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Preface

These proceedings comprise the contributions that have been presented at
Matheuristics 2016, the Sixth International Workshop on Model-based Meta-
heuristics, which was held in Brussels from September 4-7, 2016. The Matheuris-
tics series started in 2008 with the first workshop held in the scenic Bertinoro,
Italy, organized by Vittorio Maniezzo, and since then is held every two years.
The Matheuristics workshop series has been established as a primary forum for
researchers working on exploiting mathematical programming techniques in a
(meta)heuristic framework, granting to mathematical programming approaches
the problem robustness and time effectiveness which characterize heuristics, or
exploiting the mathematical programming model formulation in the customiza-
tion of a heuristic for specific or general problems.

Matheuristics 2016 collects contributions that define the state of the art for
the computational effectiveness and efficiency or the theoretical properties of
matheuristics, which are algorithms and codes that integrate (meta)-heuristics
and MIP strategies and software. The workshop was entirely devoted to this
subject of research and to its applications. The workshop program consisted of
three invited talks:

— Christian Blum talked about Combining Metaheuristics based on Solution
Construction with Ezxact Techniques.

— Marco Luebbecke presented his research on GCG: A Generic Branch-Price-
and-Cut Solver.

— Kenneth Sorensen discussed the recent controversy on supposedly new meta-
heuristics and asked Metaphor-Based Metaheuristics: Who'’s to Blame?

The invited talks were complemented by an invited hands-on tutorial, given
by Leslie Perez, on setting up and tuning automatically algorithms with the
irace software package, which is a software for the automated configuration of
algorithms.

Apart from these invited presentation, the conference programme comprised
18 further presentation on the rich research topics in the area of Matheuristics.

We would like to use this opportunity to thank the many people who have
contributed to this workshop and helped to make it a success. We would like
to thank all the authors for submitting their research to Matheuristics, the in-
ternational Programme Committee for the careful evaluation of the articles, the
COMEX PAI project and ULB for the support of this workshop, and to the staff
at IRIDIA for helping in organizational matters. Special thanks go to Alberto
Franzin for the continuous support in all technical details from webpage design
to practical help in preparation of the conference material.

v



We hope that the reader will find these proceedings useful for a reference on
the current work in Matheuristics and an inspiring source for own new develop-
ments.

September 2016

Vittorio Maniezzo
Thomas Stiitzle
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A Fix-and-Optimize VNS Algorithm Applied to
the Nurse Rostering Problem

Toni I. Wickert, Carlo S. Sartori, and Luciana S. Buriol

Instituto de Informatica
Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil
{tiwickert,buriol, cssartori}@inf.ufrgs.br

Abstract. The Nurse Rostering Problem (NRP) aims to generate sched-
ules to nurses according to certain restrictions. Constraints could be
related to work laws, hospital interests, improvements on the patient
care, nurse’s availability, among others. This paper presents an integer
programming formulation and a fix-and-optimize variable neighborhood
search algorithm to solve the NRP. The proposed algorithm was applied
on the static version of the instances of the Second International Nurse
Rostering Competition (INRC-II). The experimental results show that
the proposed approach generates high quality solutions. In comparison
with the results presented by the winners of the competition, which run
a dynamic version of the problem, our results on average are not as good
as the winner method, but on average better than the ranked second.
However, our method generates feasible solutions for all instances within
the time limits of the competition, what is not the case for the winner.
Preliminary tests indicate that the difference in computation time and
solution quality when working with dynamic and static versions of the
problem is small, and showing this will be a future work.

Keywords: Nurse Rostering Problem, Fix and Optimize, Integer Pro-
gramming, Matheuristics, Second Nurse Rostering Competition.

1 Introduction

Scheduling problems are found in a wide variety of institutions and companies.
For instance, the scheduling of teachers in schools and universities, attendants
in call centers, drivers in transport companies, doctors and nurses in health
institutions, among others. The use of computational techniques for generating
these schedules brings several benefits such as decreased time to assemble the
work schedules, cost reduction and scales that best meet the employees needs.

The Nurse Rostering Problem (NRP), also known as Nurse Scheduling Prob-
lem, aims to generate schedules for health care professionals like nurses and doc-
tors. There are different approaches in the literature to solve the problem like
heuristics [11], hyper-heuristic [1], hybrid models [6], mixed integer programming
(MIP) [12], and branch and price [4].

In the context of nurse rostering, the problem can vary among hospitals. To
provide a better comparison among different techniques to solve the problem,
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there were created libraries with synthetic instances. The main libraries available
are the NSPLib [14] developed by researches from the Ghent University, Belgium
and libraries provided by the International Nurse Rostering Competition I [9]
and II [7] (INRC-I and INRC-II).

In this paper, we present a mixed integer programming model and a fix-and-
optimize matheuristic combined with a variable neighborhood search method.
The developed approach uses four different decompositions — week, nurse, day
and shift — in order to solve the NRP. The method was applied on the static
version of the the instances of the INRC-II and the results compared with the
best known solutions (BKS) obtained by the winners of the competition.

In Section 2 we introduce the problem tackled in this work, and in Section 3
we present the integer programming formulation. In Section 4 the proposed fix-
and-optimize VNS approach is detailed. In Section 5 we present experimental
results, and we conclude our work in Section 6.

2 Nurse Rostering Problem

The NRP usually has two types of constraints, the hard constraints that must
be satisfied, and the soft constraints that, in case of violation, are penalized in
the objective function. If at least one hard constraint is violated the solution
is considered infeasible. Our MIP model attends to the following constraints,
according to the specification provided by the INRC-II [7]:

Hard Constraints
H1. A nurse can be assigned to at most one shift per day;
H2. Minimum number of nurses by day /shift/skill;
H3. A shift type succession must belong to a valid succession (ex.: night shift
followed by morning shift is not allowed);
H4. A shift of a given skill must necessarily be fulfilled by a nurse having that
skill.

Soft Constraints
S1. Optimal number of nurses by day/shift /skill;
S2. Minimum and maximum number of consecutive assignments by shift and
global;
S3. Minimum and maximum number of consecutive days off;
S4. An undesired working day /shift is penalized;
S5. It is preferred that a nurse works on the two days of a weekend, or none;
S6. Minimum and maximum number of working days by schedule;
S7. Maximum number of working weekends.

2.1 Related works

Below, we present a review of the main solving techniques that have been suc-
cessfully applied to the NRP.

The winner method of the INRC-I [13] partitioned each problem instance into
sub-problems of manageable computational size and solved sequentially using
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Table 1. Standard Formulation - INRC-II

Symbol Definition

neN set of nurses;

deD set of days;

ses set of shifts (Early, Day, Late, Night);

ke K set of skills (HeadNurse, Nurse, Caretaker, Trainee);

lel set of skills of each nurse. Ex.: (1, 2, 0, 0) represents that a nurse has
the skills HeadNurse and Nurse;

uelU set of undesired working day /shift, ex.: (100|000 | 0 0 0) represents
that a nurse prefers to avoid working on first day at shift early;

Tdsk number of required nurses at day d, shift s, skill k;

peP set of invalid shift succession patterns, ex.: (000 [000] 11111
11111100 0) represents that night shift cannot be followed by an
early or late shift;

teTl set of patterns used to calculate the minimum consecutive constraints,
ex.: (010]0110]01110). For instance, considering 4 as the
minimum working days, the first pattern represents three violations,
the second pattern has two violations, while the third pattern has a
single violation.

wew set of all Saturdays indexes;

Wik limit of soft constraint 1 for day d, shift s, skill &;

8t limit of soft constraint 2..5,8..11 for nurse n;

v limit of soft constraint 6..7 for shift s;

wh weight for violating the lower and upper limits of soft constraint ¢ for
nurse n.

Decision

Variables

Znask € {0,1} 1 if nurse n is allocated to shift s and day d, 0 otherwise;

Ynw € {0,1} 1 if nurse n works at weekend w, 0 otherwise.

Aux. Vari-
ables

a}isk S Z+

s € L

CZ?"Ld S Z+
ezdst S Z+
f'r7bds € Z+

ggds € Z+

K., €Z*
jn € Z*

store the violations of the soft constraint 1 for day d, shift s, skill k;
store the violations of the soft constraint ¢ € (2,4) for nurse n on day
d, pattern t;

store the violations of the soft constraint ¢ € (3,5) for nurse n on day
d;

store the violations of the soft constraint 6 for nurse n on day d, shift
s, pattern t;

store the violations of the soft constraint 7 for nurse n on day d, shift
s;

store the violations of the soft constraint 8 for nurse n on day d, shift
s;

store the violations of the soft constraint 9 for nurse n on weekend w;
store the violations of the soft constraint ¢ € (10..12) for nurse n.
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Table 2. Soft constraints index.

Index Constraint Constraint
1 Optimal coverage S1
2 Minimum consecutive assignments (working days) S2
3 Maximum consecutive assignments (working days) S2
4 Minimum number of consecutive days off S3
5 Maximum number of consecutive days off S3
6 Minimum consecutive assignments to the same shift S2
7 Maximum consecutive assignments to the same shift S2
8 Nurse undesired working day /shift S4
9 Complete weekend S5
10 Minimum number of assignments over the scheduling period S6
11 Maximum number of assignments over the scheduling period S6
12 Total working weekends S7

Integer Mathematical Programming. A two phase strategy was implemented.
In the first phase the workload for each nurse and for each day of the week
was decided, while in the second phase the specific daily shifts were assigned.
In addition, local optimization techniques for searching across combinations of
nurses’ partial schedules were also applied. This sequence is repeated several
times depending on the available computational time.

In [3] they used two different algorithms that were applied to the instances
of the INCR-I. The first algorithm, a variable depth search, is an ejection chain
based method. It was applied to the small instances for which a maximum com-
putation time of 10 seconds was allowed. The second algorithm, a branch-and-
price method, was applied to the medium and large instances for which maximum
computation times of 10 minutes and 10 hours respectively were allowed. The
pricing problem was modelled as a resource constrained shortest path problem
and solved using a dynamic programming approach.

The work of [2] proposed a hyper-heuristic split into two phases. In the first
phase the hyper-heuristic is deployed in the first 80% of the computation time.
Next, the greedy shuffle heuristic consumes the remainder of the available time.
The hyper-heuristic consists basically of two main parts: a heuristic selection
method and a move acceptance criterion, where a simple random heuristic se-
lection method was applied. That is the most straightforward selection method
since it randomly takes one low-level heuristic from a list. For the move accep-
tance criterion, simulated annealing was applied. On the second part an extended
version of the greedy shuffle heuristic introduced in [5] was applied to the best
solution obtained by the hyper-heuristic. It intends to improve the solution by
greedily exploring swaps of partial rosters between nurses.
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Table 3. Table 3 represents a simple scheduling presented in the nurse-day view, and
containing 3 nurses (N1, N2, N3), 3 shifts (Early [E], Late [L], Night [N]), and 3 skills
(HeadNurse [H], Nurse [N], Caretaker [C]). As an example, Nurse 1 works on Monday
on shift Late with skill Nurse, on Tuesday on shift Late with skill HeadNurse, and on
Wednesday on shift Night with skill Headnurse. Character “~” represents a non-working
day.

Nurse‘ Mon Tue Wed

N1 |L|N| L[H] N[H]
N2 |N[N] N|N] N[C]
N3 | - E[C] -

3 Integer Programming Formulation

In this section, we present the proposed Integer Programming Formulation, con-
sidering all the hard and soft constraints of the INRC-II.

Constraints (2)-(5) assure the hard constraints H1-H4, respectively. Con-
straints (6) calculate the optimal coverage violations. Constraints (7) calculate
the minimum consecutive assignments (working days) violations. In the equa-
tions, S1 = (sum of the working days) + (two extreme bits x C) + (complement
of middle bits x C). For example, if the minimum are 3 consecutive working days
and in the scheduling we have found the pattern 010 it means that there are 2
violations. It is calculated as S1 =14 (0 x 10) + (0 x 10) + (0 x 10) + b2 ;, >= 3,
and as a result b%dt will assume value 2.

Constraints (8) calculate the maximum consecutive assignments (working
days) violations. Constraints (9) calculate the minimum consecutive days off vi-
olations. S2 is evaluated similarly like explained in equation (7), however the
bits are inverted and the sum is related to free days instead of working days.
Constraints (10) calculate the maximum consecutive days off violations. Con-
straints (11) calculate the minimum consecutive assignments to the same shift
violations.

Min | S90S et |+ | 230 5 that| + | X 5 3 |+
deD seS keK neEN deD teT i=2,4 neN deD i=3,5
P2 2) 3 ar i EA b 3 35 3 AT EH D 95 3p A%
neN deD seSteT neN deD seS neEN deD seS
| ] ¢ | e
neN weWw neN i=10..12
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Subject to

Z Z Tndsk < 1

seES keK

E Tndsk = Tdsk

nenN

Z Z (xndskpask> + (mnd+lskpask) S 1

seS keK

(k - lnk)mndsk =0

1 1
g Tndsk + Andsk > Undsk
nenN

Slpar + b2 > 32
B3 +1

Z Z Z Tnd2sk — Cid S 52

d2=d scS ke K

4 4
SQ’I’Ldt + bndt 2 /B'n,
B2 +1

Z Zzl_xndZSk_CZdSBZ

d2=d s€S ke K
6 6
S?’ndst + €rdst Z Vs

vI+1
7 7
Z Z Tndzsk = frnds < Vs
d2=d keK
8. =0
Unds — (xndskgnds) -

keK

Z Z Tndsk T Tnd+1sk + h?zw < 2BYnw
seES keK

Z Z Z Tndsk +.77110 2 5717,0

deD seS keK

Z Z Z Tndsk — .]»rlLl < ﬂrlbl

deD seS keK

Z Z Tndsk + Tnd+1sk S 2ynw

seS keK

Z Ynw 7]'713 < /BylLZ

weWw

Vne N,de D (2)
Vde D,se S, ke K (3)

Yae Pne NdeD—-1,d+1€D

VneN,de D,scS,ke K (5)

Vie D,se S kekK (6)
Yne N, de D,teT (7)
VneN,de D331 (8)
VYne N, de D,teT 9)

VneN,deD-p>—1 (10)

Vne N,de D,se S,teT (11)

VneN,deD—vl —1,s€ S (12)

vne N,de D,se S (13)
Yne NweW (14)
Yn e N (15)
Vne N (16)
vne N, deWweW (17)
Vn e N (18)

53 is evaluated exactly like explained in equation (7), however the violations
are stored by nurse/day /shift /pattern. Constraints (12) calculate the maximum
consecutive assignments to the same shift violations. Constraints (13) calculate
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the undesired day/shift assignments violations. Constraints (14) calculate the
complete weekend violation. In the equation B is 1 if the complete weekend
is present in the nurse’s working contract, and 0 otherwise. Constraints (15)
calculate the minimum total working days violations over the scheduling pe-
riod. Constraints (16) calculate the maximum total working days violations over
the scheduling period. Constraints (17) calculate the working weekends. Con-
straints (18) calculate the total working weekends violations.

