1/ 29

2025:15 TheoretiCS

Parameterized algorithms for Recelved Jan 21, 2024

Revised Dec 3, 2024
Accepted Feb 4, 2025

block-structured integer Published Jul 15, 2025
Key words and phrases

p rog rams Wit h Ia rg ee nt rieS block-structured integer

programming, parameterized
complexity, Graver basis

Jana Cslovjecsek? 5= a Ecole Polytechnique Fédérale de
Lausanne (EPFL), Switzerland

. b
Martin Koutecky” =< @ b Computer Science Institute,

Alexandra Lassota ¢ = ® Charles University, Prague, Czech

Republic
Michat Pi"pCZde ® ¢ Eindhoven University of
e Technology, Eindhoven, The
Adam Polak® = ® Netherlands

d Institute of Informatics,
University of Warsaw, Poland

e Department of Computing
Sciences, Bocconi University,
Milan, Italy

ABSTRACT. We study two classic variants of block-structured integer programming. Two-
stage stochastic programs are integer programs of the form {A;x + D;y; = b; foralli =1,...,n},
where A; and D; are bounded-size matrices. Intuitively, this form corresponds to the setting
when after setting a small set of global variables x, the program can be decomposed into a
possibly large number of bounded-size subprograms. On the other hand, n-fold programs are
integer programs of the form {}.* | Ciy; =a and D;y; = b; for alli = 1, ..., n}, where again C;
and D; are bounded-size matrices. This form is natural for knapsack-like problems, where we
have a large number of variables partitioned into small-size groups, each group needs to obey
some set of local constraints, and there are only a few global constraints that link together all
the variables.

Aline of recent work established that the optimization problem for both two-stage stochas-
tic programs and n-fold programs is fixed-parameter tractable when parameterized by the
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dimensions of relevant matrices A;, C;, D; and by the maximum absolute value of any entry
appearing in the constraint matrix. A fundamental tool used in these advances is the notion of
the Graver basis of a matrix, and this tool heavily relies on the assumption that all the entries of
the constraint matrix are bounded.

In this work, we prove that the parameterized tractability results for two-stage stochastic
and n-fold programs persist even when one allows large entries in the global part of the program.
More precisely, we prove the following:

— The feasibility problem for two-stage stochastic programs is fixed-parameter tractable
when parameterized by the dimensions of matrices A;, D; and by the maximum absolute
value of the entries of matrices D;. That is, we allow matrices A; to have arbitrarily large
entries.

— Thelinear optimization problem for n-fold integer programs that are uniform — all matrices
C; are equal - is fixed-parameter tractable when parameterized by the dimensions of
matrices C; and D; and by the maximum absolute value of the entries of matrices D;. That
is, we require that C; = Cforalli = 1,..., n, but we allow C to have arbitrarily large entries.

In the second result, the uniformity assumption is necessary; otherwise the problem is NP-hard
already when the parameters take constant values. Both our algorithms are weakly polynomial:
the running time is measured in the total bitsize of the input.

In both results, we depart from the approach that relies purely on Graver bases. Instead, for
two-stage stochastic programs, we devise a reduction to integer programming with a bounded
number of variables using new insights about the combinatorics of integer cones. For n-fold
programs, we reduce a given n-fold program to an exponential-size program with bounded
right-hand sides, which we consequently solve using a reduction to mixed integer programming
with a bounded number of integral variables. For n-fold programs, we reduce a given n-fold
program to an exponential-size program with bounded right-hand sides, which we consequently
solve using a reduction to mixed integer programming with a bounded number of integral
variables.

1. Introduction

We study two variants of integer programming problems, where the specific structure of the
constraint matrix can be exploited for the design of efficient parameterized algorithms. Two-
stage stochastic programs are integer programs of the following form:

X € ZI;O, Vi € Z’;O, and

Aix+ Dyy; = b; foralli=1,2,...,n. (o)
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Here, A;, D; are integer k X k matrices’ and each b; is an integer vector of length k. This form
arises naturally when the given integer program can be decomposed into multiple independent
subprograms on disjoint variable sets y;, except there are several global variables x that are
involved in all the subprograms and thus link them. See the survey of Shultz et al. [48] as well
as an exposition article by Gavenciak et al. [23] for examples of applications.

We moreover study n-fold programs which are integer programs of the form

Yi € ZI;O’
n
Z Ciyi=a, and (%)
i=1
Diinbi foralli=1,2,...,n,

where again C;, D; are integer k X k matrices and a, b; are integer vectors of length k. This kind
of programs appears for knapsack-like and scheduling problems, where blocks of variables y;
correspond to some independent local decisions (for instance, whether to pack an item into
the knapsack or not), and there are only a few linear constraints that involve all variables (for
instance, that the capacity of the knapsack is not exceeded). See [11, 18, 23, 27, 33, 35, 36, 37]
for examples of n-fold programs appearing naturally “in the wild”. Figure 1 depicts constraint
matrices of two-stage stochastic and n-fold programs.

c, C C B C, Cy ... Cp
A1 D1 1 2 n 1 2 n
A D D, Ay Dy
2 2
D, A D,
Ap D,
Dn_ _An Dn_

Figure 1. Constraint matrices in two-stage stochastic, n-fold, and 4-block integer programs,
respectively. (The last kind will be discussed later.) Every block is a k x k matrix, where k is the
parameter. Empty spaces denote blocks of zeroes.

Both for two-stage stochastic programs and for n-fold programs, we can consider two
computational problems. The simpler feasibility problem just asks whether the given program
has a solution: an evaluation of variables in nonnegative integers that satisfies all the constraints.
In the harder (linear) optimization problem, we are additionally given an integer weight wy for
every variable x appearing in the program, and the task is to minimize ). yariaple Wx * X OVer

all solutions.

1 Reliance on square matrices is just for convenience of presentation. The setting where blocks are rectangular matrices
with dimensions bounded by k can be reduced to the setting of k x k square matrices by just padding with 0s.
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Two-stage stochastic and n-fold programs have recently gathered significant interest in the
theoretical community for two reasons. On one hand, it turns out that for multiple combinatorial
problems, their natural integer programming formulations take either of the two forms. On
the other hand, one can actually design highly non-trivial fixed-parameter algorithms for the
optimization problem for both two-stage stochastic and n-fold programs; we will review them
in a minute. Combining this two points yields a powerful algorithmic technique that allowed
multiple new tractability results and running times improvements for various problems of
combinatorial optimization; see [11, 23, 27, 33, 32, 35, 36, 37, 42] for examples.

Delving more into technical details, if by A we denote the maximum absolute value of any
entry in the constraint matrix, then the optimization problem for

— two-stage stochastic programs () can be solved in time ZAO(kZ) : nlogo(kz) n [13]; and
— n-fold programs (#) can be solved in time (kA)°*") . n1og®®") n [12].

The results above are in fact pinnacles of an over-a-decade-long sequence of developments,
which gradually improved both the generality of the results and the running times [3, 12, 13,
18,19, 20, 25, 28, 30, 39], as well as provided complexity lower bounds [26, 38]. We refer the
interested reader to the monumental manuscript of Eisenbrand et al. [20] which provides a
comprehensive perspective on this research area.

We remark that the tractability results presented above can be also extended to the setting
where the global-local block structure present in two-stage stochastic and n-fold programs
can be iterated further, roughly speaking to trees of bounded depth. This leads to the study
of integer programs with bounded primal or dual treedepth, for which analogous tractability
results have been established. Since these notions will not be of interest in this work, we refrain
from providing further details and refer the interested reader to the works relevant for this
direction [5, 6, 10, 12, 13, 19, 20, 30, 31, 38, 39].

All the above-mentioned works, be it on two-stage stochastic or n-fold programs, or on
programs of bounded primal or dual treedepth, crucially rely on one tool: the notion of the
Graver basis of a matrix. Formal definition can be found in Section 5.1, but intuitively speaking,
the Graver basis of a matrix A consists of “minimal steps” within the lattice of integer points
belonging to the kernel of A. Therefore, the maximum norm of an element of the Graver basis
reflects the “granularity” of this lattice. And so, the two fundamental observations underlying
all the discussed developments are the following:

— in two-stage stochastic matrices (or more generally, matrices of bounded primal treedepth),
the £, norm of the elements of the Graver basis is bounded in terms of k (the dimension
of every block) and the maximum absolute value of any entry appearing in the matrix
(see [20, Lemma 28]); and

— an analogous result holds for n-fold matrices (or more generally, matrices of bounded dual
treedepth) and the #; norm (see [20, Lemma 30]).
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Based on these observations, various algorithmic strategies, including augmentation frame-
works [28, 39] and proximity arguments [12, 13, 19], can be employed to solve respective integer
programs.

The drawback of the Graver-based approach is that it heavily relies on the assumption
that all the entries of the input matrices are (parametrically) bounded. Indeed, the norms of the
elements of the Graver basis are typically at least as large as the entries, so lacking any upper
bound on the latter renders the methodology inapplicable. This is in stark contrast with the
results on fixed-parameter tractability of integer programming parameterized by the number
of variables [15, 16, 22, 29, 44, 47], which rely on different tools and for which no bound on
the absolute values of the entries is required. In fact, two-stage stochastic programs generalize
programs with a bounded number of variables (just do not use variables y;), yet the current
results for two-stage stochastic programs do not generalize those for integer programs with few
variables, because they additionally assume a bound on the absolute values of the entries.

The goal of this paper is to understand to what extent one can efficiently solve two-stage
stochastic and n-fold programs while allowing large entries on input.

Our contribution. We prove that both the feasibility problem for two-stage stochastic programs
and the optimization problem for uniform n-fold programs (that is, where C; = C, = ... =Cy)
can be solved in fixed-parameter time when parameterized by the dimensions of the blocks and
the maximum absolute value of any entry appearing in the diagonal blocks D;. That is, we allow
the entries of the global blocks (4; and C;, respectively) to be arbitrarily large, and in the case
of n-fold programs, we require that all blocks C; are equal. The statements below summarize
our results. (||P|| denotes the total bitsize of a program P.)

THEOREM 1.1. The feasibility problem for two-stage stochastic programs P of the form (s) can
be solved in time f(k, max; ||Di||) - ||P|| for a computable function f, where k is the dimension of
all the blocks A;, D;.

THEOREM 1.2. The optimization problem for n-fold programs P of the form (%) that are uniform
(that is, satisfy C1 = ... = Cy) can be solved in time f(k, max; ||Di|ls) - ||P||°" for a computable
function f, where k is the dimension of all the blocks C;, D;.

We remark thatin Theorem 1.1 itis necessary to include max; || D;||» among the parameters,
because with no bound on the entries of the constraint matrix, the feasibility problem for two-
stage stochastic programs becomes NP-hard already for a constant k. An easy way to see
it is via a straightforward reduction from an NP-hard problem called GOOD SIMULTANEOUS
APPROXIMATION [43], where the input consists of a rational vector a € Q", a desired error
bound € € Q, and an upper bound N € Z., and the goal is to decide if there exists an integer
multiplier Q € {1, 2,..., N} such that Qa is e-close in the infinity norm to an integer vector, i.e.,
Jpezn||Qa — bl| < €. In Appendix B we give a different argument, reducing directly from 3-SAT,
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and showing that two-stage stochastic feasibility is actually strongly NP-hard for k = 16. This
rules out also any running time of the form f(k) - (||P|| + max; || Di||c)° ™.

The uniformity condition in Theorem 1.2 is also necessary (unless P = NP), as one can
very easily reduce SUBSET SUM to the feasibility problem for n-fold programs with k = 2 and
D; being {0, 1}-matrices. Indeed, given an instance of SUBSET SUM consisting of positive inte-
gers ay, ..., a, and a target integer t, we can write the following n-fold program on variables
Yireoos Y Y15 -5 Yn € Zx0: i +ylf =1foralli=1,...,nand Z?:l a;y; = t. We remark that
uniform n-fold programs are actually of the highest importance, as this form typically arises
in applications. In fact, many of the previous works named such problems “n-fold”, while our
formulation (&) would be called “generalized n-fold”.

We also remark that the algorithm of Theorem 1.2 does not use the assumption that the
number of rows of matrix C is bounded by k (formally, in the precise, statement Theorem 5.1,
we do not consider this number among parameters). However, we stress that the bound on the
number of columns of C is heavily exploited, which sets our approach apart from many of the
previous works [12, 19, 39].

Further, observe that Theorem 1.1 applies only to the feasibility problem for two-stage
stochastic programs. We actually do not know whether Theorem 1.1 can be extended to the
optimization problem as well, and we consider determining this an outstanding open problem.
We will discuss its motivation in more details later on. Also, we remark that Theorem 1.1 seems
to be the first algorithm for feasibility of two-stage stochastic programs that achieves truly
linear dependence of the running time on the total input size; the earlier algorithms of [13, 39]
had at least some additional polylogarithmic factors.

Finally, note that the algorithms of Theorems 1.1 and 1.2 are not strongly polynomial (i.e.,
the running time depends on the total bitsize of the input, rather than is counted in the number
of arithmetic operations), while the previous algorithms of [12, 13, 19, 39] for the stronger
parameterization are. At least in the case of Theorem 1.1, this is justified, as the problem
considered there generalizes integer programming parameterized by the number of variables,
for which strongly polynomial FPT algorithms are not known.

