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We study a class of single-objective nonlinear optimization problems, the so-called Integer Linear General-
ized Maximum Multiplicative Programs (IL-GMMP). This class of optimization problems has a significant
number of applications in different fields of study including but not limited to game theory, systems reli-
ability, and conservative planning. An IL-GMMP can be reformulated as a mixed integer Second-Order
Cone Program (SOCP) and therefore, can be solved effectively by commercial solvers such as IBM ILOG
CPLEX, Gurobi, and FICO Xpress. In this study, we show that IL-GMMPs can be viewed as special cases
of the problem of optimization over the efficient (or Pareto-optimal) set in multi-objective integer linear
programming. Based on this observation, we develop three exact solution approaches with a desirable prop-
erty: they only solve a number of single-objective integer linear programs to compute an optimal solution of
an IL-GMMP. Through an extensive computational study with 57600 experiments, we compare the perfor-
mance of all three algorithms using the three main commercial single-objective integer linear programming
solvers in the market: CPLEX, Gurobi, and Xpress. We also compare the performance of our algorithms
using the mixed integer SOCP solvers of CPLEX, Gurobi, and Xpress. The results show that the choice of a
commercial solver impacts the solution time dramatically and that, by the right choice of solver, one of our
proposed algorithms is significantly faster than other methods. We also illustrate that although it is possible

to linearize IL-GMMPs, commercial solvers struggle to solve such linearized instances.
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1. Introduction

A Generalized Maximum Multiplicative Program (GMMP) is the problem of the form,

max{f[lyf"(m): reX, y(w)ZO}, (1)

where X C R”™ represents the set of feasible solutions and it is assumed to be bounded. Also,
y(x) = (yl(m),...,yp(ac)) is a vector of linear functions and = := (771,--- ,7rp) is the so-called

vector of geometric weights where m; >0 for all i=1,...,p. As an aside, throughout this article,



vectors are always column-vectors and are denoted in bold fonts. It is assumed that the vector
of geometric weights is known and the optimal objective value of a GMMP is strictly positive. It
is worth mentioning that, in this study, the term ‘Generalized’ in GMMP refers to the fact that
the vector of geometric weights is not necessarily a unit vector, i.e., geometric weights are not
necessarily equal to one. We note that if X is defined by a set of linear constraints, the problem is
referred to as Linear GMMP (L-GMMP). If in a L-GMMP, all decision variables are integer, the
problem is referred to as Integer Linear GMMP (IL-GMMP). Finally, if in a L-GMMP, some but
not all decision variables are integer, the problem is referred to as Mixed Integer Linear GMMP
(MIL-GMMP).

The goal of this study is to develop new exact and fast algorithms that can solve any IL-GMMP
by just solving a number of single-objective integer linear programs. In other words, we attempt
to develop new algorithms that can exploit the power of commercial single-objective integer linear
programming solvers such as IBM ILOG CPLEX, Gurobi, and FICO Xpress for solving an IL-
GMMP which is a non-linear optimization problem. At the end of this paper (see Section 6), we will
explain how our proposed algorithms can be easily modified to solve any MIL-GMMP. The reason
that we do not focus on MIL-GMMPs directly in this study is that in our proposed modification
technique, some non-linear convex optimization problems should be solved during the course of
our algorithms and this is not compatible with our goal in this paper, i.e., solving only (integer)
linear programs.

The proposed exact algorithms in this study are developed based on a critical observation that
an optimal solution of Problem (1) is an efficient or Pareto-optimal solution, i.e., a solution in
which it is impossible to improve the value of one objective without making the value of at least

one other objective worse, of the following multi-objective optimization problem,

max{yl(az),...,yp(m): TEX, y(w)ZO}. 2)

Specifically, by maximizing the function [[,_, ;" (z) over the set of efficient solutions of Prob-
lem (2), an optimal solution of Problem (1) can be obtained. We prove this observation in Section 2
but similar proofs can be found in Charkhgard et al. (2018), Saghand et al. (2019), Saghand and
Charkhgard (2019), and Nash (1950, 1953). Overall, this critical observation indicates that Prob-
lem (1) can be viewed and solved as a special case of the problem of optimization over the efficient
set in multi-objective optimization. It is worth noting that, in optimization over the efficient set,
the goal is to compute an optimal solution directly, i.e., without enumerating all efficient solutions

(if possible) (Jorge 2009, Boland et al. 2017, Sayin 2000, Benson 1984).



1.1. Motivation

The main motivation of this study is based on this observation that GMMPs have many applications
in different fields of study. Consequently, developing faster and more reliable algorithms for this
class of optimization problems can have a significant impact on problem solving in many fields.
Next, we review some of the well-known applications.

The first field of study is game theory. One of the important applications of GMMPs is finding
the Nash solution to a symmetric/non-symmetric bargaining problem. A bargaining problem is a
cooperative game where all players agree to create a grand coalition, instead of competing with each
other, to get a higher payoff (Serrano 2005). To be able to create a grand coalition, the agreement
of all players is necessary. Therefore, a critical question to be answered is: what should the payoff of
each player be in a grand coalition? One of the solutions to the bargaining problem was proposed
by Nash and is now known as the Nash bargaining solution (Nash 1950, 1953). Nash proved that,
under certain conditions, an optimal solution of the bargaining problem can be obtained by solving
a GMMP in which y; () represents the utility function of player i € {1,...,p} for a feasible solution.
It is worth mentioning that GMMPs have other applications in game theory as well, e.g., computing
a market equilibrium for a linear fisher market or a Kelly capacity allocation market. Interested
readers can refer to Charkhgard et al. (2018), Chakrabarty et al. (2006), Eisenberg and Gale (1959),
Jain and Vazirani (2007), and Vazirani (2012) for further details about other applications.

The second field is multi-objective optimization. As mentioned earlier, a natural application of
GMMPs is in multi-objective optimization based on the reason that they can be viewed as special
cases of the problem of optimization over the efficient set. Multi-objective optimization is a critical
tool in management, where competing goals must often be considered and balanced when making
decisions (Stidsen et al. 2014, Ozpeynirci and Koksalan 2010, Phelps and Koksalan 2003, Erlebach
et al. 2002, Johnson and Hurter 2000, Sayin and Kouvelis 2005, Engau and Wiecek 2008, Wallenius
et al. 2008). For example, in business settings, there may be trade-offs between long-term profits
and short-term cash flows or between cost and reliability, while in public good settings, there can be
trade-offs between providing benefits to different communities or between environmental impacts
and social good. Therefore, computing the set of efficient solutions in a multi-objective optimization
problem can be highly valuable. However, it is known that presenting too many efficient solutions
can confuse a decision maker and may make selecting a preferred solution almost impossible (Jorge
2009, Boland et al. 2017). An approach that can resolve this issue is finding a preferred solution
among the set of efficient solutions directly (Sayin 2000, Jorge 2009). This approach is known as
optimization over the efficient set, which is a global optimization problem (Benson 1984).

The third field is conservation planning. A typical conservation planning problem is about decid-

ing which sites to protect within a geographical region to preserve biodiversity (Nicholson and



Possingham 2006a). The feasible set of such a problem can be easily formulated using binary
decision variables and some constraints (Haider et al. 2018). For example, one can use a binary
decision variable for each site to indicate whether that site should be selected for protection or not.
Also, budget constraints, connectivity constraints (i.e., the selected sites should be connected), and
compactness constraints (i.e., the selected sites should form a compact shape) can be considered.
A typical approach for preserving biodiversity is to use GMMPs in which y;(x) is the survival
probability of species i € {1,...,p} for a feasible solution € X (Calkin et al. 2002, Nicholson and
Possingham 2006b, Williams and Araijo 2002).

Finally, it is worth mentioning that there are also other fields of study that give rise to GMMPs
such as system reliability and maximum likelihood estimation (Coit 2001, Ardakan and Hamadani
2014, Feizabadi and Jahromi 2017, Charkhgard et al. 2018). For example, maximizing the reliability
of series-parallel systems can be done by using GMMPs in which y; () is the reliability of subsystem
i€{1,...,p} for a feasible solution x € X

1.2. Background and contributions

Due to the importance of GMMPs, several exact approaches exist for solving different subclasses
of GMMPs in the relevant literature. However, the underlying assumption of (almost) all existing
approaches is that all geometric weights are equal to one, i.e., m; =1 for alli=1,...,p. Of course, it
is known that any GMMP can be transformed into a GMMP with only unit weights by introducing
some new variables and constraints (Kalai 1977). Specifically, we need to first change m; to a
positive integer number for all i =1,...,p by multiplying all of them to a sufficiently large positive
number. Afterwards, if there exists m; > 1 for some i € {1,...,p} then m; — 1 copies of y; should
be created and added to the formulation. We observe that such a transformation can undesirably
increase the size of the formulation significantly. Hence, one of the main contributions of this study
is that our proposed approaches directly deal with geometric weights without changing the size of
the formulation. Next, we review some of the existing approaches.