4 Fix-And-Optimize VNS Algorithm

The use of fix-and-optimize heuristics with integer programming has grown in
the last years. Our developed algorithm is inspired on the successful application
of this type of technique in a high school timetabling problem proposed by [§].
In this section, we present the fix-and-optimize variable neighborhood search
algorithm developed to solve the NRP.

First, a feasible solution is generated only considering the hard constraints.
Once having a feasible solution, we choose variables to be fixed and call the
solver to optimize the variables that are free.

1 FixAndOptimize(kMaxWeek, kLimitWeek, kMaxShift, kLimitShift, kMaxDay, kLimitDay,
kMaxNurse, kLimitNurse, TL, STL);

2 x = generatelnitialSolution();

3 kWeek = kShift = kDay = kNurse = 1;

4 do

5 x = fixByDay(x, kDay, kLimitDay, STL);

6 kDay++;

7 x = fixByNurse(x, kNurse, kLimitNurse, STL);
8 kNurse++;

9 x = fixByWeek(x, kWeek, kLimitWeek, STL);
10 kWeek++;
11 x = fixByShift(x, kShift, kLimitShift, STL);
12 kShift++;
13 if (kWeek > kLimitWeek) kWeek = 1;
14 if (kShift > kLimitShift) kShift = 1;
15 if (kDay > kLimitDay) kDay = 1;
16 if (kNurse > kLimitNurse) kNurse = 1;
17 while TL;
18 return x;

Algorithm 1: Fix-and-Optimize VNS algorithm.

Algorithm 1 receives several parameters where kMax{ Week, Shift Day, Nurse}
represents the maximum number of free variables of each type and kLimit{ Week,
Shift Day, Nurse} are the limits of permutations generated of each type of neigh-
borhood. For instance, considering that there are 5 nurses and kNurse = 1, it
is possible to generate 5 types of free nurses to optimize NurseFreePermuta-
tionSet([1], [2], [3], [4], [5]). However if kNurse = 2 we have 10 possibilities
NurseFree PermutationSet([1,2], [1,3], [1,4], [1,5], [2,3], [2,4], [2,5], [3,4], [3,5],
[4,5]). If kLimitNurse = 5, randomly 5 items will be selected from the set Nurse-
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FreePermutationSet, if the kLimitNurse >= 10 the whole set kLimitNurse is
selected.

In the beginning, the Algorithm 1 generates a feasible solution considering
only the hard constraints (line 2) and using a MIP solver (CPLEX). The number
of free variables to optimize are initialized with one (line 3) and the loop (lines 4
to 17) is iterated until the time limit (TL) is reached.

Inside the loop in lines 5-12, the algorithm calls the different kinds of neigh-
borhoods, since each neighborhood is explored until no improvement is found.
At each step the kLimit{ Week, Shift Day, Nurse} is increased by 1. If the limit
of each type is exceeded the variables are set to 1 (lines 13 to 16).

FixByNurse(x, kNurse, kLimitNurse, STL);
List<Integer,Integer[|> perm = permutation(kNurse, kLimitNurse);
do
currentSolutionValue = OF(x);
bestNeighborValue = OF(x);
foreach Integer free : perm do

fixAll(x);

unFix(free, x);

solve(x, STL);

if OF(z) < bestNeighborValue then

| bestNeighborValue = OF(x);

end
end
improved = bestNeighborValue*1.2 < currentSolutionValue;
while improved;
return x;

N0 w o WN

I e
AW NKHOO

-
o

-
=]

Algorithm 2: Fix by nurse.

The Algorithm 2 begins generating the permutations of the nurses that will
be free to be optimized, until the kLimitNurse is reached (line 2). The loop (lines
3 to 15) is iterated until no improvement of 20% is found. The loop starts storing
the current solution value and the best neighbor value (lines 4 and 5). The nested
loop in lines 6 to 13 explores the neighborhood fixing the whole problem (line
7) and unfixing only the free variables that will be optimized (line 8). On line
9 the solver CPLEX is called and executed until the optimality or Subproblem
Time Limit (STL) is reached, stopping when the first stopping condition occurs.
If the objective function of the current subproblem z has lower value lower than
the best neighbor, then the bestNeighborValue variable is updated.

Tables 4 and 5 demonstrate an iteration of a fix by nurse neighborhood with
kNurse = 1 and kNurse = 2, respectively. The lines (Nurses) shown in gray are
free to be optimized by the solver. Since the fix by week, fix by shift and fix by
day follow the same idea, the pseudo-code of these algorithms were omitted.

5 Computational results
The code was written in Java and compiled /executed with OpenJDK 1.7. The

experiments were ran on a Intel Core 15-2410M CPU @ 2.30GHz x 2 with 6Gb
of RAM memory running Linux Mint 17.2 64-bits. The solver used was CPLEX
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Table 4. Fix by Nurse (kNurse = 1) ;[;able 5. Fix by Nurse (kNurse =
Nurse{Mon Tue Wed

N1 |L[N] L[H] N[H]

N2 |N[N] N|N] N[C]

N3 | - E[C] -

Nurse|Mon Tue Wed
N1 |L[N] N[H] N[H]
N2 |N[H] N[N] N[C]
N3 - E[C] -

N1 |L[N] N[H] N[H]
N2 [N[N] N[N] N[C]
N3 | - E[C] -

N1 |L|N] N[N] N[H]
N2 |N[H] L|N] N[C]
N3 | - E[C] -

N1 |L[N] N[H] N[H]
N2 [N[H] N|N] N[C]
N3 | - E[C] -

N1 |L[N] N|N] N[H]
N2 |E[H]| L[N] N|[C]
N3 |E[C] E[C] -

version 12.6.2. The default CPLEX parameters were used and the parallel mode
was disabled, i.e. using only 1 core. To run the experiments, the hidden in-
stances of the INRC-II [7] were used. The GAP is calculated using the equation
gap = 100x (obj—BK S)/min(BK S, obj). All parameters of the fix-and-optimize
VNS were tuned using irace .

The values are: STL = 8s; neighborSeq=day,nurse,week,shift; kMaxWeek=2; kLim-
itWeek="7; kMaxShift=3; kLimitShift=3; kMaxNurse=15; kLimitNurse=34; kMaz-
Day=38; kLimitDay=3§.

Tables 6, 7 and 8 present the average results of 10 runs of the proposed al-
gorithm and a comparison with the three first best results ? obtained by the
competitors of the INRC-II. #sol means the number of feasible solutions ob-
tained by the respective solver and gap is the difference from the BKS. The first
column shows the Instance ID for 35, 70 and 110 nurses, respectively. The sec-
ond column (BKS) presents the values of the best known solutions. The third,
fourth and fifth columns presents the results obtained by the winner, second and
third positions of the INRC-II. The sixth column (F&O{6,16,27}min) presents
the results obtained by the proposed algorithm using the time provided by the
benchmark tool 3. The last column (F&O 2h) is an experiment with a time limit
of 2h.

! The irace package implements the iterated racing procedure, which is an extension
of the Iterated F-race procedure. Its main purpose is to automatically configure opti-
mization algorithms by finding the most appropriate settings given a set of instances
of an optimization problem [10].

2 The results of the 1st, 2nd and 3rd are available at http://mobiz.vives.be/inrc2.

3 The benchmark tool is available at http://mobiz.vives.be/inrc2 and provides the
time that each instance size may be run on each computer, according to the pro-
cessing power.
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Table 6. Instances with 35 nurses and 4 weeks.

1st 2nd 3rd F&O 6 min.| F&O 2h

Instance Id BKS| #sol gap | #sol gap | #sol gap | #sol gap | #sol gap
n035w4_0_ 1-7-1-8|1630| 10 3.99| 10 7.76 | 10 29.17| 10 7.36 | 10 -3.16
n035w4 0 4-2-1-6/1800| 10 4.06| 10 12.31| 10 30.11| 10 12.22| 10 -1.12
n035w4_ 0 5-9-5-6|1755| 10 6.38| 10 4.53 | 10 26.44| 10 6.27 | 10 -0.85
n0356w4 0 9-87-7|1540| 10 5.00f 10 11.92| 10 34.35| 10 13.96| 10 1.62
n035w4 1 0-6-9-2|1500| 10 4.63| 10 15.80| 10 37.67| 10 17.67| 10 0.67
n035w4 2 8-6-7-1/1490| 10 3.66| 10 10.37| 10 33.72| 10 12.08| 10 -0.34
n035w4 2 8-87-5|1255| 10 7.77| 10 9.20 | 10 47.01| 10 11.55| 10 -3.72
n0356w4 2 9-2-2-6|1705| 10 4.40| 10 14.22| 10 29.41| 10 9.97 | 10 -0.59
n03bw4 2 9-7-2-2|1650| 10 7.55| 10 19.42| 10 39.67| 10 12.73| 10 -2.48
n035w4 2 9-9-2-1/1620| 10 7.35| 10 1898| 10 37.38| 10 17.59| 10 2.16
average - |10.00 5.48|10.00 12.45]10.00 34.49|10.00 12.14 {10.00 -0.61

Table 6 presents the results for 35 nurses and 4 weeks. The column #sol
shows that all algorithms obtained feasible solutions on 10 runs. Last line (in
gray) presents the average gap where the proposed algorithm obtained a value
of 12.1/ that is, a value between the first 5.48 and the second 12./5 winners.

Table 7. Instances with 70 nurses and 4 weeks.

1st 2nd 3rd F&O 16 min.| F&O 2h

Instance Id BKS | #sol gap | #sol gap | #sol gap | #sol gap | #sol gap
n070w4 0 3-6-5-1|2700| 10 7.11| 10 16.70| 10 36.83| 10 32.59 | 10 10.56
n070w4_ 0 4-9-6-7|2430| 10 7.22| 10 18.89| 10 36.07| 10 42.80 | 10 11.93
n070w4_0_4-9-7-6|2475| 10 7.94| 10 19.11| 10 37.13| 10 28.89 10 10.10
n070w4 0 8-6-0-8|2435| 10 9.34| 10 23.86| 10 46.18] 10 43.12 | 10 9.86
n070w4 0 9-1-7-5|2320| 10 9.33| 10 23.45| 10 37.87| 10 55.17 | 10 14.66
n070w4 1 1-3-8-8|2700| 10 8.07| 10 16.09| 10 31.59| 10 3241 | 10 8.52
n070w4_2 0-5-6-8|2520| 10 8.75| 10 19.52| 10 40.30f 10 27.18 10 11.71
n070w4 2 3-5-8-2|2615| 10 5.70| 10 20.13| 10 30.42| 10 51.05 | 10 8.60
n070w4 2 5-8-2-5(2540| 10 7.44| 10 18.33| 10 33.80| 10 45.08 10 11.22
n070w4 2 9-5-6-5|2615| 10 6.14| 10 16.48| 10 35.45| 10 29.64 | 10 8.03
average - |10.00 7.70{10.00 19.26 [10.00 36.56|10.00 38.79 |10.00 10.52

Table 7 presents the results for 70 nurses and 4 weeks. All algorithms obtained
feasible solutions on 10 runs (column #sol). Last line (in gray) presents the
average gap where the proposed algorithm obtained a value of 38.79 close to the
third competitor (36.56), whereas the first obtained 7.70 and the second 19.26.
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Table 8. Instances with 110 nurses and 4 weeks.

1st 2nd 3rd F&O 27 min.| F&O 2h

Instance Id BKS|#sol gap |#sol gap | #sol gap |#sol gap |#sol gap
nll0w4 0 1-4-2-8|2710| 10 2.05 | 10 30.59| 10 42.47| 10 18.08 | 10 14.58
nll0w4 0 1-9-3-5{2920| 10 3.42 | 10 25.45| 10 44.83| 10 28.60 | 10 21.58
nll0w4 1 0-1-6-4|2850| 9 18.03 | 10 32.25| 10 45.60| 10 23.68 | 10 20.53
nll0w4 1 0-5-8-8(2820| 10 3.67 | 10 26.58| 10 49.49| 10 23.40 | 10 16.49
nllOw4 1 2-9-2-0{3345| 10 2.80 | 10 22.33| 10 38.36| 10 27.50 | 10 2.24
nllOw4 1 4-87-2|2805| 10 5.42 | 10 30.52| 10 48.02| 10 22.64 | 10 26.20
nll0w4 2 0-2-7-0{3005| 5 107.19] 10 29.90| 10 45.81| 10 23.79 | 10 13.64
nll0w4 2 5-1-3-0{2925| 10 3.68 | 10 24.36| 10 50.22| 10 1795 | 10 36.58
nll0w4 2 8-9-9-213415| 10 2.40 | 10 17.86| 10 38.93| 10 21.96 | 10 4.69
nll0w4 2 9-84-9|3135| 10 3.14 | 10 20.22| 10 39.79| 10 19.94 | 10 18.80
average - 19.40 15.18 |10.00 26.01|10.00 44.35(10.00 22.75 [10.00 17.53

Table 8 presents the results for 110 nurses and 4 weeks. The solver of the
winner competitor did not obtain feasible solutions for two instances (see column
#sol). On the instance n110wj 1 _0-1-6-4 they obtained 9 feasible solutions out
of 10 runs, and on instance n110w4 2 0-2-7-0 they obtained 5 feasible solu-
tions. Last line (in gray) presents the average gap where the proposed algorithm
obtained a value of 22.75 that is, a value between the first 15.18 and the second
26.01. Also, in all runs the proposed algorithm obtained feasible solutions.

The average costs (rounded to integer) of soft constraints violations S1 to S7
(FEO 2h) for 35 nurses and 4 weeks were 596, 222, 69, 141, 241, 18, and 300.
For 70 nurses and 4 weeks the costs were 1016, 341, 230, 209, 518, 27, and 459.
For 110 nurses and 4 weeks the costs were 2170, 229, 78, 335, 552, 3, and 123.

In the competition the problem was solved week by week, i.e, once having
the subproblem related to one week solved, the next week could then be solved.
In this work we solve the whole problem at once, instead of solving it week by
week. The advantage of solving the whole problem at once is that we do not
work with uncertainty in the constraints of minimum/maximum working days
over the schedule period and the maximum working weekends.

6 Conclusions and Future Works

In this work we presented a fix-and-optimize VNS applied to the instances of the
INRC-II. We fixed the time according to the limit provided by the benchmark
tool. When compared to the BKS, the algorithm, in average, presented results
between the first and third competitor of the INRC-II.

