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—— Abstract

We consider 2-stage stochastic integer linear problems (ILPs) with one row and identical first stage.
A 2-stage stochastic ILP is an integer program of the form max{c’z|Az = b,z € Z%;}. It is
split into a first stage of vertically aligned matrices A; € Z"** and diagonally aligned second stage
matrices B; € Z"*t.

We consider a special case of such 2-stage ILPs where the first stage matrices A; are identical,
and r = 1. For this case, we present separate algorithms for deciding the feasibility problem and for
solving the optimization problem. For the feasibility problem, our algorithm achieves a running time
of O(n - A?log(A)), where A = ||A||o0, which significantly improves upon state-of-the-art algorithms
for general 2-stage stochastic ILPs such as Cslovjecsek et al. (SODA '24) when applied to our context.
For the optimality problem, our algorithm yields a running time of 3°®) . O(n - A?) or O(n - 32).
We achieve our results by novel use of structural properties to the ILPs we consider. Additionally,
we provide an upper bound on the right hand side ||b]|oc < 3% + 2A%. We further complement our
positive results by showing a lower bound on the running times of 2-stage stochastic ILPs with one
row of 262%™ for some d,e > 0 which follows via a bound derived from ETH.
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1 Introduction
This work considers integer linear programming (ILP) problems
max{c’z : Ar = b,z € N>o}, (1)

which contain a constraint matrix A € Z™*", a linear objective function ¢ € Z™ and a
right-hand side vector b € Z™. When considering the problem without an objective function,
i.e. only deciding whether an integer solution satisfying Ax = b exists, we refer to the problem
as the feasibility integer programming problem (ILP). Integer programming is part of the
twenty-one problems originally shown by Karp to be NP-hard in his seminal work [31]. These
general ILPs have been the focus of long-running lines of research, see e.g. [19, 30, 36, 39, 27],
where the last two references are the current state of the art in running times regarding n
and m respectively.

Two-stage Integer Linear Programming

With the general problem being NP-hard to solve, focus gradually expanded to finding
structures for which integer programs are solvable more efficiently. One such structure is the
two-stage stochastic IP, which can be illustrated as follows:

A, By 0 ... 0

A |t O B : )
: : L0
A4, 0 ... 0 B,

Here, we have n blocks A; € Z™*¢ and B; € Z"*!. Consequentially, we have A € Z""¥stnt ¢ ¢
Z5t™ and b € Z™. Note how two-stage stochastic IPs can be viewed as n independent
problems when removing the first s columns. In this work, we refer to submatrices A;, B;
as blocks of the original matrix. Similarly, sections of the solution z or the cost-vector ¢
can be separated into n + 1 bricks, one of length s and n of length ¢. Each of these bricks
corresponds to the A; blocks or one B; block respectively. We denote the i-th brick of z as
2 such that we decompose z7 = (x(o), S N ,x(”)). When referring to a single index of
a brick, we use an index, i.e. xéQ) refers to the third entry of brick 2.

Due to their specific structure, such two-stage stochastic IPs are known to be solvable
in FPT-time depending on the dimensions of their blocks s,t and A := || A/, the largest

entry of the constraint matrix, with a running time of CDINEE nlog®Y n [10].
Two-stage stochastic ILPs are used to model decision making processes under uncertainty,
for example in the context of manufacturing [13]. In these contexts, the A blocks represent a
decision to be made and each of the B; blocks represents consequences in each of n different
possible circumstances (e.g. sickness of employees, customer demands, etc.). The objective
is to make a decision in the first stage that maximizes profits across all possible uncertain
circumstances, with bricks in the objective function weighted according to likelihoods of the
respective events occurring. However, the general two-stage formulation cannot be solved in
92" ") I1°M) where |I| denotes the input length, unless the ETH fails, as shown by
Jansen, Klein and Lassota [24]. As such, we focus our work on a more restricted sub-case to

time of

better understand its complexity and since many applications can be modelled with it.
In this work, we consider a restricted variant of two-stage ILPs. We consider matrices
with A; = A,i € {1,...,n} and r = 1, i.e. matrices where the first stage is identical for all



blocks and each block contains only one row:

A B 0 ... 0 20 by
: 1) b
A 0 B : z 2
A= ? o =1 . ()
Do .0 : :
A 0 ... 0o B,/ \z™ bn
with A € lexos, B; € lexot for all i € {1,...,n} and b € Z2}'. Because all A matrices are the

same and r = 1, we can preprocess the problem in two v_vays. First, we can eliminate all 0
entries in the A or B; blocks, as they do not affect feasibility. Further, duplicate columns
can be eliminated because we do not consider bounds on variables. Thus, we have s, < A.
Two-stage ILPs of the form (#) find application in, for example, the planning of electricity
distribution [21]. Further applications are found in the mixing set problem [17], which plays an
important role in production planning [37], and the response time computation problem [15].
Such two-stage ILPs can also be used to solve the bi-level knapsack problem [9, 12], wherein
a leader (the first stage) defines the capacity of the knapsack and a follower (the second
stage) aims to maximize the objective function for himself. Modelling these problems in the
form of (#) allows us to solve these problems in the running times discussed below.

Our contribution

In this paper, we provide an approach to solve restricted two-stage ILPs of the form ().
We use combinatorial results, like the Frobenius problem, to reduce the dimensions of the
matrix further. For the feasibility problem, this yields the following result:

» Theorem 1. A feasible solution of the two-stage problem in form (M) can be computed in
time O(n - A?log(A)).

When applied to ILPs of the form (&), this result improves upon the current best known
result by Cslovjecsek, Koutecky, Lassota, Pilipczuk and Polak [11] who provide a running
time of f(max{s,t}, max;||B;|s) - [ A||°), where f is a computable function and ||.A||°)
denotes a polynomial in the input length of the problem. The function f is doubly exponential.
We note here that this result, and others mentioned, solve a more general case of two-stage
ILPs and are therefore not directly comparable as they cannot use the specific structure
of (#). All comparisons mentioned treat algorithms as being applied to ILPs of form (#).

We further extend our results to find an optimal solution. Here, we show that optimal
solutions for (#) have a nice structure. This yields the following theorem:

» Theorem 2. An optimal solution to a two-stage problem in form (W) can be computed in
time 392 . O(n? - A?) or alternatively O(n - 3).

Here, the second running time comes as a result of applying Theorem 3, while the
first is due to a known Graver bound stated by Klein [33]. This improves upon the best
known running time of (s t1)2) 0o - nlog®®Y n given in [10] for r = 1. We note
that Eisenbrand and Rothvoss [18] recently extended the results of [11] to the optimality
problem, yielding a running time dependent on a computable, but doubly exponential, function
f(max{s,t}, max;||B;||s). Thus, their algorithm also runs in time f(max{s,t}, max;|| B;||cc)-
A,

For the optimality case, a core piece of our analysis is an upper bound of the right hand
side ||b||0, presented in the appendix.
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Table 1 A Table comparing running times of 2-stage stochastic ILP algorithms for r = 1. Note
that algorithms denoted with t are not explicitly given for feasibility but rather extended from the
optimality algorithm. The function g is lower bounded by Ackermann’s function. The algorithms
denoted by I allow for arbitrarily large entries in the first stage, i.e. the A; bricks. Our result, o,
only covers the case of r = 1 with A; = A.

» Theorem 3 (<). For problems of the form (#) with s = 1, we have ||b||oo < lcm{a, Bgl), cey Bén)}Jr
2A% < 32 4+ 2A%, where B := B : max{c\" /B\"|j € [t]} for alli € [n].

Furthermore, we give the following lower bound for solving an optimality 2-stage problem
with one row in form (#), analogously to [24].

» Corollary 4 (<). The 2-stage problem with one row in form (M) cannot be solved in time

l2_¢
less than 202" for some 6,e > 0 assuming ETH where A is the largest entry of the 2-stage
matriz A.

1.1 Related Work

Integer linear programming is shown to be NP-hard in the seminal work by Karp [31]. To
solve general ILPs, two separate lines of research have formed. The first of these lines
focuses on the case where m, i.e. the number of rows in the matrix A, is small. The first
result was provided by Papadimitriou [36], who presented an algorithm running in time
O(n?™+2. (m-max{A, [|b]|o }) "D Em+1) Research with the focus on fixed values of m has
continued, with the most recent result being given by Jansen and Rohwedder [27], who give
an algorithm running in time O(y/mA)(+°()™ L O(nm). This running time is essentially
tight under the SETH [27]. The algorithm of Jansen and Rohwedder improves upon an
earlier result by Eisenbrand and Weismantel, who utilized the Steinitz Lemma to achieve an
algorithm running in time n- O(mA)™ - ||b||1 [19]. These algorithms all focus on a small/fixed
number of rows m. Perhaps unsurprisingly, there is a parallel line of research, which focuses
on a small amount of columns/variables, n. The first result in this line of research was
provided by Lenstra in 1983 [30] who gave an algorithm running in time 20("*) . || A||O(M),
where ||A[|°") denotes a polynomial in the binary encoding length of the ILP. The current
state of the art is given by Reis and Rothvoss [39], who present an algorithm running in time
(log(2n))0™) - [LAJOW).

While the results given above tackle the general ILP formulation, there has also been
significant research invested into structures of ILPs with specific structures. Of particular
relevance to this work are two-stage stochastic ILPs. Research into these has been pioneered
by Hemmecke and Schultz [23], who present an augmentation algorithm running in time
g(r,s,t,A) - |A|°M) where g is a function lower bounded by Ackermann’s function. This
was subsequently improved upon by Klein [33], who gave an algorithm running in time
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give an algorithm running in time 30((r+s)s"@ra+hrs) | 4| 0(1) Eisenbrand, Hunkeschréder,
Klein, Koutecky, Levin and Onn provide two improved algorithms in [16] running in time
9(20)0CH ) LA€™), where the difference lies in the polynomial dependent on the input
length. When considering the general parameterization of the largest entry, the most recent
result is given by Cslovjecsek, Eisenbrand, Pilipczuk, Venzin and Weismantel [10], who
provide an algorithm running in time PICE R 1og?*) (nr). Then, these results are
complemented by a lower bound of 22" |119() given by Jansen, Klein and Lassota [24].
They show that an algorithm solving two-stage ILPs in this running time contradicts the
SETH. Recently, there have been advances made when considering matrices with large entries.
First, Cslovjecsek, Koutecky, Lassota, Pilipczuk and Polak [11] showed that the feasibility
problem for two-stage ILPs can be solved in time f(max{s,t}, max;||B;||o) - [ A]|, where f is
a doubly exponential function and || A||°(") denotes a polynomial in the input length of the
problem. These results were very recently extended to the optimality problem by Eisenbrand
and Rothvoss [18] who obtain a similar running time to to find an optimal solution.

Another relevant classical NP-hard problem to our work is that of knapsack, specifically
the unbounded Knapsack problem. Like ILPs, it is one of Karp’s original twenty one NP-hard
problems [31]. There is a classical dynamic programming formulation to solve the knapsack
problem given by Bellman [3]. With the problem being NP-hard, recent work is directed to
improving the dependency on parameters like the maximum weight of a single item A. In
this regime, the best known results for 0-1 knapsack are by Jin [28] and Bringmann [6], who
each, independently of each other, give algorithms running in time O(n + A2), where O omits
polylogarithmic factors. Bringmanns algorithm extends to the bounded knapsack case as
well. In this work, we utilize results in the unbounded knapsack. The ILP algorithm given by
Jansen and Rohwedder [27] directly yields an algorithm running in time O(n+A?). Klein gives
an algorithm solving the closely related subset sum problem in time O(Alog Alog %), where
F' denotes the Frobenius number of the item weights. Jansen and Rohwedders algorithm
solves subset sum in time O(n + Alog?(A)). Solving a more general All-capacities unbounded
knapsack problem, where we are not only interested in the solution for a given capacity C' but
rather all solutions in [0, C], can be achieved with the algorithm by Chan and He [8]. They
give an algorithm running in time O(A?log A + C) for this problem. We note that there
have been other parameterizations studied when considering the knapsack problem, such as
by Axiotis and Tzamos [1], who consider the amount of different weights in the knapsack
instance, or Bringmann, Diirr and Polak [7], who consider the maximum profit of an item
Pmax- Furthermore, Bateni, Hajiaghayi, Seddighin and Stein study the knapsack problem
under the framework of predictions [2].

1.2 Overview

We first give some preliminary results and definitions required for the algorithms we present
in Section 2. Then, in Section 3, we tackle the (simpler) feasibility case. Here, we present
how to decide whether a solution to a problem of the form (#) exists by careful case analysis,
yielding Theorem 1. Finally, in Section 4, we show how to adapt and extend those techniques
to find an optimal solution for problems of the form (#). Here, we expand upon the ideas
presented in Section 3 and solve more involved problems to yield the optimal solution.

Due to space constraints, some proofs were moved into the appendix. The corresponding
statements are marked with (s<).



2 Preliminaries

We denote by [n] the set {1,...,n} for n € N and [n]o := [n] U {0}. For solving the 2-stage
IP with one row, we first need to define some problems that occur.

The unbounded Equivalence Knapsack Problem (uEKP) is the following knapsack problem:
Given a capacity C' € Ny and a set of items I with weights w; and profits p; for all
i € I, determine a solution x € N‘OI‘ with maximum total profit max ) ., ; p;z; such that
> icr wiz; = C if there exists such a solution. Here, we denote by i. € I the most efficient
item, i.e., Pifw;, < Picfw, ,i € I.