For L-GMMPs, a typical solution approach is to use a log-transformation of the objective func-
tion, i.e., y v m;logy;(x), and then solving the transformed problem (in polynomial time) using a
convex programming solver (Grotschel et al. 1988). However, Charkhgard et al. (2018) showed that
a faster approach for solving a L-GMMP is to transform the problem into a Second-Order Cone
Program (SOCP) using the technique introduced by (Ben-Tal and Nemirovski 2001) and then solv-
ing it using commercial solvers such as IBM ILOG CPLEX, Gurobi, or FICO Xpress. Since linear
programming solvers are significantly faster than convex programming solvers (in general), some
authors have recently shown that even faster algorithms can be developed for solving L-GMMPs

which only solve a number of linear programs (Charkhgard et al. 2018, Vazirani 2012).



For IL-GMMPs and MIL-GMMPs, an effective approach is to transform the problem into a
mixed integer SOCP and then solving the problem using IBM ILOG CPLEX, Gurobi, or FICO
Xpress (?Saghand and Charkhgard 2019). However, for MIL-GMMPs with p =2, ? proposed a
faster algorithm by incorporating the linear programming based approach developed by Charkhgard
et al. (2018) for L-GMMPs in an effective branch-and-bound framework. Recently, Saghand and
Charkhgard (2019) proposed an even more effective approach for solving MIL-GMMPs with p > 2
which solves a number of single-objective integer linear programs and SOCPs to compute an opti-
mal solution. As an aside, we note that, in this study, one of the algorithms that we have developed
is a significantly modified /enhanced version of the algorithm proposed by Saghand and Charkhgard
(2019). We show that the modified algorithm significantly outperforms the one proposed by Sag-
hand and Charkhgard (2019) for solving instances of IL-GMMPs because of the new bounding
and cut generation techniques. Moreover, another advantage of the modified algorithm is that, in
contrast to the algorithm proposed by Saghand and Charkhgard (2019), it can directly deal with
the non-unit geometric weights.

In light of the above, the main contributions of this study are as follows:

e Developing three new exact algorithms for solving any IL-GMMP with two desirable char-
acteristics: they only solve a number of single-objective integer linear programs to compute an
optimal solution and also they directly deal with (non-unit) geometric weights.

e Developing a novel procedure for computing dual bounds for IL-GMMPs (which also works
for MIL-GMMPs) and incorporating it in our proposed exact algorithms. The proposed procedure
can compute a dual bound from a feasible solution in linear time if it is generated in a specific way.
This procedure has not been employed in any existing methods (to the best of our knowledge).

e Developing an effective cut, the so-called hypotenuse cut, which can be added to the prob-
lem using any feasible solution with strictly positive objective values, and incorporating it in our
proposed exact algorithms.

e Conducting an extensive computational study with 57600 experiments in which for the first
time (to the best of our knowledge), the performance of three main commercial mixed integer SOCP
solvers, i.e., CPLEX, Gurobi, and FICO Xpress, are compared on solving IL-GMMPs. Overall, we
show that for our test instances, Xpress is the most reliable commercial mixed integer SOCP solver
and is faster than the other commercial solvers by a factor of at least 10 on many instances. We
also compare the performance of our three proposed algorithms under different single-objective
integer programming solvers, i.e., CPLEX, Gurobi, and Xpress. Overall, we show that for our test
instances, single-objective integer programming solver of CPLEX aligns significantly better with
our proposed algorithms. All our proposed methods with CPLEX are competitive with each other

but one of them can even outperform the best mixed integer SOCP solver by a factor of at least 2



on many instances. Furthermore, we show that linearizing (the objective function of) IL-GMMPs
can result in large single-objective integer linear programs which commercial solvers struggle to
solve. Specifically, our proposed techniques can solve our largest instances in less than 900 seconds
while commercial solvers cannot even find a feasible solution for the smallest linearized instances

within an hour.

1.3. Structure

The remainder of this paper is organized as follows. In Section 2, we give preliminaries. In Section 3,
we introduce a high-level description of our proposed algorithms and also their key operations. In
Section 4, the detailed descriptions of the proposed algorithms are given. In Section 5, an extensive

computational study is provided. Finally, in Section 6, some concluding remarks are given.

2. Preliminaries
An IL-GMMP can be stated as follows,

p
T
max | |y;
i=1

st.y=Dx+d (3)
Ax <b
x,y>0, xeB" xZ", ycRP,

where n;, and n, represent the number of binary and integer decision variables, respectively, D
is a p X n matrix where n:=ny +n,, d is a p-vector, A is a m X n matrix, and b is a m-vector. For
notational convenience, we partition the index set of variables N :={1,2,...,n} into binary B and
integer Z. We note that in this study, it is assumed that 7; > 0 and it is not necessarily integer for
alli=1,...,p.

In this paper, the sets X :=={x € B" x Z" : Az <b, £ >0} and YV:={yeRP:xz e X, y=
Dx +d, y > 0} represent the feasible set in the decision space and the feasible set in the criterion
space, respectively. We assume that X' is bounded (which implies that ) is compact) and that the
optimal objective value of the problem is strictly positive, i.e. there exists a y € ) such that y > 0.
We usually refer to @ € X as a feasible solution and to y € ) as a feasible point (y is the image of
x in the criterion space).

As mentioned in Section 1, an IL-GMMP can be reformulated as a mixed integer SOCP if 7; is
a positive integer for all i =1,...,p (Ben-Tal and Nemirovski 2001). In this section, we first review
how this reformulation can be done. Observe that by introducing a new non-negative variable, ~,

and a geometric mean constraint, Problem (3) can be reformulated as follows,

P 1
max{fy: 0<y< (H%H)qu"z" yey}.
i=1



It is evident that if 4 is the optimal objective value of the reformulated problem, then ’_yzle”i
is the optimal objective value of Problem (3). Let k& be the smallest integer value such that
2k > 35" . By introducing a set of non-negative variables and constraints, the geometric mean

constraint can be replaced as follows:

max -y
s.t. USVSW
0<7; <\/75; 755" for j=1,...,2°" and I=1,... .k —1
i—1 i
0<7 =y for j= (Y _m) +1,.... (D m) and i=1,....p
k=1 k=1
p
0<70=~ for j= (> m)+1,...,2"
k=1
yey

The above formulation is mixed integer SOCP since any constraint of the form {u,v,w >0:u <
Vow} is equivalent to {u,v,w >0:/u?+ (5%)? < “5%}. Now, one can use a commercial mixed
inter SOCP solver such as IBM ILOG CPLEX, Gurobi, and FICO Xpress, to solve any IL-GMMP.
However, the goal of this paper is to develop effective solution approaches based on the following
definition and theoretical results.

DEFINITION 1. A feasible solution @ € X is called efficient, if there is no other &’ € X’ such that

vi < i Vie{l,2,...,p}

Y <Y, for at least one i € {1,2, ..., p}

where y:= Dx +d and y' := Dx’ +d. If x is efficient, then y is called a nondominated point. The
set of all efficient solutions is denoted by Xg. The set of all nondominated points is denoted by Yy

and referred to as the nondominated frontier.

PROPOSITION 1. An optimal solution of Problem (3), denoted by x*, is an efficient solution and
therefore its corresponding image in the criterion space, denoted by y* where y* := Dx* + d, is a

nondominated point.

Proof. Suppose that x* is an optimal solution of Problem (3) but it is not an efficient solution. By
definition, this implies that there must exist a feasible solution denoted by & € X that dominates

x*. In other words, we must have that

v <y for at least one i € {1,2,...,p}



where y := Dx + d. In addition, by assumptions of Problem (3), we know that m; > 0 for all
P P

i=1,---,pand y* > 0. Therefore, we must have that 0 < [Jy** < []y". Consequently, * cannot
=1 =1

be an optimal solution (a contradiction). Q.E.D.

Proposition 1 indicates that

p p
wax [T = e T T
Therefore, as we discussed earlier in Section 1, an IL-GMMP is a special case of the problem of
optimization over the efficient set. Hence, instead of searching the entire feasible set, we propose
algorithms which look for an optimal point of Problem (3) by searching over the set of nondom-
inated points. We next present a critical proposition and corollary motivated by the study of

Charkhgard et al. (2018) that result in generating effective cuts during the course of our proposed

algorithms.