In future works we intend to implement cuts to improve the performance of
the proposed algorithm, provide a new integer programming formulation based
on network flows, adapt the fix-and-optimize algorithm to work with the new
formulation, and run on the the dynamic version of the problem of the INRC-II.
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Abstract. We present a hybrid tabu search and integer linear pro-
gramming method for the maximum total flow with flexible arc outages
(MaxTFFAO). The MaxTFFAO problem is motivated from maintenance
scheduling for infrastructures of a coal chain network. In this problem,
a network with arc capacities is given, together with, for every arc of
the network, a set of maintenance shutdowns that need to be carried out
within specific time windows. The objective is to find a feasible main-
tenance schedule of arcs on the network so that the total flow over the
planning time horizon is maximized. The MaxTFFAO problem has a very
attractive structure that blends maximum flow with scheduling, and is
strongly A'P-hard even when the underlying network is a path. In this
paper, we present a tabu search strategy that uses neighborhood solu-
tions that the effectively explored by the primal and dual information
from the maximum flow solver. We implement and compare this approach
with previous local and global optimization approaches under the same
experimental settings. The computational results show the efficiency of
the new hybrid method.

Keywords: network flows, scheduling, tabu search, hybrid optimization

1 Introduction

Networks are often observed in our everyday life. Network infrastructures, such
as track sections in a railway network or a pipe section in a water network are
to be maintained regularly to ensure a stable function of the network. However
maintenance activities may cause capacity reductions on network projects and
therefore the overall efficiency of the network. The MaxTFFAO problem, first
appearing in [1], was motivated by a study of a bulk goods export supply chain [2,
3], in which maintenance jobs on railway tracks and terminal equipments were
scheduled so as to maximize the total throughput of the system.

In this problem, a network with arc capacities is given, together with, for
every arc of the network, a set of maintenance jobs that need to be carried out

* This research was supported by the national natural science foundation of China,
NO. 71501152
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within specific time windows. When maintenance jobs are being carried out on an
arc, the arc is on an outage, leaving no flow to pass through. The time windows
for maintenance jobs provide certain flexibilities in making maintenance schedul-
ing plans and careful coordination of the arc maintenance jobs can dramatically
reduce the impact of the shutdowns on the flow carried by the network. The
objective is to find a feasible maintenance schedule so that the total flow over
the planning time horizon is maximized. Strong AP-hardness of the problem is
established in [1] and the complexity of a variety of special cases is investigated
in [4].

When a maintenance schedule is given, the MaxTFFAO problem resembles
the dynamic network flow problems which were first presented by Ford and
Fulkerson [5] and have been the subject of intense studies in recent years; see,
for example, Koch et al. [6] and Skutella [7]. In the application of interest to
us, there are no transit times on arcs, but the capacities vary over time. For
a given maintenance schedule, the capacities on the arcs jump between zero
and their natural capacity, and so are piecewise constants. Thus the problem of
evaluating a maintenance schedule could be viewed as a dynamic maximum flow
of this type. However, in the MaxTFFAO case the piecewise constant function
is a function of the maintenance schedule, and hence of the schedule decision
variables. This makes the problem quite different.

This problem does have a superficial resemblance to machine scheduling prob-
lem (see, e.g., the book by Pinedo [8]), but there is no underlying machine, and
the association of jobs with network arcs and a maximum flow objective give
it quite a different character. Classical machine scheduling, in some sense, seeks
to carry out jobs as quickly as possible. The maximum flow objective motivates
quite different strategies. For example, if arcs are “in sequence” in some sense,
it is better to overlap the corresponding maintenance jobs in time as much as
possible, whereas if they are “in parallel”, it is better to schedule them with as
little overlap as possible.

The MaxTFFAO problem naturally mixes network flows with scheduling and
exhibits a rich structure, making it attractive for a combination study of combi-
natorial algorithms, integer programming and heuristics. Recent studies on hy-
bridization of mathematical programming and meta-heuristics algorithms prove
their strengths in solving hard combinatorial optimization problems concerning
real-world applications [9, 10]. Vo8 and Fink successfully combine tabu search
with simulated annealing for the minimum weight vertex cover problem [11].
Pellegrini et al. investigate in details the sensitivity of reactive tabu search to
its meta-parameters in addressing the quadratic assignment problem and the
maximum clique problem [12].

In a previous study of the MaxTFFAO problem [1], several local search al-
gorithms integrating the information from a network flow solver are explored.
Several methodologies in finding and evaluating effective moves are discovered.
However, all these algorithms are based on a greedy searching approach where
only monotonic moves are considered and knowledge attained during the search
procedure is not well utilized. Tabu search, as suggested by Glover [13,14], us-
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ing tabu list somehow as a proper learning method, provides a more intelligent
searching approach. In this paper, an integer and linear programming based
maximum flow algorithm is integrated within a tabu search framework. The pri-
mal and dual information of the flow variables is explored to define effective
neighborhood structures. The tabu list and aspiration criteria are adaptively
maintained to implement various search strategies. We examine the effectiveness
of this approach through extensive experimental comparisons with the existing
algorithms on the same problem instances.

The rest of the paper is organized as follows. In Section 2, we give definition
to the problem, elaborate its features, and formulate it as an integer program.
In Section 3, we first describe in turn, the way to evaluate objective values,
neighborhood structures and effects of moves that are used in a local search
framework. Then the tabu search procedure for the MaxTFFAO problem is
presented. In Section 4, we report the computational results from testings of the
new and existing algorithms on the same instances within the same experimental
environment. In Section 5, the overall conclusions are presented, followed by some
discussions on further research.

2 Problem description and formulation

The MaxTFFAO problem is defined over a network G = (N, A, s,s’,u), with
node set N, arc set A, source s € N, sink s’ € N, and a nonnegative integral
capacity vector u = (ug)aea- By 6~ (v) and % (v) we denote the set of incoming
and outgoing arcs of node v, respectively. We consider the network over a time
horizon [T] := {1,2,...,T}. A maintenance job j is specified by its associated
arc a; € A, its processing time p; € N, its release date r; € [T'], and its deadline
d; € [T]. Let J be the set of maintenance jobs, and let J, denote the set of
jobs j € J with a; = a. For each job j € J we have to choose a starting time
S; € [rj,d; — p; + 1] within the time window for the job, and our objective is
to maximize the total flow from s to s’. In this problem, all maintenance jobs
must be performed exactly once and scheduling a maintenance job to start at
time S; means that the arc a; has capacity zero at time ¢ € [S;,S; + P; — 1],
and u, otherwise.

We can now define the problem as a mixed integer program which we will
use as a basis for our solution techniques. The decision variables are:

o  ¢u € Ry is the flow variable on arc a at time ¢ for a € A,and ¢ € [T].

o 1z, €{0,1} is the auxiliary binary variable indicating the availability of
arc a at time ¢.

e y;; €{0,1} is a decision variable indicating if job j starts at time ¢ for
jeJandt € [’I‘j,dj —pj+1].

The mazimum total flow with flexible arc outages(MaxTFFAO) problem is
formally defined as the following integer programming formulation.

z:maxz Z Dat (1)

i=1 aedt(s)
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s.t.

Z Gat — Z $at =0 (UEN\{S,S/},tE[T]), (2)

ac€d— (v) acdt(v)
Gat < Ugxar (a € Ayt €[T)), (3)
dj—pj+1
S oyp=1 (jeJ), (4)
t=r;

min{t,d; —p;+1}
Iat"‘ Z y]t’ Sl (aeA,tE [T],JGJU,) (5)
t'=max{r;,t—p;+1}

The objective (1) is to maximize the total throughput. Constraints (2) and
(3) are flow conservation and capacity constraints, respectively, (4) requires that
every job j is scheduled exactly once, and (5) ensures that an arc is not available
while a job is being processed. The MIP solution derived from a commercial
software provides a baseline for our computational testing.

3 Tabu based local search for MaxTFFAO

The approaches from [1] provide an efficient way in finding good neighbors and
evaluating the effects of moves and can be integrated as a good base in a local
search framework. The tabu search presented in this paper is based, again, on
those findings. In this section, we first briefly introduce how these parts are
done in order to provide a whole picture of the tabu search algorithm, then the
detailed settings and implementation of the tabu search algorithm are presented.

3.1 Evaluating the objective function

It is not hard to observe from the problem structure that, if the start time
indicator variables y;; are given for all jobs j € J, the values x4, can be fixed,
and then the best solution for the given y can be determined by solving T
max flow problems. However, to implement an efficient local search algorithm,
it would be infeasible to solve T" max flow problems every time to evaluate a
candidate movement. Fortunately, as observed in [1], the problem structure has
a nice property that enables a more intelligent way to calculate the objective
function. We briefly describe the method here to complete the description of a
tabu search algorithm, and the audiences are referred to [1] for more details.
For a given solution vector y, that is, for each job j, a unique time ¢ with
y;¢+ = 1, let S; denote the start time of job j, we can associate with each solution
a set of times R = {S},5; +p; : j € J}U{1,T + 1}. If we denote the elements
of Rby 1 =ty <t; <---<ty_1 <ty =T+1, then they divide the planning
time horizon [T into a set of time slices. The set [t;—1,t; — 1] is called time slice
i, and its length is denoted by l; = t; — t;_1. The network structure within a
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time slice is constant and any pair of two consecutive time slices differs in at
least one arc.

Based on the above observations, the objective function can be evaluated as
described in Algorithm 1.

Algorithm 1 Objective evaluation

Input: Schedule given by S; for j € J,
R = {Sj7Sj +pj:ij€ J}U{17T+1} = {]. =t <t1 < - - <ty1 <tm = T+1}
Construct the network (N, A, s, s’ u)
for i=1 to M do
Update upper bounds of the flow variables according to the outages in time slice %
(Re) solve the network flow problem and store the max flow z;

Output: z = 3V

i—=1 Zi * ll

3.2 Determining the optimal neighbours

In our design of the tabu search algorithm, we consider only the most simple
neighbourhood structure induced by single job movements. Next, this paper
characterizes the optimal neighbours, implying an linear programming based
exact method to determine an optimal neighbour.

Preliminary considerations Moving a job from its current start time S; to
another start time S has the following two different effects.

L. For any time t € [S;, S +p; — 1]\ [S}, S} +p; — 1] the arc a; is released and
we gain capacity on this arc which could increase the max flow for time t.

2. For any time ¢ € [S}, S} +p; — 1]\ [}, S; + p; — 1], the arc is lost, if the
lost arc in the current max flow has positive flow for time ¢, the movement
might decrease the max flow for time t.

In order to conveniently measure the impact of the above effects, we use two
more parameters.

1. 2z} the maximum flow of time slice 7, with arc a added if it is missing in the
current solution.

2. z_;: the maximum flow of time slice i, with arc a removed if it is present in
the current solution.

It is not hard to observe that z,; < z; < Z; for all a € A and ¢ € [M]. Also,
if the availability of an arc a for some time slice 7 is not effected by the move, i.e.
Zat = 1fort € [ti—1,t;—1] (or 4 = 0 for ¢ € [t;—1,t;—1]), then we have z; =2z
(or z_; = z;). Otherwise, if an unavailable arc a (for x4 = 0,t € [t;—1,t; — 1]) is
released, we denote the possible increase by AL = z;rL — z;; and if an available
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arc a (for x4 = 0,t € [t;—1,t; — 1]) is removed, we denote the possible decrease
by A, =z — z;.

Now, we only have to focus on the set of time slices effected by the move.
Let Tj+ (87%) denote the set of time slices that are covered by [S;, S; +p; — 1] and

will be (at least partially) uncovered by the move, and let 7,7(S}) denote the
set of time slices that are not covered by [S;,S; + p; — 1] and will be (at least
partially) covered by the move. Also for each i € Tj+ (S5)U T, (S5), the length of
the time slice covered by [S}, S} +p; — 1], is denoted by [;;(S}). Then the overall
effect on the objective can be evaluated in function (6).

A8 = X An-L—158))— X Ay 1;(S)). (6)

ieT(S4) ieT; (%)

Provided AL‘ and A, have been calculated for the appropriate time slices, it is
thus straightforward to calculate A;(S%) for any j and S7, and hence to determine
an optimal neighbour.

Therefore, finding an optimal neighbour of the given schedule (S;);ecs is
equivalent to

max{A;(57) :j € J, 8} € [rj,d;j —p; +1]}.

If A;(S;) <0 for all pairs (,57), there is no improving solution neighborhood
for the current schedule.

An LP-based method The above preliminary considerations suggest an im-
mediate local search strategy: compute A;(S7) for (a subset of) all pairs (j,57),
make a move according to some selection criteria on A;(S%), and iterate. We use
a parameter size to control the size of the search space. This approach looks
computational prohibitive as it requires solving two max flow problems for each
pair of arc a and time slice i. However, the process could be more efficient than
it appears because of the following insights of the problem.

— Only the jobs on arc a covered by some time slices i with A}, > 0 (the
promising jobs) can be moved to give a better solution, and A;ri can only be
positive if the reduced cost of arc a in a maximum flow problem is positive;

— If an arc is added in a time slice where it was previously blocked, the flow
stays primal feasible but no longer be optimal, the current max flow for
time slice i can be used as a “warm start” to calculate A}, with the primal
simplex method;

— Similarly, if an arc with nonzero flow is taken out, the dual stays feasible,
the dual simplex method can be used to calculate A_; from the current max
flow for time slice 1.

For ease of implementation, and so as to more readily exploit reduced cost in-
formation, and access primal and dual algorithm variants, a linear programming
solver is used other than some combinatorial algorithms to solve the max flow
subproblems in the algorithm. The overall method is more formally described in
Algorithm 2.
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Algorithm 2 Finding promising jobs
Input: size
Output: PromisingJobs, A;,
for i =1to M do
A;mt = {ll €A:xq=0forte [tifhti — 1]}
for a € A?"* do
Al =2t —
if Af, > 0then
Add the job j with a; = a and time window containing slice i to
PromisingJobs
for j € PromisingJobs do
Put io =min{i: ¢; > r;j} and i1 = maz{i: t; <d; +1} —1
for ¢ = io to 7:1 do

Aaji =ZiT 2

A

3.3 Tabu search procedure for the MaxTFFAO problem

The local search algorithms presented in [1] all follow a greedy approach and
easily get trapped into local optima. A different and always better procedure
involves the use of non-monotomic moves in an attempt to stay away from a
possible local minimum and thus achieve a better overall solution. In particular,
whenever some move is done the knowledge attained is stored in some memory
space in order to utilize it at subsequent steps. This learning procedure is often
considered as an important element of most artificial intelligence type approaches
for the solution of difficult combinatorial problems. In this section, we describe
how tabu search which belongs in this class of methods can be used to help
solving the MaxTFFAO problem. Main features of the tabu search algorithm
are as follows.