A main observation regarding the structure of a solution of an unbounded Equivalence
Knapsack Problem P gives the following theorem. It claims for every solution with capacity
greater than w2, that there exists an optimal solution such that the most efficient item is
part of it.

» Theorem 5 (:<). Letk:=max{j | In € Ny: C = j+n-w;_,j € [wilo}, let n:=C—kjuw,,
and let x* be an optimal solution for the unbounded Equivalence Knapsack Problem with

ri4+n 1=1 .
3; ¢ el If

items I and capacity k. Let 27 = (x4, ..., x|7)) with x; = )
otherwise

C > w?

max’

then x is an optimal solution for P.

For solving feasibility, we get the unbounded Subset Sum Problem: Given a target value
t € Ny and a set of items I with values a;,i € I, determine a solution z € Ngjl such
that Eie 7 a;z; = t. Thus, an unbounded Subset Sum Problem instance is an unbounded
Equivalence Knapsack Problem instance with p; = 0,7 € I.

Let f be a polynomial function with integer coefficients. A diophantine equation is of
the form f(x1,...,2,) = 0. We search for a solution = € Z" such that f(xy,...,2,) =0
holds. We say that a value x1 € Z solves a diophantine equation f if there are appropriate
values xo, ..., 2z, € Z such that f(z1,...,2,) =0 holds. Let A be the biggest coefficient of
a diophantine equation. The following theorem is a well-known theorem about the solutions
of a linear diophantine equation:

» Theorem 6 ([38], <). Let ax + by = ¢ be a diophantine equation with a,b,c € Z,a,b # 0.
This equation has an integral solution (x,y);x,y € Z if and only if ¢ is a multiple of the
greatest common divisor of a and b. If (x,y) is a solution of the diophantine equation, then
all other solutions are of the form (xz + kv,y — ku) with arbitrary k € Z, u := 4/gcd(a,b) and
V= b/gcd(a,b).

A system of linear diophantine equations can be solved in polynomial time by computing
the Hermite Normal Form [40]. Malaschonok uses different approaches to solve a system
of linear diophantine equations of size n x n in time O(n?) [35]. Since we assume A < n
and our system of linear diophantine equations has 2-stage form, we give in the appendix an
algorithm which implies the following theorem:

» Theorem 7 (:<). A system of linear diophantine equations can be solved in time O(n - A).

If A < n doesn’t hold, it could be better to use a known algorithm e.g. [35] for solving a
system of linear diophantine equations. However, the overall running time of our algorithms
wouldn’t significantly change.

Another theorem we need for the analysis of our algorithm for the optimality case is the
following theorem. It proves an upper bound of the right hand side ||b]| .

» Theorem 3 (=<). For problems of the form (#) with s = 1, we have ||b||oo < lcm{a, BY, ..., Bén)}—k
2A2 < 38 4 2A2 where B = BJ(Z) : max{cﬁl)/Bj(l) |7 € [t]} for alli € [n].



As a result of this, our algorithm only needs to compute solutions with a right-hand side
at most lem{a, Bgl), ... 7Bén)} +2A2.

3 Feasibility

In this section, we present the proof of Theorem 1. We split the analysis into three cases,
dependent on the size of the first stage (Az(?)) or the smallest second stage (B;jz(?) in a
feasible solution. Somewhat surprisingly, the running time of Theorem 1 is dominated by
the small sized first or second stages. We can utilize insights from the Frobenius problem to
solve the large case more efficiently.

Here, we consider the feasibility 2-stage problem with one row. Consider a target value ¢
such that Az(®) =¢. Then, a solution for the feasibility problem (#) is 7 = (z(®), ..., z(™)
where (9 is a solution for the unbounded Subset Sum Problem Az(®) =t and z® is a
solution for the unbounded Subset Sum Problem B;z(® = b, — t. In order to solve the
feasibility 2-stage IP with one row, we considered different approaches such as residue tables.
For more details see the appendix. Here, we use a case distinction to get in every case only
few possible target values t. For the solution z we get the following three cases:

1. Az(© < A2
2. B;z() < A? holds for at least one i € [n]
3. Az > A% and Bz > A2, i € [n]

Case 1: Az(® < A2 Here, the contribution of the first stage is small. The core
observation we use is that we can enumerate all possible ways to reach these values and check,
for each reachable value, whether a solution for that value exists. We compute, for all target
values up to A2, of the unbounded Subset Sum Problem and decide whether there exists a
solution of size A and save the result in a list £4. For all j € [A2]y, we have £4[j] = 1 if there
is a solution for the unbounded Subset Sum Problem Az(®) = j and £4[j] = 0 otherwise.
Analogously, for all i € [n], we compute for all target values in [b; — A%, b;] for the unbounded
Subset Sum Problem with values B; if there exists a solution and save the result in lists ¢, .
For all i € [n] and j € [A2]g, we have £p,[j] = 1 if there is a solution for the unbounded
Subset Sum Problem B;z(") = b; — j and ¢p,[j] = 0 otherwise. We can compute all these
lists in time O(n - A%log(A)) by Lemma 15.

Since Az(®) < A?) there exists a feasible solution if and only if there exists a j € [A?]o
such that all entries g, [j] = 1 for all i € [n] and the entry £4[j] = 1. Thus, we check all
these entries for every j € [A2]y. If all these entries are equal to 1, then compute concrete
solutions for the unbounded Subset Sum Problem Az(®) = j and for the unbounded Subset
Sum Problems B;z(" = b; — j for all i € [n]. Otherwise, in the end, return that there
exists no solution. This step takes O(A? - n) time to check if there exists a suitable j and
O(n-Alog?(A)) time to compute concrete solutions for all unbounded Subset Sum Problems
by Jansen and Rohwedder [27].

All together, we can solve the feasibility problem (#) in time O(n - A?log(A)).

Case 2: B;z(V < A? holds for at least one i € [n]: In this case, the contribution of
the second stage is small for at least one block B;. We observe that we can determine
this block and use this to bound the contribution of the A blocks. Then, we proceed
similar to the first case. For by, := min;¢[y,) b;, we get B,,z™ < A2, Otherwise, we would
have b; > b, < Az + B;z® > Az 4 B2 < Bz > B, 2™ and with this,
Biz) > B,z(™ > A? for all i € [n], a contradiction. With Az + B,z(™ =, <
Az =b,, — Bz™ > b, — A2, we get Az € [b,, — A% b,]. So, we compute, for all
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target values in [b,, — A2, b,,], of the unbounded Subset Sum Problem and decide whether
there exists a solution of size A and save the result in a list £4. For all j € [A%]y, we have
L4[j] = 1 if there is a solution for the unbounded Subset Sum Problem Az(® = b, — j
and £4[j] = 0 otherwise. Analogously, for all i € [n], we compute for all target values in
[b; — by, bi — by, + A?] for the unbounded Subset Sum Problem with values B; if there exists
a solution and save the result in lists £p,. For all i € [n] and j € [A%]g, we have g, [j] = 1 if
there is a solution for the unbounded Subset Sum Problem B;z() = b; —b,,, +j and lp,[7]=0
otherwise. We can compute all these lists in time O(n - A?log(A)) by Lemma 15.

Since B,,z(™ < A?| there exists a feasible solution if and only if there exists a j € [AZ]o
such that all entries ¢p,[j] = 1 for all i € [n] and the entry £4[j] = 1. Thus, we check for
every j € [A?%]y all these entries. If all these entries are equal to 1, then compute concrete
solutions for the unbounded Subset Sum Problem Az =1b,, — j and for the unbounded
Subset Sum Problems B;z(Y) = b; — b, + j for all i € [n]. Otherwise, in the end, return that
there exists no solution. This step takes O(A? - n) time to check if there exists a suitable
j and O(n - Alog?(A)) time to compute concrete solutions for all unbounded Subset Sum
Problems by Jansen and Rohwedder [27].

All together, we can solve the feasibility problem (#) in time O(n - A?log(A)).

Case 3: Az(® > A? and B;z() > A2, i € [n]: Consider every block individually: Here,
the contribution of all B; and A blocks is large. We can use the following combinatorial results
to reduce the problem to a diophantine equation which we can solve more quickly. For A =
(ag, - .,as—1), we get the equation aomgo) +...+ as_lxg(l)l =p and for B; = (di,,...,ds,_,),
we get the equation dioxéi) + ...+ dit_lxgill = b; — p for all i € [n] for a specific p > A2,
Since p > A? as well as b; — p > A2, we get that these equations have a solution if and only
if p is a multiple of the greatest common divisor ged(A) = ged(aop, .. .,as—1) and b; — p is
a multiple of the greatest common divisor ged(B;) = ged(di,, - - -, d;,_,) for all i € [n] by
Frobenius [32], analogously to Theorem 6. Applying the euclidean algorithm A times takes
O(Alog(A)) time and computes the greatest common divisor of A natural numbers smaller
than A 4 1. Thus, we can transform the matrix into the following matrix in O(n - Alog(A))
time:

ged(A)  ged(By) 0 . 0 o by

. Z1
gcd{A) 0 ged(Ba) w| | @)
ged(A) 0 . 0 ged(B,) ' by

Tn

Now, this problem is a diophantine equation system with equations ged(A4) - z¢ + ged(B;) -
x; = b; for all i € [n]. We can solve this system with Algorithm 1 in time O(n - A) by
Theorem 7. If the algorithm does not find a solution, then there exists no solution by
Lemma 10. Otherwise, let (xq, ..., 2,) be the solution of Algorithm 1 and thus, by Lemma 10
a solution for the diophantine equation system. It does not have to hold that z; > 0 for all
i € [n]p. In order to get a solution which satisfies this condition, we can go on as follows:

For every equation 4 € [n] the value (zg,x;) is a solution and by Theorem 6 all other solu-
tions are of the form (xo+ k;v;, x; — k;u;) with arbitrary k; € Z, u; := 8¢d(A)/ged(ged(A),ged(B;))
and v; := 8¢d(Bi)/gcd(ged(A),ged(B;)). Thus, all solutions for problem (3) are of the form

z:=(zo+k-lem(vy,...,vn), x1 — *Flem(uis o) /o) -y, ... @y, — klem(oiovn) fy, - uy,)

for arbitrary k € Z. So, we know how all feasible solutions of problem (#) look like. Now,
we consider the solution with the smallest first component.



Since Az(® > A% and B;z™ > A? for all i € [n], a feasible solution z for problem (3)
always satisfies zg > A%/ged(4) and 2z; > A%/ged(B;) for all i € [n]. Thus,

zZp =
k-1 ceyUn k-1 ey Un
($(]—k'lcm(01,...7vn),$1—|— Cm(vh o ) “ULy ey Ty + Cm(vl v ) Un)
U1 Un
A2

L0 ~ Ged(A)
with k= | ——=89W |17

lem(vy, ..., v,)

is the solution with the smallest first component zy,. For a proof of this statement, see
the appendix. If zy is no valid solution, then return that there exists no feasible solution.
Otherwise, compute concrete solutions for the unbounded Subset Sum Problem Az(® =
gcd(A)zg, and for the unbounded Subset Sum Problems Bz = gcd(B;)z,. This takes
O(n - Alog®(A)) time by Jansen and Rohwedder [27].

All together, we can solve the feasibility problem (#) in time O(n - Alog?(A)).

» Theorem 1. A feasible solution of the two-stage problem in form (M) can be computed in
time O(n - A?log(A)).

Proof. We solve the feasibility problem of the form (#) as described in the three cases. First,
we assume that case 1 holds and search for a solution as written in case 1. If there exists a
feasible solution, we return it. Otherwise, we assume case 2 holds and search for a solution
as written in case 2. If there exists a feasible solution, we return it. Otherwise, we assume
case 3 holds and search for a solution as written in case 3. If there exists a feasible solution,
we return it. Otherwise, we return that there exists no solution. Both case 1 and case 2 take
O(n - A?log(A)) time. Case 3 takes O(n - Alog®(A)) time. Thus, we obtain a computational
complexity of O(n - A%log(A)) for solving feasibility 2-stage IP with one row. <

4 Optimality

In this section, we show how to adapt the techniques presented in Section 3 to find an optimal
solution to the two-stage ILPs of form (#). Once again, we distinguish cases based upon the
sizes of the first and second stages in an optimal solution. Contrary to the, arguably simpler,
feasibility case, the running time of Theorem 2 is dominated by the case where both the
first and second stage have large values in the optimal solution. The techniques utilizing the
Frobenius problem do not translate to the optimality problem. To remedy this, we limit the
search space for optimal solutions based on the coefficients of bricks in the cost function c.

4.1 Case Distinction

Let P be a 2-stage IP with one row of the form (#) and let ¢” = (c¢(®,...,¢™) be the
cost vector of P. Consider a capacity C' such that Az(®) = C. Then, a solution for P
is 27 = (..., 2() where () is an optimal solution for the unbounded Equivalence
Knapsack Problem Az(® = C with profits ¢(© and z(¥ is an optimal solution for the
unbounded Equivalence Knapsack Problem B;z() = b; — C' with profits ¢(?). In order to

solve P, we use a case distinction to get in every case only few possible capacity values C.

s+n-t

For the solution =z € Ny we get the following three cases:

1. Az < A? (=)
2. B;z(® < A? holds for at least one i € [n] (s<)

11
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3. Az(® > A? and Bz > A? i € [n]

Due to space constraints, the cases 1 and 2 were moved into the appendix. In both cases
the contribution for at least one block is small. Thus, we can limit the search space for
optimal solutions and can check all of these efficiently, analogously to the solution of the
feasibility problem.