PROPOSITION 2. If y >0 and 7 > 0 then y is the unique optimal point of the following L-
GMMP,

p p p
wa{ T w20, 3 Zson .
; : Yi -
=1 =1 =1
Proof. Tt is known that every L-GMMP has a unique optimal point (Nash 1953). So, let y* be

the optimal point of the given L-GMMP. In order to find y*, we rewrite the given L-GMMP as the

following convex optimization problem,

p p p
y e argmin{ — E m;log(y;): y >0, E gyi < E m}.
i=1 =1 =1

By assuming that y € R” (rather than y € RY), we relax the problem to obtain,
P p T p
Y € argmin{— Z milog(y;) : Z y%yl — Zwi <0}
i=1 i=1 7° i=1
The KKT conditions of the relaxed problem are as follows,

— T T

Yi Yi
P P
77(2 Tyi_zﬂ'z)zo
i1 Ji i=1
- P
DT SR
i1 Ji i=1
n>0

where 7 is the dual variable associated with constraint Zle @yi - Zle 7m; < 0. It evident that
Yi

Yy, =9y and =1 are feasible for the KKT conditions. Moreoveri y > 0, and consequently, y* = 9.
Q.E.D.



As an aside, in Proposition 2, the set {y e RF:y >0, > | @yi <Y  m} can be viewed as

i
a right-angled triangle when p =2 and its generalization (for higher dimensions) when p > 2. So,
the proposition suggests that for such a generalized right-angled triangle in the criterion space, the

optimal point is always on the hypotenuse and can be computed easily.

COROLLARY 1. Let y > 0 and y* represent a feasible point and the optz'mal point of an IL-
GMMP (with feasible set ), respectively. If ¥ C {y € R¥: y >0, YUy, <30 m ) then we

have that y* =vy. Otherwise, zfyg{yeRp y>0, >r Sy, <> 1772} then either y* =1y or
y e{yey:Yr, iyz>Z i}

Corollary 1 suggests that, for any strictly positive feasible point y € Y and g > 0, the following cut
(or half space),

can be added to a IL-GMMP because this inequality does not cut off its optimal point. We some-
times refer to this inequality as the hypotenuse cut. Note that one can write the proposed cut in
the form of strict inequality, i.e., >, based on Corollary 1 and that obviously results in a stronger
cut but to avoid numerical issues, we use a weaker cut. Also, note that in this paper, we introduced
the hypotenuse cut in the context of IL-GMMPs but one can easily infer that the same cut is valid
for any GMMP. Next, we present a theorem that plays a significant role when computing a dual

bound in our algorithms.

THEOREM 1. For a set of non-negative real numbers {ci,...,c,} and a set of positive real num-
bers {mi,...,m,}, the following inequality,
. <ZP17T101>ZZ 17
ciley’ . ..ep? ,
1T
holds.
Proof. The proof of this theorem is based on the Arithmetic Mean-Geometric Mean (AM-GM)

inequality (Steele 2004). For a set of non-negative real numbers {c;,...,c,} and a set of positive

real numbers {wy,...,w,} with 7  w; =1, the following inequality,

crley? . epr < g w;C;,

is known as the AM-GM inequality. So, by setting w; = =5+— in the AM-GM inequality for all

]1]

i=1,...,p, we have that,

] 2 p p
P D g
Z]’:1 T Zj:l 5 Z] 175 < 17T2C7'
Cq Cy ...Cp pi
Uy
=11




Hence,
1

P . P
(aflc;? . c;;p> B o iz TG
and the result follows. Q.E.D.
Theorem 1 implies the following critical remark for computing dual and primal bounds for IL-
GMMPs.

REMARK 1. If g is an optimal point of the following integer linear program,

p
RS argmax{Zmyily eV},

i=1

where 7 > 0 then the following inequalities,

hold.

3. High-level description and key operations

In this section, we first provide a high-level description of our proposed algorithms and then we
provide a detailed description of their key operations. First, observe that the nondominated frontier
of a multi-objective integer linear program is discrete and finite because we assume that X is

bounded. An illustration of the nondominated frontier when p =2 can be found in Figure la.

Ao Ao A
[ ] [ ]
[ ] [ ] _
. oY
y2 () y2 [ y2
° [ ]
[ ] [ ]
N i Y1 i
(a) Nondominated frontier (b) A nondominated point (¢) The hypotenuse cut

Figure 1 A high-level description of the proposed algorithms when p =2

In each iteration, the proposed algorithms attempt to compute a nondominated point (if possible)
in the criterion space, i.e., denoted by ¥, using a specific operation. This operation is specifically
designed based on Remark 1 and its details are given in Subsection 3.2. In other words, y results in
computing both primal and dual bounds. An illustration of ¢y obtained in the first iteration when

p =2 can be found in Figure 1b.



Next, the proposed algorithms add the so-called no-good constraint to the formulation to ensure
that the obtained feasible solution associated with 4 in the decision space, i.e., &, will be excluded
from the search in the future iterations. The algorithms (if g > 0) also add a hypotenuse cut based
on Yy to the problem to remove the parts of the criterion space that cannot contain points better

than y. An illustration of such a cut can be found in Figure lc.

Y2

(a) Top region (b) Right region
Figure 2 An illustration of a possible search strategy

It is evident that, by repeating the process explained above in the remaining feasible region, one
will be able to eventually find an optimal solution of Problem (3). Specifically, in each iteration,
the global primal and dual bounds will be updated and the algorithms terminate as soon as the
optimality gap falls below a given threshold. Overall, the process explained above is the underlying
idea of all our proposed methods. However, they employ different search mechanisms. For exam-
ple, one algorithm searches the remaining region in Figure 1c directly and another algorithm first
decomposes it into two parts (because p =2 in this example) and then searches each one indepen-
dently. An illustration of such a decomposition can be found in Figure 2 in which the remaining
search region in Figure 1c is decomposed into two parts including top and right regions. In Figure 2
the top and right regions are created based on this observation that the dominated region by a
nondominated point g, i.e., {y >0:y <y}, can be removed from the search region. Next, the key

operations used in our algorithms are explained.

3.1. No-good constraint

As mentioned earlier in this section, no-good constraints, also known as tabu constraints (Hooker
2011, Fischetti and Lodi 2003, Hamming 1950), play an important role in our proposed algo-
rithms. It is known that no-good constraints for problems with general binary decision variables
are naturally linear, whereas, for problems with general integer decision variables, they are nat-
urally non-linear (Fischetti et al. 2005). Although the linearization of such non-linear constraints

is possible, due to the computational complexity that will be added to the problem, it is more



convenient to first convert all the integer variables to binaries and then add the linear no-good
constraints to problems. Due to this reason, in the rest of this paper, whenever we want to solve
an IL-GMMP by the proposed algorithms, we assume that all variables are binary, i.e., Z =0 and
n =ny. Note that since we have assumed that X is bounded, then for any integer decision variable,
x, a global upper bound should be computable, i.e. x < u. Hence, the variable z can be replaced

by introducing v := |[logou| + 1 new binary variables as follows,
=202 +2 2+ ... 42" 12,

Also, we assume that the following constraint is also added when using the transformation,
202 + 2+ 420, <

With this in mind, in our proposed algorithms, we maintain a list of feasible points and their
corresponding solutions, denoted by POOL, found during the course of these algorithms. Specifically,
whenever a feasible point ¢y’ and its corresponding solution x’ is found, («’,¥y’) will be added to

PooL. For each (z',y’) € POOL, the proposed algorithms will add the following no-good constraint,

Yoot Yy, (I-z)=1

jes0 () jeSH (=)

where §°:={j € B: 2} =0} and S§':= {j € B:z} = 1}, to ensure that &’ will be excluded from

their search in the future iterations.

3.2. Weighted sum operation

Following Proposition 1, any efficient solution is expected to be a high-quality feasible solution
for Problem (3) and provides a good (global) lower/primal bound for the problem. Therefore, the
proposed algorithms attempt to compute a locally efficient solution in each iteration. Note that the
reason for using the term ‘locally’ is that in each iteration the algorithms remove a set of feasible
solutions from the problem by adding some constraints. With this in mind, the locally efficient
solution will certainly be a nondominated point for the restricted feasible set but not necessarily
for the entire problem.

To obtain a locally efficient solution (if possible), we will use a well-known observation in multi-
objective optimization (see for instance Ehrgott (2005)): optimizing any positive weighted sum-
mation of the objective functions over the feasible set must return an efficient solution (if exists
any). In light of this observation, in this research, we simply assume that the weights are shown
by the vector w > 0, and therefore, we maximize Y . w;y; over y € Y but with some additional

constraints.



Note that the additional constraints include the no-good constraints as well as the hypotenuse
cuts. Therefore, the solution returned by solving the weighted sum optimization after adding such
constraints (in particular the no-good constraints) is not guaranteed to be a true efficient solution
for the corresponding multi-objective problem without additional constraints. However, an optimal
solution (if exists any) must be obviously efficient for the restricted problem, i.e., the multi-objective
optimization problem with the additional constraints. That is the reason that we call such an
optimal solution a locally efficient solution.