1) Neighbourhood: as stated in section 3.2, we only consider neighbourhood
structure induced by single job movements. Within each iteration, we consider
a subset of all pairs (j,5}), and select the optimal move. With a proper control
of the size of the searching space and a handy exploit of the flow information by
a linear programming solver, the neighourhood search is performed in a more
efficient way.

2) Tabu list: the tabu list is maintained as a vector of (4, S}) pairs that each
item denotes the start time of a particular job. As a small tabu list can lead to
unnecessary cycles and a too large list may decrease the possibility of locating
better solutions, we carefully set the length of the tabu list to a fixed number
verified by the experimental results. In addition, we also maintain a long list for
the purpose of diversification.

3) Stopping criteria: a time limit and a total number of iterations.

4) Diversification: a variable NI is maintained to record the number of con-
secutive iterations without improvement. Once a pre-setting parameter L is
reached, half of the jobs are randomly selected to start from new times. The
new start times must not be on the long list. With using the longer tabu list the
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new starting point of the next major iteration will allow the algorithm to better
explored different previously unexplored parts of the solution space.

The complete tabu search procedure is shown in Algorithm 3 where size
denotes the size of the search space within each iteration.

Algorithm 3 TabuWithLP Heuristic
Input: Initial schedule §
Output: zyest
Initialize time slicing and flow problems with S (Algorithm 1)
Set zpest = z, LongList = (), totallter = 0, Numb = number of jobs
while (not Stopping Criteria) do
set iteration = 1, NI =0, TabuList = 0,
while (not Stopping Criteria) do
size = max{ St Numb
Finding promising jobs based on size (Algorithm 2)
for j € PromisingJobs and S} € [rj,d; — p; + 1] do
if (j,55) ¢ TabuList then
calculate A;(S})
if maz; s/ A;(Sj) <0 then
Diversification with respecting to the LongList
Break
else
Choose (j,.5;) with maximal A;(S})
Update time slicing and resolve the max flow problems with changed input
data to get zcurrent
if Zeurrent > Zbest then

Zbest = Zcurrent
if maz; s A;(S%) =0 then
NI=NI+1
if NI =L then
Diversification with respecting to the LongList
Break
if |TabuList| > size then
remove the earliest added item from T'abuList
add (j,S}) to TabuList, add (j,S}) to LongList
iteration + +, totallter + +

4 Computational experiments

The computational experiments run on the all-in-one PC with an Intel dual core
processor running at 2.50GHz, with 12GB of RAM and 64-bit Windows operat-
ing system. Previous local search algorithms are reimplemented, together with
this tabu search algorithm under the same environment with Python 2.7.9 and
we use Gurobi 6.5.1 as a baseline linear programming solver for our experiments.
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All algorithms are tested with the randomly generated instances with exactly
the same parameter settings as described in [1].

4.1 Experimental setup

Our tests are carried out for a time horizon with 7' = 1000. The test instances
include eight easy to difficult networks with the numbers of nodes range from
12 to 64 and the numbers of edges range from 32 to 240. The test instances are
divided into two sets that for data set 1, there are a variety of time window sizes
of jobs (randomly selected in [1,35]), and for data set 2, all time windows are
large ([25, 35]).

Three existing algorithms are implemented and compared with the tabu
search algorithm in our computational study, where GUROBI denotes the exact
method by GUROBI with default settings, and GreedyResched, GreedyRan-
dResched represent the greedy local search algorithms with single job movement
presented in [1]. For all algorithms, we impose a time limit of 1800 seconds and
a total iteration limit of 1000. All of them start with an initiate solution given
by §; = |25 ].

For parameter settings of the tabu search algorithm, most of them are mo-
tivated by experimental experience. We observed that if we set NV = 5, at least
cover 90% of all PromisingJobs will be checked and 2 consecutive iterations
without improvement shows a better performance. We also observed that local
optima is rare for the specialness of the problem, so we fix the tabu list length
to 10.

4.2 Results

Considering the randomness of the algorithms, each instance is tested 10 rounds
through the experiment, and we use the relative gap (average and maximal) to
compare solutions. Here the relative gap is computed as (2 — z)/z’ where 2’ is
the best upper bound obtained by GUROBI in 30 min, and z is the objective
value of the best solution found by the considered algorithm within a time limit
(5 min or 30 min). The number of 1 to 8 in the table represent the eight different
networks mentioned in 4.1.

The computational results show that GUROBI outperforms other algorithms
for small to median instances. But for very difficult instances, i.e. instances from
data set 2 with network structures 6 —8, the tabu search algorithm gives the best
performance. This computational study again provide a solid evidence that tabu
search algorithm can easily beat greedy heuristics in solving large and complex
combinatorial optimization problems.

5 Conclusion and future work

In this paper, we present a hybrid tabu search and linear programming approach
in solving the maximum total flow with flexible arc outages problem. The spe-
cial structure of the problem which blends dynamic network flow and scheduling
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Table 1. Computational results for data set 1 with running time limited to 5 min.

avg gap 06 51 06 7.2 158 21.5 12.6 16.0
GUROBI max gap 1.6 12.1 1.5 17.5 22.5 29.8 21.2 24.2
# best sol 10 10 10 10 8 9 7 3
avg gap 8.6 154 8.7 14.3 17.1 25.4 14.2 15.8
GR max gap 13.8 18.0 12.3 20.1 22.5 28.5 18.9 23.5
# best sol 0 0 0 0 1 0 0 1
avggap 9.1 156 87 14.0 172 255 14.1 16.1
GRR max gap 13.7 18.3 12.5 19.5 22.7 28.7 18.5 23.3
# best sol 0 0 0 0 1 0 1 0
avg gap 79 14.7 84 144 17.8 25.3 14.1 15.6
TabuWithLP max gap 12.2 17.5 11.4 20.1 23.6 28.5 18.9 23.3
# best sol 0 0 0 0 0 1 2 6

Table 2. Computational results for data set 1 with running time limited to 30 min.

avg gap 04 24 04 60 143 90 9.0 129
GUROBI max gap 1.0 3.5 1.1 149 225 28.3 14.4 24.2
# best sol 9 10 10 7 3 9 7 6
avggap 7.2 114 52 9.9 139 20.2 11.4 134
GR max gap 10.9 13.6 7.5 13.5 17.1 23.3 15.6 20.4
# best sol 0 0 0 0 1 0 1 1
avg gap 7.7 11.8 5.6 10.1 14.1 20.5 11.6 13.7
GRR max gap 11.7 13.8 7.9 14.1 17.5 23.6 16.0 20.5
# best sol 0 0 0 1 0 0 0 0
avggap 0.9 5.1 1.8 9.8 13.7 20.2 11.1 12.7
TabuWithLP max gap 1.7 6.8 3.5 129 16.9 23.1 15.5 18.9
# best sol 1 0 0 2 6 1 2 3
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Table 3. Computational results for data set 2 with running time limited to 5 min.

1 2 3 4 5 6 7 8

avg gap 2.1 57 13 10.8 20.3 30.9 16.4 15.8

GUROBI max gap 4.3 9.7 4.6 19.8 23.6 38.4 21.2 25.6
# best sol 10 8 10 9 1 3 3 4

avg gap 8.8 12.2 8.2 14.2 19.1 30.6 15.4 14.9

GR max gap 12.7 24.3 14.4 23.1 22.7 36.8 20.5 22.6
# best sol 0 0 0 0 1 1 0 0

avg gap 9.6 126 87 14.7 19.2 30.9 15.7 15.1

GRR max gap 14.1 24.4 14.9 234 22.8 37.3 20.9 22.8
# best sol 0 0 0 0 2 1 0 0

avg gap 7.9 109 7.9 145 19.0 30.3 154 14.9

TabuWithLP max gap 11.0 23.0 13.9 21.4 23.3 37.4 20.5 22.6
# best sol 0 2 0 1 6 5 7 6

Table 4. Computational results for data set 2 with running time limited to 30 min.

1 2 3 4 5 6 7 8

avg gap 0.5 3.0 0.0 1.2 11.0 25.0 16.4 15.8

GUROBI max gap 1.7 46 0.0 4.6 23.6 384 21.2 25.6
# best sol 8 8 10 10 5 3 0 1

avg gap 6.6 12.0 4.7 10.3 15.1 25.6 12.0 12.8

GR max gap 9.2 18.3 85 18.0 19.7 314 16.1 189
# best sol 0 0 0 0 2 1 0 3

avg gap 6.8 12.1 5.2 11.1 15.6 26.4 12.4 13.3

GRR max gap 9.5 18.3 89 194 20.2 31.7 16.1 19.2
# best sol 0 0 0 0 0 0 1 1

avg gap 0.7 6.0 1.7 10.1 15.1 25.5 11.8 12.9

TabuWithLP max gap 1.3 12.3 4.2 17.6 19.5 31.3 16.0 21.4
# best sol 2 2 0 0 3 6 9 5
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makes it a suitable case to be solved by matheuristic algorithms. The knowledge
attained in tabu list is learned and utilized at the subsequent steps. Computa-
tional analysis prove the effectiveness of our approach. However, there are several
possible ways to try so as to improve the performance. Firstly, in this approach,
we only considered single job movement. This is because, algorithm based on
multiple jobs movement did not dominate other algorithms from previous study.
The lack of an effective way to search neighborhood involving changing of start-
ing points of multiple jobs may be the main reason. Information from linear
programming solver is to be explored further in aiding this kind of decisions.
Secondly, the tabu search routine designed in this paper is rather simple and
elementary, more careful tailoring on parameter settings are to be analyzed.
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Abstract. In this paper, we introduce a matheuristic procedure for the
Edge-Disjoint Paths (EDP) problem. This A'P-hard optimization prob-
lem has applications in real-time communications, VLSI-design, schedul-
ing, bin packing, or load balancing. The proposed approach hybridizes
an Integer Linear Programming formulation of the problem with a Parti-
cle Swarm Optimization strategy. Empirical results using 100 previously
reported instances show that the proposed procedure compares favor-
ably to previous metaheuristics for this problem, such as Ant Colony
Optimization and Multi-Start Greedy Algorithm. We finally confirm the
significance of the results by using non-parametric statistical tests.

1 Introduction

There exists a wide variety of network problems where several connection re-
quests occur simultaneously [11]. In general, each request is attended by find-
ing a route in the corresponding network, where the origin and destination of
such a route are those hosts that wish to establish a connection for information
exchange. As it is well documented in the related literature, the exchange of
information through disjoint routes increases the effective bandwidth, velocity
and the probability of receiving the information. Simultaneously, congestion and
possible failures are reduced (see [2][4] for further details). The definition of dis-
joint paths may refer to nodes, edges, or both. As far as we know, the most
studied variant is the one where disjointness implies not to share edges. This op-
timization problem is usually known as the maximum edge-disjoint paths (EDP)
problem.

In communication networks, a node may either be a data communication
equipment (modems, hubs, bridges, or switches) or a data terminal equipment
(telephone, printer, or host computer). A network is usually modeled as an
undirected graph G = (V, &), where the set of nodes V corresponds to ter-
minal/communication equipment and the set of edges £ corresponds to the
physical links. Each link e € &, with e = (4,7) and 4,j € V, has a weight
w(e) € RT, which usually represents the physical distance between both end-
points. Let T = {[ix, k] | ix # jr €V, 1 <k < K} be a set of pairs, called
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terminal nodes, that request to be connected with a route (path) in G. The EDP
problem then consists of maximizing the number of disjoint paths that connect
terminal nodes in 7. This A"P-hard optimization problem [9] has applications in
a large variety of areas such as real-time communications, VLSI-design, schedul-
ing, bin packing, or load balancing, among others.

Figure 1 shows an example with three pairs of terminals [i1, j1], [¢2, j2], and
[is, js], joint with paths represented with solid, dotted, and dashed lines, respec-
tively. As it is easy to check, this is a feasible solution (i.e., each edge is used
exclusively in one path) its the value is 3.

— Path [ij. j,]

I

‘e

-
PILLLLL

i, K

;._ > .O J2 wevas Path [i,. ]

/ \
i { PY \C) J3 = = Path [ij. js]

Fig. 1. Example of a solution to the EDP problem.

The EDP problem has been addressed in [5] by means of an Ant Colony Op-
timization algorithm. The procedure is based on a decomposition of the problem
into simpler subproblems. In the computational experience, these authors showed
that the proposed method outperformed a multi-start greedy method in both,
solution quality and computation time. The same authors improved the previous
algorithm in [6]. The new approach incorporated a parallel construction of all
paths and the use of candidate list strategies for the exploitation of the promis-
ing choices at each construction step. Additionally, the authors improved a local
search strategy by considering two different criteria of the objective function, and
the partial destruction of the currently best solution as an escape mechanism.
In this paper we present a matheuristic approach for the EDP problem. Specif-
ically, the proposed algorithm hybridizes an Integer Linea Programming (ILP)
model and a Particle Swarm Optimization (PSO) algorithm. The computational
results show that our procedure obtains better performance than previous ap-
proaches. The rest of the paper is organized as follows. Section 2 introduces the
proposed matheuristic approach devised for this problem. Section 3 describes
the computational experience. Finally, the paper ends in Section 4 by drawing
the most relevant conclusions.

2 The Matheuristic Solver

The optimization algorithm proposed in this paper is focused on calculating high
quality solutions for the EDP. It is composed of an Integer Linear Programming
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(ILP) formulation combined with a Particle Swarm Optimization (PSO) algo-
rithm. First, the exact procedure to solve the ILP formulation is run for a fixed
computing time. If the optimum value is found in a shorter computing time
than the limit, naturally, the corresponding execution is interrupted, returning
the optimal value. Otherwise, the exact method returns the best feasible solution
found so far. Then, the Particle Swarm Optimization method uses that solution
as a seed to guide the optimization strategy.

2.1 Integer linear programming formulation for the EDP problem

In the EDP problem there are, essentially a set of pairs of terminal nodes 7T
that one wishes to connect by edge-disjoint paths. The EDP problem can be
formulated as a Binary Multicommodity Network Flow (BMNF) problem [11].
However, the formulation in [11] requires a number of variables which is expo-
nential in the size of the graph. In this paper we propose a BMNF formulation
of the EDP problem which requires a polynomial number of variables in the size
of the graph.

Thinking in terms of flow, the EDP problem is focused on sending a single
unit of flow from terminal node i to terminal node jy, for all pair [ig, jx] € 7. In
this way, the commodity-k flow defines a path from node i; to node j; associated
to the k-th commodity, for all k € K = {1,..., K}.