Not surprisingly, the proofs of Theorems 1.1 and 1.2 depart from the by now standard
approach through Graver bases; they are based on entirely new techniques, with some key
Graver-based insight needed in the case of Theorem 1.2. In both cases, the problem is ultimately
reduced to (mixed) integer programming with a bounded number of (integral) variables, and
this allows us to cope with large entries on input. We expand the discussion of our techniques
in Section 2, which contains a technical overview of the proofs.

4-block programs. Finally, we would like to discuss another motivation for investigating
two-stage stochastic and n-fold programs with large entries, namely the open question about
the parameterized complexity of 4-block integer programming. 4-block programs are programs
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in which the constraint matrix has the block-structured form depicted in the right panel of
Figure 1; note that this form naturally generalizes both two-stage stochastic and n-fold programs.
It is an important problem in the area to determine whether the feasibility problem for 4-block
programs can be solved in fixed-parameter time when parameterized by the dimension of
blocks k and the maximum absolute value of any entry in the input matrix. The question was
asked by Hemmecke et al. [24], who proposed an XP algorithm for the problem. Improvements
on the XP running time were reported by Chen et al. [9], and FPT algorithms for special cases
were proposed by Chen et al. [8]; yet no FPT algorithm for the problem in full generality is known
so far. We remark that recently, Chen et al. [7] studied the complexity of 4-block programming
while allowing large entries in all the four blocks of the matrix. They showed that then the
problem becomes NP-hard already for blocks of constant dimension, and they discussed a few
special cases that lead to tractability.

We observe that in the context of the feasibility problem for uniform 4-block programs
(i.e,withA; =Aand C; =Cforalli =1,...,n), it is possible to emulate large entries within
the global blocks A, B, C using only small entries at the cost of adding a bounded number of
auxiliary variables. This yields the following reduction, which we prove in Appendix A.

OBSERVATION 1.3. Suppose the feasibility problem for uniform 4-block programs can be solved
in time f(k, A) - ||P||°Y) for some computable function f, where k is the dimension of every block
and A is the maximum absolute value of any entry in the constraint matrix. Then the feasibility
problem for uniform 4-block programs can be also solved in time g(k, max; ||Di||s) - ||P]|°V for
some computable function g under the assumption that all the absolute values of the entries in
matrices A, B, C are bounded by n.

Consequently, to approach the problem of fixed-parameter tractability of 4-block integer
programming, it is imperative to understand first the complexity of two-stage stochastic and
n-fold programming with large entries allowed in the global blocks. And this is precisely what
we do in this work.

We believe that the next natural step towards understanding the complexity of 4-block
integer programming would be to extend Theorem 1.1 to the optimization problem; that is,
to determine whether optimization of two-stage stochastic programs can be solved in fixed-
parameter time when parameterized by k and max; || D;||. Indeed, lifting the result from
feasibility to the optimization problem roughly corresponds to adding a single constraint that
links all the variables, and 4-block programs differ from two-stage stochastic programs precisely
in that there may be up to k such additional linking constraints. Thus, we hope that the new
approach to block-structured integer programming presented in this work may pave the way
towards understanding the complexity of solving 4-block integer programs.
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2. Overview

In this section, we provide a technical overview of our results aimed at presenting the main

ideas and new conceptual contributions.

21 Two-stage stochastic programming

We start with an overview on the proof of Theorem 1.1. We will heavily rely on the combinatorics
of integer and polyhedral cones, so let us recall basic definitions and properties.

Cones. Consider an integer matrix D with ¢ columns and k rows. The polyhedral cone spanned
by D is the set cone(D) := {Dy:y € R;O} C R’;O, or equivalently, the set of all vectors in R’;O
expressible as nonnegative combinations of the columns of D. Within the polyhedral cone,
we have the integer cone where we restrict attention to nonnegative integer combinations:
intCone(D) := {Dy:y € Z;O} c 7K. Finally, the integer lattice is the set lattice(D) := {Dy: y €
7!} C Z¥ which comprises all integer combinations of columns of D with possibly negative
coefficients.

Clearly, not every integer vector in cone(D) has to belong to intCone(D). It is not even
necessarily the case that intCone(D) = cone(D) N lattice(D), as there might be vectors that can
be obtained both as a nonnegative combination and as an integer combination of columns of
D, but every such integer combination must necessarily contain negative coefficients. To see
an example, note that in dimension k = 1, this is the Frobenius problem: supposing all entries
of D are positive integers, the elements of intCone(D) are essentially all nonnegative numbers
divisible by the gcd (greatest common divisor) of the entries of D, except that for small numbers
there might be some aberrations: a positive integer of order O(||D||%,) may not be presentable
as a nonnegative combination of the entries of D, even assuming it is divisible by the gcd of the
entries of D.

However, the Frobenius example suggests that the equality intCone(D) = cone(D) N
lattice(D) is almost true, except for aberrations near the boundary of cone(D). We forge this
intuition into a formal statement presented below that says roughly the following: if one takes
alook at intCone(D) at a large scale, by restricting attention to integer vectors v € ZX with fixed
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remainders of entries modulo some large integer B, then intCone(D) behaves like a polyhedron.
In the following, for a positive integer B and a vectorr € {0,1,..., B — 1}, we let A be the set
of all vectors v € Z¥ such that v = r mod B, which means v; = r; mod B foralli € {1,...,k}.

THEOREM 2.1 (Reduction to Polyhedral Constraints, see Theorem 4.9). Let D be an integer
matrix with t columns and k rows. Then there exists a positive integer B, computable from D, such
that for everyr € {0,1,...,B — 1}, there exists a polyhedron Q; such that

AZ nintCone(D) = AZ N Q.
Moreover; a representation of such a polyhedron Q. can be computed given D and r.

In other words, Theorem 2.1 states that if one fixes the remainders of entries modulo B,
then membership in the integer cone can be equivalently expressed through a finite system of
linear inequalities. Before we sketch the proof of Theorem 2.1, let us discuss how to use this to
solve two-stage stochastic programs.

The algorithm. Consider a two-stage stochastic program P = (A;, D;,b;: i € {1,...,n}) such
that blocks A;, D; are integer k X k matrices and all entries of blocks D; are bounded in absolute
value by A. The feasibility problem for P can be understood as the question about satisfaction
of the following sentence, where all quantifications range over Z’;O:

n n
Jx /\ Jy, Aix+ D;y; =b;|, orequivalently, 3y /\ b; — A;x € intCone(D;)|. (1)
i=1 i=1
Applying Theorem 2.1 to each matrix D; yields a positive integer B;. Note that there are only
at most (2A + 1)"2 different matrices D; appearing in P, which also bounds the number of
different integers B;. By replacing all B;s with their least common multiple, we may assume
that B; = B, = ... = B, = B. Note that B is bounded by a computable function of A and k.
Consider a hypothetical solution x, (y;: i € {1,...,n}) to P. We guess, by branching into B
possibilities, a vectorr € {0,1,..., B — 1}¥ such that X = r mod B. Having fixed r, we know how
the vectors b; — A;x look like modulo B, hence by Theorem 2.1, we may replace the assertion
b; — A;x € intCone(D;) with the assertion b; — A;x € Q,, wherer; € {0,1,...,B — 1}¥ is the
unique vector such that b; — A;r = r; mod B. Thus, (1) can be rewritten to the sentence

\/ Ix (xsrmodB)/\(/n\bi—Aierri),

re{0,1,...,B—1}k i=1

which is equivalent to

\/ 3.3, (X:B-z+r)/\(/\b,-—AiX€Qri). 2)

re{0,1,..,B—-1}k i=1
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Verifying satisfiability of (2) boils down to solving B¥ integer programs on 2k variables x and z
and linearly FPT many constraints, which can be done in linear fixed-parameter time using
standard algorithms, for instance that of Kannan [29].

We remark that the explanation presented above highlights that Theorem 2.1 can be
understood as a quantifier elimination result in the arithmetic theory of integers. This may be
of independent interest, but we do not pursue this direction in this work.

Reduction to polyhedral constraints. We are left with sketching the proof of Theorem 2.1.
Let Z := A nintCone(D). Our goal is to understand that Z can be expressed as the points of
AB that are contained in some polyhedron Q = Q.

The first step is to understand cone(D) itself as a polyhedron. This understanding is
provided by a classic theorem of Weyl [49]: given D, one can compute a set of integer vectors
F C Z¥ such that

cone(D) = {ve RF | (f,v) > 0forall f € F}.

Here, (-, -) denotes the scalar product in RX, We will identify vectors f € ¥ with their associated
linear functionals v — (f,v). Thus, cone(D) comprises all vectors v that have nonnegative
evaluations on all functionals in #. It is instructive to also think of the elements of ¥ as of
the facets of cone(D) understood as a polyhedron, where the functional associated with f € 7
measures the distance from the corresponding facet.

Recall that in the context of Theorem 2.1, we consider vectors of Af, that is, vectors v € Z¥
such that v = r mod B. Then (f,v) = (f,r) mod B for every f € ¥, hence we can find a unique
integer pg € {0,1,...,B — 1}, pr = (f,r) mod B, such that (f,v) = pf mod B for all v € A2, Now
(f, v) is also nonnegative provided v € cone(D), hence

(f,v) € {pr,pr+B,p+2B,...}  forallf € ¥ and v € AZ N cone(D).

Now comes the key distinction about the behavior of v e AZ N cone(D) with respectto f € F: we
say that f is tight with respect to v if (f, v) = p¢, and is not tight otherwise, that is, if (f, v) > pg+B.
Recall that in the context of Theorem 2.1, we are eventually free to choose B to be large enough.
Intuitively, this means that if f is not tight for v, then v lies far from the facet corresponding to f
and there is a very large slack in the constraint posed by f understood as a functional. On the
other hand, if f is tight with respect to v, then v is close to the boundary of cone(D) at the facet
corresponding to f, and there is a potential danger of observing Frobenius-like aberrations at v.

Thus, the set R := AZ N cone(D) can be partitioned into subsets {Rg: G C ¥} defined as
follows: Rg comprises all vectors v € R such that G is exactly the set of functionals f € F that
are tight with respect to v. Our goal is to prove that each set Rg behaves uniformly with respect
to Z: it is either completely disjoint or completely contained in Z. To start the discussion, let us
look at the particular case of Rg for G = 0. These are vectors that are deep inside cone(D), for
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which no functional in ¥ is tight. For these vectors, we use the following lemma, which is the

cornerstone of our proof.

LEMMA 2.2 (Deep-in-the-Cone Lemma, simplified version of Lemma 4.6). There exists a
constant M, depending only on D, such that the following holds. Suppose v € cone(D) N ZX is
such that (f,v) > M for allf € . Then v € intCone(D) if and only if v € lattice(D).

PROOF. The left-to-right implication is obvious, hence let us focus on the right-to-left implica-
tion. Suppose then that v € lattice(D).

Let w = ) 4¢cp L - d, where the summation is over the columns of D and L is a positive
integer to be fixed later. Observe that for every f € ¥, we have (f,v—w) > M — L - } 3.p(f, d).
Therefore, if we choose M to be not smaller than L - max¢c# ||f]|1 - || D||, then we are certain that
(f,v—w) > 0forall f € ¥, and hence v—-w € cone(D). Consequently, we can write v—w = Dy
for somey € R, . Lety’ € Z{  be such that y/ = | y;] foralli € {1,...,t}, and let v = w + Dy’
Then

IV = V]leo = ID(Y = ¥)lleo <t [|Dllew.

On the other hand, we clearly have v’ € intCone(D) and by assumption, v € lattice(D). It follows
that v — v’ € lattice(D). From standard bounds, see e.g. [45], it follows that there exists z € Z!
with v — v/ = Dz such that ||z||; is bounded by a function of D and ||v — V||, Which in turn
is again bounded by a function of D as explained above. (Note here that ¢ is the number of
columns of D, hence it also depends only on D.) This means that if we choose L large enough

depending on D, we are certain that ||z||; < L. Now, it remains to observe that
V=wWw+Dy +(Vv-V)=D(L-1+Y +12z),

where 1 denotes the vector of ¢t ones, and that all the entries of L - 1 +y’ + z are nonnegative
integers. This proves that v € intCone(D). |

We remark that the statement of Lemma 2.2 actually follows from results present in the
literature, concerning the notion of diagonal Frobenius numbers. See the work of Aliev and
Henk [2] for a broader discussion and pointers to earlier works, as well as the works of Aggrawal
et al. [1] and of Bach et al. [4] for the newest developments on optimal bounds. As we will
discuss in a moment, in this work we actually use a generalization of Lemma 2.2.

Consider any u, v € R. Since all the entries of u — v are divisible by B, it is not hard to
prove the following: if we choose B to be a large enough factorial, then u € lattice(D) if and
only if v € lattice(D). Hence, from Lemma 2.2 it follows that Ry is either entirely disjoint or
entirely contained in Z.

A more involved reasoning based on the same fundamental ideas, but using a gener-
alization of Lemma 2.2, yields the following lemma, which tackles also the case when some
functionals of ¥ are tight with respect to the considered vectors.
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LEMMA 2.3 (see Claim 4.9.2). Suppose u,v € R are such that for every f € F, if f is tight with
respect to u, then f is also tight with respect to v. Thenu € Z impliesv € Z.