In light of the above, the weighted sum optimization problem employed by our algorithms,

denoted by WSO (w, PooL,1), can be stated as follows,

p
(Z,y) € argmax { Zwiyi :

i=1

yel,
yi >l Vie{l,---,p}
p T p
Z —y; > Zm— V(z',y') € PooL with y' >0
— Ui —
=1 i=1
Yoot Y, (-w)21 Ww’,y')ePOOL},
jeso(a’) jest(z)

where I > 0 is the vector of lower bound values for y that defines a search region in the crite-
rion space. Each algorithm in this study updates the vector I according to its underlying search
mechanism in each iteration.

REMARK 2. Due to Remark 1, after solving WSO(r,(,0), global primal and dual bounds for

Problem (3), i.e., maxyey [[,_, yi*, can be computed in linear time,

Similarly, after solving WSO (7, POOL, 1), global primal and dual bounds for the restricted problem,
i.e., maxycy [[L_, y;" where Y is the feasible set of WSO(ar, POOL,1) in the criterion space can be

computed in linear time,

4. Proposed Algorithms
In this section, we provide a detailed description of our proposed algorithms and the main reasons

for developing them. However, before doing so, we would like to mention a helpful remark.



REMARK 3. All our proposed algorithms solve only a number of single-objective integer linear
programs to compute an optimal solution of an IL-GMMP. Also, the proposed algorithms in this
study are finite due to the following two reasons: (1) in each iteration a feasible solution will be
excluded from the feasible region because of adding no-good constraints; and (2) the number of

feasible solutions is finite because X is bounded by assumptions.

4.1. The Criterion Feasible Set Shrinking Algorithm I

The Criterion Feasible Set Shrinking Algorithm I (CFSSA-I) is the simplest but the most effective
algorithm (according to our numerical results) that we have developed. The algorithm maintains
three pieces of information including: a pool of solutions found during the search denoted by PooL,
a global upper/dual bound denoted by Gyg, and a global primal/lower bound denoted by Grp. At
the beginning, POOL is empty, and we set Gyg = +00 and Gpg = —o0. The algorithm iteratively
shrinks the feasible set in the criterion space until it becomes empty and/or the optimality gap
falls below a given threshold. At the end, the algorithm returns the best solution found and its

image in the criterion space, denoted by (x*,y*).
Algorithm 1: CFSSA-I

1 Input: A feasible instance of Problem (3)
2 List.create(POOL)
3 G+ —0Q; GL‘B +— 400
4 SearchDone < FALSE
5 while SerachDone = FALSE do
6 if Gup —Grp >e1 & (Ug[% > e, then
7 (&,7) + WSO(w, PooL, 0)
8 if (Z,y) #(null,null) then
9 PooL.add((®,9))
10 if Hle gfl > Grp then
11 L (", y*) « (2,9)
12 G <[, 3,
13 Gus + (;%1 o )Zf:l i
i1
14 else
15 L SearchDone < TRUE
16 else
17 L SearchDone < TRUE

18 return (z*,y*)

In each iteration, CFSSA-I first checks whether Gyg — Gig > ¢, and GU%SLB > &9 hold, where
1,62 € (0,1) are the user-defined absolute and relative optimality gap tolerances. If at least one
of these conditions is not satisfied, then the algorithm terminates. Otherwise, the algorithm calls
WSO(m,PooL,0) to compute (Z,y), i.e., a locally efficient solution and its image in the criterion
space. If (&,y) = (null,null), i.e., the problem is infeasible, then the restricted feasible region
is empty, and therefore, the algorithm terminates after returning (x*,y*). However, if (Z,y) #
(null,null) then (Z,y) will be added to POOL to be used in the future iterations. Also, the global
lower bound and upper bound will be updated based on Remark 2. Specifically, the algorithm first



updates the primal bound, meaning if [[_, §7* > Gpp then the best feasible solution known, i.e.,

z*,y*), will be set to (Z,y) and G5 will be set to [[%_, ;. Afterwards, the global dual bound
1=1J1
Ef:l ;Ui >
(S

i=171

will be updated by setting Gyg to i=17i A precise description of CFSSA-I can be found

in Algorithm 1.

4.2. The Criterion Feasible Set Shrinking Algorithm II

We start this subsection by providing an observation about CFSSA-I, i.e., Algorithm 1. That is, in
theory, it is possible to have an instance in which many feasible solutions in the decision space have
exactly the same image in the criterion space. So, in CFSSA-I, it is possible that WSO(zr, PooL, 0)
returns the same feasible point, denoted by g, in the criterion space in different (consecutive)
iterations. Of course, because we use no-good constraints, the solutions in the decision space are
certainly different in each iteration of CFSSA-I but their image in the criterion space can be
the same. This observation indicates that it is possible that CFSSA-I performs not well for such
instances. As an aside, it is worth mentioning that in our computational study, this never happened.
However, due to the importance of this issue, we next discuss a simple approach to resolve this
issue when y > 0 and present a new algorithm, CFSSA-II, based on that. Note that we simply
assume that ¢y % 0 does not occur because based on our assumptions the optimal objective value of
an IL-GMMP is strictly positive. Hence, one can simply add the condition ¢y > 0 to the formulation
of an IL-GMMP.

We first note that at any iteration of Algorithm 1, after calling WSO(7,PooL,0), (z,y) will
be returned and will be added to PooL if (Z,y) # (null,null). In the remaining, we assume that
9 > 0. So, we know that at the next iteration of Algorithm 1, the following hypotenuse cut,

p i p
; Uz ; i,
exists in the model corresponding to WSO (7, PooL,0). Observe that, as mentioned in Section 2,
we could write this cut in the form of strict inequality based on Corollary 1. Hence, if we use the
strict inequality, the feasible point 4 can never be computed again in any iteration of Algorithm 1
and this resolves the issue that we mentioned above.

However, using such strict inequality gives rise to numerical issues. So, instead, we propose to
simply check the remaining search region at the end of each iteration for identifying whether there
exists any feasible point, denoted by g, which can strictly satisfy the hypotenuse cut associated
with y. If there exists no such a feasible point, then the search is over. Otherwise, if § > 0, we can
add a new hypotenuse cut based on ¢ and this results in avoiding the generation of g in future
iterations. Moreover, we can update the global primal bound based on 4. Now the only remaining

question is how to compute ¢ at the end of each iteration. In order to do so, we can call the



operation WSO(7,PooL,0) where 7; = @ for all i € {1,---,p}. Obviously, the objective function
of WSO(7,PooL,0) is simply the left—hzz/;nd—side of the hypotenuse cut associated with g. So, if
the optimal objective value of WSO(#,P0OOL, 0) is not strictly greater than >, | m;, which is the
right-hand-side of the hypotenuse cut associated with gy, then there is no feasible solution that can
strictly satisfy the hypotenuse cut associated with .

In light of the above, a precise description of CFSSA-IT can be found in Algorithm 2 which is

similar to Algorithm 1 but has some additional lines, i.e., see Lines 14-23.
Algorithm 2: CFSSA-II

1 Input: A feasible instance of Problem (3)

2 List.create(POOL)

3 GLB < —0Q; G[;B +— 400

4 SearchDone < FALSE

5 while SerachDone =FALSE do

6 if Gup —Cip > e & “UE-SLE > ¢, then

7 (&,79) «+ WSO(mr,PooL, 0)

8 if (Z,9) #(null,null) then

9 PooL.add((Z, 7))

10 if Hf=1 gj:r‘ > GL]’; then

11 (", y*) « (2,9)

12 L G]‘B < H?:l gzw

P TG
13 Gug (722’3?1 AIRPN LY
=171

14 if ¥y >0 then

15 (2,0, IR

71 7

16 (&,9) «+ WSO(#,PooL,0)
17 if (&,9) =(null, null) or -7 #;9; <> F_, 7 then
18 L SearchDone < TRUE
19 else

20 if Hle g):” > GLB then
21 (@, y7)  (&,9)
22 G < [T, 3;"
23 PooL.add((&, 7))
24 else
25 L SearchDone < TRUE
26 else
27 L SearchDone < TRUE

28 return (z*,y*)

4.3. The Criterion Feasible Set Shrinking Algorithm III

The third algorithm, the so-called CFSSA-III, is basically a significantly modified /enhanced version
of the algorithm proposed by Saghand and Charkhgard (2019). The two main differences are
as follows. First, the hypotenuse cut does not exist in the algorithm proposed by Saghand and
Charkhgard (2019). Second, to compute a dual bound at each iteration, the algorithm proposed
by Saghand and Charkhgard (2019) simply relaxes the integrality conditions and then solves the
relaxed problem after reformulating it as a SOCP. So, not only additional SOCPs have to be
solved in the algorithm proposed by Saghand and Charkhgard (2019) but also the obtained dual

bounds are often significantly weaker. In addition, because of using SOCP solvers for computing



dual bounds, the algorithm proposed by Saghand and Charkhgard (2019) cannot directly handle
non-unit geometric weights, i.e., because the size of the SOCP reformulation highly depends on

the geometric weights.
Algorithm 3: CFSSA-III

Input: A feasible instance of Problem (3)
Queue.create(TREE)