We have used the notation shown in Table 1. Basically, graph nodes are
classified into three groups: supply nodes (V~), demand nodes (V1) and trans-
shipment nodes (1°).

The nodes of the first group are labeled by the commodity index k, and the
nodes of the second group are labeled by K + k. With this notation, each pair
or terminal nodes [ig, ji] is labelled as [k, K + k].

In this model, variable z;;; represents commodity-k flow in edge (4, j).

Parameter Values Description

vV {1,...,K,...,V} Set of nodes

12 {1,...,K} Supply (source) nodes

y+ {K+1,...,K+ K} Demand (sink) nodes

Vo V\ (V- uvt) Transshipment nodes

i, j, v - Indexes for nodes i,5,v €V
& - Set, of edges

(4, 7) - Index pair for edges (i,j) € €
g WV, &) Undirected graph

K {1,...,K} Set of commodities

k - Index for commodities kel
Tijk {0, 1} Commodity-k flow in edge (i,7) (¢,7) €€, k€K

Table 1. Notation for the ILP formulation

We propose the following ILP formulation for the EDP problem (in Section
2.2 we will show its validity):
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IIlIaX ZEDP — Z Z l‘fujv (1)

veEVT (v,j)eE

s.t. Z Tyjo <1 veY” (2)

(v,g)€E

Z Ty =0 veyo (3)
(i,v)e€

Z Tivk — Z Toyjr =0 veV T, keK\{v} 4)
(i,v)€E (v,4)€€

Z Tivk — Z Tojk =0 v e VO, kek (5)
(i,v)€€ (v,7)€E

> k<1 veVt, k=v-K (6)
(i,v)e€

Z Zyjk =0 veVt, k=v-K (7
(v,g)€E

Z Tivk — Z Zoyjre =0 veVt, keKk\{v-K} (8)
(i,v)€€ (v,5)€€
S win+ Y wiw <1 (4,j) €&, i<j 9)
kek kek

where the following comments are in order:

Eq. (1): We maximize the total flow sent from source nodes. In Section 2.2
we will see that this is equivalent to maximize the number of edge-disjoint
paths.

Eq. (2): Each source node v can sent at most one unit of commodity-v flow.
Eq. (3): Each source node v cannot receive commodity-v flow. This avoids
the generation of cycles beginning and ending at source nodes.

Eq. (4): At each source node v and for each commodity k, the flow supply
is equal to the flow demand, for all k € K\ {v}.

Eq. (5): At each transshipment node and for each commodity, the flow supply
is equal to the flow demand.

Eq. (6): Each sink node v can receive at most one unit of commodity-(v — K)
flow.

Eq. (7): Each sink node v cannot send commodity-(v — K') flow.

Eq. (8): At each sink node v and for each commodity k, the flow supply is
equal to the flow demand, for all k € K\{v — K}.

Eq. (9): The joint flow capacity of each edge is one. Notice that commodity
flows can use each edge (7,j) € £ in both directions.
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2.2 Validity of the ILP formulation for the EDP problem

The validity of formulation (1)-(10) for the EDP problem can be seen as follows.
First, let us see that, given a source node v and an edge (7, j), if we have x5 = 1
then there exist one path connecting the pair of terminal nodes [0, K 4 ©]. The
details are as follows: The equality zyjp = 1 means that the source node ¥
sends a unit of commodity-v flow to node j. Equations (4), (5) and (8) enforce
that all the nodes of the graph behave as transhipment nodes for commodity v,
except the source node v and the corresponding sink node K + v. The number
of edges is finite and each edge admits, at most, one unit of flow. Therefore, this
flow transmission initiated at source node v will necessarily end up at sink node
K + 9. As a consequence, we will have z;,x = 1 for some ¢ € V, forv =K + ©
and for k£ = v. The commodity-v flow just described defines a path connecting
the pair of terminal nodes [v, K + 7].

Second, let us see that, given two source nodes @ and v, if we have g5 =
Zgjo = 1 then the paths connecting the corresponding pairs of terminal nodes
are disjoint. This is directly enforced by Equation (9).

Let as define EDP* as the maximum number of edge-disjoint paths associ-
ated to a pair (G,T) and let us consider z},,p, the optimal value of the corre-
sponding ILP formulation (1)-(10). So far we have shown that z},,p < EDP*.

Third, let us see now that EDP* < z3,p. This is clear, since given a pair
of terminal nodes, say [0, K 4+ ©] connected by an edge-disjoint path P, it is
possible to send one unit of commodity-v flow from node v to node K + v
through P. In the ILP formulation (1)-(10), this flow corresponds to set equal to
one some variables, in particular zz;; = 1 for some edge (v,4) € £, which implies
EDP* < zppp as we wanted to see.

All in all, we have seen seen that EDP* = 2}, p. Since by construction, the
ILP formulation (1)-(10) generates a set of edge-disjoint paths with cardinality
2% pps we conclude that it is a valid formulation of the EDP problem.

2.3 Particle Swarm Optimization for the EDP problem

Particle Swarm Optimization (PSO) is a population-based stochastic optimiza-
tion technique introduced in [10]. This procedure is inspired by the social be-
havior of bird flocking or fish schooling. From an algorithmic point of view, in
the PSO framework there exists a set of particles or agents that search for good
solutions to a given optimization problem. Each agent represents a candidate
solution to the corresponding optimization problem and it tries to reach the
best solution found so far. Additionally, each agent is also influenced by the best
value obtained so far by any particle in its neighborhood. The main idea behind
PSO is to change, at each iteration, the velocity of (accelerating) each particle
toward its local and global best found solutions. In order to diversify the search,
the acceleration is weighted by using a random term.

In this paper, we adapt this methodology to the EDP problem. The algorithm
starts by constructing a predetermined number of shortest paths between each
pair of terminals by using the algorithm described in [17]. More precisely, given
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a pair of terminal nodes [ix,jx] € T (with 1 < k < K), we construct A\ paths
from iy, to j and store them in the set SP(k, \), where we k refers to the specific
pair of terminals. We assume that the paths are sorted in ascending order (from
the shortest to the largest). Once we have finished this preprocessing step, the
algorithm explores the set of terminals at random. The first pair is connected
with the shortest path in its corresponding set. The rest of pairs of terminals are
connected as follows. We first try to join the pair with the shortest path. If we
succeed, we move to the next path. If it is not possible (since there is, at least,
one common edge previously selected), the method keeps selecting paths until it
finds an disjoint path or the set of A shortest paths has been completely explored.
The method ends when all pair of terminals have been explored, returning the
solution as a set of disjoint paths.

The aforementioned procedure constructs a single solution. Then, the pro-
posed PSO method uses it to create a population P of different solutions. At the
beginning of the optimization process, there is not information about previous
iterations. Therefore, the best local solution is set to the current value of each
particle. Similarly, the best global solution is selected between the best one in P
and the solution obtained with the ILP.

Similarly to an evolutionary computation technique, PSO maintains a popu-
lation of particles, where each particle stores a potential solution to an optimiza-
tion problem. Therefore, each particle can be evaluated with the corresponding
objective function. In the context of PSO the current value of the particle is
called inertial term. In general, particles evolve during the search process by
means of the modification of the solution store in each particle. In order to
guide the search, each particle also stores the best local solution found by each
particule (cognitive term), and the best global solution (social term) selected
among all particles and iterations.

In the particular case of the EDP problem, we propose to modify the solution
stored in each particle by adding/dropping paths. More precisely, given a particle
in iteration ¢, PSO produces a new particle in iteration ¢ + 1 by connecting each
pair of terminals using the following equations:

pathiter = rand (Qiner - Pathiner, Peogn * Patheogn, Psoc * Pathsoe) — (11)
iner € [0,1] inertial weight (12)

©Yeogn € [0,1] cognitive weight (13)

Ysoc € [0,1] social weight (14)

where Qiner, Peogns Psoc are the weight associated to each component and
pathiner, patheogn, pathse. represent, respectively, the value of the objective
function of the current, best local and best global solutions stored in each par-
ticle. We us illustrate this random selection with an example. Let us assume
that Yiner = Yeogn = Psoc = 1/3; then, inertial, cognitive and social compo-
nents would have the same weight. Similarly, let us assume that the value of the
current particle is pathipe, = 10, best local is pathcogn = 12, and best global is
pathcogn = 15. In order to decide which path is selected we use a typical roulette
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wheel strategy by computing the cumulative probability (i.e, 10+12415 = 37)
and generate a random number between 0 and 37. If this number is lower than
10, we keep the current path to joint the corresponding pair of terminals. If that
number is larger than 10 but lower than 22, the pair of terminals is joint with
the path stored in the best local solution. Finally, if the random number is larger
than 22 but, we use the path considered in the best global solution.

The aforementioned procedure is maintained until it reaches a maximum
computing time, returning the best solution found during the search.

3 Experimental Evaluation

This section reports the computational experiments that we have performed
for testing the efficiency of the proposed matheuristic procedure for solving the
EDP problem. The ILP was executed with CPLEX (version 12.2) while the PSO
was implemented in Java JR6 6. All the the experiments were conducted on a
Pentium(R) Dual-Core CPU at 3.20GHz, and 4GB of RAM memory. We have
considered a set of instances previously used in this problem [6]. Specifically, this
set contains the following families of graphs: graph3 (164 vertices and 370 edges),
graph4 (434 vertices and 981 edges), AS.BA.R-Wax.v100e217 (100 vertices and
217 edges), bl-wr2-wht2.10-50.sdeg (500 vertices and 1020 edges), and mesh
25x25 (625 vertices and 1200 edges). Each family contains 20 graphs and the
number of terminals ranges from 0.10-V to 0.40-V and the weight of each edge
is 1.

We have divided this section into two different parts: preliminary experimen-
tation and final experimentation. The preliminary experiments are performed to
set the values of the key search parameters of the proposed method. We consider
a representative subset of instances with different sizes and densities to perform
these experiments. This strategy avoids over-fitting and allows us to extract con-
clusions about the robustness and effectiveness. For the sake of brevity, we only
report the best values found for each parameter in Table 2.

Parameter Value Description
tup=p-V-K p =0.0012 Limit of execution time for the ILP
tha=p-V-K p =0.0012 Limit of execution time for the PSO
A 100 Number of shortest path
particles 100 Number of particles
Piner 0.2 PSO inertial parameter
Peogn 0.4 PSO cognitive parameter
Psoc 0.4 PSO social parameter

Table 2. Parameters Tuning

Once we have adjusted the key search parameters, we compare our procedure,
PSO+ILP, with the best previous method identified in the state of the art [6].
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In particular, an Extended Artificial Ant Colony (Ext. ACO) and a Multi-start
Simple Greedy (MSGA). For the sake of completeness, we include the results
obtained with the metaheuristic (PSO) and exact (ILP) approaches. Table 3
reports average results for the whole set of 100 instances. The columns of this
table show: zgpp, average quality over all instances; Dev. (%), average percent
deviation with respect to the best solution found in the experiment; and Time,
average computing time in seconds required by the procedure.

Table 3 shows that the proposed procedure clearly outperforms the other pre-
vious two methods (including the best algorithm found in the state of the art) in
both, average objective function and average percentage deviation. Moreover, it
only needs a fifth of the computing time used by the other methods to produce
better results. Therefore, results reported in this table suggest the superiority
of the matheuristic approach over the other two methods. It is worth mention-
ing that the results obtained by each method (either PSO or ILP) executed as
an independent algorithm for the same computing time than the matheuristic
approach does not present a remarkable performance. Indeed, PSO and ILP ob-
tain even worse results than the best previous algorithm. In our opinion, this
fact justifies the hybridization between both procedures.

Algorithm  zgpp  Dev(%)  Time (s)

MSGA 34.73 15.27 544.47
Ext ACO 37.82 10.07 537.45
ILP 29.16 20.75 45.19
PSO 35.58 14.52 97.37
ILP+PSO 39.10 6.52 89.50

Table 3. Summary of Results

We applied the non-parametric Friedman test for multiple correlated samples
to the best solutions obtained by the five compared methods. This test computes,
for each instance, the rank value of each method according to solution quality
(where rank 1 is assigned to the best method and rank 5 to the worst one). Then,
it calculates the average rank values of each method across all the instances
solved. If the averages differ greatly, the associated p-value or significance will
be small. The resulting p-value of 0.0001 (considering a level of significance
of 0.05) obtained in this experiment clearly indicates that there are statistically
significant differences among the five methods tested. Specifically, the rank values
produced by this test are 1.62 (ILP+PSP), 2.15 (Ext. ACO), 2.23 (ILP), 2.77
(PSO), and 3.23 (MSGA).

4 Conclusions

In this paper, we propose a matheuristic procedure based on the hybridization
between an Integer Linear Programming (ILP) technique and a Particle Swarm
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Optimization (PSO) algorithm to deal with the Edge-Disjoint Paths (EDP) prob-
lem. We provide an extensive experimental comparison among our procedure and
the best previous methods for this problem in the state of the art. We performed
an extensive computational testing over a set of 100 instances previously used.
Experimental results show that the proposed algorithm outperforms the best
methods identified. We also proved statistical tests to confirm the significance
of the obtained results, thus emerging the matheuristic approach as the best
algorithm in terms of quality and computing time.

Of particular interest in our work has been testing the combination of exact
and approximate procedures. Through extensive experimentation, we have been
able to determine the benefits of this combination. We believe that our find-
ings can be translated to other combinatorial problems and it will help in the
development of more elaborated matheuristics methods.
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Abstract. This paper addresses the Vehicle Routing Problem with Mixed
Fleet and Limited Traffic Zones (VRPLTZ), which is an extension of the
standard Vehicle Routing Problem (VRP), in which the fleet is composed
by both electric (EV) and traditional (T'V), vehicles. The customers area
is split in a Limited Traffic Zone (LTZ) and a Free Access Zone (FAZ).
Customers within the FAZ may be visited by all the vehicles at any time.
TV cannot access the LTZ within a given time window while EV can ac-
cess it at anytime. Due to their limited autonomy, EV have a restriction
on the maximum route length, while no length restriction are imposed to
routes covered by TV. A maximum route duration is imposed for all the
routes. A Mixed Integer Programming formulation and a Large Neigh-
borhood Search Based Matheuristic are proposed. Computational results
reported show the efficiency and effectiveness of the proposed approach.