We remark that the proof of Lemma 2.3 actually requires more work and more ideas than
those presented in the proof of Lemma 2.2. In essence, one needs to partition functionals that
are tight with respect to u into those that are very tight (have very small pf) and those that are
only slightly tight (have relatively large p¢) in order to create a sufficient gap between very tight
and slightly tight functionals. Having achieved this, a delicate variant of the reasoning from the
proof of Lemma 2.2 can be applied. It is important that whenever a functional f € ¥ is tight
with respect to both u and v, we actually know that (f,u) = (f, v) = ps. Note that this is exactly
the benefit achieved by restricting attention to the vectors of AZ.

Using Lemma 2.3, we can immediately describe how the structure of Z relates to that of R.

COROLLARY 2.4 (see Claim 4.9.3). Forevery G C F, either RgNZ = 0 or Rg € Z. Moreover,
if Rg € Z and Rg is non-empty, then Rgr € Z forallG' C G.

Corollary 2.4 suggests now how to define the polyhedron Q. Namely, Q is defined as the
set of all v € R¥ satisfying the following linear inequalities:
— inequalities (f,v) > 0 for all f € ¥ that define cone(D); and
— for every G C ¥ such that Rg is nonempty and Rg N Z = 0, the inequality

Z(g,v) >1+ Z Dg.

geg geg

In essence, the inequalities from the second point “carve out” those parts Rg that should not
be included in Z. We note that computing the inequalities defining Q requires solving several
auxiliary integer programs to figure out for which G C ¥ the corresponding inequality should
be included.

It is now straightforward to verify, using all the accumulated observations, that indeed
Z =R N Q asrequired. This concludes a sketch of the proof of Theorem 2.1.

2.2 n-fold programming

We now give an overview of the proof of Theorem 1.2. For simplicity, we make the following
assumptions.
— We focus on the feasibility problem instead of optimization. At the very end, we will
remark on what additional ideas are needed to also tackle the optimization problem.
— We assume that all the diagonal blocks D; are equal: D; = D for alli € {1,...,n}, where
D is a k X k integer matrix with ||D|| < A. This is only a minor simplification because
there are only (2A + 1)’<2 different matrices D; with ||D;||c < A, and in the general case, we
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simply treat every such possible matrix “type” separately using the reasoning from the
simplified case.

Breaking up bricks. Basic components of the given n-fold program P = (C,D,a,b;: i €
{1,...,n}) are bricks: programs Dy; = b; fori € {1,...,n} that encode local constraints on the
variables y;. While the entries of D are bounded in absolute values by the parameter A, we do
not assume any bound on the entries of vectors b;. This poses an issue, as different bricks may
have very different behaviors.

The key idea in our approach is to simplify the program P by iteratively breaking up every
brick Dy = b into two bricks Dy = b’ and Dy = b” with strictly smaller right-hand sides b’, b”,
until eventually, we obtain an equivalent n-fold program P’ in which all right-hand sides have
{-norms bounded in terms of the parameters. The following lemma is the crucial new piece
of technology used in our proof. (Here, we use the conformal order on ZK: we write u C v if
lu[i]| < |v[i]| and u[i] - v[i] > Oforalli € {1,...,k}.)

LEMMA 2.5 (Brick Decomposition Lemma, see Lemma 5.4). There exists a function g(k, ) €
20 guch that the following holds. Let D be an integer matrix with t columns and k rows and
all absolute values of its entries bounded by A. Further, let b € Z¥ be an integer vector such that
Iblleo > g(k,A). Then there are non-zero vectors b',b” € ZX such that:

— b, b”"Cbandb =b'+b"; and

— for every v € Z | satisfying Dv = b, there exist v/,v” € Z.  such that

v=Vv +V’, DV =D, and DV’ =Db".

In other words, Lemma 2.5 states that the brick Dy = b can be broken into two new bricks
Dy’ = b’ and Dy” = b” with conformally strictly smaller b’, b” so that every potential solution v
to Dy = b can be decomposed into solutions v/, v”” to the two new bricks. It is easy to see that
this condition implies that in P, we may replace the brick Dy = b with Dy’ = b’ and Dy” = b”
without changing feasibility or, in the case of the optimization problem, the minimum value of
the optimization goal. In the latter setting, both new bricks inherit the optimization vector c;
from the original brick.

Before we continue, let us comment on the proof of Lemma 2.5. We use two ingredients.
The first one is the following fundamental result of Klein [30]. (Here, for a multiset of vectors A,
by >, A we denote the sum of all the vectors in A.)

LEMMA 2.6 (Klein Lemma, variant from [13]). Let T, ..., T, be non-empty multisets of vectors

inZK such that ¥ Ty = 3 T, = ... = 3. Ty and all vectors contained in all multisets Ty, . . ., T, have
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{~-norm bounded by A. Then there are non-empty multisets S; C Ty, ...,Sp C Ty, each of size at
most 2008 such that Y81 =Y S, =...= 3 Sp.

In the context of the proof of Lemmma 2.5, we apply Lemma 2.6 to the family of all multisets T
that consist of columns of D and satisfy >, T = b. By encoding multiplicities, such multisets
correspond to vectors v € Z’;O satisfying Dv = b. (We hide here some technicalities regarding
the fact that this family is infinite.) By Lemma 2.6, from each such multiset T, we can extract
a submultiset S of bounded size such that all the submultisets S sum up to the same vector b’.
Denoting b” = b —b’, this means that every vector v € Z’;O satisfying Dv = b can be decomposed
asv=v +Vv’withv,v’ € Z’;O so that Dv' = b’ and Dv” = b”. Namely, v’ corresponds to the
vectors contained in S and v” corresponds to the vectors contained in T — S, where T is the
multiset corresponding to v.

There is an issue in the above reasoning: we do not obtain the property b’,b” C b, which
will be important in later applications of Lemma 2.5. To bridge this difficulty, we apply the
argument above exhaustively to decompose b as by +. .. + by, for some integer m, so that every
vector b; has the £.,-norm bounded by 208" and every vector v € ZX , satisfying Dv = b can
be decomposed asv =vj +...+ Vv, wherev; € Z’;O satisfies Dv; = b;. Then, we treat vectors

b4,..., b, with the following lemma.
LEMMA 2.7 (see Lemma 5.6). Let uy, ..., Uy be vectors in Z¥ of £..-norm bounded by Z, and let
b = "', u;. Then the vectors uy, ..., Uy can be grouped into non-empty groups Us, .. ., Uy, each of

size at most O(A)ZH, sothat Y UiC bforalli=1,...,¢2

More precisely, Lemma 2.7 allows us to group vectors by, ..., b, into groups of bounded
size so that the sum within each group is sign-compatible with b. Assuming |/b||. is large
enough, there will be at least two groups. Then, any non-trivial partition of the groups translates
into a suitable decomposition b = b’ + b” with b’,b” C b.

The proof of Lemma 2.7 is by induction on k and uses arguments similar to standard proofs
of Steinitz Lemma. This concludes a sketch of the proof of Lemma 2.5.

Once Lemma 2.5 is established, it is natural to use it iteratively: break b into b’, b”, then
break b’ into two even smaller vectors, and so on. By applying the argument exhaustively,
eventually we obtain a collection of vectors by,...,b,, CThsuchthatb=hb; +...+ by, ||bi|lc <
2% for all i € {1,...,m}, and every v € Z’;O satisfying Dv = b can be decomposed as
V=Vi+...+V, withv; € Z’;O and Dv; = b; for alli € {1,..., m}. We call such a collection a
faithful decompostion of b of order 2(k®°"

There is an important technical caveat here. Observe that the size m of a faithful decom-
position of a right-hand side b can be as large as Q(||b||1), which is exponential in the bitsize of
the program P. So we cannot hope to compute a faithful decomposition explicitly within the
target time complexity. However, observe that all vectors b; in a faithful decomposition 8 are
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= 2(0°" "and there are only at most (2 + 1) different such vectors.

bounded in ¢,,-norm by =
Therefore, 8 can be encoded by storing, for each vector b’ present in 8, the multiplicity of b’
in 8. Thus, describing B takes 20°"“ . 1og ||b|| bits.

With this encoding scheme in mind, we show that a faithful decomposition 8 of a given
vector b of order at most £ can be computed in fixed-parameter time f(A, k) - (log ||b]|«)°Y,
for a computable function f. For this, we show that one can extract parts of the decomposition
in “larger chunks”, at each step reducing the ¢;-norm of the decomposed vector by a constant
fraction; this gives a total number of steps logarithmic in ||b||;. In each step, to extract the
next large chunk of the decomposition, we use the fixed-parameter algorithm for optimization
problems definable in Presburger arithmetic, due to Koutecky and Talmon [41]. We remark that
in our context, this tool could be also replaced by the fixed-parameter algorithm of Eisenbrand

and Shmonin [21] for V3 integer programming.

Reduction to (mixed) integer programming with few variables. With faithful decompo-
sitions understood, we can compute, for every right-hand side b; part of P, a faithful decom-
position {bl.l, cees b;""} of b;. This allows us to construct an equivalent (in terms of feasibility
and optimization) n-fold program P’ by replacing each brick Dy; = b; with bricks Dy{ = b{ for
j €{1,...,m;}. Thus, the program P’ has an exponential number of bricks, but can be computed
and described concisely: all right-hand sides are bounded in the £,,-norm by at most =, so for
every potential right-hand side b, we just write the multiplicity in which b appears in P’. We
remark that such high-multiplicity encoding of n-fold integer programs has already been studied
by Knop et al. [34].

For convenience, let RHS := {-&,..., E}k be the set of all possible right-hand sides, and for
b € RHS, by count[b] we denote the multiplicity of b in P’.

It is now important to better understand the set of solutions to a single brick Dy = b present
in P’. Here comes a key insight stemming from the theory of Graver bases: as (essentially) proved
by Pottier [45], every solution w € Z’;O to Dw = b can be decomposed asw =W + g1 +... + gy,
where

— WE Z’;O is a base solution that also satisfies DW = b, but ||W|| is bounded by a function of

A and ||b||w, and

— g1,...,80 € Z’;O are elements of the Graver basis of D.

Here, the Graver basis of D consists of all conformally-minimal non-zero vectors g satisfying
Dg = 0. In particular, it is known that the Graver basis is always finite and consists of vectors
of £, norm bounded by (2kA + 1)¥ [19]. The decomposition explained above will be called a
Graver decomposition of w.

For b € RHS, let Base[b] be the set of all possible base solutions w to Dy = b. As ||b||. < 2
and =2 is bounded by a function of the parameters under consideration, it follows that Base[b]
consists only of vectors of bounded £.,-norms, and therefore it can be efficiently constructed.
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Having this understanding, we can write an integer program M with few variables that is
equivalent to P’. The variables are as follows:
— For every b € RHS and w € Base[b], we introduce a variable ‘% € Zso that signifies how
many times in total w is used in the Graver decompositions of solutions to individual bricks.
— For every nonnegative vector g in the Graver basis of D, we introduce a variable &g € Z>¢
signifying how many times in total g appears in the Graver decompositions of solutions to
individual bricks.

Note that since program P’ is uniform, the guessed base solutions and elements of the Graver
basis can be assigned to any brick with the same effect on the linking constraints of P’. Hence, it
suffices to verify the cardinalities and the total effect on the linking constrains of P’, yielding
the following constraints of M:
— the translated linking constraints: }'ycrps 2wepase[b] S, ‘% -CW + 2geGraver(D),g>0 Og - C§ = a.
— for every b € RHS, the cardinality constraint }.gcgase[n) ¢. ‘% = count[b].

Noting that the number of variables of M is bounded in terms of the parameters, we may
apply any fixed-parameter algorithm for integer programming parameterized by the number
of variables, for instance that of Kannan [29], to solve M. This concludes the description of the
algorithm for the feasibility problem.

In the case of the optimization problem, there is an issue that the optimization vectors c;
may differ between different bricks, and there may be as many as n different such vectors. While
the Graver basis elements can be always greedily assigned to bricks in which their contribution
to the optimization goal is the smallest, this is not so easy for the base solutions, as every brick
may accommodate only one base solution. We may enrich M by suitable assignment variables
wilv’i to express how many base solutions of each type are assigned to bricks with different
optimization vectors; but this yields as many as Q(n) additional variables. Fortunately, we

observe that in the enriched program M, if one fixes any integral valuation of variables ¢ ‘%
b,i
4
its constraint matrix is totally unimodular. Thus, we may solve M as a mixed integer program
b,i
w
in terms of parameters, so we may apply the fixed-parameter algorithm for mixed integer

and &g, the remaining problem on variables w_" corresponds to a flow problem, and hence

where variables w_" are allowed to be fractional. The number of integral variables is bounded
programming of Lenstra [44].

3. Preliminaries

We write Zso and R for the sets of nonnegative integers and nonnegative reals, respectively.
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Linear algebra. In the technical part of this paper we choose to use a somewhat unorthodox
notation for linear algebra, which we introduce now. The correspondence between this notation
and the standard notation used in the previous sections is straightforward.

A tuple of variables is just a finite set of variable names. We use the convention that tuples
of variables are denoted X, y, z, etc., while individual variable names are x, y, z, etc. For a set
A and a tuple of variables x, an x-vector over A is a function u: x — A. The value of u on a
variable x € x will be denoted by u[x], and we call it the x-entry of u. Vectors will be typically
denoted by a, b, ¢, u, v, w and so on. We write A* for the set of all x-vectors over A. We can also
apply arithmetics to vectors coordinate-wise in the standard manner, whenever the set A is
endowed with a structure of a ring. When A = R, as usual we write ||u|| := maxXyex |u[x]| and
lafly = 2xex [a[x]].