List.create(POOL)

1+ 0; UB <+ +oc0

TREE.add(l, UB)

GLB < —00; GL'B +— 400

SearchDone < FALSE

while not Queue.empty(TREE) & SerachDone = FALSE do
TREE.PopOut(l7 UB)

GUB +~— UB

if Gup —Cip 26 & “UE-SLE > ¢, then

(&,9) + WSO(m,PooL,l)

if (Z,y) #(null,null) then

UB «+ (722%1 TV Ry

Poor.add((z, 7))

if Hle gfl > Grp then

(@*,v°) — (2,9)

| Gus <TI0, 9"

19 if UB—Gp>e; & 2018 > ¢, then

20 foreach i € {1,2,..,p} do

21 U1
22 L Uiy,

23 TREE.add(l’, UB)

O © WO WA WN

= I O S
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24 else
25 L SearchDone < TRUE

26 return (z*,y*)

CFSSA-III maintains a queue of nodes, denoted by TREE. Each node in the queue contains two
vectors denoted by I and UB. The point [ is a lower bound point in the criterion space that defines
a search region, and UB is a dual bound for the associated search region. We initialize the queue
(of nodes) by I =0 and UB = +oc0. Similar to CFSSA-I and CFSSA-II, CFSSA-III maintains three
other pieces of information including PooL, Gyg, and Gig. At the beginning, POOL is empty and
we set Gyg = +00 and Gpg = —o0. The algorithm explores the queue as long as it is nonempty
and Gyg — Gig > ¢; and % > £9. At the end, the algorithm returns the best solution found
and its image in the criterion space, denoted by (x*,y*). Next, we explain how each node of the
queue is explored.

In each iteration, the algorithm pops out a node from the queue and denotes it by (I,UB).
Note that when a node is popped out from the queue then that node does not exist in the queue
anymore. Also, note that, in this study, we use the best-bound strategy to select a node (for being
popped out) because we have numerically observed that this strategy performs the best. Therefore,
whenever a node is popped out, the Gyg can be updated as we know that the selected node
contains the highest upper bound. The algorithm next calls WSO (7, PooL,l) to compute (&,9y).
Afterwards, if (Z,y) # (null,null) then the algorithm does the following steps:



It adds (z,y) to PooL.

It sets UB to (%)Zfﬂ’” because this is a new dual bound for the node.

e The algorithm updates the global primal bound and the best solution found based on (&, y).

e If there still exists chance of finding a better solution in this node, i.e., UB — G g > ¢; and
% > €4, it will be decomposed into p new nodes. The difference between the new nodes are
simply their corresponding search regions. Specifically, for each i € {1,...,p}, the node (I', UB) will
be added where I' defines its associated search region such that I =1; for each j € {1,...,p}\{i}
and ! = ;.

In light of the above, a precise description of CFSSA-III can be found in Algorithm 3. As an
aside, we note that a similar approach used for modifying CFSSA-I (to be transformed into CFSSA-
IT) can be applied to CFSSA-III. However, we do not report the performance of such a modified

algorithm in this study because we numerically observed that it does not improve the solution time

for our instances.

5. Computational study
In this section, we conduct an extensive computational study using three commercial solvers includ-
ing CPLEX 12.7, Gurobi 8.1.1%, and Xpress 8.5.6. Specifically, we implement CFSSA-I, CFSSA-II,
and CFSSA-IIT in C++ and compare their performances when different commercial solvers are
employed for solving single-objective integer linear programs arising during the course of these
algorithms. Also, as shown in Section 2, an IL-GMMP can be reformulated as a mixed integer
SOCP and therefore, can be solved by appropriate solvers. So, in this computational study, we
also compare the performance of the mixed integer SOCP solvers of CPLEX, Gurobi, and Xpress.
The instance generator and the C++ implementation of the algorithms used in this computational
study can be found in https://bit.ly/2KpVStw. The computational experiments are conducted
on a Dell PowerEdge R360 with two Intel Xeon E5-2650 2.2 GHz 12-Core Processors (30MB),
128GB RAM, the RedHat Enterprise Linux 6.8 operating system, and using a single thread. Both
the absolute and relative optimality gap tolerances, £, and &5, are set to 107% in this computational
study. Also, a time limit of 3600 seconds is imposed for solving each instance for all algorithms.
In our computational study, a total of 2400 instances are generated and solved with different
geometric weights using different algorithms/solvers. Hence, a total of 57600 experiments are con-
ducted to complete this computational study. Specifically, for each p € {2,3,4}, we generate 800
! We initially used Gurobi 8.1.0 during the course of this study. However, we observed that SOCP solver of Gurobi
8.1.0 is not reliable for our test instances. Specifically, for instances with 37, 7; & {2,4} or by deactivating its pre-
solve process, it was immediately returning the optimal objective value of 1 (regardless of the instance). We reported

this issue to Gurobi support forum. Fortunately, at the final stages of this research, Gurobi 8.1.1 was released that
does not have the issue mentioned above. So, we rerun all experiments using Gurobi 8.1.1 in this paper.



instances and solve each one using different geometric weights shown in Table 1. For example, for
instances with p =2, the vector of geometric weights, i.e., 7, can take 5 different values, i.e., (1,1)

(1,2), (2,1), (1,3), and (3,1), in this computational study.

Table 1 Different geometric weights for each value of p

p=4 p=3 p=2

P m=4 1 (1,1,1,1) || (2,1,1), (1,2,1), (1,1,2) || (1,3), (3,1)

P o, =3 - (1,1,1) (1,2), (2,1)

Pom=2 - - (1,1)

Now, we explain how the instances are generated. For each p € {2,3,4}, two classes of instances
including pure integer (n; = n) and pure binary (n, = n) instances are generated. Each class contains
20 subclasses of instances based on the dimensions of the matrix A,, .., and each subclass contains
20 instances. We assume that m € {200,400, 600, 800,1000} and n = am where a € {0.5,1,1.5,2}.
For example, our smallest subclass is 200 x 100 with m = 200 constraints and n = 100 variables,
i.e., a = 0.5, and our largest subclass is 1000 x 2000 with m = 1000 constraints and n = 2000
variables, i.e., a = 2. The sparsity of matrix A is set to 50%. The components of vector b and the
entries of matrix A are randomly drawn from discrete uniform distributions [50,150] and [10,30],
respectively. We set the components of vector d equal to zero. The sparsity of each row of the
matrix D was also set to 50%, and its components were drawn randomly from a discrete uniform
distribution [1,10]. Note that, since all constraints that are defining the set X" are in the form of
< inequality and all coefficients of matrix A are nonnegative, the set X is bounded.

As mentioned in Section 3, each integer decision variable should be replaced by (a set of) binary
decision variables when using our proposed algorithms, i.e., CFSSA-I, CFSSA-II, and CFSSA-III.
However, this is not required when solving an instance using (mixed integer) SOCP solvers. Since
the maximum value for components of vector b is 150 and the minimum value for entries of matrix
A is 10, each integer decision variable can get a maximum value of 15. Therefore, the integer

variable z; is replaced by four binary derision variables and one additional constraint as follows,

T =2, + 22, +4z2;, + 82,
Ziy + 2Z¢2 + 421‘3 + 821‘4 S 15.
Note that the additional constraint is redundant and there is no need to be added. Overall, for

each of our pure integer instances, the number of decision variables increases by a factor of 4 when

using our proposed algorithms.



In this computational study, we frequently use two types of charts for comparing the performance
of different algorithms/solvers. The first one is a specific bozplot in which on the horizontal axis
different algorithms are shown, and on the vertical axis the run time ratio is shown. Specifically,
for constructing a boxplot, for each instance and for each algorithm, we need to compute the
ratio of the run time of the algorithm on the instance to the minimum of the run times of all
algorithms (used in the boxplot) on the instance. Hence, if the ratio is closer to one, then it is
better. Another tool that we use is performance profile (Dolan and Moré 2002) which provides
more details compared to a boxplot (but it does not look as nice/neat as a boxplot).

A performance profile presents cumulative distribution functions for a set of algorithms being
compared with respect to a specific performance metric, i.e., the run time in this study. Similar to
our boxplots, the run time performance profile for a set of algorithms is constructed by computing
for each algorithm and for each instance the ratio of the run time of the algorithm on the instance
and the minimum of the run times of all algorithms on the instance. The run time performance
profile then shows the ratios on the horizontal axis and, on the vertical axis, for each algorithm,
shows the percentage of instances with a ratio that is smaller than or equal to the ratio on the
horizontal axis. This implies that values in the upper left-hand corner of the graph indicate the

best performance.