Case 3: Az(®) > A% and B;z(¥ > A?, i € [n]: This case is the most involved one. Once
again, we can transform the problem similar to the feasibility case. However, the restrictions
placed upon us by looking for an optimal solution further complicate this. We distinguish
based upon the efficiency of the most efficient columns to limit the search spaces for optimal
solutions. If there is no significant difference in efficiency, we use a Graver bound on optimal
solutions to upper bound the search space.

Here, we get the same transformation by Frobenius [32] as in case 3 of the feasibility
problem. Thus, consider we are at the point where we computed z,. Analogous to z,

2y 1=
k. -lem(vy, ..., 0,) k. -lem(vy, ..., v0,)
(xo + Ky - lem(vy, ..., vp), 1 — ULy Ty — Uy
U1 Un
A2
Ty — —
. . cd(B;
with &, := min _ edB) | _ 1
1<i<n | | lem(vrsvn)

o8

is the solution with the biggest first component z,.

Problem (#) represents two EKPs in every row. One EKP P4 has capacity C' € N, the
entries of the matrix A as weights of the items and the corresponding entries cg, ..., cs_1 of
the cost vector as profits of the items. The second EKP Pp, in each row ¢ € [n] has capacity
b; — C € N, the entries of the matrix B; as weights of the items and the corresponding entries
Coq(i—1)-t- -+ »Cs+it—1 Of the cost vector as profits of the items. Let I., be the most efficient
item of A and respectively, let I, be the most efficient item of B; for all i € [n].

By the feasible solution, we get the capacity C' = zg - ged(A). Since Az(®) > A? and
Bz > A? for all i € [n], an optimal solution for an EKP consists of an optimal solution
for the EKP with capacity k € Ny for k € [A%? — A, A?] and of q € Ny copies of the most
efficient item by Theorem 5.

Let C € N be the capacity of EKP Py4 such that problem (#) is optimally solved. Let optx
be an optimal solution for problem (#) and let opta be an optimal solution for this problem
P4. Then, opta consists of an optimal solution of the EKP with capacity k, € [A%Z — A, A?]
and of ¢ € Ny copies of item I.,. We guess the capacity k, with expense of O(A) factor
and take it for granted. We calculate a solution of the uEKP with capacity k, in O(s + A?)
time by Jansen and Rohwedder [27]. Now, we only need to find the right amount ¢ of copies
of item I., and with this the correct capacity C'. According to the ratio between the most
efficient items of the B blocks and the most efficient item of the A block, we start from z, or
zr and search in a specific range for the correct number ¢ and thus, for an optimal solution.
The following Figure 1 sketches the introduced variables and the case distinction.

Case 3.1: 2- Zie[n] pIeBi/wjeBi < Prey/wr, ,» So, the most efficient item of A is much
more efficient than the most efficient items of the matrices B;,i € [n] together. In order
to obtain a best possible solution, we should take as much as possible from A. Thus, the
optimal solution has a high value optx(?). So, we can go on like this: For every Az(®) e
[ged(A)(2p, — A% -lem(vy, ..., vy)), ged(A) 2, ] with Az(©) = ged(A)(zo + k - lem(vy, ..., v,))
for k € Z solve the IPs as described in case 1. Since we have at most A? many capacities



profits profits

e b — A7 b b capacitios A2 ged(A)z, god(A)z, o capacities

Figure 1 The left figure shows the 2-stage problem with one row of the form (#). For the uEKP
Az® = O we already know the capacity k,. For the uEKPs Bi:r(i) = b; — C are more values kp,
possible. Starting from k., we add the most efficient item I., to reach the capacity C. Analogously,
we add the most efficient item e, starting from some point kp, for every i € [n]. Consider a line
parallel to the profit-axis. If the dashed straight line which represents I., hits this line and if for
every i € [n] exists a start point k B, such that the dashed straight line which represents I. B; hits
this line, then this line corresponds to a feasible solution. The intersection point of this line with
the capacities-axis is the capacity C'. The sum of all profit values of the intersections of this line
with the dashed straight lines is the maximum total profit. The right figure shows the three cases.
The part shows the search range for case 1, the purple part shows the search range for case
2 and the green part shows the search range for case 3. The lines in the green part represent the
solution with the smallest first component z; and the solution with the biggest first component z;.

Az this takes O(n - A%log(A)) time, analogous to case 1. The solution we get from this
is already an optimal solution for problem (&):

> Claim 8 (<). We have A - optx(9) € [ged(A)(z,, — A% -lem(vy, ..., v,)), ged(A) 2y, ).

We prove this claim by contradiction.

Case 3.2: gcd(A) - lem(vy, ..., v,) # 1A

Zie[n] PzeBi/wIEBi > ged(A)lem(vi,vn) /(ged(A) lem(v1,...;0n) 1) - Pley fwy, = S0, the most effi-
cient items of the matrices B;, i € [n] together are much more efficient than the most efficient
item of A. In order to obtain a best possible solution, we should take as much as possible
from the B;,i € [n] blocks. Thus, the optimal solution has a small value optx(o). So, we
can go on like this: For every Az(®) € [ged(A)zy,, ged(A)(zg, + A2 - lem(vy, . .. ,v,))] with
Az(®) = ged(A)(xg + k- lem(vy, ..., v,)) for k € Z solve the IPs as described in case 1. Since
we have at most A? many capacities Az(?), this takes O(n - A%log(A)) time, analogous to
case 1. The solution we get from this is already an optimal solution for problem (#):

> Claim 9 (><). We have A - optx(?) € [ged(A)zy,, ged(A)(2g, + A% - lem(vy, ..., v,))].

We prove this claim by contradiction, analogously to Claim 8.

Case 3.3: 23 icp, Ples, [wre, = Plea/wr, A

ged(A) -lem(vy, ... vn) - Pregfwr,, > (ged(A) -lem(vy, .. vp) = 1) - 320 pIeBi/wIeBi:
Because the A-part as well as the B;-parts for all ¢ € [n] are uEKPs, we know that the
solution consists of some optimal solution for the EKP with capacity k., kp, < A? and some
copies of the most efficient item. Since we guessed k, and already computed an optimal
solution of the uEKP with capacity k,, we know the values xgo) for ¢ # I.,. Thus, we can
transform problem (#) into the following 2-stage problem with one row:

wr,, B 0 ... 0 (0)
4 . xl(el“)‘ b1 —k,
wr, 0 B N = : (4)
. . - 0 : bn _ ka
w, 0 ... 0 B, zm

€A
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We get ¢/T = (cg(:l e c(”)) as corresponding cost vector. Moreover, we have an initial
solution z; or z, for problem (3) and can compute a feasible solution to problem (#) and
with this also to problem (4) in time O(n - A?log(A)). So we need to solve a 2-stage IP with
one row and already have a feasible solution. Thus, we can use for example the augmentation
algorithm by Klein [33]. According to the ratio between the most efficient item in the A-part
and the sum of the most efficient items in the B-parts we have two more cases:

Case 3.3.1: 3, PleBi/w,eBi > Pieyfwy, ,» Since the most efficient items of the matrices
B;,i € [n] together are more efficient than the most efficient item of A, the optimal solution
has a small value optx(®). We already know k, and that kp, € [A2 — A, A?]. By pigeonhole,
we get the same combination of kp, values after checking A™ successive solutions. Together,
we get that the value A - optx(?) € [ged(A)z,, ged(A)(zy, + A™ - lem(vy, ..., v,,))]. Thus, we
can derive the following bounds for problem (4) (see Figure 1): The lower bound of our
problem is [ := (lgfl,ﬂl), ., 1™) with

JO) _ sed(A)zg ke
1

€A Wie 4

7 b;—ged(A)(z;,+A" lem(vy,..., vn))—AZ? i . .
lngi = [ sed(4) (=1 iy (©1,--:,0n)) w and 1) = 0 for all j # I, € [t — 1], € [n]

since ¢ € Ny. The upper bound of our problem is u := (ug(:: culD u(")) with

(0) _ | ged(A)(zip+A" lcm(v1,...,v,))
uIeA - wIEA
ugi) = bi_iC;iM)Z“)J and uy) =wr,,, forall j# I, €[t—1]o,i€ [n]

€B; eB; i K

We have ug-i) =wy,,, forall j# I, €[t—1]o,i€ [n]. If xg-i) > wy, . would hold, we could
replace wy, manylitems Ij,, by wy;, many items I, and would get a higher profit, a
contradiction. So, '

max {u; — li} < ged(A) - A™ - lem(vy, ..., v,) + A2

- < A" lem(vy, . v,) + AR
i€[14n-t] min{wy, ,wr,, }

In the augmenting algorithm of Klein [33] we compute one augmenting step for every power
of two A with X < [log(max;ein.¢ {ui — li})] < [log(A™! - lem(vy, ..., v,) + A?)]. In one
augmenting step we compute the optimal solution of our 2-stage IP with one row (4) for every
l°|l1 < L and return the one with the best objective value. Here, L := ||G||; where G is the
size of the Graver basis. Jansen, Klein and Reuter showed that I < 39(s"(2rA+1)™) [26]. In
the appendix we show how to adapt a bound by Klein [33] yielding a similar result for our
case. Computing an optimal solution takes O(n + ¢ - A) time and finding the one with the
best objective value takes O(s + n - t) time. Since lem(vy,...,v,) +1 < A", we get:

[log(A™ ! - lem(vy, ..., v,) + A%)]

< log(A™ “lem(vy, ..., v,) + A"
= log(A™ " - (lem(vy, ..., v,) + 1))
< log(An+1 . An)

(2n+1) -log(A)

In total we get the following running time, because s = r = 1 and A < n for problem (4):

[log(A™ ! lem(vy, . .., v,) + A2) | (3O CAD™) (O 4+t - A) + O(s +n - t)))
| —

for every A for every HQOHI <L optimal solution

< ((2n+1) -log(A)) -39 . (O(n+t-A)+O(n-t))

< 394 . 0m? - A)




If A < n doesn’t hold, we get a running time of 39 . O~(A2). Alternatively, we use
Theorem 3 in order to limit the search space for the value A - optx(?). With this, we get
A - optx(®) € [ged(A)zg,, ged(A) - (24, + 1cm{wIeA,wIEB1 e WIL H]. So, we can go on
like this: For every Az(®) € [ged(A)zq,,ged(A) - (2, + lem{wy, , Wi,y 5o W, H)] with
Az = ged(A)(zo 4+ k -lem(vy, . .., v,)) for k € Z solve the IPs as described in case 1. Since
we have at most 32 many capacities Az(?), this takes O(n - (A%log(A) + 32)) = O(n - 32)
time, analogous to case 1.
Case 3.3.2(=<): > ;) pICBi/wleBi < Piey fwy, ,: This case is analogous to case 3.3.1.

4.2 Algorithm for 2-stage IP with one row

The algorithm to solve the problem (#) processes the three cases as written in Section 4.1.

For the pseudocode version see the appendix. The following theorem summarizes the proofs.

» Theorem 2. An optimal solution to a two-stage problem in form (W) can be computed in
time 39(2) - O(n? - A?) or alternatively O(n - 3).

Proof. The Algorithm 2 works exactly like the case distinction in Section 4.1. So, Algorithm 2
computes an optimal solution for a 2-stage problem with one row. We get the running time
of Algorithm 2 by the running time of individual cases from Section 4.1. The lines 1 and 3
take O(n - A?log(A)) time each. The lines 7 and 9 take O(n - A%log(A)) time each. Line 11
takes 39(%) . O(n? - A) time, line 2 takes O(n) time, line 14 takes O(A? - (s +n -t)) time and
line 4 takes O(n - Alog(A)) time. Since the lines 6 — 12 get executed A + 1 times, we get a
computational complexity of 3°(4) . O(n - A?). <

Indeed, we need to check all three cases. This is shown by some examples in the appendix.

5 Conclusion

We presented an algorithm which solves the feasibility 2-stage problem with one row of
the form (#) in time O(n - A?log(A)). Analogously to this algorithm, we presented an
algorithm which solves the 2-stage problem with one row of the form (#) optimally in

l2_¢
208757 for the optimality

time 3°(2) . O(n - A?). Furthermore, we gave an lower bound of
2-stage problem with one row of the form (#). Both approaches use the main technique of
the transformation by Frobenius [32]. If there were upper bounds, we could not use this
transformation. With upper bounds, we cannot guarantee that we always get multiples of
the greatest common divisor. Moreover, we would not be allowed to take the most efficient
item as often as we like.

If we consider the 2-stage IP with different matrices A4;,4 € [n] or with more than one row,

so A; € Z"*5 i € [n] with r > 2, then we also cannot use this transformation to get a solution.

In this case one vector z(°) would need to solve two different equations. Given a solution
xp, for the 2-stage TP with transformed matrix and entries a11,...,a15 and asq, ..., a2, a
solution x for the original 2-stage IP needs at least to satisfy aq; - x(()o) + ...+ ais- .Tso_)l =
xp - ged(aqy, .. ., a15) and agq - x(()o) 4. Fags - xgo_)l = xf, - ged(azy, . . ., azs). In general, this
is not possible. So we cannot use our algorithms for the 2-stage IP with more than one row
or with different matrices A4;,7 € [n]. Thus, we need another transformation. Using the
Deep-in-the-Cone Lemma of Cslovjecsek, Koutecky, Lassota, Pilipczuk and Polak [11] to
transform the matrices A; and B; for all ¢ € [n] into their respective Hermite Normal Form
is a promising approach and will be our future work.
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A Diophantine Equation

In this section we prove Theorem 6 and Theorem 7. Theorem 6 describes how solutions of a
linear diophantine equation look like. We use this theorem to give an algorithm which solves
a system of diophantine equations in time O(n - A). This proves Theorem 7.