For aring R (typically Z or R) and tuples of variables x and y, an x X y-matrix is an x-vector
of y-vectors, that is, an element of (RY)*; we denote the latter set as R**Y for convenience. The
reader should think of the individual y-vectors comprised in a matrix as of the columns of
the said matrix. We use capital letters A, B, C, etc. for matrices. For x € x and y € y, we
write A[x, y] = (A[x])[y], thatis, A[x, y] is the y-entry of the column of A corresponding to
variable x. As for vectors, by [|Al|c = MaXyex yey |A[X, Y]| we denote the maximum absolute
value of an entry of A.

For a matrix A € R*Y and a vector u € RX, Au is the vector v € RY satisfying

v[y] :ZA[x,y] - [x] forall y ey.
XeX
For vectors u, v € R*, the inner product of u and v is
(a,v) = Zu[x] - v[x].
XEX

All-zero and all-one vectors are denoted by 0 and 1, respectively, and their domains will be
always clear from the context.

Conformal order. Let x be a tuple of variables. Vectors u,v € Z* are sign-compatible if
u[x] - v[x] > 0 for all x € x; that is, on every coordinate u and v must have the same sign,
where 0 is assumed to be compatible with both signs. The conformal order C on vectors in Z* is
defined as follows: For two vectors u, v € Z*, we have u C v if u and v are sign-compatible and

lu[x]| < |v[x]] for all x € x.
Note that thus, C is a partial order on Z*.
Collections. A collection over a set A is a function C: I — A, where I is the index set of C. We

often use notation C = (c;: i € I) to enumerate the elements of a collection with the elements
of its index set, where formally c; is the value of C on i. Note that syntactically, a collection



18 / 49 TheoretiCS J. Cslovjecsek, M. Koutecky, A. Lassota, M. Pilipczuk, A. Polak

with index set I is just an I-vector, but we will use collections and vectors in different ways.
Typically, when speaking about collections we are not really interested in the index set, and the
reader can always assume it to be a prefix of natural numbers. However, in notation it will be
convenient to consider various index sets.

Standard set theory notation can be used in the context of collections in the natural manner,
by applying it to the index sets. In particular, a subcollection of a collection C = (c;: i € I) is any
collection C' = (c;j:i € I’y for I’ C I.

Block-structured integer programming. We now introduce the two variants of block-
structured integer programming problems that we are interested in: two-stage stochastic
integer programming and n-fold integer programming.
A two-stage stochastic integer program consists of three collections:
— (A;: i €1)is a collection of matrices in Z*<t,
— (D;: i € I) is a collection of matrices in ZY*%; and
— (b;: i € I) is a collection of vectors in Z!.

Here, X, y, t are tuples of variables and I is the index set of the program. A solution to such a
program consists of a vector u € ZZ, and vectors (v;: i € I) in Zio such that

Aiu + Djv; = b; foralli € I.

In the TwO-STAGE STOCHASTIC ILP FEASABILITY problem, we are given a two-stage stochastic
integer program in the form described above, and the task is to decide whether this program
has a solution.
An n-fold integer program consists of the following components:
— (C;i: i € I) is a collection of matrices in ZY*5;
— (D;: i € I) is a collection of matrices in ZY*t;
— ais avector in Z%; and

— (b;: i € I) is a collection of vectors in Z!.

Again, y, s, t are tuples of variables and I is the index set of the program. A uniform program is
one where C; = C; for all i, j € I. A solution to the program described above consists of vectors
(vi: i €I)inZ] such that

Z Civi=a and D;v; =b; forallie .

iel
The n-roLD ILP FEASABILITY problem asks for the existence of a solution to a given n-fold integer
program, while in the n-roLD ILP OPTIMIZATION problem, the task is to minimize ) ;.;{c;, v;)
among the solutions, for additionally given vectors (c;: i € I) in ZV. A prefix UNIFORM may be
added to the problem name to specify that we speak about uniform programs. (Note that only
the matrices C; have to be equal, and not necessarily the optimization goal vectors c;.)
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For an integer program P, be it a two-stage stochastic or an n-fold program, by ||P|| we
denote the total bitsize of the encoding of P, where all numbers are encoded in binary.

4. Two-stage stochastic integer programming

Our main result for two-stage stochastic integer programs is captured in the following statement,
which is Theorem 1.1 with adjusted notation.

THEOREM 4.1. Aninstance P = (A, D;,b;: i € I) of TWO-STAGE STOCHASTIC ILP FEASABILITY can
be solved in time f (A, |x/|, |t|) - || P]|| for some computable function f, where A = maXie; || D;]| co-

Note that importantly, the absolute values of the entries of matrices A; are not assumed to
be bounded in terms of the considered parameters. Also, in Theorem 4.1 the parameters do
not include |y|, the number of columns of each block D;. This is because by removing equal
columns in those blocks (which does not affect the feasibility of the program), we may always
assume |y| < (2A + )M,

The proof of Theorem 4.1 spans the entirety of this section.

41 Cones

In our proof we will rely on the geometry of polyhedral and integer cones. For this, we introduce
the following notation. Let t be a tuple of variables and 9 C Z! be a finite set of vectors. For
S e {R,Rx0,2Z,Zs0}, we define the S-span of D as

span®(D) := {Z Aa-d: (Aq: d € D) is a collection of elements ofs} C RE.
deD

In other words, span’(D) are all vectors that can be expressed as a linear combination of
vectors in P with coefficients belonging to S. For clarity, we write

span®(D), cone(D) := span™* (D),

spanZ(D), intCone(D) := span”*(D).

span(D) :
lattice(D) :

Thus, span(9D) is just the usual linear space spanned of 9. Next, cone(9) is the standard poly-
hedral cone: it consists of all vectors expressible as nonnegative linear combinations of vectors
in . Similarly, intCone(9D) is the integer cone, where we restrict attention to nonnegative
integer combinations of vectors in 9. Finally, lattice(D) is the integer lattice consisting of all
vectors that can be reached from 0 by adding and subtracting vectors of D.

We remark that while the reader may think of O as of a matrix whose columns are the
vectors of 9, ordered arbitrarily, in the notation we will consistently treat O as a set of vectors.
Consequently, |D| denotes the number of vectors in O (or, the number of columns of D treated
as a matrix), and the same also applies to all subsets of D.
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411 Dual representation of cones

We will use the classic result of Weyl about representing polyhedral cones as intersections of
half-spaces.

THEOREM 4.2 (Weyl, [49]). For every set of vectors D C Z! there exists a finite set of vectors
¥ C Z' such that
cone(D) ={veR'|(f,v) > 0forallfc F}.

Moreover, such a set ¥ can be computed given D.

A set ¥ satisfying the outcome of Theorem 4.2 will be called a dual representation of
cone(D). Here is a simple observation about how elements of the dual representation relate to
the elements of D.

OBSERVATION 4.3. Suppose ¥ is a dual representation of cone(D) for a set of vectors D C Zt,
Then
(£,d) >0 forall feF and d € D.

PROOF. Clearlyd € cone(D), so (f,d) > 0 because ¥ is a dual representation of cone(9). =
For a subset G C ¥, we define
Dg ={deD|(gd)=0forallgc G}.

In other words, Dg consists of those vectors of O that are orthogonal to all vectors in G. The
next lemma expresses the following intuition: the facet of cone(9) corresponding to G is
spanned by the vectors of Dg.

LEMMA 4.4. Suppose F is a dual representation of cone(D) for a set of vectors D C Z'. Then
for every subset G C ¥ we have

cone(Dg) = cone(D)N{veR"'|(gv)=0forallg e G}.

PROOF. Note that Dg C D entails cone(Dg) € cone(D). Further, since (g,d) = 0 for all
g € Gandalld € Dg, the same also holds for all linear combinations of vectors in Dg, implying
that (g,v) =0forallg € G and v € cone(9Dg). This proves inclusion C.

For the converse inclusion, consider any v € cone(9) such that (g,v) =0forallg € G. As

v € cone(D), there is a collection of nonnegative reals (1q: d € D) such that

V:Z)\d'd-

deD
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Consider any e € O — Dg. By the definition of Dg and Observation 4.3, there exists g € G such
that (g, e) > 0. As all coefficients (Aq: d € D) are nonnegative, by Observation 4.3 we have

0=(gV)= > Aa-(&d) > e (ge).

deD
As (g, e) > 0, we necessarily have A¢ = 0; and this holds for every e € D — Dg. So in factvis a
nonnegative linear combination of vectors in Dg, or equivalently v € cone(Dg). This proves
inclusion 2. n

41.2 Membership in integer cones and in integer lattices

First, we need a statement that membership in an integer lattice can be witnessed by a vector
with small entries. The following lemma follows from standard bounds given by Pottier [45,
Corollary 4] (c.f. Lemma 5.3).

LEMMA 4.5. For every set of vectors D C Z' and a vector v € lattice(D), there exist integer
coefficients (Aq: d € D) such that

2[t|

V:ZAd-d and Z|Ad| (2+max||d||oo+||v||oo
deD deD

We now proceed to a technical statement that is crucial in our approach. Intuitively, it
says that if a vector lies “deep” in the polyhedral cone, then its membership in the integer cone
is equivalent to the membership in the integer lattice.

LEMMA 4.6 (Deep-in-the-Cone Lemma). Let D C Z! be a set of vectors and F C Z* be a dual
representation of cone(9D). Then there is a positive integer M, computable from D and ¥, such
that for every G C ¥ and every v € cone(Dyg) satisfying (£,v) > M for allf € ¥ — G, we have

v € lattice(Dg) ifandonlyif v e intCone(Dg).

PROOF. We set

2|t
M =L-|D| - max||f]|; - max ||d||c, where L = (2 +(|D]+1) - max ||d||
fer deD deD

is the bound provided by Lemma 4.5 for vectors of £,,-norm bounded by |D| - maxgep ||d||co-
As intCone(Dg) C lattice(Dg), it suffices to prove the following: if v € cone(Dg) N
lattice(Dg) satisfies (f,v) > M for allf € ¥ — G, then in fact v € intCone(Dyg). Let

= > L-d

deDg

As both v and w are linear combinations of vectors in Dg, we have

(g, v—w)=0 forallg e G.
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Further, for each f € ¥ — G we have
(£, v—w) = (£v) —(E,w) > M~L- > [(£d)| > M- L-|D| - max||flls - max ||d] = 0.
&o feF deD

As ¥ is a dual representation of cone(9D), the two assertions above together with Lemma 4.4 im-
ply that v—w € cone(9Dg). Consequently, there is a collection of nonnegative reals (Ad :d e Z)g)

such that
V—W= Z Aq - d.
dEZ)g

Now, consider the vector

V= W+ Z |Aa) -d = Z (L + | Aq)) - d.
dGDg dE.Z)g
Clearly v’ € lattice(Dg). As v € lattice(Dg) by assumption, we have v — v’ € lattice(Dg) as
well. Furthermore,

v =Vle=|[ ), (Aa=LAa])-d| <|Dgl  max [ldlle < |D|- max [|d]|e
deDg deDg deD

o0

By Lemma 4.5 we conclude that there exist integer coefficients <yd: de Z)g) such that
V-V = Zud-d and Z |ual < L.
deDg deDg

Hence,

v=Vv +(v-V) = Z (L + [Aq] + ) - d.
deDg
It now remains to observe that each coefficient L + | Aq] + ugq is a nonnegative integer, because
Aa > 0 and |uq| < L. This shows that v € intCone(Dyg), thereby completing the proof. u

4.2 Reqular lattices

As mentioned in Section 1, the key idea in our approach is to guess the remainders of the entries
of the sought solution modulo some large integer. To describe this idea formally, we consider
regular lattices defined as follows.

Let K be a positive integer. For a vector of residuesr € {0,1,...,K — 1}!, where t is a tuple
of variables, we define the regular lattice Aff :

Af = {veZ"|v(t) =r(t) mod K for all t € t}.

In other words, AX comprises all integer vectors in which the remainders mod K on all coordi-
nates are exactly as specified in r. Note that regular lattices are affine rather than linear. In



23 /| 49 TheoretiCS Parameterized algorithms for block-structured integer programs with large entries

particular, 0 € AK if and only if r = 0, and hence a regular lattice AX is not the form lattice(D)
for a multiset of vectors O, unlessr = 0.

We will need the following simple claim about fractionality of solutions to systems of
equations.

LEMMA 4.7. Let D C 7' be a set of vectors, where t is a tuple of variables. Then there is a
positive integer C, computable from D, satisfying the following: for every v € span(D) N Z* there
exist coefficients (Aq: d € D) such that

V= Z Ag-d and  CAqis aninteger for every d € D.
deD

PROOF. Let z be a tuple of variables containing one variable zq for each d € 9, and let D
be the z X t matrix such that the column of D corresponding to zq € z is d. Thus, collections
of coefficients (1q: d € D) as in the lemma statement correspond to solutions A € Z* of the
system of equations Dz = v. By first restricting the rows of D to a linearly independent set of
rows, and then adding some {0, 1} row vectors together with zeroes on the right hand side, we
can obtain a system of equations Dz = v such that every solution to Dz = V is also a solution to
Dz=v,and Disa non-singular square matrix. It now follows from Cramer rules that if A € Z*
is the unique solution to Dz = V, then det D - A is an integer. Therefore, we may set C := det D,
where D is any non-singular square matrix that can be obtained from D by first restricting it
to a linearly independent set of rows, and then extending this set of rows to a row basis using
{0, 1} row vectors. Note that C is clearly computable from D. u

We now use Lemma 4.7 to prove the following statement that relates regular lattices with
integer lattices generated by sets of vectors.