Ratio
e o wene

F.
F_

.

-8
i
-8

B-and-8

2

CFSSAIIl

CFSSA-IIl

CFSSA-
B-ai

p=2 p=3 p=4

Figure 3  Comparison between the algorithm proposed by Saghand and Charkhgard (2019), the so-called B-and-

B, and CFSSA-III on pure binary instances for unit geometric weights

As mentioned in Introduction and Section 4.3, CFSSA-IIT is a modified/enhanced version of
the algorithm proposed by Saghand and Charkhgard (2019), the so-called B-and-B. Figure 3 is a
boxplot for comparing the performance of these two algorithms on pure binary instances. Note that
the C++ implementation of B-and-B is publicly available and uses CPLEX. Also, note that B-and-
B cannot deal with the non-unit geometric weights directly, and that both algorithms replace any

general integer decision variable with a new set of binary decision variables. Therefore, in order to



create the boxplot, we only used CPLEX in CFSSA-III, we set the geometric weights equal to one,
and we only used the class of pure binary instances for each p € {2,3,4}. Observe from Figure 3
that CFSSA-III significantly outperforms B-and-B. By comparing the medians, the run time of
B-and-B is around 1.5 times greater than CFSSA-III. For some instances with p =2, the run time
of CFSSA-III is around 10 times better.

In light of the above, in the rest of this section, we de not report the results of B-and-B due to
the reason that it does not perform better than CFSSA-III. Finally, it is worth mentioning that,
in this computational study, the terms ‘solve’ and ‘solve to optimality’ have different meanings.
The latter is used when an algorithm was able to find an optimal solution. The term ‘solve’ is used
when an algorithm was able to find a feasible solution (other than zero) which may or may not
be optimal. Note that by setting all decision variables equal to zero, a feasible solution with the

objective value of zero will be constructed for our instances.

5.1. Two objectives (p=2)

In this section, we compare the performance of the algorithms on instances with p =2. CFSSA-I
and CFSSA-IT were able to solve all instances to optimality. However, CFSSA-III and the (mixed
integer) SOCP solvers were not able to do so even for unit geometric weights. Table 2 shows a
comparison between SOCP solvers and CFSSA-III for unit geometric weights. In this table, ‘#S’
is the number of instances that an algorithm could solve, i.e., found a solution other than zero
within the imposed time limit, ‘#Opt’ is the number of instances solved to optimality, and ‘%Gap’
shows the average (relative) optimality gap percentage of the instances that were not solved to
optimality. Observe that both methods are able to find a feasible solution (other than zero) for
all instances when different commercial solvers are embedded in them. However, SOCP solver of
CPLEX is performing the worst. More than one third of the instances have the average optimality

gap of around 60% when using SOCP solver of CPLEX.

Table 2 Performance comparison for instances with p=2 and == (1,1)

CFSSA-II1 SOCP
CPLEX | Gurobi | Xpress || CPLEX | Gurobi | Xpress

#S 400 400 400 400 400 400

Binary | #Opt 395 392 394 249 400 400
%Gap 0.06 0.09 0.06 58.92 0 0

#S 400 400 400 400 400 400

Integer | #Opt 391 391 392 252 400 400
%Gap 0.06 0.06 0.06 60.66 0 0

Figure 4 shows the run time boxplots of the algorithms on instances with p = 2 for unit geometric
weights. From this figure, it is clear that all our proposed algorithms perform significantly better

when using mixed integer linear programming solver of CPLEX. However, SOCP solver of the



CPLEX is the worst choice for solving a mixed integer SOCP transformation of an IL-GMMP.
SOCP solver of Xpress seems to be the best choice for solving a mixed integer SOCP transformation
of an IL-GMMP. However, by comparing the medians of the boxplots, we see that CFSSA-I when
using CPLEX dominates SOCP solver of Xpress by a factor of around 1.5. The other two algorithms,
CFSSA-IT and CFSSA-III (when using CPLEX), are also competitive with SOCP solver of Xpress.
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Figure 5  Performance profile for instances with p=2 and 7 € {(2,1),(1,2)}

Figures 5 and 6 show the run time performance profile of the best versions of the algorithms
on the instances with p =2 for non-unit geometric weights with >  m, =3 and > ' m =4,
respectively. Note that for a few instances, Gurobi SOCP solver was better than Xpress SOCP
solver. So, we have used both SOCP solvers of Xpress and Gurobi for creating these figures. Overall,
CFSSA-I (when using CPLEX) performs significantly better than others. CFSSA-II and CFSSA-

III are competitive (when using CPLEX) but CFSSA-II is slightly better. Overall, both CFSSA-II



and CFSSA-III can be considered as the second best algorithms. However, by comparing CFSSA-I
and CFSSA-II, it is evident that around 20% of instances are solved at least 2.5 times faster by
CSFSA-I in any of the figures. Moreover, the figures show that Xpress SOCP solver dominates the
SOCP solver of Gurobi except for pure integer instances with > > | m; =3, i.e., Figure 5b. Overall,

they are both either competitive with CFSSA-III or slightly worse than it.
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Figure 6  Performance profile for instances with p=2 and 7 € {(3,1),(1,3)}

5.2. Three objectives (p =3)
In this section, we compare the performance of the algorithms on instances with p = 3. Again,
CFSSA-T and CFSSA-II were able to solve all instances to optimality within the imposed time
limit. However, CFSSA-III and the (mixed integer) SOCP solvers were not able to do so even for
unit geometric weights. Table 2 shows a comparison between SOCP solvers and CFSSA-III for unit
geometric weights. We observe from the table that SOCP solver of Xpress was not able to solve only
one of the instances to optimality for the class of pure integer instances. SOCP solver of Xpress
could reach to the optimality gap of 24.85% for that particular instance. However, CFSSA-III was
not able to solve 4 instances to optimality when employing CPLEX and had the average optimality
gap of 0.34%.

Another interesting observation is that SOCP solver of CPLEX was not able to solve, i.e., find
a feasible solution (other than zero), for 208 and 219 instances of the classes pure binary and pure
integer, respectively. According to IBM ILOG CPLEX Optimization Studio (2016), the reason can
be the convergence tolerance. Changing this tolerance to a smaller value may result in greater
numerical precision of the solution, but also increases the chance of a convergence failure in the
algorithm and consequently may result in no solution at all. According to the manual, the smallest
value for this tolerance is 107'2 and its default value is 10~7. In order to overcome the convergence

problem, we examined different values for this parameter, i.e. {107%,1077,1078,--- | 107'?}, during



the course of this study. However, we employed the default value in this paper since it had the best

performance for our instances.

Table 3 Performance comparison for instances with p=3 and 7= (1,1,1)

CFSSA-III SOCP
CPLEX | Gurobi | Xpress || CPLEX | Gurobi | Xpress
#S 400 400 400 192 400 400
Binary | #Opt 400 399 400 79 400 400
%Gap 0 0.41 0 75.71 0 0
#S 400 400 400 181 400 400
Integer | #0pt 396 394 397 71 400 399
%Gap 0.34 0.37 0.33 74.39 0 24.84
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Figure 8  Performance profiles for instances with p=3 and = € {(2,1,1),(1,2,1),(1,1,2)}

Figure 7 shows the run time boxplots of the algorithms on instances with p = 3 for unit geometric

weights. From the figure, it is clear that all our proposed algorithms perform significantly better



when using mixed integer linear programming solver of CPLEX. Again, SOCP solver of the CPLEX
is the worst choice for solving a mixed integer SOCP transformation of an IL-GMMP. SOCP solver
of Xpress seems to be the best choice for solving a mixed integer SOCP transformation of an IL-
GMMP. However, by comparing the medians of the boxplots, we observe that CFSSA-I when using
CPLEX dominates SOCP solver of Xpress by a factor of around 1.5. Finally, CFSSA-IT (when
using CPLEX) is competitive with SOCP solver of Xpress but CFSSA-III is not.

Figure 8 shows the run time performance profiles of the best versions of the algorithms on
instances with p = 3 for non-unit geometric weights with >.7_ m; = 4. Again, we have included
both SOCP solvers of Gurobi and Xpress, because for some instances SOCP solver of Gurobi was
performing better. From the figure, it is clear that CFSSA-I when using CPLEX is the best choice.
For pure binary instances, the second best choice is CFSSA-II when using CPLEX. However, for
pure integer instances, both CFSSA-II (when using CPLEX) and Xpress SOCP solver are the
second best choice. Overall, we observe that the best choice has solved around 20% of instances
at least 2 and 2.5 times faster than the second best choice in pure binary and pure integer classes,
respectively. We also observe that unlike instances with p =2 (see Figure 6), CFSSA-III is per-
forming poorly compared to CFSSA-I and CFSSA-II. This is mainly because CFSSA-III uses a

decomposition technique. So, as p increases, more child nodes can be created in each iteration.