Proof of Theorem 6. Let ax 4+ by = ¢ be a diophantine equation with a,b,c € Z,a,b # 0.

< Let ¢ be a multiple of the greatest common divisor of a and b. By Bézouts lemma [29],

there exist integral numbers e, f € Z such that ae + bf = d, with d := ged(a, b) holds. Since
c is a multiple of the greatest common divisor of a and b, we have ¢ = dh for a h € Z. So, we
get a(eh) + b(fh) = ach + bfh = (ae + bf)h = dh = ¢ and with this, (eh, fh) is an integral
solution for this diophantine equation.

17
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= Let (z,y);z,y € Z be an integral solution for this diophantine equation and let
d = ged(a,b). Since d divides the value ax + by, the value c is a multiple of the greatest
common divisor of a and b.

In total, we get: This equation has an integral solution (z,y);x,y € Z if and only if ¢ is a
multiple of the greatest common divisor of a and b.

Let (z,y);x,y € Z be an integral solution of this diophantine equation and let d :=
ged(a,b). Then, we get a = ud and b = vd for u,v € Z. So, for k € Z we get:

a(x + kv) + b(y — ku) = ax + by + k(av — bu)
= ax + by + k(udv — vdu)
=ar+by=c

Thus, also (z + kv, y — ku) for k € Z with u = o/d and v = ¥/d is a solution of this diophantine
equation.

Now, let (21,y1); 21,y1 € Z and (x2,y2); X2, Y2 € Z be integral solutions of this diophantine
equation. Let d := ged(a,b). Then, we get a = ud and b = vd for u,v € Z. We get:

ax1 + by = axs + bys
S a(ry —x2) +b(y1 —y2) =0
& ud(xy — x2) +vd(y1 — y2)
< d(u(zr — z2) +v(y1 — y2))
< u(ry —x2)+v(yn —y2) =0

—0
=0

Since u and v are relatively prime by definition, it holds that v divides x7; — z2 by the lemma
of Euclid. So, there is a k € Z such that 1 — zo = kv. With this, we get:

u(zy —x2) +v(y1 —y2) =0
< ukv+ov(yr —y2) =0
< v(uk+ (y1 —y2)) =0
Sy —y2 = —ku

The last equivalence holds, since b # 0. So, we get 1 = x5 + kv and y; = yo — ku.

In total, we get that if (z,y) is a solution of the diophantine equation, then all other
solutions are of the form (x + kv,y — ku) with arbitrary k € Z, u := ¢/gcd(a,b) and v :=
b/gcd(a,b). <4

We can use Theorem 6 about the solutions of one diophantine equation to get solutions
for a system of diophantine equations.

Let a;x + b;y; = ¢; with a;,b;,¢; € N be diophantine equations for all i € {1,...,n}.
Algorithm 1 solves this system of diophantine equations in O(n - A) time. It goes through
all equations iteratively and searches for a solution by testing every possible value. While
proceeding to the next equation, it only checks possible values that also solve all equations
before the current equation.



Algorithm 1 DiophantineEquations

Require: a;,b;,¢; € N,i € [n]

Ensure: (z,y1,...,Yyn) solves the given system of diophantine equations
1.z« 0
2: stepSize <1
3: fori=1...ndo > Go through every equation.
4: found < False
5: for k=0...b;, —1do
6: 2’ < x+ k- stepSize
7: y; ¢ cimaiz’ [y,
8: if y;, € Z then
9: found < True
10: break
11: end if

12: end for
13: if found then

14: T+

15: stepSize < lcm(stepSize, bi/ged(a;,b;))

16: else

17: return There exists no solution.

18: end if

19: end for

20: fori=1...ndo > Update the old y; values with the new =z.
21: Yi — ci—aify,

22: end for

23: return (z,y1,...,Yn)

» Lemma 10. Algorithm 1 returns a solution for the system of diophantine equations if and
only if the system of diophantine equations has at least one solution.

Proof. Let a;x + b;y; = ¢; with a;, b;, ¢; € N be diophantine equations for all 7 € {1,...,n}.
The algorithm iterates through all equations. For every equation, it checks possible b; values
in a distance of stepSize, beginning at a starting point x. Let stepSize, be the value
of the variable stepSize at the beginning of the i-th iteration of the first for-loop for all
i € [n]. Furthermore, let x; be the solution for the equation ¢ that the algorithm finds in this
iteration. So, xg = 0 holds. In order to prove that the algorithm works correctly, we show
the following three claims.

> Claim 11.  The values 2’ that are at a distance other than k - stepSize, for a k € Z from
the starting point x;_1 do not solve the system of diophantine equations.

Proof. We prove by induction on ¢. For i = 1, we have stepSize; = 1 and zp = 0. All
values 2’ that are in another distance than k - stepSize, = k-1 = k for arbitrary k € Z
from the starting point xg = 0 are not integers and do not solve the system of diophantine
equations. Suppose the claim holds for i. We show that it holds for i + 1. We have
stepSize,; , = lem(stepSize;, bi/ged(aibi)) and x;11-1 = x;. So, a;x; + biy; = ¢; holds for
one y; € Z. Note that x;11-1 = x; only gets updated to 2’ in line 14 and the value of a’ gets
updated to z;41-2 + k' - stepSize, = z;_1 + k' - stepSize, for a k¥’ € Z in line 6. Therefore,
the point z; has a distance of k&’ - stepSize, to the starting point z;_1.
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So for k' € Z holds

{2/ |3k €Z:a" =x;_1 + k- stepSize,}
={2' |k €Z: 2" =x;,1+k -stepSize, + k - stepSize,}
={2' |3k €Z: 2" =x; + k- stepSize,}.

The induction hypothesis transitively implies that all values z’ that are at a distance
other than &’ - stepSize, for a k' € Z from the starting point z; do not solve the system of
diophantine equations. By Theorem 6 we get that only values of the form x; + k - bi/gcd(ai,b:)
for arbitrary k& € Z solve the equation i. So, all values that are at a distance other than
k - bi/gcd(as,b;) for arbitrary k € Z from the starting point z; do not solve the diophantine
equation 7 and with this, they do not solve the system of diophantine equations. Together,
we get that all values 2’ that are at a distance other than k - lem(stepSize;, bi/ged(ai.bi)) =
k-stepSize; for a k € Z from the starting point x; = x;41—1 do not solve the system of
diophantine equations.

Thus, Claim 11 holds. <

> Claim 12. If there is a solution (u;,v;) with u; = z;_1 + k - stepSize, for a k € Z and
with u; < @;_1 or with w; > 2,1 + (b; — 1) - stepSize, for the diophantine equation 4, then
there is also a solution (z’,y;) for the diophantine equation ¢ with &’ = 2,1 + k' - stepSize;
for a k' € Z such that x;_1 < a2’ < ;-1 + (b; — 1) - stepSize,.

Proof. Let ¢ € [n] and let (u;,v;) be a solution for the diophantine equation ¢ with u; =
x;—1+ k- stepSize, for a k € Z and with u; < ;1 or with u; > ;1 + (b; — 1) - stepSize,.
Then, we get:

a;u; + bjv; = ¢
& a;(x;—1 + k- stepSize,;) + biv; = ¢;

k
-b; + \‘J . bi) . stepSizei) + bv; = ¢

-~ ai($¢_1+(kf b

k
< ai(xi1 + (k- -b;) - stepSize, + {J - b; - stepSize;) + bv; = ¢;

bi

T
Sl & & &

k
< ai(zi—1 + (k- -b;) - stepSize,) + a; - L}J - b; - stepSize; + bv; = ¢

54 ai(azi,l + (k —

k
b,

(3

-b;) - stepSize,) + b;(a; - { J - stepSize, +v;) = ¢

We get ;-1 < x;—1 + (k — [¥/b:] - b;) - stepSize;, < x;,_1 + (b; — 1) - stepSize,, since

stepSize, > 0 holds for all i € [n] by line 15 of the algorithm. So, with &’ := k—|*/b:]-b; € Z,
the value (2’ := x;_1 + k' - stepSize,, a; - |¥/b: | - stepSize; +v;) is a solution for the equation
i with #;_1 <2’ <wx;_1 + (b; — 1) - stepSize,. Thus, Claim 12 holds. <

> Claim 13. The solution x; solves also all other equations j for j € [i — 1].

Proof. We prove by induction on i. For ¢ = 1, the set {1,...,i — 1} is empty and the claim



is true. Suppose the claim holds for .. We show that it holds for i + 1. We get

b
stepSize, ; = lcm <stepSizei, gcd(alb))
1y Y

=lem |1 il bi
o “ged(ar, b1)’ T ged(aq, by)

= lecm il bi
o gcd(al, bl) L gcd(ai, bz) ’

Since 241 gets updated to 2’ in line 14 and z’ itself gets updated to z; +k-stepSize;, | =
x; + k- lem(b1/ged(ar,br), - - -, bifged(ai b)) for a k € Z in line 6, the point x;4; has a distance
of k- lem(b1/ged(ar,b1), . . ., bi/ged(as b)) for a k € Z to the starting point x;. By the induction
hypothesis, the value x; solves all equations j for j € [i — 1] and by definition, it solves
equation ¢. By Theorem 6, every x; = @;+kj-0i/ged(a; b;) for arbitrary k; € Z solves equation
j for all j € [i]. Because x; + k - lem(b1/ged(a1,b1), - - . , bi/ged(ai,bi)) = @; + kj - bifged(a;,b;) for a
k; € Z holds for every j € [i], the value z;11 solves all equations j for j € [i].
So, Claim 13 holds.
<

The algorithm checks for every equation i € [n] the values x;_1 + k - stepSize, for all
k € [b; — 1]o. If it finds a solution, it saves this solution as z;. If it does not find a solution,
it returns that no solution exists. Otherwise, it returns at the end the last solution with
adjusted values y; for all 7 € [n]. By Claim 11, it is correct that for every i € [n] our algorithm
does not check the values 2’ that are in another distance than k - stepSize, for a k € Z from
the starting point x;_; since these values do not solve the system of diophantine equations. In
combination with Claim 12, it is correct that for every i € [n] our algorithm only checks the
values ' with @’ = x;,_1+k’-stepSize, for all &’ € [b; —1]o. Since the algorithm checks for all
i € [n] by Claim 11 all potential solutions =’ in the interval [z;,_1,z;—1 + (b; — 1) - stepSize,]
and by Claim 12, in combination with Claim 11, a solution in this interval exists, if a solution
exists, our algorithm finds a solution if and only if the system of diophantine equations has a
solution. By Claim 13, the value z,,, if z,, exists, solves all equations j for j € [n — 1] and by
definition it solves equation n. Because for all i € [n] the values y; are correctly adjusted to
the value z,,, our algorithm returns a correct solution if it returns a solution. So, Lemma 10
holds. |

» Lemma 14. Algorithm 1 has computational complezity of O(n - A).

Proof. The lines 1 — 2, 4, 6 — 14, 16 — 19 and 21 — 23 take O(1) time. Since lem(a,b) =
ged(a, b) - @/ged(a,b) - b/ged(a,b) holds for all a,b € N, the running time of line 15 is determined
by the computation of the greatest common divisor of two natural numbers. The greatest
common divisor of two natural numbers a > b can be computed in time O(log(a)) by the
euclidean algorithm. Line 15 takes O(log(A)) time. The first for loop runs n times, so the
lines 4 — 18 get executed n times. The second for loop runs b; times, so the lines 6 — 11 get
executed at most n - A times. The third for loop runs n times. So, line 21 gets executed n
times. In total, we get a computational complexity of O(n - A) for Algorithm 1. <

All together, we get the following theorem.
» Theorem 7 (:<). A system of linear diophantine equations can be solved in time O(n - A).

Proof. We get this right away by Lemma 10 and Lemma 14. |
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B All-Target Subset Sum

In this section, we provide an auxiliary algorithm required for the solution of the 2-stage
formulation. In particular, we require an algorithm that returns all reachable target values
for an unbounded Subset Sum Problem. We note that there are several approaches that
solve the classical subset sum problem in near-linear time, see [5, 34].

» Lemma 15 ([5]). Let b € N with b > A2, It takes O(A? log(A)) time to compute for every
target value t € [b— A2, b] if there exists a solution for unbounded Subset Sum Problem with
at most A wvalues.

Proof. Let S be a unbounded Subset Sum Problem with at most A values. For all target
values t € [A?%]y we compute if there is a solution for S with target value ¢ in O(A?log(A))
time by Bringmann [5]. Since S is a unbounded Equivalence Knapsack Problem with cost
vector ¢ = 0, we can use Theorem 5. Thus, there is a solution for S with target value
t > A? if and only if there is a solution for S with target value k := max{j | In € Ny : t =
j+mn-w;,j€[A%}. The item w;, is an arbitrary item of S since all profits are 0. W.l.o.g.
let w;, be the biggest item of S. In order to check if there exists a solution for S with target
value t > A?, we compute n := [t=2%/w; | and k :=t — n - w;, and then check if there is a
solution for S with target value k. Since k < A?, we can look this up. Together, it takes
O(A?log(A)) time to compute for every target value t € [b — A2, b] if there exists a solution
for S. <

C All-Capacities Unbounded Knapsack

Here, we describe an algorithm to solve the uEKP. The algorithm computes an optimal
solution for a value k < w2, and adds the most efficient item i., i.e. the item with the best
profit to weight ratio, as many times until the capacity is reached. The following theorem
shows that this procedure gives us an optimal solution. Let P be an uEKP with items I,

weights w;, i € I, profits p;, i € I and capacity C € N.