LEMMA 4.8. Let D C Z' be a set of vectors, where t is a tuple of variables. Then there is a
positive integer K, computable from D, satisfying the following: for every positive integer K’
divisible by K and every vector of residuesr € {0,1,..., K — 1},

span(D) N AKX C lattice(D)  or lattice(D) N AK = 0.

PROOF. We set K := C, where C is the integer provided by Lemma 4.7 for 9. Fix any positive
integer K’ divisible by K and r € {0,1,...,K’ — 1}'. It suffices to prove that if there exists
u < lattice(D) N AX’, then in fact span(D) N AK" C lattice(D). Consider any v € span(D) N AKX’
Since u, v € AX’, every entry of the vector u — v is divisible by K’, so also by K. It follows that

u-v=K-w forsomew e Zt.

Since u,v € span(9), we also have w € span(9). By Lemma 4.7, there exist coefficients
(Aq: d € D) such that

W= Z Aq-d and KAgq is an integer for alld € D.
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Therefore, we have

u-v=K -w= Z(K)td)-d,
deD

where coefficients KAq are integral. So u — v € lattice(D). As u € lattice(9D) by assumption, we
conclude that v € lattice(9D) as well; this concludes the proof. u

4.3 Reduction to polyhedral constraints

We proceed to the cornerstone of our approach: the theorem stated below, which was presented
in Section 2 as Theorem 2.1. Intuitively, it says that under fixing residues modulo a large integer,
membership in an integer cone is equivalent to membership in a carefully crafted polyhedron.

THEOREM 4.9 (Reduction to Polyhedral Constraints). Let D C Z! be a set of vectors, where t
is a tuple of variables. Then there exists a positive integer B, computable from D, satisfying the
following: for every vector of residuesr € {0,1,...,B — 1}, there is a finite set Q C Z' x Z such
that

Af nintCone(D) =Af n{veR"|(qv) > aforal(q,a) €Q}.

Moreover; there is an algorithm that given D and r, computes Q satisfying the above.

PROOF. Let ¥ be a dual representation of cone(9), computed from D using Theorem 4.2.
Further, let
— K be the least common multiple of all integers Kz obtained by applying Lemma 4.8 to Dg
for every G C ¥, and
— M be the integer obtained by applying Lemma 4.6 to D and 7.

We define
M = M +|D| - max ||f]|; - max |||,
feF deD

and set
By:=K, B;:=M-B;; fori=12,...,|F], and B:=2-B.

We are left with constructing a suitable set Q for a givenr € {0,1,...,B — 1}

For convenience, denote
R:=A2ncone(®) and Z:=AZnintCone(D).
For every f € 7, let pr be the unique integer in {0, 1,..., B — 1} such that
ps = (f,r) mod B.

Observe the following.
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CLAIM 4.9.1. Forevery f € ¥ and v € R, we have

(f,V) € {pf, pf+B, ps + 2B, .. }

Proof. As v € cone(D) and ¥ is a dual representation of cone(9), we have (f,v) > 0. As
v € AB, we also have (f,v) = (f,r) = pf mod B. The claim follows. L

For a given vector v € R, call f € 7 tight for v if (v,f) = ps. Importantly, Claim 4.9.1
implies the following: if f is not tight for v, then (f,v) > pf + B. Further, let

Tight(v) = {f € ¥ | f is tight for v}.

The next claim is the key step. Its proof relies on a carefully crafted application of the Deep-in-
the-Cone Lemma (Lemma 4.6).

CLAIM 4.9.2. Suppose u € Z and v € R are such that Tight(u) 2 Tight(v). Thenv € Z as

well.
Proof. Denote ¢ := |¥| for brevity. Enumerate ¥ as {f;,f, ..., f,} so that
(f1,v) < (B2, v) < (f3,V) <... < (f,, V),

and recall that all these values are nonnegative integers due to v being an integer vector in
cone(PD) and F being the dual representation of cone(D). Let k € {0, 1, ..., £} be the largest
index such that

(fi,v) < B; foralli € {1,2,...,k},

and denote
G = {f,f,... £} and B = Bx.

By the maximality of k it follows that either k = ¢, or k < € and (fx+1, V) > Bk+1. In any case, by
the choice of the sequence By, By, ..., By we have

(g,v) <B forallgeG and (fv)>MB forallfe ¥ -G. (3)

Since B < B, all vectors of G are tight for v; see Claim 4.9.1. As Tight(u) 2 Tight(v), these
vectors are tight for u as well. We conclude that

(gu)=(gv)=pg forallgeg. (4)

Since u € Z by assumption, there is a collection of nonnegative integers (Aq: d € D) such

u=Z)td-d.

deD

that

Define now a collection of nonnegative integers (uq: d € D) as follows:
— ifd ¢ Z)g, then ug = Aq; and
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— otherwise, if d € Dg, then pq is the unique integer in {0,1,...,K — 1} such that Aq =
Uq mod K.

Consider now any e € D — Dg. By the definition of Dg, there exists g € G such that (g, e) > 0,
which by integrality entails (g, e) > 1. By Observation 4.3, (3), and (4), we have

B> (g =(@w=) la @&d > (ge)> e = e
deD

Together with the straightforward inequality yg < K < Bforalld e Dg, we conclude that
ta<B foralld € D. (5)

Let

u = Zyd-d.

deD

Clearly u’ € intCone(9). Our goal is to show that Lemma 4.6 can be applied to v — u'.
First, consider any f € ¥ — G. Then by (3) and (5), we have

(£, v—u) = (f,v) — (f,u') > MB — Z tq - (F,d)
deD

> MB — |D| - max ||f||; - max ||d||e - B= MB > M. (6)
feF deD
Next, consider any g € G. Then

Gv-u)= ) (Aa-pa) &A= > Aa-pa)-Gd+ > (Aa-pa)-(Gd.

deD deDg deD-Dg

Note that for d € D — Dg we have Aq = uq, while for d € Dg we have (g,d) = 0. So both
summands on the right hand side of (7) are equal to 0, implying that

(gv—u)=0 forallgeg. (8)
Observe that since ¥ is the dual representation of cone(D), (6) and (8) together imply that
v—u’ € cone(D). 9)
Then by combining (8), (9), and Lemma 4.4 we conclude that
v—u' € cone(Dg). (10)

Finally, observe that for every d € D, Aq — uq is an integer divisible by K. Therefore,
u-u’ = K -w for some integer vector w, implying thatu —u’ € A}. Asu, v € AL and K divides B,
we alsohavev —u € A{f . Combining these two observations yields

v-u e AX. (11)
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Noting that 0 € lattice(Dg) N A{f and K is divisible by Kg, by applying Lemma 4.8 to Dg we
infer that
span(Dg) N A§ C lattice(Dg).

Combining this with (10) and (11) yields
v —u’ € lattice(Dg). (12)
Now, assertions (6), (10), and (12) show that we can use Lemma 4.6 to conclude that
v —u’ € intCone(Dg).

Sincew’ = > gcp Ma - dand (uq: d € D) are nonnegative integers, we have u’ € intCone(9Dg) as
well. So as a sum of two vectors from intCone(QDg), v also belongs to intCone(Dg), and we are
done. L 4

Forevery G C 7, let
Rg = {v e R |Tight(v) = G}.

In other words, Rg comprises all vectors in R for which G is exactly the set of tight vectors in
¥ . Thus, {Rg: G C ¥} is a partition of R.

Let .Z be the family of subsets of ¥ consisting of all G € ¥ such that Rg N Z # 0. Further,
let .#! be the downward closure of .%: a set G C ¥ belongs to .#! if and only if there exists
G’ 2 G such that G’ € .Z. The following statement is an immediate corollary of Claim 4.9.2.

CLAIM 4.9.3. Suppose G C F. If G € L then Rg € Z,and if G ¢ £ then Rg N Z = 0.

Consequently,
Z=J Re.
Ge Ll

Next, we show that the characterization of Claim 4.9.3 can be expressed through linear

inequalities.

CLAIM 4.9.4. For every v € A3, the following conditions are equivalent:
(1) v € intCone(P); and
(2) v e cone(PD) and

Z(g, v) > 1+ Z pg forallG C ¥ suchthat G ¢ 73
g8cGg geg

Proof. We first prove implication (1)=(2). Since v € AZ nintCone(D) = Z, by Claim 4.9.3 we
have that v € Rg for some G € £\, In particular, for every G’ € ¥ with G’ ¢ £}, G’ isnot a
subset of G, implying that there exists some h € G’ — G. As G = Tight(v), h is not tight for v,



28 /| 49 TheoretiCS J. Cslovjecsek, M. Koutecky, A. Lassota, M. Pilipczuk, A. Polak

hence (h,v) > py + B by Claim 4.9.1. Hence, by Claim 4.9.1 again,

Z(g,v)>B+Zpg>1+Zpg;

geg’ geg’ geg’

and this holds for each ¢’ € ¥ with @’ ¢ .Z}. As v € intCone(D) entails v € cone(D), this
proves (2).

We now move to the implication (2)=(1). Since v € A N cone(D) = R, by Claim 4.9.3 it
suffices to show that the unique G C ¥ for which v € R satisfies G € £. Note v € Rg is
equivalent to G = Tight(v). Therefore (g, v) = p, for all g € G, implying that

DV =) ps

geg geg

Hence we necessarily must have G € .#, for otherwise (2) would not be satisfied. L

We may now define Q to be the set of the following pairs:
— (f,0) forallf € ¥; and

— (deg 81+ 2ecq pg) for all G € F with G ¢ .ZV.

As ¥ is a dual representation of cone(9), we have cone(D) = {ve R | (f,v) > 0 for all f € F}.
Hence, Claim 4.9.4 directly implies that

AEnintCone(D) =Af n{veR'|(q V) >aforall(qa) € Q},
as required.

It remains to argue that the set Q can be computed given D and r. For this, it suffices to
distinguish which sets G C ¥ belong to .# and which not, because based on this knowledge
we may compute .#} and then construct Q right from the definition. (Recall here that by
Theorem 4.2, ¥ can be computed from 9.) Testing whether given G C ¥ belongs to .Z boils
down to verifying whether there exists v € Z such that

— VE Af, or equivalently, v = B - w + r for some w € Zt;

— (g, v) =pgforallg € G; and

— (g V) >pg+1lforallge F - G;and

— v € lattice(D), or equivalently, there exist nonnegative integer coefficients (Aq: d € D)
such that v =} gcp Aa - d.

These conditions form an integer program with 2|t| + |D| variables: |t| variables for v, |t|
variables for w, and || variables for the coefficients (Aq: d € D). Hence we may just check
the feasibility of this program using any of the standard algorithms for integer programming,
e.g., the algorithm of Kannan [29]. u

We remark that while the statement of Theorem 4.9 does not specify any concrete upper
bound on the value of B, it is not hard to trace all the estimates used throughout the reasoning to
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see that B is bounded by an elementary function (that is, a constant-height tower of exponents)
of the relevant parameters |t|, | D], and maxgep || D||. We did not attempt to optimize the value
of B in our proof, hence finding tighter estimates is left to future work.

4.4 Algorithm for two-stage stochastic integer programming

With all the tools prepared, we are ready to give a proof of Theorem 4.1.

PROOF OF THEOREM 4.1. For each matrix D;, let D; be the set of columns of D;. Since every
member of D; is a vector in Zt with all entries of absolute value at most A, and there are (2A+1)!t
different such vectors, we have |D;| < (2A+1)!t. In particular, there are at most 228+ gistinct
sets D;.
Now, the feasibility of the program P is equivalent to the following assertion: there exist
u € Z% such that
b; — A;u € intCone(9Dy) foralli € I. (13)

For each i € I apply Theorem 4.9 to 9;, yielding a positive integer B;, computable from D;. Let

B be the least common multiple of all integers B; for i € I. Since the number of distinct sets D;

is bounded by 2(2“1)“', it follows that B is bounded by a computable function of A and |t]|.
Towards verification of assertion (13), the algorithm guesses, by iterating through all

possibilities, the vector r € {0,1,...,B — 1}* such that u[x] = r[x] mod B for each x € x;
equivalently u € AZ. This uniquely defines, for each i € I, a vectorr; € {0,1,...,B; — 1}* such
that

(b; — Aju)[t] =r;[t] mod B; forallt € t.

Or equivalently, b; — A;u € Afi".
Apply the algorithm of Theorem 4.9 to D; and r;, yielding a set of pairs Q; € Z' x Z such
that
Afii NintCone(D;) = Aﬁ," N{veR'|(q,Vv) > aforall (q,a) € Q;}.

Hence, under the supposition that indeed u € AZ, assertion (13) boils down to verifying the
existence of u € Z* satisfying the following:

— ufx] > 0forall x € x;

— ue Af, or equivalently, u = B - w + r for some w € Z%;

— foreachi € I and each (q, a) € Q;, we have

<q: bi - Alu> Z a.

