8 )2. It follows that V f(x,y,(x)) = 0 for all x in the domain of y,, and hence the
gradient V£ is zero on the level set. From the definition of critically affine, Lemma 4.2 and the fact that f is
not constant on R?, we must have that the level set on x € I is contained in a line since y, is differentiable in
1. Moreover, we can compute the line exactly by evaluating the derivative and the function at a point where
f(x) #0. Then we write it as ax + by = ¢ with a, b, c € Z. As before, our division description comprises of
lines from X4 and the line ax + by = ¢, whereas the polyhedra come from 7 4 and the inequalities ax + by >
c+landax+by<c-1.

Case 2: A 0. By Lemma 3.3, we can find a list A ={a,, ..., &} of rational points such that y, are well
defined, continuous and either convex or concave on each I € J z. Moreover, on each interval A # 0, so they
do not intersect. Hence, y.. are convex or concave (or both) on each interval. Furthermore, we can determine
whether y, > y_ or y, <y_ on the interval by evaluating one point in the interval.

We will assume from here on that y, > y_ on the interval I as the calculations are similar if y_ <y,. Note
that y, > y_ on [ implies that f> >0 on /. Let £,u € Z be the endpoints of /, that is I = [{, u]. Since we are
interested in a division description on B, we may assume —R < £ < u < R. We distinguish the following four
cases based on the convexity or concavity of y,,y_on .

Case 2a: y, concave, y_ convex. (cf. Figure 1 (a)) Consider f(£,y) — w and f(u,y) — w as quadratic poly-
nomials in y. We use Lemma 3.1 part (iii) to find upper and lower bounds on their roots. Since Lemma 3.1
part (iii) finds non-intersecting bounding boxes on each root for any prescribed €, we simply take € = 1.
These approximation are actually approximations to the values of y_(x) and y,(x) at x =€ and x = u. Take
the averages between the lower bounds of the upper roots and the upper bounds of the lower roots, and call
these averages J, and ¥,. Consider the rational line segment conv{(¢, J,), (4, ,)}. Due to the convexity and
concavity of y, and y_ on the interval, this line segment separates y_ from y, on [£, u].

Case 2b: y, convex, y_ concave. (cf. Figure 1 (b)) Since the epigraph of y, and the hypograph of y_ are
both convex sets, there exists a hyperplane that separates them due to the hyperplane separation theorem.
To find such a hyperplane, suppose first that we can exactly determine x* that minimizes y,(x) — y_(x) on
[£,u], and suppose further that we could exactly compute y’, (x*). If x* € (£, u), then y’ (x*) =y (x*), so the
line passing through x* with slope y’, (x*) separates the two regions. Otherwise, suppose that x* = £. Then
Y.(x*) <y, (x"), so the same line again separates the two regions. The case where x* = u is analogous.

However, x* may be irrational, so we might not be able to determine it exactly. To find a numerical ap-
proximation ¥*, note that y, —y_ = VA/ f». Since this quantity is nonnegative on [£, u], we instead minimize
the square, which is A/f7. This is a quotient of polynomials, and therefore we can approximately compute
the zeros of the first derivative, which occur at A’f; — 2, fyA = 0. In fact, either y_, y, are both lines, or
there are at most polynomially many local minima.
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Let B={B,,...,[3;} be the e-approximations of these roots with € = 1/4. We consider 7 4,5 and X 4ug and
we focus on an interval [ € T aug With fcl. Let?,i€Z be the endpoints of [.SinceleT auB, NO Minimizer
of y, —y_liesis in (2, i).

Since no minimizer lies in (£, &), y,(x) — y_(x) is minimized either at £ or at &1, so we just compare the
values. Since y, —y_ = VA/f is nonnegative on I, we instead compare the squares (y, () — y_(¢))* and
(y.(@) — y_(#))?, thus avoiding approximation of square roots. Suppose without loss of generality that # is
the minimizer.

Now consider

., . A =2fMVA
Y, =y =(VA/f,) = zzﬁi .

Calla=A'f,-2f;A and b =2f}. Then a,b,A: ZN I — Z\ {0}, and they are all polynomials of bounded
degree. A straightforward calculation shows that 1 < |a(#)|, |b(#1)|, |A(@1)| < 4 X 10°M>R5. Therefore

Y, @~y @) ‘ att) >| :

u)—y_(u)| = = .

ATy b(i) VA(@)| | (4% 102 M3R5)*

Let € := —————. We need to approximate y’, () and y’ () within a factor of €. Using the representation

4(4x102M3R5 )
in Lemma 3.3, we have

. ANER-L+EAR+SAMNNVA X+ Y VA
Ve 2174 -z

Hence, we can compute X, Y,Z exactly, but we need to approximate VA. A straightforward calculation
shows that we only need to approximate this within a factor of € := A similar calculation follows
for y’.

We can compute e-approximations ¥, (&) and y_(&1) using a numerical square root tools such as [17] to
approximate A(#) to an accuracy of é. Let

€
4x10ZM3R5 *

m =37, (@) +5.(@)) € [min(y-(@), y. (@)), max (y-(@), y. (@)]-

Moreover, we compute ¥; = %(ﬂ(ﬁ) + ¥_(&1)) where ¥,(it) and y_(it) are approximations computed from the
roots of f(i1,y) using Lemma 3.1. Then the line through (@, 7;) with slope m separates y_ and y, on [£, &].

Case 2c: y, concave, y_ concave. (cf. Figure 1 (c) and (d)) Consider the line segment L connecting the
two endpoints of y,, i.e., conv{({,y,(£)), (i, y,(u))}. We claim that L intersects the graph ofy_ in at most one
point in [£,u]. By Remark 4.5, either L coincides with the graph of y,, or L intersects the level set S /, at
most three times. Since L intersects the graph of y, twice and y_(x) < y,(x), L can intersect the graph of y_
at most once.

Therefore, the line L is a weak separator of the curves y_(x) and y,(x). Since L may be irrational, we
cannot compute it exactly, but we approximate it instead. Let € := ﬁ We use Lemma 3.1 part (iii) to find
bounding e-approximations to the roots of the equations f(£,y) = w and f(u,y) = w. Hence we can obtain
¥} <y+(€) <32 and ) < y,(u) < 32 such that |j; — 77| < € and [} — 77| < e. We then construct the quadrangle
Q = conv({(£,5,), (€, 57), (u, 5,), (u, 52)}). By construction, vol(Q) < e(u—¢) < 1/2. Therefore, by Lemma 3.4,
this contains at most one line of integer points that we can compute a description for in polynomial time.
We add this line to our division description.