» Theorem 5 (<). Letk :=max{j | In € Ng: C = j+n-w;,,j € [w,Jo}, let n = C—k/uw,,
and let x* be an optimal solution for the unbounded Equivalence Knapsack Problem with

{xi+” e el If

3 otherwise

items I and capacity k. Let 2* = (21,...,2)p)) with x; ==

C > w?

max’

then x is an optimal solution for P.

We prove this theorem using the following lemma. It claims that in every solution with
2

max

capacity greater than w the most efficient item can appear. Thus, for every solution with

capacity greater than w2 exists an optimal solution such that the most efficient item is

max
part of it.

» Lemma 16. Let A € N. For a non-empty subset M C [A] with |M| =n and multiplicities
x; for all k; € M with ZieM xik; = K > A% we have for all k; € M a non-empty subtotal
t:= ZieM .Z‘i/]{ii S K with k’z|t

Proof. Select an arbitrary k& € M. As the sum of all values and their multiplicities is
larger than A2 and all values are at most A, the sum of multiplicities DoiemTi = A >
k must hold. Write the sum by removing multiplicities and adding x; copies of k;, i.e.
ki+ki+...+ki+ka+...+k,. Take the all partial sums of this sum by stopping summation
after the j-th summand for all j € [n] and denote their value by K;. There are at least



k < j of these sums. Either, for one sum up to some j it holds K; mod k£ = 0, or there
are two partial sums K;, K, with K; mod k = K mod k by pigeonhole. Then, K; — K/
mod k = 0 must hold and thus the claim holds. <

A consequence of this for unbounded Equivalence Knapsack Problem, we know that every
2 ax contains a block of items which can be replaced
by copies of the most efficient item. Since this replacement never reduces the total profit,
there exists an optimal solution with capacity greater than w?

max
Repeating this, we can prove Theorem 5:

solution with capacity greater than w

Proof. Let C' > w?

max*

Let k:=max{j | IneNy: C=j+n-w;,,jec [wi, o}, let n:=
C—Fk/w,, and let z* be an optimal solution for the unbounded Equivalence Knapsack Problem
{ Ti+n Q=i

with items I and capacity k. Let 27 = (z1, ..., x|y)) with z; := 4 )
otherwise

, 2
i

Suppose there is an optimal solution x" with ), w;z; = C and ), ; pswi > > i Pi%i-

Since Y, wir; = C > wh,,, we get that there exists a non-empty subtotal ¢ :=
Yierwiry, T C I, < xj with w;, [t by Lemma 16. Consider the optimal solution 2’
without the items of this subtotal: Let 27 = (#1,... , 7)) with #; .= 2 — 2}, If we get for
the total weight of these items &' := Y, ., wil; > wl,, then we can apply Lemma 16 and
repeat this procedure. Otherwise, we get k' < w2 .. 2 ax
and get the following three cases:

Case 1: k' > k: Since k:=max{j | IneNy: C=j+n-w;,,j € [w2,]o} holds, ¥ >k
is a contradiction.

So, in the end we remain k' < w

Case 2: k' = k: There exists a subtotal t' := >, ., wiz}, T" C Iz} < xj with t' = k.

Now, we can divide the optimal solution z’ in two parts. One part Z’ is defined by the
1

subtotal t', so 2’ := ), ;. «}, and the other part 2’ is the remaining part, so & := xj — z7.

K3
Analogously, we can divide the solution x in two parts Z and &. Since Y, ; pix; > D>, o Pii

holds, we get that ) ., piZ; > > .., piZs or Y, c; pidi > Y, Pid; hold. By definition of
x,  is the optimal solution of the unbounded Equivalence Knapsack Problem with items I

and capacity k. So, >, c; pi®; > Y, piZ; doesn’t hold. Thus, Y, piZ; > >, c; psi holds.

n 1=l
0 otherwise
most efficient item.

Case 3: k' < k: There exists a subtotal ¢ := » ;. w;z],T" C I,2] < x} with
t'=C—Fk =m-w,;, for one m € Ny. Since ¥’ < k holds, we get n < m. We can replace
t’ by m copies of the most efficient item 7. and the profit remains the same. Otherwise, x’
would not be an optimal solution by the definition of the most efficient item. After this
replacing, there exists a subtotal ¢} := ZiETl’ wiz!, T) C I witht] =C —k=n-w,;, . Thus,
we can get to a contradiction analogous to case 2. |

Because 2 := { ,i € I holds, this is a contradiction of the definition of the

With Theorem 5 we can describe an algorithm which solves the unbounded Equivalence
Knapsack Problem.

» Lemma 17 ([8]). Let b € N with b > A? and let P be a unbounded Equivalence Knapsack
Problem with highest weight A € N. It takes O(A%log(A)) time to compute for every capacity
C € [b— A2)b] the mazimum profit of an optimal solution for P if there exists a solution.

Proof. Let P be a unbounded Equivalence Knapsack Problem with highest weight A € N.

Chan and He [8] provide an algorithm for All-Capacities Unbounded Knapsack. This problem
is equivalent to the problem of finding the maximum total profit for all capacities up to a
given value C for a unbounded Equivalence Knapsack Problem with the only difference that

with the most efficient item.

el.
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the capacity does not have to be reached exactly. They use a dynamic program to compute
entries
DJj] := maximum total profit that can be reached only using items ¢ with weight w; < j

If we slightly modify their algorithm by setting D[0] = 0 and D[j] = max, <, sa2/;.4,<; (Dli—

w;] + p;), we get an algorithm which solves the problem of finding the maximum total
profit for all capacities up to a given value C for a unbounded Equivalence Knapsack
Problem. This is analog to their all-targets change-making problem [8]. The correctness
and the running time follow analogously to these both algorithms of Chan and He [§].
Thus, we get for every capacity C € [A2%]y the maximum profit of an optimal solution
for P if there exists a solution in time O(A?log(A)) [8]. For every capacity C' > A? let
k:=max{j|IneNg: C=j+n-w,,jec[A%p}, let n:=C—k/w, and let * be an optimal
solution for the unbounded Equivalence Knapsack Problem with items I and capacity k. Let

, .
T;+n 1=1,

T . . .
't = (r1,...,¢ ith x; := . i € I. By Theorem 5, we get that z is
(@1, 1) W ! { xt otherwise ’ Y weg

i

an optimal solution for P. Since we know the maximum profit of the solution x* by looking

it up (k < A?) and we know p;_, we can compute the maximum profit of z in time O(1).
Together, it takes O(A? log(A)) time to compute for every capacity C' € [b — A2, b] the

maximum total profit of an optimal solution for P if there exists a solution. |

D Reducing the search space of optimal solutions

In this section, we show an alternative result to limit the size of an optimal solution to
problems of the form (#). We show that, when Az is large enough, there is a number K
that is a multiple of the most efficient column of all blocks in A. Then, we can replace this
solution with one taking exclusively the more efficient columns of A or all B; respectively.
This yields that the right-hand side b can be limited by [|b]|oc < max{s,t}3%.

» Lemma 18. Given multisets T1,...,T,, C Z>o, where all elements t € T; have bounded
size ||t]|oc < A and each multiset contains at most k distinct values. Assuming that the total
sum of all elements in each set is equal, i.e.

dt=..=>t

teTy teTy,

then there exist nonempty submultisets S1 C T1,..., S, C T, of bounded size |S;| < lem{T} -
kE<lem{l,...,A} -k <32 .k, where T =JT;, i.e. all numbers of the sets T;, such that

SESq SES,

Proof. As a warm-up, consider the case where each T; consists only of a single natural number
lem{T} 1= lem{T} 92—
1 - T2 -

x; € {1,...,A}. Then, it is easy to find common multiples, as we have
_ lem{T} -

tmax

max, where ty., is the largest number in 7. Then, for each x; we can choose

the subset consisting of mﬁcﬂ - ;. The sum of all these subsets is then equal to lem{7T'} and
we are done. Now, we consider the case of arbitrary T;. Let the number of distinct numbers in
each subset T; be at most k. If, for any ¢ € [n], |T;| < k-lem{T'}, the sum of this T; is bounded
byb=>3 et < Aklem{T}. Aswe have ), p t =" =), pt="---=3 - t all other
T; must have at most |T;| < k - lem{T'} elements, as all elements are larger than zero. If, on
the other hand, we have |T;| > k - lem{T} for all i € [n], then, by pigeonhole, at least one
number z; € {1,...,A} must occur at least lem{7'} many times. Then, from our warm-up,
we know that we need at most lem{7} many copies of a number z; € {1,..., A} to sum



up to exactly lem{T'}. Repeating this for each multiset yields a bound of |S;| < k - lem{T}.
Plugging in the bound of lem{T} < lem{1,...,A} < 3% by Hanson [22] completes the
proof. <

Next, we adapt Klein’s bound on the Graver basis to two-stage ILPs of the for (#). In
this proof, we utilize the Steinitz Lemma, originally given by Steinitz [41] and later improved
in the bound by Grinberg and Sevast’yanov [20]. It shows that, for a set of vectors v; € R™
that sum up to 0 and are small with respect to some norm, we can find an ordering such that
any partial sum v + - - - 4+ v; is not far from 0 with respect to the same norm. This Lemma
has found several applications in the context of integer programming, see e.g. Eisenbrand’s
and Weismantel’s result [19] for general ILPs for details. The following theorem is a direct
application of [33, Theorem 2] to our context.

» Theorem 19 ([33]). Let y be a Graver element of the constraint matriz A of (#) with
s=1. Then, ||yl is bounded by (2A +1)-32A+1. More precisely, ||yP|; < (2A +1)-324+1
for every 0 <i <mn.

Proof. Let y € ZL5™ be a cycle of ILP (#), i.e. Ay = 0. Consider a submatrix of .A denoted

by (AB®W) € 1<+ consisting of the block matrix A of the first stage and the i-th block
A , (0)
B of the second stage. Further consider the corresponding variables v(*) = (Z(i)) € Z1tt

of the respective matrix A and B®. As we have Ay = 0, we must also have (AB®)v(?) = 0.

We can decompose v(¥ into a multiset C; of indecomposable elements, i.e. v{*) = ZcECi c.

Thus, we can use the Steinitz Lemma to bound ||c||; < (2A + 1) for each ¢ € C;.

Since all matrices (AB(i)) share the same set of variables in the overlapping block matrices
A, we cannot choose indecomposable elements independently in each block to obtain a cycle
of smaller size for the entire matrix A. Let p : Z'** — Z be the projection that maps a cycle ¢

) (0)
of a block matrix (AB®) to the variables in the overlapping part, i.e. p(c) = p( (Z“) =0,

In the case that ||y]|« is large we show that we can find a cycle g of smaller length and y < y.
In order to obtain this cycle ¢ for the entire matrix .4, we have to find a multiset of cycles

C; C C; in each block matrix (AB®) such that the sum of projected parts is identical, i.e.

Ycec, P(c) =+ =3 s plc). We apply Lemma 18 to the multiset p(C1), ..., p(Cy), where
p(C;) = {p(c)|c € C;} is the multiset of projected elements in C; with ||p(c)|1 < (2A +1).
Note that }° c,c) @ ="""=>epc,) T = y(© and hence we can apply Lemma 18. Note
that (0 e Z>g. Since every v® is decomposed in a sign compatible way, every entry of the
vector in p(C;) has the same sign. Thus, we can flip the negative signs in order to apply
Lemma 18.

By the Lemma, there exist submultisets S1 C p(C1), ..., S, € p(Cp) such that Y ¢ = =
- Z:L’ES,L x and |S;] < s3llellh = 32A+1  Ag there exist submultisets C; C Cy,...,C, C Ch,
with p(Cy) = S1,...,p(Cy) = Sp, we can use those submultisets C; to define a solution
y<y. Fori>0lety=> s p(c), where p(c) is the projection that maps a cycle c € C;

(@)

c

arbitrary i > 0, which is well defined as the sum is identical for all multisets C;. As the
cardinality of multisets C; is bounded, we know by construction of y that the one norm of
every y(¥ is bounded by

: (0) :
to the part that belongs to matrix B® i.e. p( (C ) =, Let 40 = > cec, plc) for an

Iyl < 24 +1) - 32851,

This directly implies the infinity norm bound as well.
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» Theorem 3 (=<). For problems of the form (#) with s = 1, we have |b||oo < lcm{a, BY, ..., Bén)}—k

2 A 2 (&) ._ g . ONF=IOIN :
2A% < 3% +2A%, where Be"” := B} : max{c;’ /B;"|j € [t]} for alli € [n].

Proof. We prove this claim by arguing over the structure of optimal solutions. When s =1,
either by reduction or given, let K := k- A, where k € Z>( is a factor, be a multiple of
the column a = A. The only change in a feasible solution can be found by adding (or
subtracting) K to a and subtracting (or adding) K in each of the blocks. We know, by
Theorem 5, that the optimal solution of (#) with s = 1 contains, for every block B
many copies of the most efficient column and at most A copies of each other column, i.e.
{bi / BJ@ if j is the most efficient column

O] <
A otherwise.