The conditions above form an integer program with 2|x| variables (|x| variables for u and
|x| variables for w) whose total bitsize is bounded by g(A, |t|) - ||P|| for some computable
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function g. Hence, we can solve this program (and thus verify the existence of a suitable u)
in time h(A, |x|, |t|) - |P|| for a computable h using, for instance, the algorithm of Kannan [29].
Iterating through allr € {0,1,..., B — 1}* adds only a multiplicative factor that depends in a
computable manner on A, |x|, [t|, yielding in total a time complexity bound of f (A, |x|, |t|) - || P||
for a computable function f, as claimed. u

5. n-fold integer programming

Our main result for n-fold integer programming is presented in the following statement, which
is just Theorem 1.2 with adjusted notation.

THEOREM 5.1. AninstanceP = (C,a, (D;,b;,¢;: i € I)) of UNIFORM n-FOLD ILP OPTIMIZATION can
be solved in time f(A, |y, |t]) - ||P||°V for some computable function f, where A = maX;er || Di||co.

Again, importantly, we do not impose any upper bound on the absolute values of the
entries of the matrix C. Note also that as mentioned in Section 1, the considered parameters
do not include |s|, the number of linking constraints, but do include |y|, the number of local
variables in each block.

The remainder of this section is devoted to the proof of Theorem 5.1.

51 Graver bases

One ingredient that we will repeatedly use in our proofs is the notion of the Graver basis of a
matrix, which consists of C-minimal integral elements of the kernel. Formally, the integer kernel
of a matrix D € Z*t, denoted ker?(D), is the set of all integer vectors u € Z! such that Du = 0.
The Graver basis of D is the set Graver(D) of all C-minimal non-zero elements of ker”(D). In
other words, a vector u € ker”(D) — {0} belongs to Graver(D) if thereisnow’ C u, w’ ¢ {0, u},
such that w’ € ker?(D) as well.

Note that since Graver(D) is an antichain in the C order, which is a well quasi-order on Z*
by Dickson’s Lemma, Graver(D) is always finite. There are actually many known bounds on the
norms of the elements of the Graver basis under different assumptions about the matrix. We
will use the following one tailored to matrices with few rows.

LEMMA 5.2 (Lemma 2 of [19]). Let D € ZY** be an integer matrix, and let A = ||D||«. Then for
every g € Graver(D), it holds that

lglls < (2]tja+ D)

We will also use the fact that every solution to an integer program can be decomposed
into some solution of bounded norm and a multiset consisting of elements of the Graver basis.
This fact was observed by Pottier in [45, Corollary 1], we recall his proof for completeness.
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LEMMA 5.3. Let D € ZY*! be an integer matrix and b € Z;O be an integer vector. Then for
every w € ZB;O such that Dw = b, there exists a vector W € ZB;O and a multiset G consisting of
nonnegative elements of Graver(D) such that

pw=b, |[W| <D+ blle)+DMY,  and w=w+) g

PROOF. Let z be a fresh variable that does not belong to y and let z := y U {z}. Further, let
D’ € 27" be the matrix obtained from D by adding column D’[z] = —-b, and w’ € ZZ  be the
vector obtained from w by adding the entry w’[z] = 1. Observe that Dw = b entails D'w’ = 0,
which means that w’ € ker?(D’). Every element of the integer kernel can be decomposed into
a sign-compatible sum of elements of the Graver basis; see e.g. [17, Lemma 3.2.3]. Therefore,
there is a multiset G’ consisting of nonnegative elements of Graver(D’) such that }gc 8" = W'.
Due to the sign-compatibility, exactly one element W € G’ has w[z] = 1, and all the other
elements g’ € G’ — {W’} satisfy g’[z] = 0. We can now obtain w and G from w’ and G’ — {wW’},
respectively, by stripping every vector from the coordinate corresponding to variable z (formally,
restricting the domain toy). As g’[z] =0 for allg’ € G’ — {w'}, it follows that all elements of G
belong to Graver(D). Finally, from Lemma 5.2 applied to D’ we conclude that ||W||c < [|[W]|e <
(2[t| (1Dl + [[blleo) + D). o

5.2 Decomposing bricks

As explained in Section 2, the key idea in the proof of Theorem 5.1 is to decompose right-hand
sides of the program (that is, vectors b;) into smaller and smaller vectors while preserving the
optimum value of the program. The next lemma is the key observation that provides a single
step of the decomposition.

O(k)
)" such

LEMMA 5.4 (Brick Decomposition Lemma). There exists a function g(k,A) € 2(k8
that the following holds. Let D € 7ZY** be a matrix and b € Z' be a vector such that ||b||. > g(k, A),
where k = |t| and A = ||D||. Then there are non-zero vectors b',b” € Z! such that the following
conditions hold:

— b, b”"Cbandb =b’ +b”; and

— for every v € Z.  satisfying Dv = b, there exist v/, v" € Z , such that

v=Vv +V’, DV =D, and DV’ =Db".

Throughout this section, for a multiset V of vectors or numbers, we denote by }; V the sum
of the elementsin V.
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The crucial ingredient to prove Lemma 5.4 is the following result of Klein [30]. We use the
variant from Cslovjecsek et al. [13], which compared to the original version of Klein [30] has
better bounds and applies to vectors with possibly negative coefficients.

LEMMA 5.5 (Klein Lemma, Theorem 4.1 of [13] for € = 1 and with adjusted notation). Let
t be a tuple of variables with |t| = k and let Ty, ..., T, be non-empty multisets of vectors in Z'
such that for alli € {1,...,n} andu € T;, we have ||u||. < A, and the sum of all elements in each

multiset is the same:

dTi=)h=..=) T

Then there exist non-empty submultisets S; C T1,Sy C Ty, ...,Sp € Ty, each of size bounded by
20(kN* sych that

231:232:...:an.

We also need the following lemma about partitioning a multiset of vectors into small
submultisets with sign-compatible sums.

LEMMA 5.6. Let U be a multiset of vectors in Z* with ||u||. < Afor allu € U, where tis a tuple of
variables with |t| = k. Further; letb = ), U. Then one can partition U into a collection of non-empty
submultisets (U;: i € I) so that for every i € I, we have |U;| < (2kA+1)X and 3, U; C b.

PROOF. Let W be a multiset of vectors in Zt such that

— WC -band ||w||, < 1foreachw € W, and
— > w=-h

Let X and y be tuples of variables enumerating the elements of U and W, respectively, so that
we can set up a matrix A € Z*Y)*t with the elements of U as the columns corresponding to x
and the elements of W as the columns corresponding to y. Thus, we have

Al1=0.
By Lemma 5.2, there exists g € Graver(A) such that
lgll < (2kA+1)X  and gC1.

Let U; be the multisets of those elements of U that correspond to the variables x € x with
g(x) = 1. Similarly, let W; be the multiset of those elements of W that correspond to the
variables y € y with g(y) = 1. Thus, we have |U;| + [W4| = ||g|l1 < (2kA + 1)X. Moreover, as
Ag=0,> W = -h,and w C —b for each w € Wy, we have

ZU1:—2W1Eb.
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Therefore, we can set U; to be the first multiset in the sought collection. It now remains to apply
the same reasoning inductively to the multiset U — U; in order to extract the next elements of
the collection, until the multiset under consideration becomes empty. u

We are now ready to prove Lemma 5.4.

PROOF OF LEMMA 5.4. Let & € 20" he the bound provided by Lemma 5.5 for parameters
k and A.

Call avectorv € Z;'O a solution if Dv = b. Further, a solution v is minimal if it is conformally
minimal among the solutions: there is no solution v’ such that v # vand v’ C v. Let V be the
set of all minimal solutions. Note that V is an antichain in C, so as C is a well quasi-order on
Z;'O by Dickson’s Lemma, it follows that V is finite. If V is empty, then there are no solutions
and there is noting to prove, so assume otherwise.

For each v € V, construct a multiset of vectors Ty as follows: for each y €y, include v|[ y]
copies of the column D[ y] (i.e., the column of D corresponding to variable y) in Ty. Thus, we
obtain a finite collection of multisets (Ty: v € V). By construction, we have

ZT:DV:b forallv e V.

Note that all vectors in all multisets Ty have all entries bounded in absolute value by A. In the

sequel, we will use the following claim a few times.
CLAIM 5.6.1. Suppose v € V and A C Ty is a submultiset such that }; A = 0. Then A is empty.

Proof. Letw € Zio be the vector of multiplicities in which the columns of D appear in A: for
y €y,w[y] is the number of times D[ y] appears in A. Clearly, w C v and }, A = 0 implies that
Dw = 0. Then D(v—-w) = b and v - w C v as well. This is a contradiction with the minimality
of vunless w = 0, or equivalently, A is empty. ¢

As V is finite, we may apply Lemma 5.5 to multisets (Ty: v € V). In this way, we obtain
submultisets (Sy C Ty: v € V), each of size at most Z, such that

Z Sy = ZS"' forallv,v' € V.

Consider multisets T, := Ty — Sy for v € V. Observe that the multisets T, have again the
same sums. Moreover, if some Ty is empty, then . T;, = 0 for every v’ € V, which by Claim 5.6.1
implies that T, is empty as well. It follows that either all multisets <T",: V € V> are empty, or all
of them are non-empty.

If all multisets <T",: V€ V) are non-empty, then we may apply the same argument to
them again, and thus extract suitable non-empty submultisets (S’ CT;:ve V) with the same
sum. By performing this reasoning iteratively until all multisets become empty (which occurs

simultaneously due to Claim 5.6.1), we find a collection of partitions

((SL:iel):veV)
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for some index set I such that:
— (SL:i€I)isapartition of Ty for each v € V;
— Sl isnon-empty and |S,| < Eforalli € I and v € V; and
— Y St =38! forallie Iandv,v €V.

For i € I, let p; be the common sum of multisets S, for v € V, that is,
pi =ZS€, forallveV.

Note that }};c; pi = b and ||pil| < AE = A’ for alli € I.
We now apply Lemma 5.6 to the collection of vectors (p;: i € I). This yields a partition
(I;: j € J) of I with some index set J such that for each j € J, we have

1I;| < (2kA + 1)k < 9 (k8)? and Zpi C b.
i€l
By setting g(k, A) € 29°“ large enough, we may guarantee that |I;| - A < g(k, A) for all j € J.
Since we assumed that ||b||» > g(k, d), we conclude that ||b||c > Zidj p; forall j € J, and
consequently it must be the case that |J| > 2.
Let {J’,J”} be any partition of J with both J” and J” being non-empty. Define

r=J and 17:=|]I

jeJ’ jeJ”
Further, we set
b’ = Z pi and b”:= Z pi.
iel’ iel”

As Yc;pi =band p; C bfor alli € I, it follows that b’ + b” = b and b’,b” C b. Further, from
Claim 5.6.1 we have that both b’ and b” are non-zero.
Consider any v € V. Let
Sy=| st ama  sy:=|( Jsi.
iel’ iel”
Note that
>.S;=b and > Sy=V" (14)

Further, let v’ € ZS;O be the vector of multiplicities in which the columns of D appear in S;: for
y €y, V|[y] is the number of times D[ y| appears in S;. Define v analogously for S;. Since
{S;, 87} is a partition of Ty, we have v + v/ = v and v/, v” C v. Moreover, from (14) it follows
that

DV =b’ and Dv’'=Db".

The above reasoning already settles the second condition from the lemma statement for

y

o~ Then there exists a minimal

every minimal solution. So consider now any solution v € Z
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solution v € V such that v C v. As both v and V are solutions, we have D(v — V) = 0. It follows
that we may simply take

4 -l 4

V=V+(v-Vv) and V' :=V"
This concludes the proof. ]

From now on, we adopt the function g (A, k) provided by Lemma 5.4 in the notation.

Now that Lemma 5.4 is established, it is tempting to apply it iteratively: first break b into
b’ and b”, then break b’ into two even smaller vectors, and so on. To facilitate the discussion
about such decompositions, we introduce the following definition.

DEFINITION 5.7. Let D € ZY*! be a matrix and b € Z' be a vector. A faithful decomposition
of b with respect to D is a collection (b;: i € I) of non-zero vectors in Z! satisfying the following
conditions:
— b;C bforeachielandb =}, b;; and
— foreveryv e ZS;O satisfying Dv = b, there exist a collection of vectors (v;: i € I) in Z’;O
such that
V= Zvi and Dv;=hb; foreachi € I.

The order of a faithful decomposition (b;: i € I) is maXc; ||bil|co-
By applying Lemma 5.4 iteratively, we get the following:

LEMMA 5.8. For every matrix D € 7ZY*' and a non-zero vector b € Zt, there exists a faithful
decomposition of b with respect to D of order at most g(A, k), where k = |t| and A = || D|| .