Furthermore, L C Q. Therefore, y_ is strictly below than the line conv{(¢, ﬁ),(u,j}ﬁ)} and y, is strictly
above than the line conv{(¢, 5)}), (u,¥!)}. We then add to our division description the two polyhedra given by
(x,y) € [€,u] x R such that (x, y) is either above conv{(¢, 77), (u, 7,)} or below conv{(¢, 7,), (u, 7,)}.

Case 2d: y, convex, y_ convex. This case is analogous to the previous case, where instead here we take
the line segment conv{(¢, y_({)), (u, y_(u))}.

We have shown how to divide each interval, thus completing the proof. [
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Lemma 4.7.  Suppose deg,(f) = 3. For any w € Z+ 1, we can find a division description for S‘éw on Bin
polynomial time.

Proof. We create the division description by rotating the plane such that the objective function becomes
a quadratic function in one variable and then apply Lemma 4.6. For any a € R, consider the linear transfor-
mation x = u and y = au + v, that is A(u,v) = (x,y) where

a-[]

Therefore u = x, v =y — ax. Notice that A is invertible and the eigenvalues of A are both 1, therefore
lA(ut, V)I2 = ||(ut, v)||,. Define

g.(u,v):= f(u,au+v)=_(co+cja+ cra® + c3a3)u3 +w,(u,v),

where w,(u, V) is at most quadratic in terms of # and at most cubic in terms of v, and ¢y, ..., c; are a subset
of the coefficients of f. Let a € R be such that

Co + CIC_l + Czé_lz + C36_13 =0.

Note that since deg (f) = 3, we have that ¢; # 0. Since this is a cubic equation with integer coefficients, we
know there is at least one real solution. Let R > 1 be a bound on |al, which can be chosen of polynomial size
in terms of the coefficients of f by the theorem of Rouché. Set 1/e =4 x 36 x M(2R + 1)*R* and compute
an approximation &, such that |a — a.| < €. By Lemma 3.1 part (ii), this approximation can be found in
polynomial time.

If e < 1, then for 1 <i <3 we have |a' — a.| < € i (2R + 1)". Thus for any (u,v) with [[(u,v)||, < R, we have

3

> @ -a)

i=1

3
R < lcila’ - @IR®

i=1

. —2 —~3y 3
18, (1, V) = Wa (1, V)| = |(Co + €18 + 287 + c38) | <

1
4

3
< 24 Me3 2R+1)°R*<ex36xMQ2R+1)°R* <
i=1

Let f.(x,y) := w, (x,y —a.x). Then for Ac(u,v) = (x,y) with A, = [(_11 (1)] we have

|f(x,y) = feCe, )| = |ga. (u,v) — wa (u,v)| < 1/4 for all x,y € B.
Thus, for w € Z + 1, we have that
{(x,y)EBﬁZ2 :f(x,y)Sw}:{(x,y)EBﬁZ2 D fe(x,y) Sw).

Therefore, we can solve the feasibility problem for f by solving the feasibility problem for f.. By
Lemma 4.6, we can find P;, Q; and L, to divide the plane for the level sets of w;_, which is done by scaling the
function to have integer coefficients. Then, under the linear transformation A., we have that A.P;,A.Q;, A L,
are all rational polyhedra, so they comprise a division description. [

TheoreM 4.8 (cubic, bounded). Theorem 1.3 holds when P is bounded.

Proof. Follows directly from Lemmas 4.3, 4.4, 4.6, 4.7 and Theorem 2.4. [ ]
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5. Homogeneous Polynomials In this section we will prove Theorem 1.6 by showing that for homo-
geneous polynomials, we can choose one division description of the plane that works for all level sets.
This is done by appropriately approximating the regions where the function is quasiconvex and quasicon-
cave. We say that a function f is quasiconvex on a convex set S if all the sublevel sets are convex, i.e.,
{xeS : f(x) <w}is convex for all w € R. A function f is quasiconcave on a set S if —f is quasiconvex on S.
A polyhedral division of the regions of quasiconcexity and quasiconcavity is a division description for any
sublevel set. Therefore, if we can divide the domain into polyhedral regions where the objective is either
quasiconvex or quasiconcave, then we can apply Theorem 2.4.

In Section 5.1 we study homogeneous functions and investigate where they are quasiconvex or quasicon-
cave. In Section 5.2, we show how to divide the domain appropriately into regions of quasiconvexity and
quasiconcavity, proving the main result for homogeneous polynomials.

5.1. Homogeneous Functions and the Bordered Hessian The main tool that we will use for distin-
guishing regions where f is quasiconvex or quasiconcave is the bordered Hessian. For a twice differentiable
function f: R" — R the bordered Hessian is defined as

[0 v
Hf_[vf sz]’ (6)
where V£ is the gradient of f and V2 f is the Hessian of f.

We will denote by Dy the determinant of the bordered Hessian of f. Let f; denote the partial derivative
of f with respect to x; and f;; denote the mixed partial with respect to x; and x;. The following result can be
derived from Theorem 2.2.12 and 3.4.13 in [3].

LemMa 5.1.  Let f: R*> — R be a continuous function that is twice continuously differentiable on a convex
set S.
(i) If Dy <O, then f is quasiconvex on the closure of S.
(ii) If Dy >0, then f is quasiconcave on the closure of S.

We now briefly discuss general homogeneous functions. We say that 4: R* — R is homogeneous of
degree d if h(Ax) = A%h(x) for all x € R"” and A € R. Clearly a homogeneous polynomial of degree d is a
homogeneous function of degree d.

The following lemma shows that the determinant of the bordered Hessian has a nice formula for any
homogeneous function. This was proved in Hemmer [11] for the case of n =2, which can be adapted easily
to general n.

Lemma 5.2.  Leth: R" — R be a twice continuously differentiable homogeneous function of degree d > 2.
Then

-d
Dy(x) = d_lh(x) -det(V*h(x)) for all x e R". @)
Recall that a polynomial f(x): R* — R is homogeneous translatable if there exists a t € R" such that

f(x+t) = h(x) for some homogeneous polynomial /(x).