1 Introduction

In the last decades, an increasing attention has been given to City Logistics as-
pects, [21]. Furthermore, the greenhouse effect has become a hot political topic
throughout the world and laws and regulations have been adopted to reduce
pollution emissions in all of the highly developed countries. Such political de-
cisions have had an important effect on the logistics industry. Transportation
companies are requested to provide more competitive services in a more sus-
tainable way. This goal can be reached both through a better exploitation of
available resources and through the introduction of new technologies. A better
exploitation of currently available resource could be obtained by applying more
efficient and sophisticated routing planning optimization methods and adopting
smart distribution systems, as stated in [15], which would yield a decrease of
traveled distance (that means a reduction of operational cost for the company)
and, consequently, a reduction of emissions. However, this generally results in a
decline of emissions of only few percentage points. To actually increase logistics
operations sustainability, a more promising strategy is the use of vehicles with
electric propulsion. Although this technology is very attractive from a sustain-
ability point of view, the usage of Electric Vehicles (EV) in practical applications
is very limited due to several restrictions they introduce. In fact, EVs have a very
limited autonomy and battery recharging stations are not widespread along the
road network. Therefore, visits to recharging points should be a priori planned
during the route construction phase in order to avoid remaining stuck without
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possibility to recharge the battery. Furthermore, recharging operations are not
immediate as fuel replenishment, but can last for hours. Last but not least, due
to their innovative technology, purchasing cost of EV are sensibly higher if com-
pared with traditional fuel ones. For all the above reasons, the total replacement
of the fleets with EVs by the transportation companies, is unrealistic. Never-
theless, a winning strategy to balance profit maximization and environmental
issues, is to integrate the current fleet with few electric vehicles exploiting their
advantages to construct smarter routing planning.Public administrations have
adopted many measures to regulate the traffic within the urban area. One of
the most used is the introduction of Limited Traffic Zones (LTZ) the access to
which is allowed only during certain periods of the day. Furthermore, in order
to promote the use of environmental friend vehicles, such the electric ones, LTZ
limitations do not apply to this kind of vehicles, which can freely travel in this
protected areas. Optimizing a routing plane with this kind of constraints is not a
trivial issue and the standard VRP variants studied in the literature do not allow
to handle these kinds of features. Therefore, new problems must be defined and
new models must be developed. The paper is organized as follows. Section 2 is
devoted to a literature review on related problems. In Section 3 a formal descrip-
tion of the problem addressed in this paper is given, while in Section 4 a Mixed
Integer Programming formulation is reported. A Large Neighborhood Search
Matheuristic is presented in Section 5 and computational results are reported in
Section 6. Finally, Section 7 deals with conclusions and future developments.

2 Literature Review

Recently, an increasing attention has been paid to Green Logistics, which in-
volves the integration of environmental aspects in logistics. Many papers con-
cerning Operations Research applications to Green Logistics have been proposed
in the literature. A wide set of issues has been addressed, such as intermodal
transportation, mode, fleet and fuel choice, and smart distribution systems, such
as the Multi-Echelon ones, [15]. For a complete survey on Green Logistics issues
and challenges, the readers may refer to [6].

One emerging research area concerns pollution emission minimization. In [3],
the authors introduced the Pollution-Routing Problem (PRP), an extension of
the classical Vehicle Routing Problem with Time Windows, which consists in
routing a number of vehicles to serve a set of customers, and determining their
speed on each route segment in order to minimize a function that includes fuel,
emission and driving costs. The same problem has been addressed in [7] where
an Adaptive Large Neighborhood Search based heuristics approach is proposed.
A time-dependent version of the PRP has been addressed in [11], while [8] in-
troduced the bi-objective pollution routing problem, in which two conflicting
objectives are addressed: driving time and fuel consumption. The usage of elec-
tric vehicles is, currently, the most sustainable solution to this issue. However,
due their limited autonomy, EV are more popular for the movements of in-city
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goods than for medium-long range freight transport. In order to compensate for
their short range, a dense power re-supply network would need to be set-up, pos-
sibly in conjunction with the possibility of batteries swapping. Unfortunately, the
present re-supply network is still very limited. Only a few papers have actually
addressed VRPs with alternative fuel vehicles. In [13], the authors dealt with a
VRP concerning Pickup and Delivery (VRPPD) with a mixed fleet composed by
both electric and traditional vehicles. They considered time and capacity con-
straints but they simply added an extra time for recharging the electric vehicles
batteries, when needed. In this extra time is implicitly included time to reach
the nearest recharging station and recharging time. This is a too strong simpli-
fication of the problem, since they did not explicitly consider neither recharging
stations location nor the possibility of remaining stuck in the network without
autonomy to reach a refueling station. This type of model may be used under
the hypothesis that In [5] the recharging vehicle routing problem (RVRP) was
introduced, in which vehicles were allowed to recharge directly at customer loca-
tions, adding a time penalty to the route duration. Erdogan and Miller-Hooks,
[9] proposed a VRP with the possibility of refueling a vehicle at a station along
the route, named Green Vehicle Routing Problem (GVRP). They considered
a limited number of refueling infrastructures located along the network and a
fixed recharging time (independent of the remaining level of battery charge).
They also impose a maximum route duration. Fuel is consumed with a given
rate per traveled distance and they assume that the tank is totally replenished
at recharging stations. In [19], the authors proposed the Electric Vehicle Routing
Problem with Time Windows and Recharging Stations (E-VRPTW), which can
be seen as an extension of the GVRP in which time windows are considered.
A further extension of the E-VRPTW, where partial recharging are allowed,
has been studied in [4], while multiple recharging technologies, characterized by
different recharging times and costs, have been introduced in [10]. In [16], the
Hybrid Vehicle Routing Problem has been proposed, an extension of the GVRP
in which vehicles may switch from electric to traditional propulsion at anytime.
Kilometers traveled in traditional mode have a cost much higher than those
traveled in the electric one.

The Heterogeneous Fleet Vehicle Routing Problem (HVRP) is an extension
of the VRP, broadly addressed in the literature, in which the fleet is composed
by different types of vehicles. In the HVRP customers are served by a hetero-
geneous fleet of vehicles with various capacities, fixed usage costs, and variable
cost per distance unit, as stated in [12]. An extensive literature review on HVRP
is reported in [2]. A HVRP with electric vehicles has been introduced in [14]. In
the HVRP defined in the literature, vehicles differ among each others only for
cost and capacity but they have to respect all the same constraints (i.e. time
windows restriction, maximum route length and duration). On the contrary, in
the VRPLTZ, some constraints must be respected only by vehicles belonging
to a given category. In fact, time windows constraints hold only for traditional
vehicles, route length limitation only for electric ones and route duration limi-
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tation for all the vehicles. This issue has never been addressed in the literature
before.

3 Problem Definition

The VRPLTZ consists into visiting a set of customers I, starting from a single
depot, with a fleet composed by two categories of vehicles, traditional (T'V) and
electric (EV) ones. A maximum number of vehicles for each category, N; and N,
is imposed. A maximum route length, D,,.., is imposed for EV, while no length
restrictions are applied to routes performed by TV. A maximum route duration,
Tnae is imposed for every route, basing on driver daily workload limitations. A
customer ¢ may be visited at anytime by the EV, while it cannot be accessed by
TV within the time window [a;, b;]. This representation allows also to describe
Limited Traffic Zones (LTZ) situations in which customer within the LTZ have
access restrictions while customers outside the LTZ have free access at anytime
for all the vehicles. In fact, in this case, it is sufficient to impose a; = 0 and
b; = 0, defining a dummy access restriction time window, for all the customers
outside from the LTZ. For each customer i is known the service time p;. The
fleet is supposed to be available, therefore no purchasing costs are considered.
EV and TV have different distance unitary cost, C, and C;, whit C; > C,. For
each pair of customers ¢ and j is known the distance d;; and the time necessary
to go from 7 to j, ¢;;. For each customer ¢ is also known the distance from the
depot dy; and the time necessary to be reached from the depot tg; The problem
is asymmetric, therefore d;; may be different from dj;, and consequently, ¢;; may
be different from t;;. The goal of the problem is to minimize the total routing
cost, while visiting all the customers and respecting all the constraints.

4 Mathematical Model

In this section is reported a Mixed Integer Programming Model for the VRPLTZ.
A summary of the input data and the sets involved in the model is hereby
reported:

I is the set of customers

— Dep is the depot

— I0=1U Dep

— Ny is the maximum number of traditional vehicles

— N, is the maximum number of electric vehicles

— (; is the kilometric cost for a traditional vehicle

— (C, is the kilometric cost for an electric vehicle

— Tmaz 1s the maximum duration for each route

— Dinaz is the maximum length for each route performed by an electric vehicle
— ;5 is the time necessary to go from node ¢ to node j

— d;; is the distance (expressed in Km) between node ¢ and node j
— p; is the service time for node 14
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— a; and b; represents, respectively, the beginning and the ending of the denied
access time window for customer ¢
— M and € are a very big and a very small constant, respectively

while the variables involved in the model are:

X;; is a binary variable that is equal to 1 if arc 4j is covered by a traditional

vehicle and equal to 0 otherwise

— Y;; is a binary variable that is equal to 1 if arc ij is covered by an electric
vehicle and equal to 0 otherwise

— T; represents the arrival time at node ¢

— D, represents the cumulated distance covered by the vehicle when it arrives
at node i

— «y; and fB; are service variables which allows to describe the constraint im-

posing the respect of the access denied time window at node 4

The mathematical model can be formulated as follows:

min Cy Z Z Xijdij +Ce Z Z Yijdij (1)

1€10 jinI0 €10 j€l0
X+ V=1 Viel (2)
Jel jel
DX+ Y Vii=1 Viel (3)
jel jel

j€EI0 jEIo

D Y= Y Vielo (5)
JEIO JEIO

Tj 2 T 4 (tij + p)(Xij + Ye5) — Tmax(l — (X5 +Yy5)) Vje€ IVie 10 (6)

Tj < Tnaz — tjo vVje l0 (7)

Dj ZDZ+dZJ(XU+Y;])*Dm(w(1f(le+Y;j)) Vje IVie I0 (8)

D]SDmafid‘]()‘FM*Zle V]E 10 (9)
€10
ZXOj <N (10)

jel
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D Yo <N (11)

JeI

a; >ex(Tj—a;) Vjel (12)
Bjzex(b;—T;) Vjel (13)
aj+B; =2 Y+ > Xy Vjel (14)

1€10 1€10
X;; €{0,1} Vje Io (15)
Y;; €{0,1} Vje IO (16)
a; €{0,1} VjeTI (17)
B;€{0,1} VjeI (18)

Constraints (2) and (3) ensure that each customer is visited exactly once. While
(4) and (5) imply that if customer 4 is reached by a TV it cannot be left by an
EV and vice versa. Constraint (6) allows to determine the minimum arrival time
at node ¢ and constraint (8) determines the cumulated distance covered by the
vehicle once it reaches customer 7. Constraints (7) and (9) impose restriction on
the maximum route duration, and route length (active only for EV vehicles),
respectively. A limit on the maximum number of TV and EV used is imposed
in (10) and (11), respectively. Constraints (12), (13) and (14) ensure that access
restrictions, for traditional vehicles, are respected. Finally, constraints (15)-(18)
specify variables domain.

5 A Large Neighborhood Search Matheuristic for the
VRPLTZ

The Large Neighborhood Search heuristic (LNS), belongs to the class of heuris-
tics that is known as Very Large Scale Neighborhood search (VLSN) algorithms,
as stated in [1]. All VLSN algorithms are based on the observation that searching
a large neighborhood results in finding local optima of high quality, and hence a
VLSN algorithm may return better solutions. However, searching a large neigh-
borhood may be extremely time consuming, therefore various filtering techniques
are used to limit the search. In VLSN algorithms, the search is usually restricted
to a subset of the solutions belonging to the neighborhood that can be searched
efficiently, or to a sample subsets of solutions. LNS is based on the concept of
ruin and recreate, introduced in [20], in which at each iteration, the solution is
partially destroyed and repaired aiming to obtain an improving solution. The
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neighborhood in LNS is implicitly defined by the moves used to destroy and
repair an incumbent solution. For a detailed survey on LNS the reader may refer
to [18].

The destroy operators may be defined in different ways. For routing prob-
lems, a destroy operator could consist in removing k elements, (arcs, edges or
nodes), from the incumbent solution. The rule according to which these elements
are selected may be random, randomized, or deterministic. Deterministic destroy
operators, select the currently worst elements in the solution, and therefore they
have a greater chance to improve the solution, on the other hand, given their
deterministic nature, if applied several times on the same solution, they produce
the same results; this means that they have a greater chance to remain stuck
in a local minimum. Random and randomized operators main advantage is that
even if applied n times on the same solution, they could, potentially, produce n
different results. This means that they are able to widely explore the solution
space and therefore they have a greater chance to overcome local minima. Gen-
erally, a set of destroy operators, among which to chose the one to apply, are
defined, including both deterministic and random (or randomized) ones.

Repair methods rebuild a feasible solution starting from the partially de-
stroyed one. Generally, a greedy construction heuristic is used to rebuild the
solution. This is very fast but not always very accurate, since only a sample so-
lution is analyzed in the neighborhood. In fact, simple repair operators are fast
but not very accurate, while more complex operators obtain better solutions,
because they analyze a larger subset in the neighborhood, but they are sensibly
slower. If the neighborhood are large, is impossible to explicitly analyze all the
solutions within them in reasonable computational times. In the algorithm pro-
posed in this paper, the Large Neighborhood Search is exploited directly by the
model, following the idea presented in [17]. In this way, it is possible to obtain,
in small computational times, the local minimum with respect to the considered
neighborhood, and this makes the intensification phase of the algorithm more
powerful and accurate.

5.1 Algorithm Description

The LNS proposed to address the VRPLTZ works as follows. The algorithm
starts from an initial feasible solution obtained running the mathematical model
and keeping the best solution obtained within a short time limit. At each iter-
ation, the solution is partially destroyed removing k arcs from it. Being A the
set of arcs in the current solution S and A% the set of removed arcs, we can
define A’ = A/A the set of arcs belonging to the partially destroyed solution
SP . A feasible solution S’ is constructed running the model imposing that the
new solution contains all the arcs belonging to A”. This can be ensured adding
to the model constraint 19, for each pair of nodes ¢ and j € I0 for which X;; =1
in S and constraint 20 for each pair of nodes ¢ and j € I0, for which Y¥;; =1 in

S.

X; =1 (19)
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Yij =1 (20)
This overconstrained version of the model is run with a short timelimit and
the best obtained solution, S’ is kept. If S’ is better than S, than S’ is taken as
new current solution S. The whole procedure ends when the maximum number
of iterations MAXITFER or the maximum number of iterations without any
improvement MAX NOIM PROV E are reached.
The pseudocode of the LNS is reported in Algorithm 1.