PROOF. Start with a faithful decomposition 8 consisting only of b. Then, as long as B contains
a vector p with ||p|| > g(k, A), apply Lemma 5.4 to p yielding suitable vectors p’ and p”, and
replace p with p’ and p” in 8. It is straightforward to verify that throughout this procedure
B remains a faithful decomposition. Moreover, the size of B increases in each step of the
procedure, while every faithful decomposition of b has cardinality bounded by ||b||;. Therefore,
the procedure must eventually end, yielding a faithful decomposition of order at most g(k,A). m

Observe that in the worst case, a faithful decomposition 8 provided by Lemma 5.8 can
consist of as many as Q(||b||1) vectors, which in our case is exponential in the size of the bit
encoding of b. However, as all vectors in 8 have {,,-norm bounded in terms of k and A, the
total number of distinct vectors is bounded by a function of k and A. Therefore, a faithful
decomposition 8 provided by Lemma 5.8 can be encoded compactly using g(k, A) - 1og ||b||«
bits, by storing each vector present in B together with its multiplicity in 8, encoded in binary.
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In all further algorithmic discussions we will assume that this encoding scheme for faithful
decompositions.

Our next goal is to prove that the faithful decomposition of Lemma 5.8 can be computed
algorithmically, in fixed-parameter time when parameterized by |y|, k, and A, assuming b is
given on input in binary. The idea is to iteratively extract a large fraction of the elements of the
decomposition, so that the whole process finishes after a number of steps that is logarithmic
in ||b||. Each extraction step will be executed using a fixed-parameter algorithm for deciding
Presburger Arithmetic. Let us give a brief introduction.

Presburger Arithmetic is the first-order theory of the structure (Z¢,+,0, 1, 2,...), that is,
of nonnegative integers equipped with addition (treated as a binary function) and all elements
of the universe as constants. More precisely, a term is an arithmetic expression using the
binary function +, variables (meant to be evaluated to nonnegative integers), and constants
(nonnegative integers). Formulas considered in Presburger Arithmetic are constructed from
atomic formulas — equalities of terms — using the standard syntax of first-order logic, including
standard boolean connectives, negation, and both existential and universal quantification (over
nonnegative integers). The semantics is as expected. Note that while comparison is not directly
present in the signature, it can be easily emulated by existentially quantifying a slack variable:
for two variables x, y, the assertion x < y is equivalent to 3; x + z = y. As usual, ¢(x) denotes
a formula with a tuple of free variables x, while a sentence is a formula without free variables.
The length of a formula ¢(x), denoted ||¢||, is defined in a standard way by structural induction
on the formula and the terms contained within. Here, all constants are deemed to have length 1.

Presburger [46] famously proved that Presburger Arithmetic is decidable: there is an
algorithm that given a sentence ¢ of first-order logic over (Zo,+,0, 1, 2, ...), decides whether ¢
is true. As observed by Koutecky and Talmon [41], known algorithms for deciding Presburger
Arithmetic can be understood as fixed-parameter algorithms in the following sense.

THEOREM 5.9 (follows from [41, Theorem 1]). Given a first-order sentence ¢ over the structure
(Z>0,+,0,1,2,...), with constants encoded in binary, one can decide whether ¢ is true in time
flol) - log AP, where A > 3 is an upper bound on all the constants present in ¢ and f is a
computable function.

We remark that Koutecky and Talmon discuss a more general setting where formulas are
written in a more concise form, including allowing a direct usage of modular arithmetics, and
one considers minimization of convex functions over tuples of variables satisfying constraints
expressible in Presburger Arithmetic. Nevertheless, Theorem 5.9, as stated above, follows
readily from [41, Theorem 1]. For a proof of [41, Theorem 1], see [40, Theorem 2.2].

We now use Theorem 5.9 to argue that V3 integer programs can be solved efficiently.
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LEMMA 5.10. Suppose A € Z¥Y and B € 7 are matrices and d € Z' is a vector. Then the
satisfaction of the following sentence

Vvezy [(BV < d) — dyezx (Au < V)]

can be verified in time f (A, |X|, |yl |t]) - (log ||d||oo)0(1), where A = max(||Al|, ||Bllc) and f is a
computable function.

PROOF. It suffices to combine Theorem 5.9 with the observation that the considered sentence
can be easily rewritten to an equivalent first-order sentence over (Z-o,+,0,1,2,...), whose
length depends only on A, |x|, |y|, |t| and whose constants are bounded by ||d||. Indeed, every
inequality present in the constraint Bv < d can be rewritten to an equality of two terms as
follows:

— Every summand on the left hand side with a negative coefficient is moved to the right
hand side. Also, if the constant on the right hand side is negative, it is moved to the left
hand side. Thus, after this step, every side is a sum of variables multiplied by positive
coefficients and positive constants.

— Every summand of the form av, where « is a positive coefficient and v = v[ y] for some
y €y, isreplaced by v+ v +...+v. Note here that a < A.

o
— Inequality is turned into an equality by existentially quantifying a nonnegative slack
variable.

We apply a similar rewriting to the constraints present in Au < v. After these steps, the sentence
is a first-order sentence over (Z>o, +,0,1,2,...). u

We remark that Lemma 5.10 follows also from the work of Eisenbrand and Shmonin on
V3 integer programs; see [21, Theorem 4.2]. In [21] Eisenbrand and Shmonin only speak about
polynomial-time solvability for fixed parameters, but a careful inspection of the proof shows
that in fact, the algorithm works in fixed-parameter time with relevant parameters, as described
in Lemma 5.10.

With Lemma 5.10 in place, we present an algorithm to compute faithful decompositions.
We first prove the following statement, which shows that a large fraction of a decomposition
can be extracted efficiently.

LEMMA 5.11. Given a matrix D € ZY*' and a non-zero vector b € Zt, one can in time f(A, |y|, k) -
(log ||b|le)®V, where f is a computable function, A = ||D||., and k = |t|, compute a faithful
decomposition B, of b with respect to D with the following property: the £.,-norms of all the
elements of By are bounded by g (A, k) except for at most one element b, for which it holds that

, 1
Il < (1 - W) bl
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PROOF. By Lemma 5.8, b admits a faithful decomposition 8 with respect to D such that the
order of B is at most & := g(A, k). Observe that there are M := (28 + 1) different vectors in Z!
of £.-norm at most Z, hence also at most M different vectors present in 8. Therefore, there
exists a vector by appearing in 8 with multiplicity o > 1 such that

o - [|boll1 = — - ||b]l1.
Ibolls > = - bl
Let o be the largest power of two such that o’ < a. Then we have
& - [Ibolly > > - [[b] (15)
oll1 = M 1-

The algorithm guesses, by trying all possibilities, vector by and power of two o’. Note
that there are at most M < 2(9°* choices for by and at most log ||b||; choices for o, as every
faithful decomposition of b consists of at most ||b||; vectors. Having guessed, by and o/, we
define decomposition B to consist of

— o copies of the vector by, and
— vector b’ := b — d’by.

As B is a faithful decomposition, it follows that B, defined in this way is a faithful decomposition
as well, provided by and o’ were chosen correctly. Further, we have ||by|| < E = g(A, k) and,

by (15), also

1

b'|l{ > (1-=—]"|b]:.
1> (1= 55z ] ol

Note that 2M = 2 - (22 + 1)k = 2+ (2g(A, k) + 1)K € 260° a5 promised. So what remains to
prove is that for a given choice of by and «’, one can efficiently verify whether $, defined as
above is indeed a faithful decomposition of b.
Before we proceed, observe that by Lemma 5.3, every solution w € Z;'O to Dw = by can be
decomposed as
W=wW+ ) g, (16)

where W € Z7  is also a solution to DW = by that additionally satisfies ||W|le < (2k(Z +4) + 1)K,
while G is a multiset of nonnegative vectors belonging to the Graver basis of D. Vector w will
be called the base solution for w.

With this observation, we can formulate the task of verifying faithfulness of 8, as a V3
integer program as follows. We need to verify whether for everyv € Z’;O satisfying Dv = b, there

isavector v’ € ZS;O satisfying Dv' = b’ and vectors wq, ..., Wy € ZS;O satisfying Dw; = by for all
i €{1,...,a}suchthat V’+Zf‘;l w; = v. Note that every vector w; will have a decomposition (16),
with some base vector w;. Hence, to verify the existence of suitable v/, wy, ..., W, it suffices to

find the following objects:
— avector v € Z  satisfying Dv' = b’;
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— for every w € ZJ  such that ||Wl|. < (2k(E +A) +1)* and DW = hy, a multiplicity yg € Zso

signifying how many times w will appear as the base solution w;; and

y
=0’

appear in the decompositions (16) of the solutions (w;: i € {1,...,a’}) in total.

— for every Graver element g € Graver(D) N Z ,, a multiplicity §g € Z>o with which g will

Note that by Lemma 5.2, Graver(D) can be computed in time depending only on A, |y|, and k.
The constraints that the above variables should obey, except for integrality and nonnegativity,

are the following:

DV =D,
V’+Zyw-ﬁr+26g g=v,
\ g
D va=d,
w

where summations over w and g go over all relevant w and g for which the corresponding
variables are defined. It is easy to see that the feasibility of the integer program presented above
is equivalent to the existence of suitable v/, wy, ..., Wy ; note here that the nonnegative elements
of the Graver basis can be added to any solution of Dw = by without changing feasibility. As we
need to verify the feasibility for every v € Z’;O satisfying Dv = b, we have effectively constructed
a V3 integer program of the form considered in Lemma 5.10. It now remains to observe that
the number of variables of this program as well as the absolute values of all the entries in its
matrices are bounded by computable functions of A, |y|, and k. So we may use the algorithm of
Lemma 5.10 to solve this V3 program within the promised running time bounds. ]

We now give the full algorithm, which boils down to applying Lemma 5.11 exhaustively.

LEMMA 5.12. Given a matrix D € ZY** and a non-zero vector b € Z%, one can in time f(A, |y|, k) -
(log ||b||e)°V, where f is a computable function, A = ||D||«, and k = |t|, compute a faithful
decomposition B of b with respect to D of order at most g(A, k).

PROOF. Again, start with a faithful decomposition B consisting only of b. Next, as long as
B contains a vector b’ with ||b’|| > g(A, k), apply Lemma 5.11 to b’, which yields a faithful
decomposition B’ of b’. Then replace b with 8’ in B and continue. It is easy to see that B
remains a faithful decomposition throughout this procedure, hence once all vectors in 8 have
{--norm bounded by g (A, k), one can simply output 5.

It is easy to see that at each point of the procedure, 8 contains at most one vector with
{,-norm larger than g (A, k). Moreover, by Lemma 5.11, at every iteration the £;-norm of this

vector decreases by being multiplied by at most 1 — % It follows that the total number of
2(kb)
)O(k)

iterations performed by the procedure is at most 2¢8°" . log ||b||; = 2°" . 10g ||b||. Since

by Lemma 5.11 every iteration takes time f(A, |y|, k) - (log ||b||«)?V, the claim follows. ]
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5.3 Algorithm for n-fold integer programming

We are now ready to prove Theorem 5.1.

PROOF OF THEOREM 5.1. Let P = (C,a, (D;,b;,c;: i € I)) be the given program. By adding
some dummy variables and constraints if necessary, we may assume that all vectors b; are
non-zero. The first step of the algorithm is to construct a new program P’, equivalent to P, in
which all the right-hand sides b; will be bounded in the £,,-norm. This essentially boils down to
applying Lemma 5.12 to every b; as follows.

For every i € I, apply Lemma 5.12 to matrix D; and vector b;, yielding a faithful decompo-
sition B; of b; with respect to D; of order at most £ := g(A, |t|). Obtain a new uniform n-fold
program P’ = (C, a, (D bjciije] >) by replacing the single vector b; with the collection of
vectors B;, for each i € I. Thus every index j € J originates in some index i € I, and for all
indices j originating in i we put D; = D; and ¢; = c;.

Since collections 8B; were faithful decompositions of vectors b; with respect to D;, for all
[ € I, it follows that the program P’ is equivalent to P in terms of feasibility and the minimum
attainable value of the optimization goal. This is because every solution to P can be decomposed
into a solution to P’ with the same optimization goal value using faithfulness of the decomposi-
tions B;, and also every solution to P’ can be naturally composed into a solution to P with the
same value.

We note that the program P’ is not computed by the algorithm explicitly, but in a high-
multiplicity form. That is, decompositions B; are output by the algorithm of Lemma 5.12 by
providing every vector present in B; together with its multiplicity in ;. Consequently, we may
describe P’ concisely by writing the multiplicity of every brick type present in P’, where the
brick type of an index j € J is defined by

— the diagonal matrix Dj;
— the right-hand side b;; and
— the optimization vector c;.

In other words, indices j, j” € J with D; = Dy, b; = by, and ¢; = c¢; are considered to have
the same brick type. Note that there are at most (2A + 1)l different diagonal matrices D,
at most (28 + 1)/t different right-hand sides b j» and at most |I| < ||P|| different optimization
vectors c;, hence the total number of possible brick types is bounded h(A, |y|, [t]) - [|P||, for
some computable function h. For each such brick type, we store one positive integer of bitsize
bounded by ||P|| describing the multiplicity.

We now aim to solve the n-fold integer program P’ efficiently by formulating it as another
integer program M, and then relaxing M to a mixed integer program M’ with a bounded number
of integral variables. Intuitively, M will determine multiplicities in which solutions to individual
bricks are taken, and assign them to the blocks in an optimal manner. The solutions to bricks
will not be guessed explicitly, but through their decompositions provided by Lemma 5.3.
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To formulate M, we need first some notation regarding P’. Let
— Diag = {—A,...,A}Y*t be the set of all possible diagonal blocks; and
— RHS = {-E,...,E}' be the set of all possible right-hand sides.