COROLLARY 5.3. Let f be a homogeneous translatable polynomial in 2 variables of degree d > 2. Then
either Dy is identically equal to zero, or Dy is a homogeneous translatable polynomial that translates to a
homogeneous polynomial of degree 3d — 4.

If h: R? > R is a homogeneous polynomial of degree d > 2 and D), = 0, then # is the power of a linear
form, as the following lemma shows.

Lemma 5.4 (Lemma 3 in [11]). Let h: R?> — R be a homogeneous polynomial of degree d > 2. Then
Dy, =0 if and only if there exist ¢ € R* such that

h(x) = (c"x)’. 3
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5.2. Division of Quasiconvex and Quasiconcave Regions and Proof of Theorem 1.6 Let P be a
bounded rational polyhedron and let ' be a homogeneous translatable polynomial. Recall that there exists
an integer R > 1 that is polynomial in the size of P such that P C B:=[-R, R]*.

We will show how to decompose B N Z? into polyhedra P; where F <0, Q; where F > 0, and lines L;. If
we choose F = D for a homogeneous translatable polynomial f, then we obtain a classification of regions
of quasiconvexity and quasiconcavity by Lemma 5.1 and can then use Theorem 2.4.

The regions F <0 and F > 0 cannot be described by rational hyperplanes; therefore, we approximate
them sufficiently closely by rational hyperplanes. In order to avoid numerical difficulties, we allow the
possibility of leaving out a line of integer points, which we consider separately. To determine those lines,
Lemma 3.4 will be useful.

We will summarize a strategy to create the desired regions for a homogeneous polynomial / of degree d.
We will then prove a theorem for the more general setting of a homogeneous translatable polynomial f in a
similar way.

For a homogeneous polynomial % of degree d that is not the zero function, the roots of 4 must lie on at
most d + 1 lines, which we will call zero lines. This is because if A(X) = 0, then we have A(1X) = AYh(X) =0
for all A € R. Each zero line is either the line x; = 0, or must intersect the line x, = ¢ for any fixed § # 0.
The fact that the former is a zero line can be established by testing whether /(0, x,) is the zero polynomial.
To see how the latter defines zero lines, consider the polynomial A(x;,d). It is a univariate polynomial of
degree d, and hence has at most d roots. Therefore, finding these roots (and hence the intersections of the
zero lines of & with the line x, = §) completes our classification of all the zero lines of /.

We choose 6 = R and use Lemma 3.1 part (iii) to find intervals containing the roots of h(x;,R). These
intervals can be used to create quadrilaterals that cover the zero lines of & within B. Provided that the proper
accuracy is used, these quadrilaterals will contain at most one line of integer points. Finally, taking the
complement of quadrilaterals in B, we find a union of polyhedra where % is non-zero. We can then find an
interior point of each polyhedron on which we can evaluate 4 to determine the sign on each polyhedron.

THEOREM 5.5. Let F(X) be a homogeneous translatable polynomial in two variables of degree d € Zs
with integer coefficients that is not the zero function. Let £ € Z, be a bound on the size of the coefficients of
F. In polynomial time in €, d and the size of R, we can partition BN Z? into three types of regions:

(i) rational polyhedra P; where F(x) > 0 for all x € P;N BN Z?,
(ii) rational polyhedra Q; where F(X) <0 forallxe Q,NBN 72,
(iii) one dimensional rational linear spaces L,
where each polyhedron P;, Q; is described by polynomially many rational linear inequalities and each linear
space is described by one rational hyperplane, and all have size polynomial in €, d, and the size of R.
Furthermore, there are only polynomially many polyhedra P;, Q; and linear spaces L.

Proof. Since F is homogeneous translatable, there exists t € R? such that h(x) = F(x+t) is a homogeneous
polynomial of degree at most d. The zeros of & lie on lines through the origin. Therefore, the zeros of F
must lie on lines through t.

We consider the region S = {x € R* : =R < x, < R}. Since all zero lines of F pass through t, the geometry
of the non-negative regions in B depends on whether or not te€ S.

Consider the distinct roots @) < @, <--- <@, and | <, < --- <, of the univariate polynomials F(x;,R)
and F(x;,—R), respectively. Assume without loss of generality that r = s, because if we encounter the case
r # s, then t is on the boundary of the region, so we can simply set R := R + 1, which will result in r = .

If t¢ S, then the zero lines of F do not intersect in S and hence there must be a zero line from each ¢; to
each B; (c.f. Figure 2a). If t € §, the zero lines intersect in S, and therefore the zero lines of F' connect each
a; to each B,_; (c.f. Figure 2b). The union of those two sets of lines has cardinality at most 2d and contains
all zero lines of F except for lines parallel to the x, axis (c.f. Figure 2c). By switching x; and x,, repeating
the same procedure and adding the resulting at most 2d lines, we thus get a set of at most 4d lines which
contain all the zero lines of F.
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Figure 2. This figure illustrates the techniques in Theorem 5.5. The black solid lines are the zero lines of F. We construct the
shaded quadrilaterals using numerical approximations on the roots @; and §; to an accuracy such that they each contain at most one
line of integer points. (a) If the zero lines of F' do not intersect in S, then each zero line passes through (a;, R), (8;, —R) for some i.
(b) If the zero lines of F intersect in S, then they intersect in a common intersection point ¢. Each zero line passes through (a;, R),
(Br—i» —R) for some i, except for a potential horizontal zero line. (c) To avoid having to know whether the zero lines intersect in S or
not, we simply consider all potential lines from both cases. Note that this still does not include a potential horizontal zero line. This
line is covered by switching x; with x, and repeating the same procedure.

For each of the at most 4d lines we now construct a rational quadrilateral containing its intersection
with B and with the property that all integer points in the quadrilateral are contained on a single line. We
describe this only where we fix x, = £R, as the case of fixing x; is similar. Consider the line passing through
(@, R) and (B, —R). In time and output size that is bounded by polynomial in £, and the size of R and € (see
Lemma 3.1), we can compute a sequence of disjoint intervals of size smaller than € containing the roots
of F(x;,%R). Thus, for the root @, we can construct a~,a* € Q with ™ < a@ < a* such that |[a* —a7| < e.
Similarly, we can construct 87,8 € Q for .

If we choose € := 4LR, then the rational quadrilateral defined by vertices (o™, R), (a*,R), (87,—R) and
(8%, —R) has volume less than 2 X R # = % Moreover, it can be defined by inequalities with a polynomial size
description. Hence by Lemma 3.4, the integer points in it are contained in a rational line that we can find a
description of in polynomial time. Each one of those lines will define one L; in the division description.