J
As a reminder, the most efficient column for each block i is the column j which maximizes
cy) / B](»l). Denote the most efficient column of block i as B for all i € [n]. Following this
observation, we can now argue the structure of optimal solutions. For every K which is
a multiple of lem{a, Bgl), ce, Bén)}, there is a simple exchange possible. Either we have
Kla-co> ", K/Bg) ¢ i.e. the column a adds more profit than removing all other
efficient columns for each block 4, or K/a-co < >.1r K/Béi) et In the first case, we can
add K/a many copies of a to the solution and know that there is no more profitable way to
fill this size. In the second case, we add K/ Béi) copies of the other items and again know
that this is the most profitable way to fill this size.

This observation, in turn, allows us to limit the right-hand side b. Assume that b; >
lem{a, Bél), cel Bﬁn)} + A2 for all i € [n]. Then, we can find a size K which is a multiple of
lem{a, Bél), ceey BSL)} and fill this space like above. This is feasible until we have at least one
b; < lem{a, Bél), cee Bén)}+A2. However, once we have one b; < lem{a, Bél), ceey Bén)}JrAz,
we know that we can also reduce the remaining b, to lem{a, Bél), ceey Bén)} +2AZ2. This is
because we have zga < lem{a, Bél), ceey Bén)} + A? due to b;. Thus, the remaining b; can be
reduced to a value at most A? larger by filling the remaining b; — (b; + A?) with copies of the
most efficient column for all b;s. As a result, we have ||b||cc < lem{a, Bél), e Bén)}—f—QAQ. <

As a result of this, our algorithm only needs to compute solutions with a right-hand side at
most lem{a, BY, ..., Bé")} +2A2. This limits the number of values for y° we have to check,
speeding up the algorithm significantly.



E 2-stage IP with one row

E.1 Proofs

Case 3: (missing parts, feasibility) We have

zey = To — k- lem(vy, ..., vp)
A2
10 ged(A)
=x0 — — | —1] -1 ce,Up
o lem(vy, ..., v,) em(vr - n)
A2
10 ged(A)
- ——41-1] -1 ey, Up
= 0 lem(vy, ..., v,) + em(vr; -, n)
A2
T0 T ged@
=r9g— ——>—2— 1 R
o lem(vy, ..., vn,) em{vy on)
2
o0 ety
A2
" ged(4)”

since [a] < a + 1 holds for all a € Qq. If 2y, > A%/ged(B;) for all i € [n], then 2, is a feasible
solution. Otherwise, there exists no feasible solution for problem (3), since zy, cannot be
reduced further and with this, no zy, for ¢ € [n] can be increased. We get this, because

2

Zo — gcﬁ(A) 1 1 1

To — —lcm(vl,...,vn) -1+ lem(vy, ... vp)
A2
10 ™ ged(A)
=z9— |————————| -1 cyUp
o lem(vy, ..., vn) em(vy; -+, n)
A2

Lo — cd(A)
<zp— ——22 ] yeevsUn
=0 lem(vy, ..., vn) em(vr vn)

A2
=TTt ged(A)
A2

~ ged(4)

Since zg = 29+ h-lem(vy, ..., v,) with b € Z, the value k' := k + 1 is the next integer which
would reduce zy, further. But with this inequalities we get 29—k -lem(v1, . . ., v,) < A%/ged(A)
and thus, 2, cannot be reduced further. Otherwise, we would get a contradiction to the
assumption of case 3.

Case 1: Az(©) < A2%: Again, the contribution of the first block is small. Thus, we can,
similar to the feasibility case, generate all optimal solutions for these values and use these to
check all optimal solutions for the blocks B;. We compute, for all capacities C' € [A?]g, of
the unbounded Equivalence Knapsack Problem Az(®) = C' the maximum total profit and
save them in a list £4. For all j € [A?]y, we have at position ¢ 4, the maximum total profit
for the unbounded Equivalence Knapsack Problem Az(®) = j if there exists a solution and
—1 otherwise. Analogously, for all i € [n], we compute for all capacities in [b; — AZ b;]
for the unbounded Equivalence Knapsack Problem with weights B; and profits ¢(® the
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maximum total profits and save them in lists £p,. For all i € [n] and j € [A?], we have at
position ¢ Bi, the maximum total profit for the unbounded Equivalence Knapsack Problem
B;zD) = b; — j if there exists a solution and —1 otherwise. We can compute all these lists in
time O(n - A%log(A)) by Lemma 17.

Since Az(® < A2 the profit of the optimal solution is the highest sum max{la; +
2 ien] (B, | La; # —1,0p,, # —1forallic [n],7 € [A%]o}. Thus, for every j € [AZ%]o, we
check all the entries /4, and £p, . If all these entries are not equal to —1, we sum up the
values and update the current maximum profit value. In the end, we get a maximum profit
and a capacity j for which this profit is reached, or the result that there exists no solution.
If there exists a solution, we solve the unbounded Equivalence Knapsack Problem Az(®) = j
with profits ¢(® and the unbounded Equivalence Knapsack Problems B;z(Y) = b; — j with
profits ¢ for all i € [n]. Tt takes O(A? - n) time to determine the maximum profit and
the corresponding j value. Solving all unbounded Equivalence Knapsack Problems takes
O(n - A?) time by Jansen and Rohwedder [27].

All together, we can solve problem (#) in time O(n - A?log(A)).

Case 2: B;z(¥ < A? holds for at least one i € [n]: We have a small contribution of
the second stage blocks B;. We once again use a similar observation as in the feasibility
problem to limit the search space for optimal solutions and can check all of these quickly.
For by, := min;ep,) bi, we get B,,z™ < A2 Otherwise, we would have b; > b, < Az(©) +
Bz > Az 4 B, 2™ < B;z(® > B,, 2™ and with this, B;z® > B,,z(™ > A? for all
i € [n], a contradiction. With Az 4+ B 2™ =b,, & Az® =b,, — Bhz(™ > b, — A2,
we get Az € [b,, — A% b,,]. So, for all capacities C' € [b,, — A%, b,,] of the unbounded
Equivalence Knapsack Problem Az(?) = C' we compute the maximum total profit and save
them in a list £4. For all j € [A2%]y, we have at position ¢ 4, the maximum total profit for the
unbounded Equivalence Knapsack Problem Az(?) = b,, — j if there exists a solution and —1
otherwise. Analogously, for all i € [n], we compute for all capacities in [b; — by, b; — by, + A?]
for the unbounded Equivalence Knapsack Problem with weights B; and profits ¢() the
maximum total profits and save them in lists ¢p,. For all i € [n] and j € [A?], we have at
position ¢ Bi, the maximum total profit for the unbounded Equivalence Knapsack Problem
Bz = b, — b, + j if there exists a solution and —1 otherwise. We can compute all these
lists in time O(n - A?log(A)) by Lemma 17.

Since By,z(™ < A2, the profit of the optimal solution is the highest sum max{la; +
>ieln) g, | la, # =1, dp, # —1forallie [n],7 € [A%]o}. Thus, for every j € [A2]y we
check all the entries {4, and ¢p, . If all these entries are not equal to —1, we sum up the
values and update the current maximum profit value. In the end, we get a maximum profit
and a capacity j for which this profit is reached or the result that there exists no solution. If
there is a solution, we solve the unbounded Equivalence Knapsack Problem Az(® =1b,, — j
with profits ¢(® and the unbounded Equivalence Knapsack Problems B;z(") = b; — b,, + j
with profits ¢ for all i € [n]. Tt takes O(A? - n) time to determine the maximum profit and
the corresponding j value. Solving all unbounded Equivalence Knapsack Problems takes
O(n - A?) time by Jansen and Rohwedder [27].

All together, we can solve problem (#) in time O(n - A?log(A)).

Proof of Claim 8. As already stated, all feasible and with this all optimal solutions are of
the form zg = xg + &k - lem(vy,...,v,) with k € Z. Moreover, z, is the solution with the
biggest first component z,, by definition. So, for a proof by contradiction the following
supposition is sufficient:

Suppose, optx’ is an optimal solution for problem (#) with A - optx’(®) < gcd(A)(zy, —



A2 lem(vy, ... vp)).

Let optb] be an optimal solution for the EKP that is represented by B; with capacity
bi — A - optx’(®) as written above. Then, optb) consists of an optimal solution for the
EKP with capacity lei < A? and of copies of item I, . Let optr be the solution for
problem (#) with A-optr(® = A.optx’®) +gcd(A)-A?-lem(vy,...v,). Since A-optx'®) <
ged(A)(zr, — A% -lem(vy, . . ., v,)) holds by the supposition and Theorem 6, optr is a feasible
solution. Analogously, let optb, be an optimal solution for the EKP that is represented by
B; with capacity b; — A - optr(®) as written above and let kp, < A? be the capacity of the
EKP of which solution optb, partly consists. Let j = ged(A) - A% -lem(vy, ..., v,). We have

A-optr® = A optx'® + ged(A) - A? - lem(vy, ..., v,) < A - optx’©® = A optr® — ;.

Moreover, since ged(A) > 1 and lem(vy, ..., v,) > 1 and with this, j > A2 we get:

Pr.. pI
2. i %A
> o<

i€[n] Lep, °A

pr. pr
o ie92. i i lea
j2e > o<
i€[n] ¢B;

B wleA

i

) Pr., . pr., I
S LTS SL
! wr, ; wr wr
1€[n] °B; i€[n] eB; eA
Pr. . pr.,, ) Pr. . ) pI. .,
NP SRR RN DT D)
/ Tey. ; Wi, . Wi, ; Wl
i€[n] B; i€[n] B; i€[n] Bj i€[n] B;
. pIe
<jo—a (*)
w]eA

Now, we can prove with (*) that poptr > Poptxr. For a better overview, the sequence chain
is divided into several sections.

We have Zie[n] Poptb], — Zie[n] Poptb, < Zie[n] Pleg, /“”esi -k, and thus:

DI, ,
Z poptb,’i - Z Doptb, < Z W . kBi
i€[n] 1€[n] i€[n] “B;
ke
= Z poptb’i - Z Poptb, — Z w : 'Pchi
i€[n] i€[n] icin]  Len;
P, kg,
< Z o Ky, — Z P,
i€[n] By i€[n] B

Since kp, < A?, we get:

/

k .
DY IR S g R D

i€n] i€fn] icn) en, i) VTen;

<Az Y Plep,

w
icn] 1B,
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Now, we can apply (*) and the last line is equivalent to:

prI. k.
G D D Popr = D Popes, = D Ply, T
i€l] 1eB; i€ i€[n] ieln]  LeB;
kg . I. . I. ; P1.
)DECEESRESE) Dk MUCH DR AR RL
icln] fes icln] fes i€n]  les; Tea
DI, k.
SEAD DErrniD DY X hl) Dty I8
i€ [n] °B; i€[n] i1€[n] °B;
kp, pP1.
(5 b~ 3 By, ) <
i€n] ieln] 1B, Tea
. /
J kBi
TR OF
1€[n] 1€[n] ¢B; 1€[n] °B
kg,
< | PI‘,A + Z Poptb, — Z wy PIEBi
A i€[n] i€[n]  “°B
!
J — Fp,
< — S pIeA + Z poptb; + Z ; pIeB
cA i€[n] 1€[n] °B;
kg,
< i
i€[n] i€[n] B
Here, we add terms at both sides of the inequality:
A-optr® — k j b; — A - optr(® Jj— kg
Tey Tey i€[n] i€[n] ICBi i€[n] IeBi
A-optr® — k b; — A - optr(® kg,
Tea i€[n] i€[n] IEBi / 1€[n] “B; '
<~
A-optr® —j) — k bi — (A - optr® — j) — kfy
( ) B 'pIeA + Z (poptbg + ‘ B 'pIEB_)
wr, , i€[n] wIeBi '
A-optr® — k bi — A-optr® — kp.
<A R S (e, 2 i, )
wr i€ln] Wep, '

cA



Since A - optx’(® = A - optr(®) — j, we can go on like this:
bi — A - optx’®) — K,

A optx’© — k
% pp 4 Y (Poprw + ‘pL,)
wr ; wr i
€A i€[n] “B;
A-optr® — k bi — A-optr® — kp.
< w—a ‘Pr., + Z (Poptn, + ‘ w - 'PleBi)
Lea i€[n) fe,
=4
A-optx’©) — k bi — A-optx’©) — Kkl
Poptx’ = Popta + % : pIEA + Z (poptb; + ‘ w B : pIeBi)
Lea i€n] fen,;
A-optr® — k b, — A-optr® — kp.
< Popta + % : pIeA + Z (poptbi + : wp - pIeBi) = Poptr
Ie 4 1€[n] ICBi /

Thus, we have poptr > Poptx and with this, optx’ cannot be an optimal solution for
problem (#). That is a contradiction. <

Proof of Claim 9. As already stated, all feasible and with this all optimal solutions are of
the form zp = zg + k - lem(vq,...,v,) with & € Z. Moreover, z; is the solution with the
smallest first component z,, by definition. So, for a proof by contradiction the following
supposition is sufficient:

Suppose, optx’ is an optimal solution for problem (#) with A - optx’®) > ged(A)(z¢, +
A? - lem(vy, ... v,)).