Also, I is the index set of the collection (c;: i € I) consisting of all possible optimization vectors.
Thus, the set of all possible brick types that may be present in P’ is Types := RHS X Diag X I,
and we assume that P’ is stored by providing, for each type (D, b, i) € Types, the multiplicity
count[D, b, i] with which the type (D, b, i) appears in P’.

For D € Diag and b € RHS, we let Base[D, b] be the set of all base solutions for D and b:
vectors w € Z7 | such that DW = b and ||W]| < (2|t|(A+E) +1)/Yl. Recall that by Lemma 5.3, every
nonnegative integer solution w to Dw = b can be decomposed as

W:W+Zg, 17)

where w € Base[D, b] and G is a multiset consisting of nonnegative vectors from the Graver
basis. For convenience, denote Gra*(D) := Graver(D) N Z;o-
We may now define the variables of M. These will be:
£’b for D € Diag, b € RHS, and w € Base[D, b], signifying how many times in total the
base solution w will be taken for a brick with diagonal block D and right-hand side b;
— Sg for D € Diag and g € Gra*(D), signifying how many times in total the Graver basis
element g will appear in the decompositions (17) of solutions to bricks; and
‘%b’i for D € Diag,b € RHS, i € I, and w € Base[D, b], signifying how many times the
base solution w will be assigned to a brick of type (D, b, i).

— W

Next, we define the constraints of M:

2, 2 D, ebecws ) 8p-cg|=a (C1)

DeDiag beRHS \weBase[D,b] geGra*(D)
Z w‘%b’i = £’b for all D € Diag,b € RHS, and w € Base[D, b]; (C2)
iel
Z w‘%h’i = count[D, b, i] for all D € Diag,b € RHS, and i € I; (C3)
weBase[D,b]
g’b € Zso forall D € Diag,b € RHS, and w € Base[D, b]; (C4)
Sg € Zso for all D € Diag and g € Gra*[D, b]; (C5)
w‘%b’i € Zso forall D € Diag,b € RHS,w € Base[D,b], andi € I. (C6)

Let us explain these constraints:

— Constraint (C1) corresponds to the linking constraints of the n-fold program P’.
Db,
w

to bricks with different optimization vectors add up to the total number of such base

— Constraint (C2) assures that the numbers w of base solutions w € Base[D, b] assigned

solutions.
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— In a similar vein, Constraint (C3) states that the number of bricks of a particular brick type
matches the total number of suitable base solutions assigned to them.
— Finally, constraints (C4), (C5), and (C6) ensure the integrality and nonnegativity of our

variables.

Last but not least, the objective function of M is to

minimize Z Z Z Z w‘%h’i - {C;, W) + Z Z S - besty,
DeDiag beRHS WeBase[D,b] i€l DeDiag geGra* (D)
where for D € Diag and g € Gra*™ (D), we define bestg to be the minimum of (c;,g) overalli € I
such that D; = D. Here, the first summand is just the contribution of the base solutions to the
optimization goal, while in the second summand we observe that every Graver basis element
that appears in decompositions (17) can be assigned freely to any brick with the corresponding
diagonal block D, hence we may greedily assign it to the brick where its contribution to the
optimization goal is the smallest. Note that here we crucially use the assumption that the n-fold
program P’ is uniform, because we exploit the fact that assigning both the base solutions and the
Graver basis elements to different bricks has always the same effect on the linking constraints.
From the construction it is clear that the integer programs P’ and M are equivalent in
terms of feasibility and the minimum attainable value of the optimization goal. However, the
number of variables of M is too large to solve it directly: while the total number of variables
‘g P and 6§ is indeed bounded in terms of the parameters, this is not the case for the assignment
variables w‘%h’i, of which there may be as many as Q(|I]).
To solve this difficulty, we consider a mixed program M’ that differs from M by replacing
(C6) with the following constraint:

w‘%b’i € Ryo forall D € Diag,b € RHS,w € Base[D,b], andi € I. (C7)
That is, we relax variables w‘%b’i to be fractional. We now observe that M and M’ in fact have the

same optima, because after fixing the integral variables, the program M’ encodes a weighted
flow problem and therefore its constraint matrix is totally unimodular.

CLAIM 5.12.1. The minimum attainable optimization goal values of programs M and M’ are
equal.

Proof. As M’ is a relaxation of M, it suffices to prove that M’ has an optimum solution that
is integral. Observe that after fixing the integral variables ¢ £’b and 65, the only remaining
constraints are (C2) and (C3). These constraints encode that values w‘%h’i form a feasible flow in
the following flow network:
— Thereis asource s, a sink t, and two set of vertices: Vs := {(D,b,w): D € Diag,b € RHS,w ¢
Base[D,b]} and V; := {(D,b,i): D € Diag,b € RHS,i € I}.
— For every (D, b, W) € Vg, there is an arc from s to (D, b, w) with capacity ¢ g’h.
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— For every (D, b, 1) € V;, there is an arc from (D, b, i) to t with capacity count[D, b, i].
— For every D € Diag, b € RHS, w € Base[D,b], and i € I, there is an arc from (D, b, w) to
(D, b, i) with infinite capacity.

It is well known that constraint matrices of flow problems are totally unimodular, hence so
is the matrix of program M’ after fixing any evaluation of the integral variables. Vertices of
polyhedra defined by totally unimodular matrices are integral, hence after fixing the integral
variables of M’, the fractional variables can be always made integral without increasing the
optimization goal value. This shows that M’ always has an optimum solution that is integral. &

Consequently, to find the optimum value for the initial n-fold program P, it suffices to solve
the mixed program M’. As M’ can be constructed in time f (A, |y|, [t|)-||P||°? and has f(4, |y|, |t])
integral variables, for some computable function f, we may apply any fixed-parameter algorithm
for solving mixed programs, for instance that of Lenstra [44], to solve M’ within the promised
running time bounds.

Finally, let us remark that while the presented procedure outputs only the optimum value
for P, one can actually find an optimum solution to P by (i) finding an optimum mixed solution
to M’, (ii) finding an optimum integer solution to M’ by solving the fractional part integrally
using e.g. the flow formulation constructed in Claim 5.12.1, and (iii) translating the obtained
optimum solution to M’ back to an optimum solution to P. We leave the details to the reader. =
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A. Proof of Observation1.3

In this section, we prove Observation 1.3, restated below for convenience.

OBSERVATION 1.3. (Restated) Suppose the feasibility problem for uniform 4-block programs
can be solved in time f(k,A) - ||P||°YV for some computable function f, where k is the dimension
of every block and A is the maximum absolute value of any entry in the constraint matrix. Then
the feasibility problem for uniform 4-block programs can be also solved in time g (k, max; || Dil|) -
1P| for some computable function g under the assumption that all the absolute values of the
entries in matrices A, B, C are bounded by n.

PROOF. Let P be the input program:

k k
X €Ly Yt € L5y,

n

Bx+ ) Ciyi=a, and (18)
t=1

AX + Dyy: = by forallt=1,2,...,n, (19)

where A, B, C, D; are integer k X k matrices and a, b; are integer vectors of length k. Denote
A = [ajj]i jerx), B = [bijlijerk)> and C = [cijli je[x], and recall that we assume that all entries in
A, B, C have absolute values bounded by n. Also, leta = (a,...,ax)7, X = (X1,...,Xx)7, and
Ve = (Ve1,.--5 Yex) T, fort =1,...,n. Variables x will be called global variables and variables y;
will be called local variables. Similarly, constraints (18) will be called linking, and constraints (19)
will be called local. Local variables and local constraints come in t groups, each consisting of k
variables/constraints.

We will gradually modify the program P so that at the end, in the modified blocks A, B, C
all the coefficients will belong to {—1, 0, 1}. During the modification, we do not insist on all
blocks being always square matrices; this can be always fixed at the end by adding some zero
rows or zero columns.

First, we reduce large entries in C. Note that the ith linking constraint takes the form

k n k
2 buXi* ), ) cyyi=a
j=1

t=1 j=1

or equivalently,
k

k n
2 buXi+ ) ey )y =a
=1 =1

j=1

Hence, for every pair (i, j) € [k] x [k] we introduce a new global variable z;; together with the

n
~Zjj + Z)’t,j =0,
t=1

constraint



47 | 49 TheoretiCS Parameterized algorithms for block-structured integer programs with large entries

and in the ith linking constraint, we replace the summand c;; >}i_; y;; with the summand c;;z;;.
It is easy to see that after this modification, only {0, 1} entries will appear in the blocks C. This
comes at the price of increasing the number of global variables and the number of linking
constraints by k?, and possibly adding some large (but bounded by n in absolute value) entries
to the block B.

Next, we remove large entries in A. Suppose then a;; > 1 for some i, j € [k]; recall that we
assume also that a;; < n. In program P, entry a;; occurs in summands of the form a;;x;; every
group of local constraints contains one such summand. Therefore, the idea is to (i) copy the
variable x; to a; new local variables, (ii) use one new linking constraint to define a new global
variable z j equal to the sum of the copies, and hence equal to a;;x;, and (iii) replace each usage
of the summand a;;x; in local constraints with just the variable zgj. This idea can be executed
as follows:

(i) Foreveryt=1,...,n,introduce two new local variables p;;, pg it together with two new
local constraints:
- Xj+pi,=0; and

Dijt —Dj;, =0 when t <a;; and  pij; =0 when ¢t > a;;.

(i) Add a new global variable z j together with a new linking constraint

n
’
—Zjt Z Pijt = 0.
=1

(iii) Replace every usage of summand a;;x;; with variable zg]. in every local constraint within P.

Entries a;; € {—n,...,—2} can be removed similarly: we perform the above construction
for [a;;|, and then replace each summand a;;x;; with —z;; instead of z{,. Entries with large
absolute values in B can be removed in exactly the same way.

It is straightforward to see that by applying all the modifications presented above, we
obtain a uniform 4-block program with O(k?) global variables, O(k?) linking constraints, O (k?)
local variables in each group of local variables, and O (k?) local constraints in each group of local
constraints. Moreover, all entries in the blocks A, B, C belong to {-1, 0, 1}, while blocks D; got
modified only by adding some {-1, 0, 1} entries. Hence, we can just solve the modified program
using the assumed fixed-parameter algorithm for feasibility of uniform 4-block programs
parameterized by the dimensions of the block and the maximum absolute value of any entry
appearing in the constraint matrix. u
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B. Hardness of two-stage stochastic integer programming with
large diagonal entries

We conclude our discussion of two-stage stochastic integer programming by a short argument
showing that it is indeed necessary to include A = maX;; || Di||cc among the parameters. This is
because when A is unbounded the problem becomes strongly NP-hard already for blocks of size
k = 16, as we prove below. This rules out even a running time of the form f(k) - (||P|| + A)°D,
and shows that the dependence on A needs to be superpolynomial.

We give a reduction from the 3-SAT problem. Let N denote the number of variables and M
the number of clauses in the input formula. The reduction creates an instance of TWO-STAGE
StocHASTIC ILP FEASABILITY with only one global variable x € Zs(, whose role is to encode a
satisfying 3-SAT assignment. Let p4, py, ..., py be the first N primes. In our encoding, p; | x if
and only if the i-th SAT variable is set to false. The IP instance contains M diagonal blocks, each
corresponding to a single clause.

We use a certain gadget to construct the blocks. The gadget consists of five ILP variables,
named a, b, ¢, d, e € Z-(, and three constraints that involve those five variables as well as the
global variable x. Let p be a fixed prime (not an ILP variable). The key properties of the gadget
are:

— if p | x, then every feasible assignment to the five local variables has b = 0;
— if p 1 x, then every feasible assignment to the five local variables has b = 1; and
— for every x € Z there exists a feasible assignment to the five local variables.

We leave it to the reader to verify that the following gadget satisfies the desired properties.

-X+p-a+b+c=0
(p—2)-b-c-d=0 (equivalenttoc < (p—2) - b)

b+e=1 (equivalentto b < 1)

Each block consists of three such independent gadgets, instantiated for the three primes
corresponding to the three SAT variables involved in the corresponding clause. Moreover, each
block contains one additional constraint (and one additional local variable) ensuring that the
three b-variables (or their negations in case of negative literals) sum up to at least one (minus
the number of negative literals in the clause), which corresponds to the clause being satisfied.
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Summarizing, the resulting two-stage stochastic ILP instance is:

pv, 1 1
pvm—z -1 -1
1 1
pVi,Z 1 1
Dy - pv,—2 -1 -1 |
1 1
pVi,3 1 1
pvi’S—Z -1 -1
1 1
L1 ti,2 ti3 1]
(1] 0
0
1
-1 0
A = , b;= (1) , forie[M],
-1 0
0
1
1—&'_

where, for every fori € [M] and j € {1, 2, 3}, v; j denotes the index of the variable in the j-th
literal in the i-th clause, t; ; = 1 if this is a positive literal and ¢; ; = —1 otherwise, and ¢; equals
the number of negative literals in the i-th clause, i.e., &; = (3 — (tj1 + ti2 + ti3))/2.

From the preceding discussion it follows that the obtained integer program is feasible
if and only if the input 3-SAT formula is satisfiable. Each A; is a 10 X 1 matrix, each D; is a
10 x 16 matrix, and we have max;cs ||Di|| < pn = O(N log N) by the Prime Number Theorem.
We conclude that the two-stage stochastic integer programming feasibility problem is strongly
NP-hard already for k = 16.
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