In total, this results in at most 44 linear spaces L;, 8d hyperplanes for the quadrilaterals and 4 hyperplanes
for the boundary of B. Apply the hyperplane arrangement algorithm of [22] to enumerate all O(d?) cells of
the arrangement in O(d> £p(2,d)) time. Here £p(2,d) is the cost of running a linear program in dimension 2
with d inequalities, which is in polynomial time because of the inputs are of polynomial size. For each cell,
a signed vector of +, 0, and — describing if the relatively open cell satisfies a’ - x > b;, a' - x =b;, a' - x < b,
respectively, for every hyperplane a; - X = b; in the arrangement. We exclude cells that are contained in the
union of quadrilaterals and cells not contained in B by reading these signed vectors. This is all done in
polynomial time in d.

We have described how to obtain at most 4d linear spaces L, and polynomially many rational polyhedra
that contain all integer points in B. Using linear programming techniques, we can determine an interior point
of each of these polyhedra. Evaluating F at each interior point determines the sign of F on each polyhedron.
Hence this construction determines the list of polyhedra P; and Q;. This finishes the result. [

Recall that for a convex set C, f is quasiconvex on C if and only if CN S ’;w is convex Y w € R. Moreover,
f is quasiconcave on C if and only if C NS, is convex ¥ w.

COROLLARY 5.6. Let f be a homogeneous translatable polynomial of degree d > 2 with integer coeffi-
cients. In time and output size bounded by polynomial in d, the size of R, and the size of the coefficients



14 Del Pia, Hildebrand, Weismantel, Zemmer: Minimizing Cubic and Homogeneous Polynomials over Integers in the Plane

of f, we can find a polynomial number of rational polyhedra P;, Q; and rational lines Ly such that f is
quasiconvex on P, quasiconcave on Q;, and

0 %) 03
BNZ:= UPiUUQjUULk nz2. )
i=1 j=1 k=1

In particular, for a given w € R, this yields a division description for S J;w on B.

Proof. If D; =0, then by Lemma 5.4, f has the form f(x) = (¢ (x — t))*. This function has one line of
zeros and has the property that whenever f > 0, f is convex and whenever f <0, f is concave. By Theo-
rem 5.5, we hence divide BN Z? into polyhedra where f is quasiconvex or quasiconcave and some rational
lines containing integer points. If instead D, # 0, then by Corollary 5.3, D, is homogeneous translatable of
degree 3d — 4. By Theorem 5.5, we can cover BN Z? with polyhedra where D; < 0 or D; > 0 and just lines.
Applying Lemma 5.1, shows that f is quasiconvex or quasiconcave in these polyhedra. By the definition of
quasiconvexity, this yields a division description for S ’;w Y w. [

Proof of Theorem 1.6 If d < 1, the problem is a particular case of integer linear programming, which is
polynomially solvable in fixed dimension [19, 20, 15]. Assume that d > 2. By Corollary 5.6, we can con-
struct a polynomial number of rational polyhedra with polynomially bounded size where f is quasiconvex
or quasiconcave, and linear spaces, that cover P N Z?. This description yields a division description for any
w. We can then solve our problem in polynomial time using Theorem 2.4. [

The proof of Theorem 1.6 is more general than is needed here. In fact, the same proof shows that we
can also minimize a polynomial f(x,,x,) whenever D, is homogeneous translatable and is not identically
zero. Minimizing general quadratics in two variables can then be done in this manner, because either D has
those properties, or we can compute a rational constant ¢y such that f(x) + cq is homogeneous translatable.

6. Cubic Polynomials and Unbounded Polyhedra In this section, we prove Theorem 1.3, i.e., we
show how to solve Problem (1) in two variables when f is cubic and P is allowed to be unbounded. The
behavior of the objective function on feasible directions of unboundedness is mostly determined by the
degree three homogeneous part of f. Hence we will study degree three homogeneous polynomials before
proceeding with the proof of Theorem 1.3

A polynomial with integral coefficients is irreducible if it is non-constant and cannot be factored into the
product of two or more non-constant polynomials with integer coefficients. A homogeneous polynomial of
degree three factors (over the reals) either into a linear function and an irreducible quadratic polynomial,
or three linear functions. We distinguish between the cases where the linear functions are distinct, have
multiplicity two, or have multiplicity three, in part, by analyzing the discriminant A, of certain degree d
polynomials. In particular, if p(x) = 3¢ c.x!, with ¢, # 0, then A, = 2 —dc,c, and Az = 32 —dcic, —de,cl -
27¢5c3 + 18c,c,¢,¢5.

LemMma 6.1 (repeated lines). Let h(x,y) = cox’ + ¢;x%y + c,xy* + ¢3y° be a homogeneous polynomial of
degree 3 with integer coefficients, that is, c; € Z for i =0, 1,2, 3. Suppose h % 0 and there exist a,,b,,a,,b, €
R such that

h(x,y) = (a1x + byy)’(axx + byy). (10)

min{la;|,b;[}

maxllal b L= 1,2, can be determined in polyno-

Then a,x + b1y =0 and a,x + b,y = 0 are rational lines and
mial time.

Proof. If a; =b, =0 or a, = b, =0, then i =0, so suppose that one in each pair is non-zero. Let us first
consider ¢; = 0, in which case h(x,y) = x(cox* + ¢, xy + ¢;y%). Since h takes the form of equation (10), this
means that either i(x,y) = a%xz(azx + b,y), or h(x,y) = (a;x + b,y)*a,x. In the former case, b, =0, so a; # 0
and b,/a, = 0, whereas in the latter case b, =0, so a, # 0 and b,/a, = 0. We can determine which case we
are in by checking whether ¢, = 0.
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If h(x,y) = a*x*(a>x + byy), then ¢, = 0 implies a, = 0 and ¢, = 0 implies b, = 0. If neither happens,
we have that a,/cy = b,/c,. In particular, a,,b, # 0 and b,/a, = ¢,/cy. If h(x,y) = (a;x + b;y)*a,x, then by
expanding this expression and equating coefficients, we get ¢y = a%az, ¢ =2a,a,b, and ¢, = azb%. Since
¢, # 0 and a, # 0, we have that b; # 0. By solving the third equation for a, and plugging into the second, we
geta, /by =c1/(2cy).