Algorithm 1 A LNS for the VRPLTZ

run the model with a time limit equal to TIMELIMIT and take the best found
solution S as the initial solution
set the current solution S equal to S°
repeat
select a destroy operator wi
select k arcs to be removed from S using w.
for allic I0 and j € I0 — X;; = 1 in ST do
add constraint (X;; = 1)
end for
for allic I0 and j € I0 — Y;; = 1 in ST do
add constraint (Y;; = 1)
end for

run the model again until the optimal solution is reached
if the newly obtained solution S’ is better than S then
set the current solution S equal to S’
end if
until maximum number of iterations, M AXITFER, is reached or no improvement
has been obtained for MAX NOIM PROV E iterations

5.2 Destroy Operators
Three different destroy operators have been defined:

— Random Removal(RR): randomly select &k arcs to be removed

— Node Removal(NR): randomly select k/2 nodes and for each selected
node ¢ remove both the ingoing and the outgoing arcs

— Worst Removal (WR): remove the k worst arcs. The fitness of arc ij, F;j
is computed as:

where

dmax; = maxdy;
7 kero

The worse arcs are those with the lowest value of Fj;.
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The first two operators, RR and NR, are random and randomized, respec-
tively, while the last one, W R is deterministic. Therofere, RR and NR may be
used also as a stand alone operator, while W R will easily remain stuck into local
minima if used as a stand alone operator, but it would be useful if used alterna-
tively with the others two operators. A selection probability 11, is associated to
each operator w such that:

anzl

being (2 the set of destroy operators.

6 Computational Results

The Model and the Matheuristic (MH) have been tested on a set of instances
of various sizes and typologies. For all the instances, customers are located in
a squared area of size 100x100. The Limited Traffic Zone (LTZ) is represented
as a square of size 20x20 centered in the customer location area. The number
of customers varies among instances in the range [20,50] and the number of
customers within the LTZ varies in the range [5,40]. Customers within the LTZ
have an access denied time windows in [0,150], which means that LTZ cannot be
entered by TV between 8 a.m and 10:30 a.m, which is a common restriction in
many large cities. The maximum length of EV routes, Dmax, is equal to 100 for
all the instances (and represents standard EV autonomy), while the maximum
route duration, Tmaz can be equal to 270 (half day plan) or to 540 (full day
plan). For each instance is known the number of EV and TV available, N, and
N, respectively. The unitary distance cost for TV, C, is three times greater
than the EV one. In Tab. 1 instances features are resumed.

INSTANCE CUSTOMERS | LTZ CUSTOMERS Tmax Dmax Ne Nt
ZTL20-5 20 5 270 100 3 3
ZTL20-10 20 10 270 100 3 3
ZTL30-10 30 10 540 100 3 3
ZTL30-15 30 15 540 100 3 3
ZTL30-20 30 20 540 100 3 3
ZTL50-10 50 10 270 100 6 6
ZTL50-20 50 20 540 100 6 6
ZTL50-25 50 25 540 100 6 6
ZTL50-30 50 30 540 100 6 6
ZTL50-40 50 40 540 100 6 6

Table 1. Instances features resume

Computational results obtained running the Model within a timelimit of
10000 seconds are reported in Tab. 2. Column 1 reports the name of the instances,
while in columns 2 and 3 are reported the total number of customers and the
number of customers within the LTZ zone. Upper bounds, i.e. best solutions
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INSTANCE CUSTOMERS LB UB GAP
ZTL20-5 20 114.37 345.85 66.9%
ZTL20-10 20 105.73 130.24 18.8%
ZTL30-10 30 275.86 427.96 35.5%
ZTL30-15 30 239.7 372.13 35.6%
ZTL30-20 30 112.92 275.38 59.0%
ZTL50-10 50 331.25 616.21 46.2%
ZTL50-20 50 329.61 687.15 52.0%
ZTL50-25 50 319.42 570.59 44.0%
ZTL50-30 50 286.29 582.17 50.8%
ZTL50-40 50 283.85 474.04 40.1%
AVG 239.90 448.17 44.91%

Table 2. Upper and Lower Bounds obtained by the Model within 10000 seconds

RR NR RR+NR RR+NR+WR
INSTANCE BEST AVG BEST AVG BEST AVG BEST AVG
ZTL20-5 313.19 330.42 313.19 337.03 313.19 | 324.884 | 313.19 | 324.884
ZTL20-10 120.95 129.42 129 136.15 120.95 | 128.923 | 120.95 | 128.923
ZTL30-10 362.15 390.17 362.15 393.67 362.15 | 393.668 | 362.15 | 393.668
ZTL30-15 271.26 284.05 271.26 295.02 271.26 | 295.021 | 271.26 | 295.021
ZTL30-20 221.91 239.46 221.91 242.49 221.91 | 242.489 | 221.91 | 242.489
ZTL50-10 579.59 604.11 579.59 608.86 579.59 [ 601.508 | 579.59 | 590.549
ZTL50-20 562.07 585.79 562.07 591.89 506 583.659 506 557.943
ZTL50-25 455.27 491.97 455.27 510.89 417.82 | 502.014 | 417.82 | 486.847
ZTL50-30 582.17 594.00 584.39 602.81 582.17 587.57 576.5 586.942
ZTL50-40 404.39 420.41 404.39 451.12 404.39 | 418.024 | 396.66 | 409.815

AVG 387.30 406.98 388.32 416.99 377.94 407.78 376.60 401.71

AVG GAP 2.76% 7.46% 3.02% 9.69% 0.35% 7.64% 0.00% 6.25%

Table 3. MH versions comparison

INSTANCE UB IS MH-BEST | MH-AVG
ZTL20-5 345.85 452.55 313.19 324.884
ZTL20-10 130.24 196.51 120.95 128.923
ZTL30-10 427.96 470.55 362.15 393.668
ZTL30-15 372.13 414.61 271.26 295.021
ZTL30-20 275.38 522.23 221.91 242.489
ZTL50-10 616.21 715.11 579.59 590.549
ZTL50-20 687.15 796.16 506 557.943
ZTL50-25 570.59 654.11 417.82 486.847
ZTL50-30 582.17 616.56 576.5 586.942
ZTL50-40 474.04 540.33 396.66 409.815
AVG 448.17 537.87 376.60 401.71
GAP with MODEL -15.97% | -10.37%
GAP with IS -29.98% | -25.32%

Table 4. MH and Model comparison
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found by the model within the timelimit are reported in column 4, while the
best lower bounds are reported in column 5. Column 6 shows gaps between
upper and lower bounds. The last row reports averaged values. As shown in
Tab. 2, the gaps between upper and lower bounds are very large. This justify
the use of heuristic methods.

In order to analyze the performance of each component of the MH, different
MH versions have been tested. In the first one only the Random Removal (RR)
destroy operator has been used while in the second only the Node Removal (NR)
one. In th third we have considered both RR and NR, each one with a selection
probability equal to 0.5, while, in the last version, all the three defined oper-
ators are applied: RR and NR both with a probability equal to 0.4 while the
Worst Removal one, (WR), with a probability of 0.2. The WR operator has not
been tested alone because, given its deterministic nature, it will remain stuck
in local minima. All the versions have been tested starting from an initial solu-
tion obtained running the Model with a timelimit of 20 seconds. Computational
results are summarized in Tab. 3. Both best and average values obtained over
10 runs are reported. The last two rows reports averaged values and the gap
with the best performing version. As expected, the RR+NR+WR obtains show
the best performance both in terms of best solution and in terms of averaged
solution. Combining only RR and NR we obtain results very near to the best
ones, while larger (but still small) gaps are obtained using only one operator.
We can conclude that a great advantage is reached combining RR and NR, while
the addition of WR yield to a further marginal improvement. Averaged compu-
tational times are around 50 seconds for the RR and around 20 seconds for the
other three versions. In fact, RR is more accurate than NR but has a lower con-
vergence speed, i.e. at each iteration it provides small improvements, while NR
provide a larger improvement even from the first iterations. As discussed before,
WR is not able to enhance diversification, but it is a powerful intensification tool
and, if applied in combination with the other operators, it is capable to reach
local minima which cannot be reached using the other operators. Preliminary
parameters tuning tests, not explicitly reported here, have shown that the best
probabilities configuration is the one used for this experiments.

In Tab. 4 we compare results obtained with the best configuration of MH
with those obtained by the Model within a timelimit of 10000 seconds and with
the initial solution (IS) obtained by the Model within a timelimit of 20 seconds.
As shown in the table, MH strongly outperform the model, (10.37% on average),
within a computational time which is more than two orders of magnitude smaller.
Furthermore the very large improvement respect to the initial solution (25.32%
on average) shows the efficacy of the proposed approach.

7 Conclusions and Future Developments

In this paper the Vehicle Routing Problem with Mixed Fleet and Limited Traffic
Zones (VRPLTZ) have been introduced. which can be seen as an extension of
the well known Vehicle Routing Problem (VRP), in which the fleet is composed
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both by electric (EV) and by traditional vehicles, (TV). The customers area is
split in a Limited Traffic Zone (LTZ) and a Free Access Zone (FAZ). In the LTZ,
an access restriction time window is imposed for TV while EV may enter it at
anytime. EV must respect a limit on the maximum route length, while no length
restriction are imposed to routes covered by TV. A maximum route duration is
imposed for all the routes. This problem has a great practical relevance since
it describes freight distribution within city centers, where is common to face
the presence of LTZ for TV, in order to promote EV usage and sustainability.
Despite literature on VRP with Heterogeneous fleet is wide, the features of the
VRPLTZ have never been addressed before. In fact, in the problems treated in
the literature, vehicles categories differs among each other by cost and capacity,
but time windows and route length constraints hold for all the vehicles. The novel
aspect of the VRPLTZ is that those constraints hold only for a subset of the
vehicles. A Mixed Integer Programming formulation and a Large Neighborhood
Search Based Matheuristic, (LNS), has been proposed. Computational results,
carried out on realistic instances, showed the efficiency and effectiveness of the
proposed approach. Future development in this field could address a further
extension of the VRPLTZ in which additional features are considered, such as
vehicles loading capacity, customers time windows, fixed vehicle purchasing costs,
exc.. From a methodological point of view, it could be interesting to develop
highly performing exact methods, such as column generation or branch and
price, which generally are very effective but take very long computational times.
In this way we will have a more challenging term of comparison for the LNS.
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Automatic Configuration of MIP Solver:
Case Study in Vertical Flight Planning

Zhi Yuan*

IRIDIA, CoDE, Université Libre de Bruxelles, Brussels, Belgium

Abstract. Mixed Integer Programming (MIP) solvers are highly pa-
rameterized and randomized matheuristic algorithms. How to properly
design experiments for algorithm comparison using MIP solvers is an
important topic. In this work, three classic MIP formulations for piece-
wise linear interpolation underlying the real-world vertical flight planning
problem are compared. We analyze the performance variability of MIP
solvers due to random seed settings and parameter configurations. An
automatic configuration tool is used to fine-tune the algorithmic param-
eters of the MIP solver, which significantly improves its performance,
and leads to more reliable algorithm comparison.

Keywords: Automatic configuration; mixed integer programming; per-
formance variability; flight planning; piecewise linear interpolation

1 Introduction

Mixed Integer Programming (MIP) is a general way for modelling many real-
world optimization problems. A general-purpose solver for MIP, such as Cplex,
Gurobi, or SCIP, can be regarded as a matheuristic algorithm that integrates the
exact branch-and-cut algorithm with various MIP-based heuristics such as local
branching, feasibility pump, among others (cf. [7] for a survey). Such MIP solvers
usually contain a large number of parameters, e.g., IBM ILOG Cplex 12.6 has a
total of 159 parameters [15]. Most of these parameters are related to hardware
or tolerance, e.g., available working memory, number of threads, random seed,
time limit, optimum tolerance, constraint violation tolerance, etc. These should
be fixed according to the hardware in use and the practicality of the problem.
Besides, there are algorithmic parameters of different types, e.g., categorical
parameters, such as options of branching strategies, LP method, whether to use
certain heuristic; numerical parameters, such as how often a certain heuristic
or perturbation is applied, cut limits, and so on; and conditional parameters,
such as perturbation constant is only used when perturbation is switched on,
or limit of strong candidate list or strong candidate iteration is only used when
strong branching is selected. These algorithmic parameters could potentially be
automatically configured for each particular class of problems. There exists work
on automatic configuration of the MIP solvers [13] using a configuration software

* Part of the work was done when ZY was at Helmut Schmidt University Hamburg
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ParamlILS [14]. Other general-purpose configurators for such task also include
iterated racing [3], GGA [1], SMAC [11], etc.

In this work, we empirically compare three classic piecewise linear formula-
tions, as it arises from the real-world vertical flight planning problem [28, 26],
by automatic configuration of MIP solver. We also investigate the performance
variability of the MIP solver due to both random seed settings and parameter
configurations.

2 Vertical Flight Planning

The vertical flight planning (VFP) problem concerns assigning optimal cruise
altitude and speed to each trajectory-composing segment, such that the fuel con-
sumption is minimized, and the arrival time constraints are satisfied. The original
MIP models for VEP [28, 27] that assign continuous speed consist of second-order
cone constraints, which lead to prohibitively long computation time. The speed
discretization scheme proposed in [26] transforms the nonlinear model into linear,
and significantly reduces the computation time to within seconds or minutes.