5.3. Four objectives (p=4)

In this section, we compare the performance of the algorithms on instances with p = 4. Similar
to the results obtained for instances with p € {2,3}, CFSSA-I and CFSSA-II were able to solve
all instances to optimality within the imposed time limit, i.e., one hour. However, CFSSA-III and
the (mixed integer) SOCP solvers were not able to do so even for unit geometric weights. Table 2
shows a comparison between SOCP solvers and CFSSA-III for unit geometric weights. We observe
from the table that SOCP solver of Gurobi was able to solve all instances to optimality. However,
SOCP solver of Xpress was not able to solve 6 instances to optimality in total (three per class).
The average optimality gap reported by those instances is around 43%. Also, CFSSA-IIT was not
able to solve 11 instances to optimality in total when employing CPLEX. However, the average
optimality gap reported by CFSSA-III (when using CPLEX) is around 4%. Finally, SOCP solver
of CPLEX was not able to solve, i.e., find a feasible solution (other than zero), for 320 and 319

instances of the classes pure binary and pure integer, respectively.

Table 4 Performance comparison for instances with p=4 and == (1,1,1,1)

CFSSA-II1 SOCP

CPLEX | Gurobi | Xpress || CPLEX | Gurobi | Xpress

#S 400 400 400 80 400 400

Binary | #Opt 395 392 396 19 400 397
%Gap 4.38 3.91 5.26 85.74 0 42.09

#S 400 400 400 81 400 400

Integer | #Opt 394 393 396 11 400 397
%Gap 3.11 2.83 3.92 86.21 0 43.33
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Figure 9 Performance comparison for instances with p=4 and w=(1,1,1,1)

Figure 9 shows the run time boxplots of the algorithms on instances with p =4 for unit geometric
weights. Again, we observe that all our proposed algorithms perform significantly better when
using mixed integer linear programming solver of CPLEX. However, this time, although SOCP
solver of Xpress performs well, it is not as good as the SOCP solver of the Gurobi for solving a
mixed integer SOCP transformation of an IL-GMMP. By comparing the medians of the boxplots,
we observe that CFSSA-I when using CPLEX dominates SOCP solver of Gurobi by a factor of
around 1.3. Finally, it is clear that CFSSA-II (when using CPLEX) is as good as SOCP solver of
Xpress.

5.4. Linearization

It is not hard to see that pure binary and pure integer instances can be linearized and solved
directly by single-objective integer linear programming solvers. It is evident that linearizing pure
binary instances with p =2 and 7 = (1,1) are the easiest cases. Consequently, the focus of this

section will be only on such instances. As an example, consider the following objective function,
max (z1 + 3z2) (T2 + 223) = 112 + 22,73 + 375 + 62973,

where x;, x,, and x3 are binary variables. First, it is obvious that 7 = x;. Second, any bi-linear
term x;x; where both x; and x; are binary variables can be linearized by adding the following three

constraints and introducing a new binary variable g,

mixj:—{q: q<wz; q<xj, xi+$j_1SQ}

Note that, since the problem is in maximization form, the third constraint, i.e. x; +x; —1<g, is
redundant and can be eliminated. In light of this observation, the linearized objective function is

as follows,

max 3xy + g1 + 2¢» + 643



s.t.q1 <z, 1 <y,

G2 <1, q2 < T3,

g3 < o, q3 < T3,

q; S {1,0}

(z122)

(z123)

(z273)

vie{1,2,3}

We linearized all pure binary instances of Section 5.1 in the same way discussed above and solved

them by CPLEX, Gurobi, and Xpress. Table 5 provides the detailed performance comparison on

the linearized instances. Observe that the performance of the commercial solvers on linearized

instances is very poor. In many instances, the solvers were unable to find even a feasible solution

(other than 0) for linearized models but CFSSA-I (when using CPLEX) can solve even largest

classes of instances to optimality in around 200 seconds on average. Interested readers may refer to

Appendix A for details of the performance of CFSSA-I (when using CPLEX) and the best mixed

integer SOCP solver on instances with unit geometric weights. Note that, pure binary instances

with p=2 and w =1 are in some sense the easiest class of instances for linearization. So, it is

expected that the performance of the linearization technique to be even worse for other classes

larger values of p and 7.

or

Table 5 Detailed performance of single-objective integer linear programming solvers on linearized binary
instances with p =2 and unit geometric weights
CPLEX Gurobi Xpress

mxmn #S | #0Opt | %Gap | T(sec.) || #S | #Opt | %Gap | T(sec.) #S | #0pt | %Gap | T(sec.)
200 x 100 20 20 - 10.11 20 20 - 6.92 20 20 - 67.09

200 x 200 20 20 - 316.87 20 20 - 216.88 20 20 - 1,303.96
200 x 300 20 19 64 1,546.60 20 19 56 710.93 20 - 94 3,600
200 x 400 20 1 92 3,566.87 || 20 13 81 2,661.54 20 - 98 3,600

Avg 20 15 39 1,360.11 20 18 34 899.07 20 10 48 2,142.76
400 x 200 20 20 - 122.28 20 20 - 29.93 20 20 - 867.07
400 x 400 20 12 88 2,920.83 20 20 - 344.62 20 - 99 3,600
400 x 600 20 - 97 3,600 20 20 - 1,730.64 20 - 99 3,600
400 x 800 4 - 100 3,600 20 . 97 3,600 20 - 99 3,600

Avg 16 8 71 2,560.78 20 15 24 1,426.30 20 5 74 2,916.77
600 x 300 20 20 - 405.62 20 20 - 91.87 20 97 3,600
600 x 600 20 1 97 3,555.49 || 20 20 - 1,220.49 20 - 99 3,600
600 x 900 4 - 100 3,600 20 - 95 3,600 20 - 99 3,600
600 x 1200 - - 100 3,600 20 - 99 3,600 3 - 100 3,600
Avg 11 5.25 74 2,790.28 || 20 10 49 2,128.09 || 15.75 - 99 3,600
800 x 400 20 20 - 970.65 20 20 - 195.07 20 - 99 3,600
800 x 800 20 - 96 3,600 20 15 75 2,702.49 20 - 99 3,600
800 x 1200 - - 100 3,600 20 - 99 3,600 4 - 100 3,600
800 x 1600 - - 100 3,600 20 . 100 3,600 - - 100 3,600
Avg 10 5 74 2,942.66 20 8.75 68 2,524.39 11 - 100 3,600
1000 x 500 20 19 7 1,571.99 || 20 20 - 354.70 20 - 99 3,600
1000 x 1000 13 - 98 3,600 20 8 82 3,287.97 20 - 100 3,600
1000 x 1500 - - 100 3,600 20 - 99 3,600 - - 100 3,600
1000 x 2000 - - 100 3,600 20 - 100 3,600 - - 100 3,600
Avg 8.25 | 4.75 94 3,093 20 7 70 2,710.67 10 - 100 3,600




6. Final remarks

We studied a subclass of GMMPs, the so-called IL-GMMPs, with a significant number of applica-
tions in many fields including but not limited to game theory, conservation planning, and system
reliability. We developed three new multi-objective optimization based algorithms with two desir-
able characteristics: (1) they only solve single-objective integer linear programs and (2) they can
directly deal with geometric weights. Using an extensive computational study, we demonstrated the
efficacy of our proposed algorithms. We showed that the performance of our algorithms depends
highly on the choice of a commercial solver employed for solving single-objective integer linear
programs. Overall, for our test instances, CPLEX was shown to be the best choice for our proposed
algorithms. We also illustrated that an IL-GMMP can be reformulated as a mixed integer SOCP
but the size of such a reformulation depends on geometric weights. Overall, we showed that for
our test instances, Xpress performs significantly better than CPLEX and Gurobi for solving such
mixed integer SOCPs. However, even mixed integer SOCP solver of Xpress was shown to per-
form poorly compared to one of our algorithms, i.e., CFSSA-I. Finally, we showed that although
one can linearize the objective function of an IL-GMMP (by introducing new sets of variables
and constraints), commercial solvers struggle to solve even small IL-GMMPs using the linearized
formulation. Next, two future research directions are explained.