This proves the result for c; = 0. The case ¢y = 0 is analogous. Thus suppose that ¢, c; # 0, which in
particular implies that a,, b, a,, b, # 0. By expanding (a,x + b;y)*(a,x + b,y) and equating coefficients with
the integers cy, ¢, ¢2, c3, We arrive at the system of equations

Co= a%az, C1 = a1b1a2 + Cl%bz, Cy = d1b1b2 + azb%, C3 = b%bz
We first show that b, /a,,b,/a, € Q. Equations for ¢y and ¢; combined imply that
b, _Gfa ?
a B co \bi '

Therefore, it suffices to prove that b,/a; € Q. Substituting equations for ¢y and c; into equations for ¢, and
¢, we obtain

C3

b

C3

Co —
C1=a1b1g +Cl% =dC0+d 26’3, cz=a1b1ﬁ
1

€o -
+ _Zb% =d 1C3 + dZCO,
1 a

1

where we set d = b, /a,. Multiplying the first equation by d* and the second by d yields

d2€1 =d3CO+C3, dCz =C3+d360.

Since the right hand sides are equal, we see that d’c, = dc,. If ¢, = ¢; = 0, then for y = 1, we have that
A3 = —27c§c§ < 0, because ¢y, c3 # 0. But this implies that 4(x, 1) has no multiple roots, which contradicts
that 4 is of the form of equation (10). Thus either ¢, or ¢, are not equal to zero. Suppose c; # 0, as the other
case is similar. Then d = ¢, /¢, and hence d is rational.

Finally, let us see how we can compute b;/a; and b,/a,. Consider h(x,1) = cox’ + ¢\ x> + crx + ¢3 =
(a1x + by)*(ax + b,), which has a zero for x = —b; /a; with multiplicity two. Thus, it is also a zero of its

—2C1¢\/A_2

6¢
with A, = 4cf — 12¢yc,. But we have already established that b, /a; is rational, so VA, is an integer. "I(‘)hus
we can determine it in polynomial time by approximating the zeros of x*> — A, using Lemma 3.1 part (ii)
to an accuracy € = 1/4 and rounding the result to the nearest integer. We can therefore compute x. and by
plugging the values back into 4(x, 1) we can determine which one is also a root of A(x, 1). We thus have
determined b, /a,, and by the formula above this also gives b,/a, = ¢3/co (a;/b)*. [ |
If & is a cubic homogeneous bivariate polynomial, then a line always factors out over the reals. Thus,
there exist real numbers a;, b; for i = 1,2,3 and a quadratic irreducible polynomial g(x,y) such that it is of
one of the following types:
Type (i) h(x,y) = (aix +byy)(ax + byy) (azx + b3),

Type (ii) h(x,y) = (a1x+ b1y)* (a:x + byy),

Type (i) h(x,y) = (@x+biy)’,

Type (iv) h(x,y) = (a;x+b1y)q(x,y).
An example of each type is shown in Figure 3.

first derivative, which is #'(x, 1) = 3¢ox> + 2¢; x + ¢,. By the quadratic formula, its zeros are x. =

LemMa 6.2.  Let h be a cubic homogeneous bivariate polynomial. In polynomial time, we can determine
which of the four Types (1)-(iv) the polynomial h belongs to. Furthermore, if it is of Type (ii) or Type (iii), in
polynomial time, we can compute rational a;, b, i = 1,2, satisfying the equation.
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Ficure 3. The top four plots are contour plots for examples of the four classes of cubic homogeneous polynomials as described in
the proof of Lemma 6.2. The bottom four plots depict the sign of the polynomial. The red lines are the zero level set. The polynomial
is zero on (i) three distinct lines, (ii) one single and one repeated line, (iii) a triple line or (iv) a single line. The thicker red line in
(ii) and (iii) is the zero line with multiplicity 2 and 3 respectively. If the function is zero on a single line only as in (iv), then it is
the product of a line and a quadratic polynomial that is irreducible over the reals. Examples of rec(P) as discussed in Case 3 of the
proof of Theorem 1.3 are depicted in green.

Proof. We show how to determine which of the Types (i)-(iv) the polynomial belongs to. Suppose first
that the coeflicient of y* is zero. Then x = 0 is one of the zero lines of the polynomials and we can factor out
X, leaving us with a homogeneous polynomial of degree 2. If x factors out again, then depending on whether
it factors out a third time or not, we are either in Type (ii) or (iii), because either h(x,y) = a%xz(azx + byy),
b, #0, or h(x,y) = afx3. If x does not factor out a second time, then we look at the discriminant A, of the
degree 2 polynomial where we set x = 1. It is well known that the sign of A, determines whether A(1,y) has
2, 1 or 0O distinct real roots. Remember that since % is homogeneous, A(1,y) = 0 if and only if 4(4, 1y) =0
Y A= 0. Thus, if A, > 0 we are in Type (i), if A, =0 in Type (ii), and if A, <0 in Type (iv).

Let us now look at the case where x = 0 is not a zero line of the polynomial. Set x = 1 and consider
the discriminant A; of the resulting polynomial. It is well known that the sign of A; determines whether
h(1,y) has three distinct real roots, one real root and two complex conjugate roots, or if all roots are real
and at least two of them coincide. Thus, if A; > 0, we are in Type (i), and if A; <0, we are in Type (iv).
Finally, if A; =0 we are either in Type (ii) or (iii). To distinguish between those two, note that it is possible
to establish the multiplicity of a root of a univariate polynomial by checking whether it is also a root of its
derivatives. Thus compute the root of the second derivative. Note that it is a rational expression in terms of
the coeflicients of the original polynomial, so it is rational. If it is also a root of the first derivative and the
original polynomial (with x = 1), then it is a triple root, so we are in Type (i). Otherwise, we are in Type (ii).
Hence, in polynomial time, we can determine which case we are in.

Finally, by Lemma 6.1, if £ is of Type (ii) or (iii), then we can compute rational a;, b; for i = 1,2. ]

We will also need the following lemma about lower bounding a polynomial that is positive on a compact
set.

Lemma 6.3.  Let f: [0,1] = R be a polynomial of maximum degree at most 3 with rational coefficients.
Suppose f(x) >0 for all x € [0, 1]. Then there exists a lower bound m of polynomial size in the coefficients
of f such that f(x)>m> 0 for all x€[0,1].