Let optb) be an optimal solution for the EKP that is represented by B; with capacity
bi — A - optx’(®) as written above. Then, optb consists of an optimal solution for the EKP
with capacity kj < A? and of copies of item I.;,. Let optl be the solution for problem
(#) with A -opt1(® = A . optx'® — gcd(A) - A? - lem(vy,...,v,). Since A - optx’®) >
ged(A)(zg, + A2 -lem(vy, ..., v,)) holds by the supposition and Theorem 6, opt1l is a feasible
solution. Analogously, let optb, be an optimal solution for the EKP that is represented by
B; with capacity b; — A - optl(o) as written above and let kp, < A? be the capacity of the
EKP of which solution optb, partly consists. Let j = ged(A) - A% - lem(vy, ..., v,). We have
A-optl® = A optx’® — ged(A) - A% - lem(vy, ..., v,) < A - optx’© = A opt1(® 4 ;.
Moreover, since ged(A) - lem(vy, ..., v,) # 1 and with this, ged(A) - lem(vy, ..., v,) > 1, we
get:

ged(A) - lem(vy, ..., vp) pI. Pr.,
<yl

w]e

(ged(A) - lem(vy, ..., v,) — 1) wy

cA i€[n]

B,
ple .
o ged(A) -lem(uvi, ..., vn) Z’;A < (ged(4) - lem(vr.....v,) = 1)+ 3
eA 1€[n] °B;
9 pr., 9 br.,
& A% ged(A) dem(v, o o) - A <A (ged(A) lem(vr, - vn) = 1) > ”
Te s i1€[n] IeBi
pI.,, pr.,
@j-ije“ §A2-gcd(A)~1cm(v1,...,vn)-Zﬁ—AIZ =t
Tea i€[n] 1537‘, i€[n] IeBi
. pIeA . pIeB. 2 pIeB,
PE N R SR Gy P —, [,
At D s 2w
ea i€ln] B i€n] "B
< A? Ples,
TP Sl TS D )
cA 1€[n] “B; i€[n] “B;
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Now, we can prove with (4) that Doptl = Poptx’- FOI a better overview, the sequence chain
is divided into several sections.

We have — Eie[n] Pleg, /wIEBi kg, < 3 ic(n) Povtd, — Dic[n) Poptw; and thus:

< Z Poptb, — Z poptbg

i€ [n] Bj i€[n] i€[n]
& — kg,

.Z . .

1€[n] B; ZG[n] B;

Z Poptv, — Z poptb’

i€[n] i€[n] i€[n] °B;

Since kp, < A2, we get:

P1.
—AZ. Bi
2w
1€[n] ¢B;
ks,
S Z poptb Z poptb' - Z w : pchi
i€[n] i€[n] ze[n] Bj i€[n] Lep,

Now, we can apply (+) and the last line is equivalent to:

S (- D

wIeA i€[n) eB i€[n] wIeBi
<3 pown, — " Do P, = 3 B+
;! ; ; I . wr
i€[n] i€[n] i€[n] “Bj i€[n] “Bj
> i
eB
’LG[’I’L] wIEBL
kg,
= w1 Te, = Z Poptb, — Z poptb; - Z w 'pleB’iJ’_
Tea i€[n] ze[n] i€[n] IeBi
k.
DI S R
ie[n] €B; ze[n] Lep;
kg,
Tey i€ln] icin] ~ Len;
kp j
(Zpoptbfi - w . 'pIeBi)_F Z w 'pIeBi
i i1€[n] IEBi i€[n] IEBri
kp,
Tea i€[n] icn]  TeB;
j+kp,
(Z poptbfi - Z T 'pIeBi)
i€[n] i€[n] ICBi ’
Jj+ kg,
o Ty T Z Popto, = w "Pley,
Loy i€[n] IeBi

< Z poptbi - Z kai 'pIeBi
i€[n]

icln] 1B,



Here, we add terms at both sides of the inequality:

A-opt1l® — k, —A- optl(o)
Teq 1€[n] 1€[n] eBi
S I,
i€[n] wlqu‘, i
A-opt1(® — — A-opt1(® kg,
Tea 1€[n] 1€[n] CBi 1€[n] IeBi
(A-opt1® +j) — bi — (A - opt1® 4 j) — Kp,
= wr “PI., + Z poptb’ w; pIeBi)
cA i€[n] °B;

A-optl® — k, b — A-optl® — kg
< T pr ) (Dope, + £ 2 by,

- w w
Tea i€n] Lep,

Since A - optx’® = A - 0pt1(® + j, we can go on like this:

A - optx’(0) — by — A - optx’(®) — kbi
T ‘Pr., + Z poptb’ wr 'p[eBi)
€A i€[n] °B;
A- optl(o) — k., b, — A- optl(()) — kg,
ST EA—FZ Poptb, + w; “Pr., )
€A 1€[n] “B;

bi — A - optx’®) — k.

w
A i€[n] Lep,

A - optx’(®
< Doptx’ = Popta + Ta : pIeA + Z (poptbg +

'pIeBt)
A-opt1©® — k, by — A-opt1® — kp
P pr., Z opth P i

w w
Tea il Lep,

< Dopta 1 . PIEBi ) = Popt1

Thus, we have popt1 > Poptx and with this, optx’ cannot be an optimal solution for problem
(#). That is a contradiction.
<

Case 3.3.2: } () Ples, /w,vB < Preyfw, ,» Since the most efficient items of the matrices
B, i € [n] together are less efficient than the most efficient item of A, the optimal solution
has a high value optx(?). We already know k, and that kp, € [A? — A, A?]. By pigeonhole,
we get the same combination of kp, values after checking A™ successive solutions. Together,
we get that the value A - optx(?) € [ged(A) (2, — A" -lem(vy, ..., v,)), gcd(A) 2y, ]. Thus, we
can derive the following bounds for problem (4) (see Figure 1): The lower bound of our
problem is [T := (l(o) 1D, 1) with

10— gcd(A)(zvo*A" lem(vi,.00)) —ka

e wr ,
i b;—ged(A)-z,, — A2 .
lgE)Bi = {gu()I)BO-‘ and l =0 forall j # I, € [t—1]o,i € [n]
since € Ny. The upper bound of our problem is 7 := (ug(:l JulD ,u(”)) with
u(O) _ | ged(A) -z
IeA - ’UJIEA

lep, Wiep,

(z) _ \‘bi_ng(A)(zro_An‘lCm(vl,“.,’Un))J and u;i) =wr, for all j # IeB’i € [t—1]o,7 € [n]
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We have ug-i) =wy,, forall j# I, €[t—1]o,i€ [n]. If xg-i)

> wy,,, would hold, we could
replace Wr, . manylitems I;,, by Wy, Mmany items I, and would get a higher profit, a

contradiction.
So maxepy) {us — I} < ged(A)-A™lem(vr,vn) 4% fminfwy, | wr, . 3 < A" dem(vg, ..., o)+

A? and we can go on like in case 3.3.1.

E.2 Pseudocode

Algorithm 2 2-stagelrowAlgorithm

Require: A,b,c
Ensure: optx solves the given 2-stage problem with one row
Find of all 2 with Az(® < A2 the optimal solution zg as described in the first case.
bj — minie[n] b;
Find of all () with Bjx(j) < A? the optimal solution z; as described in the second case.
Run a transformation with Frobenius as described in the third case.
for k, € [A%2 — A, A?] do
if 2- Z'Le[n} pI“Bi/wleBi < pIﬂA/wleA then
Find of all Az(® € [ged(A)(z,, — A% -lem(vy, ..., v,)), ged(A)z,,] with Az(®) =
ged(A)(xog + k - lem(vy,...,v,)) for k € Z the optimal solution z5 as described in the
case 3.1 and add zs to the list 1ist.
8: else if ged(A) -lem(vy, ..., vn) # 1A Y0 pIeBi/wIeBi >
ged(A) dem(vi,vn) /(ged(A) dem(vr ... vn)—1) - Pley fwr, , then
9: Find of all Az € [ged(A)z,, ged(A) (24, + A% - lem(vy, . . ., v,))] with
Az© = ged(A)(zo + k - lem(vy, ..., v,)) for k € Z the optimal solution z; as described
in the case 3.2 and add z» to the list 1ist.
10: else
11: Find the optimal solution zz with the augmentation algorithm by Klein [33] as
described in the case 3.3 and add z5 to the list 1ist.
12: end if
13: end for
14: return optx as optimal solution of zy, z1,1ist

E.3 Examples

Indeed, all three cases of Algorithm 2 are necessary. This show the following examples.

Case 1: Az(®) < A2 Consider A := (11) € N'¥1| By := (7) € N'*! and B, := (5) €
N'X1 as matrices, ¢! := (0,1,2) as cost vector and b7 := (259, 250) as target vector for a
problem of the form (#).

xr
11 7 0 0 259
Aoy ] =
1 0 5 250
T2

Case 2: B;z() < A? holds for at least one i € [n]: Consider A := (11) € N'*1,
By = (7) € N**! and B, := (5) € N**! as matrices, ¢’ := (1,0,0) as cost vector and



bl := (264,264) as target vector for a problem of the form ().

17 0y [\ (264
11 0 5 B 264

€2

8

Case 3: Az(® > A? and B;z > A? hold for all i € [n]: Consider A := (11) € N'*1,
By := (7) € N™! and B, := (5) € N'*! as matrices, ¢! := (0,10, 20) as cost vector and
bT 1= (258,257) as target vector for a problem of the form ().

X
11 7 0 0 258
. :I/'l —
1 0 5 257
T2

E.4 Residue Tables

Considering unbounded Subset Sum Problems in the feasibility case, one can have the idea
to solve the feasibility case with residue tables. These tables can be computed in O(A)
time [14]. Let {a1,...,ar} be the items of an unbounded Subset Sum instance with greatest
value A := max;ep{a;}. Fort =0,...,A —1, let n, be the smallest integer such that n,
mod A = r and n, is decomposable; set n, = oo if no such integer exists. The residue table
RT is a one-dimensional table of size A where RT(r) = n,. These definitions are from [4].

In the feasibility case, we need to find a solution 27 = (x(0)7 ... ,x(")) where (9 is a
solution for the unbounded Subset Sum Problem Az(®) =t and z(?) is a solution for the
unbounded Subset Sum Problem B;z(Y) = b; — ¢, given a target value t. If there exists a
target value ¢ such that all these unbounded Subset Sum problems have a solution, then
there exists a feasible solution for the feasibility problem Equation (#). We compute the
residue table for A, i.e. RTA(A4) where Ay := max;c[y a; is the greatest entry of the block
A. Moreover, we compute the residue tables for all blocks B;,i € [n], i.e. RT g, (Ap,) where
Ap, 1= maxc[y Bj(-i) is the greatest entry of the block B;. Then, we check, for each entry
je{0,...,A4 — 1}, if RTa[j] + RTp,[(b; — RTa[j]) mod Ap,] < b; for all i € [n] holds.
If there is an entry j € {0,...,A4 — 1} such that this holds for all ¢ € [n], then there is
a feasible solution for the problem Equation (#). But this holds only in one direction. If
there is a feasible solution for the problem Equation (#), then it can hold for all entries
j€{0,...,A4 — 1} that there exists at least one i € [n] such that the equation does not
hold. Consider for example the block A = (5) and the block B; = (7). Then we get the
following two residue tables, see Table 2.

Consider b, = 5. Then RT4[0] + RTp,[(5 — RT4[0]) mod Ap,] = 0+ RTp,[(5 —0)
mod Ap,] =0+ oo > 5. This shows that only a lookup operation is not enough to check
feasibility for the problem Equation (#). A solution is to check all these entries like written
above but with the addition to subtract all possible multiples of A 4: For every entry j €
{0,...,A4—1} check if there exists a k € Z>¢ such that RT 4[j]+RTp, [(b; —RT a[j] —k-A4)
mod Ap,|+k-Ay <b; forall i € [n] holds. Here, we get that there exists a feasible solution for

the problem Equation (#) if and only if this holds. That is because we just try all possibilities.

As one can observe, it suffices to check all possible values k € [lem(A 4, Ap,,...,Ap,)]. If
we check higher values k, we would end up in the same rows r; of the residue tables B; for
i € [n] which we considered before but with an even lower value to compare to n,,. However,
this procedure is not faster than our algorithm.
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RTA(A4) | RTB,(AB,)
r Ny T e
0 0 0 0
1 0o 1 0o
2 0o 2 0o
3 00 3 0o
4 0o 4 0o
5 00
6 00

Table 2 Residue Table RT4(A4) for A = (5) and Residue Table RT g, (Ap,) for By = (7)

F Lower Bounds

In this section we prove lower bounds of the 2-stage problem with one row (#), some for the
feasibility version and some for the optimality version. Following the approach from Jansen,
Klein and Lassota [24], we use a reduction from the Non-Unique Remainder problem: Given
numbers 21, ..., Tnyg, Y1s - - Ynan, ¢ € N and pairwise coprime numbers ¢, ..., gy € N,
decide whether there exists a number z € Z~ with z < ¢ satisfying z mod ¢; € {z;,y;} for
all i € [’IlNR].

» Theorem 20. The Non-Unique Remainder problem is reducible to the optimality 2-stage
problem with one row of the form (M) in polynomial time with the properties n € O(nyg),
r=1,s1tlcle € O1), A € O(maxien{g:}) and ]| € O(C).

Proof. We prove this analogously to Theorem 3 of Jansen, Klein and Lassota [24]. Let R be
an instance of the Non-Unique Remainder problem and let n = nygr. Consider the following
2-stage problem with one row of the form (#):

2 2¢q1 2z;+1 2y;+1 0 0 2¢+1
A-z=]": . : .

. . : : .x:b: :
2 0 0 2q, 2z,+1 2y, +1 2¢+1

We set the cost vector ¢ = (0,c¢™M), ..., ™) with (¢)T = (0,~1,—1) for all i € [n] and
max{cTz} > —n. This transformation only takes polynomial time regarding the largest
occurring number and n. We have s =r =1, t = 3 and n = nyg. The largest entry A can
be bounded by 2max;c[,){gi}. The cost vector ¢ has constant size and the largest value in
the right-hand side is ||b||cc = 2¢ + 1. Now, we prove that this reduction is correct.