The first future research direction of this study is about how to customize the proposed algorithms
for solving MIL-GMMPs. One simple idea would be to employ the approach proposed by Saghand
and Charkhgard (2019). In this approach, an extra primal-bound updating operation should be
added to each algorithm. This operation should be called after computing a feasible solution (', y’)
by WSO(w,PooL,1) at any iteration. In this operation, we set the values of only integer decision
variables of a MIL-GMMPs to those in «’. By doing so, a reduced continuous problem will be
generated which is basically a L-GMMP. So, we can reformulate such a L-GMMP as a SOCP and
solve it accordingly to obtain the best feasible solution associated with the integer support vector
of @’. Therefore, that feasible solution should be used for updating the global primal bound (if it
is better).

Although the approach mentioned above is theoretically correct, it is certainly worth investigat-
ing its performance in practice. In fact it is possible that solving such SOCPs creates numerical
issues for large values of p and/or the geometric weights. This is because an optimal objective
value of a L-GMMP (or in general any GMMP) can easily become a very small/large number as
p and/or the geometric weights increase. So, to obtain more precise solutions, the optimality gap
should be set to very small values and this by itself can be a potential source of numerical issues.
Hence, any solution approach that solves optimization problems (such as the SOCP reformulation)

in which the objective function of a GMMP, i.e., the multiplicative function, exists in them is not



probably reliable/precise for large values of p and/or the geometric weights. Note that none of the
optimization problems solved in our proposed algorithms (in this study) deals with multiplicative
function. So, in some sense, our proposed approaches are expected to be less sensitive to large val-
ues of p and/or the geometric weights. So, customizing these algorithms for solving MIL-GMMPs
is better to be done in a way that this property to be preserved.

The second future research direction of this study is about how to explore the idea of developing
multi-objective optimization based algorithms for other classes of single-objective optimization
problems. In particular, GMMPs with unit geometric weights appear to be closely related to
minimum multiplicative programs (see for instance Gao et al. (2006), Ryoo and Sahinidis (2003),
Shao and Ehrgott (2014); and Shao and Ehrgott (2016)). Specifically, by changing the objective
function of a GMMP with the unit geometric weights from maz to min a minimum multiplicative
program is obtained. Note that L-GMMPs can be solved in polynomial time. However, it is known
that a minimum multiplicative program is NP-hard even when all constraints are linear and all
decision variables are continuous (Shao and Ehrgott 2016). Therefore, because of this significant
difference, we did not consider this class of optimization problems in this study. However, it is
worth studying whether similar approaches can be developed for minimum multiplicative programs

involving only linear constraints and some integer decision variables.



Appendix A: A detailed comparison between the best mixed integer SOCP solver
and the best version of CFSSA-I on instances with unit geometric
weights

In Tables 6 and 7, ‘#IP’ is the number of single-objective integer linear programs solved by CFSSA-I, and

‘T(sec.)’ is the solution time in seconds.

Table 6 Pure binary instances with unit geometric weights

CFSSA-I SOCP CFSSA-I SOCP CFSSA-I SOCP
mxmn (CPLEX) (Xpress) (CPLEX) (Xpress) (CPLEX) (Gurobi)
#IP | T(sec.) || T(sec.) || #IP | T(sec.) || T(sec.) || #IP | T(sec.) || T(sec.)
200 x 100 2.30 0.50 0.45 2.85 0.67 0.62 3.20 0.81 1.14
200 x 200 2.35 0.98 1.05 2.60 1.08 1.58 3.05 1.72 2.85
200 x 300 2.30 1.52 1.90 2.80 3.39 3.90 2.80 3.15 4.49
200 x 400 2.05 3.39 3.90 2.80 8.06 7.74 3.00 6.60 7.93
Avg 2.25 1.60 1.82 2.76 3.30 3.46 3.01 3.07 4.10
400 x 200 2.45 2.16 2.21 2.70 2.55 3.11 3.05 3.92 9.57
400 x 400 2.35 4.84 7.35 2.45 7.78 10.61 2.85 10.21 16.12
400 x 600 2.10 12.27 15.80 2.55 17.80 27.66 2.90 28.39 23.92
400 x 800 2.20 21.39 23.49 2.35 31.42 46.32 3.05 52.02 36.54
Avg 2.28 10.17 12.22 2.51 14.89 21.92 2.96 23.63 21.54
600 x 300 2.35 5.37 6.21 2.35 6.05 8.73 2.80 11.77 20.45
600 x 600 2.25 36.36 32.98 2.05 35.57 50.19 2.90 65.19 45.91
600 x 900 2.10 61.35 77.90 2.60 89.05 120.77 2.60 97.18 88.98
600 x 1200 2.05 91.70 168.43 2.70 | 140.40 288.75 2.30 | 122.53 131.35
Avg 2.19 48.69 71.38 2.43 67.77 117.11 2.65 74.17 71.68
800 x 400 2.30 8.43 11.41 2.10 11.39 17.50 3.20 22.65 44.24
800 x 800 2.00 61.32 60.54 2.20 83.12 99.29 3.00 | 126.62 87.56
800 x 1200 2.25 | 140.89 195.04 2.15 | 150.30 325.68 2.55 | 179.75 198.21
800 x 1600 2.85 | 300.91 464.76 2.60 | 345.53 838.86 2.40 | 379.69 319.68
Avg 2.35 127.89 182.94 2.26 147.58 320.33 2.79 177.18 162.42
1000 x 500 2.40 21.19 20.88 2.30 16.40 29.34 2.70 31.11 71.47
1000 x 1000 || 2.60 | 122.98 102.95 2.85 | 192.68 195.04 3.50 | 248.37 176.51
1000 x 1500 || 3.55 | 339.47 420.36 2.35 | 284.43 595.67 2.50 | 290.94 330.39
1000 x 2000 || 2.05 | 332.24 1,079.01 || 2.40 | 554.23 1,623.30 || 2.25 | 479.06 495.21
Avg 2.65 | 203.97 405.80 2.48 | 261.94 610.84 2.74 | 262.37 268.40




Table 7 Pure integer instances with unit geometric weights

p=2 p=3 p=4
CFSSA-I SOCP CFSSA-I SOCP CFSSA-I SOCP
mxmn (CPLEX) (Xpress) (CPLEX) (Xpress) (CPLEX) (Gurobi)
#IP | T(sec.) || T(sec.) || #IP | T(sec.) || T(sec.) || #IP | T(sec.) || T(sec.)
200 x 100 2.15 0.56 0.46 3.00 0.96 0.68 3.60 1.26 1.35
200 x 200 2.50 1.38 1.21 2.70 1.73 1.79 2.65 2.33 2.59
200 x 300 2.20 1.79 1.95 2.80 3.67 4.00 3.30 4.77 5.77
200 x 400 2.35 5.45 4.29 2.40 7.01 7.68 3.05 11.01 8.58
Avg 2.30 2.30 1.98 2.73 3.34 3.54 3.15 4.84 4.57
400 x 200 2.35 2.40 2.42 3.10 4.13 3.50 2.75 3.86 8.39
400 x 400 2.20 7.17 7.59 2.50 10.44 13.33 3.30 13.64 16.21
400 x 600 2.05 8.94 12.56 2.70 21.44 22.50 2.60 26.61 24.59
400 x 800 2.05 21.76 21.36 2.55 29.70 34.74 3.10 54.32 41.66
Avg 2.16 10.07 10.98 2.71 16.42 18.52 2.94 24.61 22.71
600 x 300 2.20 5.50 6.28 2.35 5.96 9.65 3.40 12.09 18.23
600 x 600 1.95 28.46 32.78 2.20 38.87 52.66 2.80 54.01 48.92
600 x 900 1.95 57.68 85.95 2.20 74.87 122.45 2.60 89.27 89.63
600 x 1200 2.00 98.96 166.15 2.75 | 148.99 286.57 3.15 | 177.73 151.61
Avg 2.03 47.65 72.79 2.38 67.17 117.83 2.99 83.28 77.10
800 x 400 2.20 11.78 13.42 2.50 17.46 20.42 2.70 19.53 38.47
800 x 800 1.90 58.20 76.84 2.70 | 103.51 129.93 2.85 | 120.76 95.30
800 x 1200 3.20 | 220.34 289.09 2.65 | 169.54 338.19 2.20 | 172.06 202.87
800 x 1600 2.75 338.12 768.56 2.85 353.13 968.90 2.35 284.82 314.93
Avg 2.51 157.11 286.98 2.68 160.91 364.36 2.53 149.29 162.90
1000 x 500 2.55 17.68 20.62 2.85 28.64 29.14 3.00 36.74 71.29
1000 x 1000 || 2.05 118.30 152.73 2.35 | 156.05 235.28 2.70 | 175.11 181.26
1000 x 1500 || 1.80 160.09 409.84 2.70 330.57 696.16 2.90 368.95 368.98
1000 x 2000 || 4.25 | 804.30 1,130.13 || 2.80 | 584.50 1,905.47 || 2.40 | 522.43 525.06
Avg 2.66 | 275.09 428.33 2.68 | 274.94 716.51 2.75 | 275.81 286.65
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