Proof. We will bound the minimum value of f on [0, 1]. Since f is a polynomial, it attains its minimum
value at a critical value or at one of the endpoints of the interval. Clearly, f(0) and f(1) have a polynomial
size in the size of the coefficients of f, so we only need to bound the function at any critical values.
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Consider
f(x)=ax’ +bx*+cx+d, and f'(x)=3ax’+2bx+c=0.

If a =0, then the only critical point is at x = —c/(2b). Clearly f(—c/(2b)) also has polynomial size.
Otherwise, a # 0. Then, from the quadratic formula, it follows that

—b+ Vb -3ac 27a*d — 9abc + 2b* + (6ac — 2b*) Vb* —3ac
Xy=—————, and f(x.)= .
3a 27a?
Thus, set p = 27(‘2d;(7’2§’“+2”3 ,q= 16“2”7; 22”2, and ¢ = b> - 3ac, and let f* = p + g V/t. By rearranging, we arrive at

(f -=p’-q't=0.

Since we know that f* > 0, by Rouché’s theorem its smallest positive root is at least as large as some m > 0,
where m is of polynomial size in the original coefficients. [

We now prove Theorem 1.3.

Proof of Theorem 1.3 We will either show that Problem (1) is unbounded and exhibit a feasible point X
and an integral ray ¥, each of polynomial size, such that the objective function tends to —co along X + AF as
A — oo, or we will exhibit a polynomial size bound R such that the optimal solution x* of Problem (1) is
contained in PN [—R, R]*, and hence the solution can be found in polynomial time using Theorem 4.8.

We assume that P; is unbounded, because otherwise Problem (1) can be solved using Theorem 4.8. If the
degree of f is not greater than two, then Problem (1) can be solved by [8]. Thus we will assume that the
degree of f is exactly three. We will also assume that rec(P) is a pointed cone, where rec(P) denotes the
recession cone of P. If not, then we can divide P into four polyhedra where the recession cone is pointed,
for instance, by restricting to the four standard orthants of R?, and solving on each polyhedron separately.
Since rec(P) is pointed, using linear programming techniques, we can compute rational rays r', r? such that
rec(P) = cone{r!,r*} = {A4;r! + A4,r’ : 1,4, > 0}. Without loss of generality, we assume that r!,r*> € Z? are
integral, as this can be obtained by scaling.

We will be focused on the behavior of f(x+Ar) as A varies, where x € PNZ? and r € rec(P). Since rec(P) =
conefr!,r?}, we only need to restrict our attention to r € conv{r', r?}. Since P is pointed, 0 ¢ conv{r',r?}. In
large part, the behavior of f(x+ Ar) is determined by &, where 4 is the non-trivial degree three homogeneous
polynomial such that f — 4 is of degree two. We decompose f(x + Ar) by parametrizing with A in the
following way:

fx+Ar) = A2 + g2(x, 1) A% + g1 (X, 1) + f(X). (11)

We consider cases based on the sign of /2 on conv{r!, r?}. In particular, let #* = min{A(r) : r € conv{r!,r?}}.
We can determine the sign of 4* by considering the univariate polynomial i(s) := h(sr' + (1 — s)r?) on the
interval s € [0, 1] and applying Lemma 3.1 part (iii) and testing the points based on the location of the zeros.
Note that the sign of 4" can be determined without actually computing /*. This is important, since the value
h* could be irrational.

Case 1: Suppose /* < 0.

Then h(r) < 0 for some r € conv{r',r’}. We begin by computing a rational ray F € conv{r!,r?} with
h(F) < 0. If A(r') < 0 or h(r?) < 0, then we are done. Otherwise, by Rolle’s theorem, /(s) = 0 somewhere on
[0, 1]. By numerically approximating the zeros of 4 with Lemma 3.1 part (iii), we obtain separated upper
and lower bounds, @ and &;, on the zeros of 4. Note that any prescribed tolerance € works here since we
only want to separate the zeros. Once the zeros are separated, one of these approximations must attain a
negative value, call it §. Then set F = §r! + (1 — H)r’.

Using Lenstra’s algorithm, find a point X € P N Z? of polynomially bounded size. There exist infinitely
many points X + AF € PNZ? for 1> 0. By (11), f(X + AF) is a cubic polynomial in A with a negative leading
coefficient. Hence f(x + Ar) — —oo as 4 — oo, i.e., Problem (1) is unbounded from X along the ray r.

Case 2: Suppose 1" > 0.
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Since 7" > 0 and r', r? are rational of polynomial size, and / is a polynomial with coefficients of polyno-
mial size, we can also pick an 0 < hy < h* of polynomial size using Lemma 6.3.

Using the Minkowski-Weyl theorem and linear programming, we can decompose P into P = Q + rec(P),
where Q is a polytope and hence bounded. Let R, be of polynomial size such that Q C [-Ry, Ry]*.

Again, using Lenstra’s algorithm, determine any X € P N Z* of polynomial size. We now will determine a
bound on A such that f(q + Ar) > f(X) for all q € Q and r € conv{r!,r?}.

From (11), we have f(q + Ar) — f(X) = h(r)A* + g,(q,1)A%> + g,(q,r)A + f(q) — f(X). Note that g; are
polynomials with coefficients of size bounded by a polynomial in the size of the coefficients of f. Since
(q,r) € O x conv{r!,r?}, there exists a uniform polynomial size bound on |f(q) — f(X)|,|gi(q,x)],i=1,2, on
0 x conv{r',r?}, call this U. Then

f(X) = f(X) > h(r)A> —=3U 2> > hoA> —=3U 2 = (hyd = 3U)A* >0,

where first and last inequalities together hold whenever A > max{%, 1}. Therefore, if x = q + Ar € P N Z?
with A > %, then f(x) > f(X).

Finally, let R := Ro +max {1, 32} x max {|ir' 3, [Ir*(3}.

Therefore, the optimal solution to Problem (1) is contained in [—R, R]* and R is of polynomial size.

Case 3: Suppose 7" > 0.

If h* > 0, then we are in Case 2. Otherwise, there exists at least one ray r € conv{r', r*} such that /(r) = 0.
Now rec(P) € S* . Recall that the homogeneous polynomial 4 is of one of the four types (Types (i)-(iv)).
Notice that Type (ii) is the only type where int(rec(P)) N S* can be non-empty (c.f. Figure 3). Therefore,
if /1 is not of Type (ii), then r must be an extreme ray of rec(P), i.e., r =r! or r = r>. Otherwise, when # is
of Type (ii), the set S” is a rational line. By Lemma 6.2, we can distinguish these cases and compute the
rational line if necessary. Hence, we can compute all candidate rays r € conv{r',r?} such that A(r) = 0 in
polynomial time.