= Let R be a yes-instance. Thus, there exists a solution z* < ( satisfying all equations.
Let X € Z>¢ such that z* + X = (. Let v; correspond to the remainder that was satisfied
in each equation 4, i.e. v; = x; or v; = ¥;, and let o € Z>( such that z* = o; - ¢; + v;.
Then, 27 = (2,20 .. 2M™) with 2 = X and ()T = (a;,1,0) if v; = x; or
()T = (,0,1) otherwise for all i € [n] is an optimal solution of our 2-stage IP with one
row. We get for each block i € [n]:

2-X+2¢-a;+2u+1) 1=2(X+q -a;+v;)+1=2(X+2")+1=2C(+1

It is optimal because for every feasible solution y we get: Since 2y(©) + 2g¢; - ygi) mod 2 =10
but 2¢ +1 mod 2 =1 and y € Zx¢, we get yé’) > 0 or/and yé’) > 0 for all i € [n].



< Let the 2-stage problem with one row of the form (#) be a yes-instance. Thus, there
exists a solution (z*)T = (* @, z*® . 2*™) with 2*@) = (w*gi),x*éi)w*éi)) satisfying
max{cTz*} > —n and 22*© 4 2¢; - a:*gi) + (2z; + 1) -m*éi) + 2y, +1)- x*gi) =2¢ +1 for
all i € [n]. Since 22*© + 2¢; - x*gi) mod 2 = 0 but 2( +1 mod 2 = 1 and z* € Z>o,
we get :c*(;) > 0 or/and x*gl) > 0 for all i € [n]. Together with max{c’z*} > —n and

T = (0,¢M, ... ) with (¢@)T = (0,—1,—1) for all i € [n], we get either J:*g) =1 and

x*gi) =0or :z:*gi) =0 and x*g) = 1 for all ¢ € [n]. Let v; correspond to the remainder in
each equation i, i.e. v; = x; if x* 2 =1 and x*(l) =0 and v; = y; if m*g) =0 and x*g) =1.

Thus, we have

<:>2($*(0)+Qi' 7P tu)+1=2¢+1
<:>l.*(0)+qzx*(1)+,v747<

for all ¢ € [n]. Define z = g¢; - x*gi) +v;. Then, z < and z mod ¢; € {x;,y;} for all i € [n].

Thus, z is a solution for R. <

With this theorem, we get lower bounds for solving the 2-stage problem with one row
of the form (#) assuming the Exponential Time Hypothesis (ETH), analogously to Jansen,
Klein and Lassota [24].

» Corollary 21. The 2-stage problem with one row of the form (#) cannot be solved in time
less than 2°V™ for some & > 0 assuming ETH where n is the number of the blocks.

Proof. By Theorem 20, we have a reduction from the Non-Unique Remainder problem to
the 2-stage problem with one row of the form (#) in polynomial time with the properties
n € O(nnr), 7 = 1, s,t,|c[loo € O(1), A € O(max;ep,{g;}) and [[blloc € O(¢). Since
n € O(nngr), we get Corollary 26 analogously to the proof of Corollary 1 of Jansen, Klein
and Lassota [24]. <

» Corollary 4 (<). The 2-stage problem with one row in form (&) cannot be solved in time

la_¢
less than 2°2 " for some 6,e > 0 assuming ETH where A is the largest entry of the 2-stage
matriz A.

Proof. By Theorem 20, we have a reduction from the Non-Unique Remainder problem to
the 2-stage problem with one row of the form (#) in polynomial time with the properties
n € O(nxr), 7 =1, 5,1, [|c]lo € O(1), A € O(max;en{es}) and [|b]|oc € O(¢). Consider the
proof of Corollary 1 of Jansen, Klein and Lassota [24]: Let n3 be the number of variables of
an instance of the 3-SAT problem. By Theorem 20, we get A € O(n3 log(ns)), analogously
to the proof of [24]. Hence, if there is an algorithm solving the 2-stage problem with one
row of the form (#) in time less than 292827 this would result in the 3-SAT problem to be
solved in time less than 20(Cin3log(na)) = < 29(Cang)'"* log(ns) < 96Csns o1 some constants
C1,Cq, Cs. Setting d5 < 9/cs, this would violate the ETH. <

» Corollary 22. The feasibility 2-stage problem with one row of the form (&) with upper

l2_¢
bounds cannot be solved in time less than 202" for some 6 > 0 assuming ETH where A is
the largest entry of the 2-stage matriz A. Moreover, it cannot be solved in time less than

20V for some & > 0 assuming ETH where n is the number of the blocks.

37



38

Proof. Consider the reduction of Theorem 20. We use the cost vector ¢ to upper bound
the variables :Céi) and :Céi) for all i € [n]. If we use the following upper bound u’ =
(u©@, M u™) with w(®) = ¢ and (u?)T = (¢, 1,1) for all i € [n], the proof of Theorem 20
works exactly the same without the cost vector. Thus, we get Corollary 22 right away by
Corollary 4 and Corollary 26. |

For the feasibility 2-stage problem with one row of the form (#) without upper bounds,
we use the following theorem to get lower bounds.

» Theorem 23. The Non-Unique Remainder problem is reducible to the feasibility 2-stage
problem with one row of the form (M) in polynomial time with the properties n € O(nygr),
r=s=1,1/]cllo € O(1) and A,||b||cc € O(C).

Proof. We prove this analogously to Theorem 3 of Jansen, Klein and Lassota [24]. Let R be
an instance of the Non-Unique Remainder problem and let n = nxgr. Consider the following
feasibility 2-stage problem with one row of the form (#):

2 2 2a1+20+1 2y +20+1 0 0 4¢ +
2 0 0 2n 2@n +20+1 2y, +20+1 4¢ +

This transformation only takes polynomial time regarding the largest occurring number and
n. We have s =r =1, t = 3 and n = nygr. The largest entry A can be bounded by O(().
The largest value in the right-hand side is [|b[|c = 4¢ + 1. Now, we prove that this reduction
is correct.

= Let R be a yes-instance. Thus, there exists a solution z* < ( satisfying all equations.
Let X € Z>¢ such that z* + X = (. Let v; correspond to the remainder that was satisfied
in each equation 4, i.e. v; = x; or v; = ¥;, and let oy € Z>( such that z* = o; - ¢; + v;.
Then, 27 = (2,20 ... 2™) with 2 = X and ()T = (a;,1,0) if v; = x; or
()T = (a;,0,1) otherwise for all i € [n] is a feasible solution of our 2-stage TP with one
row. We get for each block i € [n]:

2-X+2q-a;+2u+2C+1) - 1=2(X+q-a;+v;) +2(+1=2(X +2")+2( +1
=20+2(+1=4¢+1

< Let the feasibility 2-stage problem with one row of the form (#) be a yes-instance. Thus,
there exists a feasible solution (z*)T = (¢*(©, z*® . ™) with 2*@ = (2~ gi), x*g), x*gf))
satisfying 22* (¥ 4 2¢; - m*gi) + (22, +2¢+1) ~x*(21) +(2y; +2¢+1)- x*gi) =4¢+1foralli € [n].
Since 2z*(® + 2q; -x*gi) mod 2 =0 but 4+ 1 mod 2 =1 and z* € Z>(, we get ac*g) >0

or/and x*éi) > 0 for all ¢ € [n]. Together with (2¢ +1)-k > 4¢+1for k > 1,k € N, we get

either x*g) =1and x*éi) =0or x*gi) =0 and x*gi) =1 for all 7 € [n]. Let v; correspond
) *:(;) =0and v; =y, if

. . . . . . K
to the remainder in each equation i, i.e. v; = x; if x*; =1and z

x*gi) =0 and x*éi) = 1. Thus, we have

20 4 2g; 2 + Qui+20+1) - 1=4C+1

2@ 4 g2t fu) 2 F1=4¢+1

&2 4 ¢ -x*gi) +v;)=2¢

a1y -x*gi) +v;,=¢
for all ¢ € [n]. Define z = g; - x*gi) +v;. Then, z < ¢ and z mod ¢; € {z;,y;} for all ¢ € [n].
Thus, z is a solution for R. <

1

1



With this theorem, we get lower bounds for solving the feasibility 2-stage problem with
one row of the form (#) assuming the Exponential Time Hypothesis (ETH), analogously to
Jansen, Klein and Lassota [24].

» Corollary 24. The feasibility 2-stage problem with one row of the form (#) cannot be
solved in time less than 2°V™ for some 6 > 0 assuming ETH where n is the number of the
blocks.

Proof. By Theorem 23, we have a reduction from the Non-Unique Remainder problem to the
feasibility 2-stage problem with one row of the form (#) in polynomial time with the properties
n € OmNr), 7 =35 =1, t,]cllec € O(1) and A, ||bl|oc € O(C). Since n € O(nngr), we get
Corollary 26 analogously to the proof of Corollary 1 of Jansen, Klein and Lassota [24]. <

G Lower Bound for 2 rows

In this section we prove lower bounds of the 2-stage problem with two rows, again following
the approach from Jansen, Klein and Lassota [24].

» Theorem 25. The Non-Unique Remainder problem is reducible to the optimality 2-
stage problem with two rows in polynomial time with the properties n € O(nyg), r = 2,
s5,t|lclloo € O(1), A € O(max;ci{q:}) and ||b]|o € O(C).

Proof. We prove this analogously to Theorem 3 of Jansen, Klein and Lassota [24]. Let R be
an instance of the Non-Unique Remainder problem and let n = nygr. Consider the following
2-stage problem with two rows:

L' ¢ 21 yn 0 ... O ¢
0o 0 1 1 0 0 1
A-x=1: r=>5b=
1 0 0 gn Zn Yn ¢
0 0 0 0 1 1 1
We set the cost vector ¢!’ = (0,...,0). This transformation only takes polynomial time

regarding the largest occurring number and n. We have r = 2,s = 1,t = 3 and n = nygR.
The largest entry A can be bounded by max;c[,){g:}. The cost vector ¢ has constant size
and the largest value in the right-hand side is ||b|| = ¢. Now, we prove that this reduction
is correct.

= Let R be a yes-instance. Thus, there exists a solution z* < ( satisfying all equations.
Let X € Z> such that z* + X = (. Let v; correspond to the remainder that was satisfied
in each equation i, i.e. v; = z; or v; = ¥;, and let o; € Z>( such that z* = a; - ¢; + v;.
Then, 27 = (2,20 .. 2™) with 2 = X and ()T = (a;,1,0) if v; = x; or
()T = (;, 0,1) otherwise for all i € [n] is an optimal solution of our 2-stage IP with one
row. We get for each block ¢ € [n]:

1 X4+¢ -a+v-1=X+2"=(
1-1=1

It is optimal because ¢! = (0,...,0).
<« Let the 2-stage problem with two rows be a yes-instance. Thus, there exists a solution
AT _ (x(0) (1) w«(n)y - w8 _ ox(0) (D) x(4) f o +(0) (D)
()" = (™, 2, o 2 ) with oY = (%), 2%y, x*y”) satisfying 2*' 4+ ¢; - 2% +
ziow* Py =cand 1.2 + 1. 2% =1 foralli € [n]. Since 1-2*{) 412! =1
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for all i € [n], we get either x*g) =1 and x*g) =0or x*éi) =0 and x*:(f) =1 for all i € [n].
Let v; correspond to the remainder in each equation i, i.e. v; = z; if x*g) =1 and x*g) =0
*g) =0 and x*:(f)

and v; = y; if = 1. Thus, we have

o Ot o 1=¢
for all ¢ € [n]. Define z = g; - w*gi) +v;. Then, z < ¢ and z mod ¢; € {z;,y;} for all i € [n].
Thus, z is a solution for R. <

With this theorem, we get lower bounds for solving the 2-stage problem with two
rows assuming the Exponential Time Hypothesis (ETH), analogously to Jansen, Klein and
Lassota [24].

» Corollary 26. The 2-stage problem with two rows cannot be solved in time less than 2°V™
for some § > 0 assuming ETH where n is the number of the blocks.

Proof. By Theorem 25, we have a reduction from the Non-Unique Remainder problem to
the 2-stage problem with two rows in polynomial time with the properties n € O(nngr),
r=2,5clloc € O(1), A € O(max;ep,{q:}) and ||b]|oc € O(C). Since n € O(nnr), we get
Corollary 26 analogously to the proof of Corollary 1 of Jansen, Klein and Lassota [24]. <

» Corollary 27. The 2-stage problem with two rows cannot be solved in time less than QoAl/2E

for some d,e > 0 assuming ETH where A is the largest entry of the 2-stage matrixz A.

Proof. By Theorem 25, we have a reduction from the Non-Unique Remainder problem to
the 2-stage problem with two rows in polynomial time with the properties n € O(nngr),
r =2, st|clew € O(1), A € O(max;ey{¢}) and [|b]lc € O(¢). Consider the proof of
Corollary 1 of Jansen, Klein and Lassota [24]: Let ng be the number of variables of an
instance of the 3-SAT problem. By Theorem 25, we get A € O(n3log(ns)), analogously to
the proof of [24]. Hence, if there is an algorithm solving the 2-stage problem with two rows
in time less than 25A1/275 this would result in the 3-SAT problem to be solved in time less
than 20(C1n3 log(na)) < 28(Cana)' ~* log(na) < 29C3ms for some constants C1, Ca, Cs. Setting
d3 < 9/cs, this would violate the ETH. <

l/2—¢