We now divide the problem such that we must consider at most one of these recession rays and such
that it is an extreme ray of the divided problem. This can be done, for instance, by averaging the candidate
rays, then restricting recession cones described by neighboring pairs of rays. We show how to solve just one
such problem, as the others can be solved in an identical manner. Thus, for the remainder of the proof, we
redefine r',r? such that rec(P) = cone{r', r?} with A(r') = 0, h(r) > O for all r € conv{r',r?}\ {r'}. Without
loss of generality, r!,r* € Z2.

Finally, we make one more decomposition. Let Q be the convex hull of the vertices of P;, in particular
P; = Q0 +rec(P), and Q is bounded. Let X be the vertex of Q such that P; = P, U P, where P, = X + rec(P)
and P, = Q + cone{r’}. Choose (r')* as either (=r}, r}) or (r}, —r}) such that r* - (r')* > 0. Then the vertex %
is a solution to the minimization problem min{(r')* -x:x € PNZ?}.

Notice that rec(P,) = cone(r?) and A(r?) > 0. Thus, we can derive a bound just as in Case 2, that is, we
find polynomial size bounds A, and R, such that the optimal solution in P, is contained in [R5, R,]* and
also f(q+ A,r?) > f(X) for all A, > 1, and q € Q.

Henceforth, we only need to focus on the region P, =X + rec(P).

We will use equation (11) with r = r! fixed. To make explicit that g,, g, only depend on x, we write
gﬁl (x) := g,(x,r") and ggl (x) := g»(x,r"). Since we know r', we can compute explicitly the coefficients in the
polynomials g{l (x) and ggl (x). Since A(r') =0, equation (11) reduces to

FE+A+ 1) = g8 R+ L)L + g5 R+ Lr)A+ F&+ rd). (12)

Case 3a: Suppose g;l (x) # 0. Now consider the equivalent rewritings of f(x + ur' + Ar') as polynomials
in A,

F(x+pr'y+ar') = b (x+pr) 2 + gF (x+ pr) A+ f(x +purh),
SO+ @+ D) = g )+ 27 + g @+ ) + F(X).
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Considering these as polynomials in A, the highest order coefficients, i.e., the coefficients of A%, must coin-
. 1 1 . . . . . . .
cide. Hence g5 (x +ur') = g5 (x), so g, is invariant with respect to changes in the r' direction.
Therefore, we compute

g = min{ggl (x):xe P, NZ* = min{g;l &+ Lrd) A + r7 €7, 2,, 1, >0} 13

=min{gi R+ Lr): A, € L), (13
where p = ged{r],r}}, and g = (r')* - r%. The last inequality holds since Ix € Z? such that (r')* -x =z € Z if
and only if z € pZ and moreover (r')* -x = (r')*- (X + A;r' + 1,r?) = (r')* - (] + A,r?). Therefore, A,(r')* -r’* €
pZ,i.e., A, € §Z. This last problem is a one dimensional integer polynomial optimization problem that can
be solved by Theorem 1.1.

We now do a case analysis on the sign of g5 provided that ggl (x) #0.

Case 3al: Suppose g; < 0. Then let A5 be a minimizer to the minimization problem (13). Let X € Z* be
such that X = X + A;r? + A;r' € Z* for some 4, > 0, which can be found using a linear integer program. Since
f(X+ Ar') is a quadratic polynomial in A with a negative leading coefficient and f(X + Ar') — —co as A — oo,
the problem is unbounded from the point X along the ray r'.

Case 3a2: Suppose g; > 0. Since all inputs are integral, g;] (X) €Z and g5 > 0, we have ggl (X) > 1. Since
ggl (x) is linear in x, we have for € € R?, with ||€]| < 1

rl s s A
185 (R) = g2, 1! + €)] <45 x M x max{L, [Rl|u} X [ |oo X [I€]lco-

Recall that M is the sum of the absolute values of the coefficients of f. We choose € = (r* — r!) e such
that 0 < e < m, and such that € < 1 .Let # =r' + (r> —=r')e. It follows that f is of

2x45xMxmax{1,][&]loo }X/Ir! lco
polynomial size and for all r € conv{r', t}, we have

D) 2 ®) -8 ®) - L&Dz 1 - 5=,
We now decompose P, into pieces P;; = X + cone{r', £} and P, = X + cone{f, r?}.
On P,, a polynomial size bound R, is given by the analysis in Case 2 since h(r) > 0 for all r € conv{f, r*}.
On P, consider any x € P;;. Similar to Case 2, we find a A of polynomial size such that f(X + Ar) > f(X)
forall 1> A and r € [r', #]. We determine A this time using the fact that g, > 0. Using equation (11) and the
fact that A(r) > 0, we have

F&+Ar) — fR) = A + g &, 1) + g1 (X, 1)1+ f(X) — f(X) > A(g2(X, 1)1+ g,(], 1)) > 0.

This last inequality holds when g,(X,r)4 > |g;(X,r)|. We can write down g;(X,r), i = 1,2, explicitly as poly-
nomials of r with coeflicients of size bounded by a polynomial in the size of the coefficients of f. Since
r € conv{r!, #}, which is a compact set, there exists a uniform polynomial size upper bound on |g,(%, )|, call
this U. Hence, we can choose 1= U.

Finally, let R, := || + max {1, U} X max{llrlllg, ||f'||§}. Therefore, the optimal solution in P, to Prob-
lem (1) is contained in [-R,R)?* for R = max {R,,R},}, which is of polynomial size since R,;,R,, are of
polynomial size.

Case 3a3: Suppose g5 = 0. Since ggl (x) # 0, there are only polynomially many points where ggl X+
Ar?) =0 for A, € }]Z+. After repeated application of Theorem 1.1, we can find all such points, and call

them /l;, ..., A% . In fact, we can show that g;] (& + A,r?) is linear in terms of A,, but we use the more general
technique here as it will be repeated in Case 3b3.

Each subproblem min{f(& + 4;r' + 2;r*) : X + 4;r' + A4r* € Py N Z?} can be converted into a univariate
subproblem and solved with Theorem 1.1.

The remaining integer points in the feasible region are contained in the polyhedra P! = Py N {& + x :
A<t - x <A ()t - r?} fori =0,...,m+ 1, where we define 29 =0 and 45! = co.
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As before, decompose each P as we did with P, into the polyhedra Q) + cone{r?} and %+ rec(P)). As
before with P,, the optimal solution on Q' + conefr?} can be bounded using the techniques of Case 2. On
each subproblem &' + rec(P)), we have ggl (%) > 0; hence we can apply the techniques of Case 3a2.

Case 3b: Suppose ggl (x) =0, but gﬁl x) 0.

Consider the equivalent rewritings of f(x + ur' + Ar') as polynomials in A,

Fx+ury+ar) = g8 (x+pur)A+ f(x+urb),
FO+ o+ Dr') =g @)+ ) + f(x)

Considering these as polynomials in A, the coefficients of A must coincide. Hence g{l (x+urh) = g{l (x), so
we see that g{l is invariant with respect to changes in the r' direction.
Therefore, we compute

gl = min{g{l (xX):xeP NZ%*= min{g{l K+ L) 4 + 1P €7, 2,,4,>0)

14
=min{gf R+ Lr): 1€ Z.), (14

where p = ged{r],r)}, ¢ = (r')* - r?, and the last inequality holds just as in Case 3a. This last problem is a
one-dimensional integer polynomial optimization problem that can be solved by Theorem 1.1.

We now do a case analysis on the sign of g} provided that gf (x) 0.

Case 3b1: Suppose g; < 0. Similar to Case 3al, there is a point X € P N Z* such that g{' (x)=g; <0.
Then f(X+A;r!) = gfl X)A; + f(X) > —oo for A; — oo, so the problem is unbounded from the point X in the
direction r'.

Case 3b2: Suppose g; > 0. Since the minimization problem for gj is discrete and the objective is at most
quadratic in A,, we have that g} > qlz.

First, for A, > 0 we have that

FE+ AT+ 0 = i) + & )L+ & )b + g8 R+ LA, + fR)
> h(r*) A3+ 22X, 1) + g1 (R, 1), + f(R).

In particular, f(X + 4,r' + Lr?) > f(X) if A(xr*)A3 + g2(X, 1) + g1(X,1%) > 0. By the theorem of Rouché
and h(r?) > 0, we have that this is satisfied for 1, > 1, := 1 + m max{|g,(X,1?)|,|g:(X,r?)|}, which is of
polynomial size. Thus for A, > A, and A, > 0, we have that (X + A4;r! + ,r*) > f(X).

Next, let

L <min{h(r’)A; + g2(X, 1) + g1(X,1°) A, : 4, > 0}
= min{h(r*) 43 + g%, )4 + g1 (X, 1°)4; 1 4, € [0, 1,1}

The last inequality holds because either the minimum is zero, in which case 1, = 0 is a minimizer, or the
minimum is negative, in which case there is a minimizer in [0, A,] because all zeros lie in this interval. Since
[0, 2,] is compact and polynomially bounded, we can find a L of polynomial size. Then

FE+ AT+ 4,07 = )L + 6 R DL + g1 R D) + 85 R+ L) + f(R)

2
> L+ + f(%).
q

Thus, f(X + 4r' + ,r?) > f(R) when A; > A, := —Lg*. Set R := A; X |Ir']|? + A, X [Ir?||3. Then the optimal
solution on P, is bounded in [-R, R]*.

Case 3b3: Suppose g; = 0. This is similar to Case 3a3.

Case 3c: Suppose g;' (x) =0 and g{l (x)=0.

In this case, f(x) = f(x + Ar') for all A. Let p, g be as in Case 3. Then

min{f(x) : x € Py N Z*} = min{f R+ Aor’) : A, € LZ,},

which again can be solved using Theorem 1.1. [
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Appendix A: Additional Proofs In this section we give some proofs that we omit from the main part
of the paper.

Proof of Lemma 5.1. We will just prove statement (i), as the proof for (ii) is similar. Note that D}(x) =
—f1(x)* < 0, so we need to establish that it is strictly negative. Clearly this restriction is symmetric in x; and
x,. Hence, we only need either —f;(x)? < 0 or —f,(x)? < 0. Suppose that f;(x)* = f>(x)*> = 0, in particular,
Vf(x) = 0. By definition of D, expanding the determinant along the first row or first column shows that
D¢(x) =0, which is a contradiction. Therefore, V f(x) # 0. Hence, by Theorem 3.4.13 in [3], f is quasiconvex
on §, and by Theorem 2.2.12 in [3], f is quasiconvex on the closure of S. ]

Proof of Lemma 5.2. Applying Euler’s Theorem for homogeneous functions to the gradient, we obtain
the equation

1
Vh(x) = ﬁVzh(X) -x forall xeR". (15)

Consider the linear combination of columns of H(x) given by

VA (%) -x dh(x)
=1vihx) x|~ @ - DHVhx)|’

VHT (x)
V2h(x)

where the last equation comes from applying Euler’s Theorem and equation (15). We add this vector to the
first column of H,(x), which does not change D;(x), thus

0 Vi (x)
Vh(x) V2h(X)

Dy(x) = ‘

dh(x) VA (x)
dVh(x) V2h(x)

h(x) VA (x)
Vh(x) V2h(X)

Expanding about the left column, we separate this into two determinant computations

0 Vi (x)

Dy (x) = d h(x) det(V*h(x)) + d VA V2h(x)

= d hdet(V*h(x)) + d D(X).

Solving for D, (x) finishes the result. [ |
Proof of Corollary 5.3. Since f is homogeneous translatable, there exits a t € R? such that f(x +t) = h(x)
for some homogeneous polynomial /4 of degree d. By Lemma 5.2,

—-d —d
Dy(x) = ——h(x) det(V*h(x) = —h(x) (1 (%) = /(%) (16)

By applying Euler’s Theorem to the partial derivatives, we find that the second partial derivatives are homo-
geneous of degree d — 2. Since products of homogeneous functions are homogeneous of the degrees added
and sums of homogeneous functions are homogeneous provided they have the same degree, we see that D,
is homogeneous of degree d + (d — 2) + (d — 2) = 3d — 4. If det(V?h) is the zero function, then D, is actually
the zero function. Therefore, D, is either a homogeneous polynomial of degree 3d — 4, or it is the zero
function. Finally, notice that D (x +t) = D,,(x). Therefore D/ is also homogeneous translatable. [ |
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