2.1 Mixed Integer Linear Programming model

The MIP model of VFP using discrete speed [26] is as follows.

min  wy — Wy, (1)

st. to=0, T<t,<T (2)

VieS: Ati=t;—t;iq (3)

VieS: Zui,vzl (4)

vev

VieS: At= pi,- ATy, (5)
vev

wy, = WY (6)

VieS: wii=w+f; (7)

VieS: fi= Z fivo - Fio(w;). (8)
veV

The total fuel consumption (1) measured by the difference of aircraft weight
before and after the flight is minimized; (2) ensures the flight duration within
a given time window; (3) preserves the time consistency; Only one speed is
assigned to each segment by (4), and the travel time on each segment depends
on the speed assignment by (5). (6) initializes the weight vector by assuming
all trip fuel is burnt during the flight; weight consistency is ensured in (7) and
the fuel consumption of each segment in (8) is calculated based on the speed
selection p and a piecewise linear function F [wo, Wmaz] — R interpolating
the fuel consumption F' based on weight. The piecewise linear function can be
modelled by three different formulations.
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The Convex Combination (Lambda) Method. A variant of the convex
combination (Lambda) method [5] can be formulated as follows. To interpolate F
we introduce binary decision variables 73, € {0, 1} for each k € K, and continuous
decision variables AL, A7 € [0,1] for each k € K.

dom=1 (9)

keK
Vee K: M 4= (9b)
w=Y (wk_1- N, +w - A}) (9¢)
keK
F(w) =" (F(wk-1) - A, + F(wg) - A7) (9d)
keK

The Incremental (Delta) Method. The incremental (Delta) method was
introduced by Markowitz and Manne [19]. It uses binary decision variable 15, €
{0,1} for k € K and continuous decision variables d; € [0,1] for k € K, and

Vke K: 1,20 (10a)
Vke K\{n}: & > Tpt1 (10b)
w = wy + Z (wr, — wi—1) - O (10c)
keK
F(w) = Flwo) + Y (Fluw) ~ Flaws—1) -5 (10)
kEK

The Special Ordered Set of Type 2 (SOS) Method. Instead of introducing
binary variables for the selection of a particular interval, we mark the lambda
variables as belonging to a special ordered set of type 2 (SOS). That is, at most
two adjacent variables from an ordered set (Ao, A1,...,An) are positive. Such
special ordered sets are treated by the solver with a special SOS branching [2].
We introduce continuous decision variables 0 < A\p < 1 for each k € Ky, and:

SOS(Ao; Aty oy Am) (11a)
w=> " (wr-1- A1+ w - Ar) (11b)
keK
F(w) =" (F(wg-1) - Ae—1 + Flwg) - A) (11c)
keK

The comparison of these classic piecewise linear formulations has been the topic
in many scientific publications on various optimization problems, including gas
network design [20], water network design [10], transportation [24], process en-
gineering [9], flight planning [27], etc. SOS method was found the best in [20],
while Delta method was best in [10], and mixed results among the three meth-
ods were presented in [24, 9, 27], despite the superior theoretical property of the
Delta method over the Lambda method [23].
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2.2 Problem Instance

Two of the most common aircraft types, Airbus 320 (A320) and Boeing 737
(B737), are used for our empirical study. The aircraft performance data are pro-
vided by Lufthansa Systems AG. We generated random instances including three
flight ranges for A320: 1000, 2000, and 3000 nautical miles (NM), and one flight
range of 1500 NM for B737. Two types of segment lengths are generated, the
homogeneous instances include segment lengths uniformly randomly generated
from 40 to 60 NM, while the heterogeneous instances include segment lengths
generated from a uniform distribution from 10 to 90 NM. The expected num-
bers of segments are 20, 30, 40, and 60 for flight ranges of 1000, 1500, 2000, and
3000 NM, respectively. Three time constraints are considered which require the
aircraft to accelerate over its unconstrained optimal speed by factors of 2%, 4%,
and 6%. For each of the four aircraft ranges with two homogeneities and three
acceleration factors, 10 random instances were generated, totalling 240 instances
for testing purpose. Besides, another 240 instances were generated in the same
way with different random seeds for training purpose. It is worth noting that
these instances represent a broad range of the vertical flight planning problem.

3 Performance Variability of MIP solver

The MIP solvers were believed by many researchers and practitioners for a long
time to be deterministic and perfect for benchmarking. The issue of performance
variability in MIP solvers was first introduced to the MIP community by [4],
where she reported a seemingly neutral change in the computing environment
can result in a drastic change in solver performance. An experiment in [6] also
reported a drastic performance variability of up to 25% by adding redundant
constraints. A performance variability of up to a factor of 915 for the MIPLIB
instances is also observed in [17] by randomly permuting rows or columns of a
MIP model. The roots of such performance variability were first explained in [17]
to be imperfect tie-breaking. There are many decisions to make in a branch-and-
cut process, e.g., the cut separation, cut filtering, and the order of the variables
to branch on, etc. Such decisions are made based on ordering the candidates by a
score. However, it is impossible to have a perfect score that uniquely distinguishes
all candidates at each step. When a tie in the score occurs, a deterministic choice
was always made, e.g., by taking always the first candidate. Therefore, changing
the order of the variables or constraints will lead to a change of path in the
tree search, thus very different behavior and performance in MIP solver. It was
further argued in [18] that even if a perfect score for tie-breaking exists, it may
be too expensive to compute. Therefore, randomness is intrinsic in MIP solvers,
and one can even exploit the randomness to improve performance as in [8],
where a bet-and-go approach was proposed that tried out a number of different
neutrally perturbed settings for a short runtime, and then pick the best setting
and continue for a long run. However, performance variability must be taken
into account in scalability study and benchmarking different formulations or
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Table 1. The performance variability of Cplex with default setting under two random
seeds for each testing instance: a fixed default seed and a randomly generated seed.

1 thread 12 threads

Method| #solved var.coef. e F##solved var.coef. e

def. /ran.seed avg. max. avg. max.| def/ran.seed avg. max. avg. max.

Lambda| 233/236 0.28 1.84 1.91 23.79| 240/240 0.15 0.82 1.18 2.39
SOS 48/49 0.33 1.06 1.50 3.23 64/64 0.37 1.72 1.82 13.49

Delta 227/230 0.34 1.48 1.59 6.70 220/220 0.22 1.37 1.31 5.31

new algorithmic ideas to avoid misinterpretation. A more detailed discussion on
performance variability can be found in [18].

In response to the issue of performance variability, MIP solvers start to break
ties randomly, and allow users to specify a random seed to initialize the random
number generator, e.g., Cplex since 12.5. Ready or not, it is time for us to accept
the fact that MIP solvers are randomized algorithms. An experimental study of
the MIP solvers should follow a proper experimental setup for randomized algo-
rithms, cf. [22,16]. An empirical study of a (randomized) MIP solver based on
a fixed random seed (as done in e.g. [20,24,10,9,27]) will limit the conclusion
to only a specific implementation of the MIP solver with a peculiar sequence
of random numbers. A proper experimental setup for studying a specific prob-
lem instance should be performed by running MIP solver with multiple random
seeds and collecting proper statistics; empirical study for a problem class should
include a wide range of instances from the problem class, and assign to each
instance a different random seed. Each instance can be paired with a unique
random seed, such that algorithmic candidates are evaluated on each instance
with the common random seed, so as to reduce evaluation variance [21].

All experiments ran on a computing node with 12-core Intel Xeon X5675 CPU
at 3.07 GHz and 48 GB RAM. We use Cplex 12.6 with both single thread and 12
threads. We fixed the memory parameters such as working memory (WorkMem) to
40 GB, and the node storage file switch (NodeFileInd) to 3. We first ran Cplex
with the default setting on the 240 testing instances. Two random seed settings
were run, one with Cplex default fixed seed, and the other assigned a different
random number to each instance as random seed. The goal is to evaluate the
performance variability of Cplex due to different random seed settings. Two types
of variability measure are used: (i) variation coefficient (termed variability score
in [17]), which is a relative variability measure defined as the standard deviation
divided by the mean, i.e., 2!?&?‘ where t; and t5 are the computation time
of the two random seed settings; (ii) the ratio of the maximum and minimum
computation time between the two random seeds for each instance, which is
also mentioned in [17]. Both the average and the maximum of both variability
measures across all instances are presented in Table 1. The variability measure
is calculated with only the instances that are solved within 300 seconds. The
variability of Cplex due to random seed on vertical flight planning problem is
certainly not negligible. The average variation coefficient is between 0.15 to 0.37,
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while average ratio is between 1.18 to 1.91. In general, the variability is higher
in single thread than parallel computation, especially in the Lambda method:
both its average measures are 60% to 85% higher in single thread, and it has
the highest max-min-ratio of 23.79, which is on an instance that is solved by a
randomly generated seed in 12.6 seconds, but takes the Cplex with default seed
300 seconds and still leaves a 0.02% gap. The variability appears to increase for
models that are harder to solve, i.e., the variability of the SOS is higher than
the Delta and then higher than the Lambda method. Note that the variability
measure for especially the SOS method is probably an underestimate, since it is
only calculated on a small set of solved instances. Hence although the parallel
SOS seems more variable than the sequential, the high variability scores are
mainly contributed by the 15 additional instances that are solved in the parallel
SOS but not in the sequential SOS. Although using the randomly generated seed
solves a few more instances to optimality than using the default seed in 1-thread
case, no statistical significant difference is found by Wilcoxon’s signed rank test
or binomial test.

4 Automatic configuration of MIP solver

4.1 Automatic solver configuration

The MIP solvers are highly parameterized matheuristic algorithms. Cplex 12.6
has a total of 159 parameters, where around 70 to 80 parameters can influence
algorithmic behaviors. Although Cplex claimed that “A great deal of algorith-
mic development effort has been devoted to establishing default ILOG CPLEX
parameter settings that achieve good performance on a wide variety of MIP
models.” [15, p. 222], this configuration needs not be a good choice for a specific
problem class of interest. Experimental study using MIP solver with only the
default configuration will limit the study to only a specific implementation of the
MIP solver with a particular parameter setting rather than a general algorithm.
Especially when empirically comparing algorithmic ideas, there will be high risk
of misinterpretation due to the interaction of the algorithmic idea with certain
algorithmic parameters of Cplex. Each algorithmic idea to be compared should
be given a fair amount of configuration effort by the same procedure.

The automatic configuration experiments are performed on the 240 training
instances. 11 copies of the training set of the instances are generated, each using
a different random instance order and a different random seed for each instance.
10 copies are used for 10 independent training trials, respectively, and one copy
is used for validation where the best configurations found in the 10 training trials
are compared. The best configuration identified by the validation phase is applied
to the testing set of instances to assess the quality of the automatically trained
configuration. The automatic configuration of Cplex on MIPLIB instances done
by Hutter et al. [13] has sped up over the use of default setting by a factor of 1.3 to
52. We followed the algorithmic parameter file for solving MILP by Cplex listed
at [12], which has a total of 74 parameters. Two parameters are removed from
the list: 1pmethod since no pure LP exists in our problem (LP relaxation in MIP
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Fig. 1. The comparison of three piecewise linear formulations: Delta, Lambda, and
SOS methods, solved by Cplex with default setting.

is controlled by MIP startalgorithm or MIP subalgorithm); NodeFileInd is
fixed to 3, such that it allows Cplex to write the node files to hard disk rather
than using a swap when the working memory (WorkMem) is exceeded.

There exists software for such automatic algorithm configuration tasks, e.g.
ParamILS [14] is used in [13]. We have used JRace, which is a Java software
for racing based configurators such as iterated racing [3] and post-selection [25,
29]. Each of the three piecewise linear formulations, Lambda, Delta, and SOS
method, is trained separately. The cutoff time for the validation and testing
phase is set to 300 seconds, and the cutoff time for the training phase is set to a
much smaller value of 10 seconds. For the instances that are unsolved with a gap
of 6% after the cutoff time x = 10 seconds, we modified the penalized average
runtime (PAR-10) of 10 -  in [13] to mPAR-10: 10 - s - (1 + (6 — 0.01)/10), such
that the unsolved runs during training can still compare with each other using
their optimality gaps. A configuration budget of 3000 evaluations is allowed for
each training trial, which amounts to maximum around 8 hours per trial.

4.2 Formulation Comparison with Default Setting

Figure 1 compares the three piecewise linear formulations, Delta, Lambda, and
SOS methods, using the Cplex default setting with 12 threads and randomly
generated seed on the testing set. The performance distribution plot on the
left shows the runtime or the optimality gap if unsolved after 300 seconds. The
Delta method is clearly better performing than the SOS, while it is also clearly
outperformed by the Lambda method except for a few smallest instances. The
runtime development plot on the right shows the percentage of instances that are
solved within a runtime or reach a gap after cutoff. It agrees with the clear trend
that the Lambda method is the overall best performing formulation of the three.
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Table 2. The comparison of the default configuration and the automatically tuned
configuration of Cplex and the performance variability induced by using the two con-
figurations. Number of solved instances, average runtime for solved instances, and the
number of wins (out of 240) over the other configuration are shown in the comparison
of the two configurations. The average speedup factor is also presented.

max

default tuned avg. | var.coef. :
min

Method #solved avg.time #win|#solved avg.time #win| spdup.|avg. max.|avg. max.

Lambda| 240 4.24 84 240 3.49 151 | 1.21 |0.20 0.83|1.25 2.42
SOS 64 38.72 39 67 18.87 170 | 2.05 |0.61 1.81|2.83 20.62
Delta 220 38.43 14 240 2.49 226 | 15.37 |1.19 1.92]9.24 51.99
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Fig. 2. The comparison of default and tuned parameter setting of Cplex on the three
piecewise linear formulations: Delta, Lambda, and SOS methods.

In fact, the Lambda method is the only one that solves all the instances within
300 seconds. The Delta method solves 220 out of 240, and the SOS method solves
only 64. The difference between the three is also statistically significant by the
Wilcoxon’s signed rank test or binomial test with a = 0.01.

4.3 The Automatically Tuned Setting versus the Default Setting

The comparison of the default configuration and the automatically tuned con-
figuration is listed in Table 2. The tuned configuration statistically significantly
outperforms the Cplex default setting for each of the three formulations. The
tuned setting of the Lambda method speeds up in average 21% over the default
setting, and performs better in 151 instances out of 240 while worse in 84. The
tuned setting of the SOS method solves 3 more instances to optimality, and is
more than twice as fast as the default setting in the solved instances, It also wins
in 170 instances while loses in 39. The tuned setting of the Delta method solves
all the 20 remaining unsolved problems, improves the default Cplex setting by
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Fig. 3. The comparison of three piecewise linear formulations: Delta, Lambda, and
SOS methods, solved by Cplex with tuned configuration.

an average speedup factor of over 15, and performs better in 226 out of 240 in-
stances. Different formulations benefit from automatic configuration differently.
This is best illustrated in Figure 2: the tuned configuration improves the Delta
method much more than the SOS method which benefits more than the Lambda
method. The performance variability measures due to the two different Cplex
configurations shown in the last four columns of Table 2 is also drastically higher
than the ones shown in Table 1. The highest ratio is ca. 52 times, with an in-
stance solved in 5.8 seconds by the tuned configuration while taking Cplex with
default setting 300 seconds with a gap of 0.03%.

4.4 Formulation Comparison with Tuned Setting

With the automatically tuned configuration, the ranking of the three piecewise
linear formulations shown in Figure 3 looks quite different from Figure 1 with
default setting. The Delta method clearly and statistically significantly outper-
forms Lambda method, and the average speedup is 40%. This shows that the
comparison of different MIP formulations heavily depends on the setting of the
MIP solver. Comparing them using only the default setting may limit the con-
clusion to only a particular implementation of the MIP solver. Generalizing such
conclusion may lead to misinterpretation. As a more reliable experimental setup
to benchmark different formulations, an automatic configuration of the MIP
solver should always be performed.

4.5 Further Analysis on the Tuned Configuration

Since the tuned configuration drastically improves the Delta method over the
default one for Cplex, a further analysis of the tuned Delta setting is conducted.
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Fig. 4. Solver performance when changing one parameter preprocessing aggregator
(left) or MIP subalgorithm (right) from either the default or the tuned configuration.

38 out of the 72 parameters have been varied by the automatic configuration. We
tried to vary from the default (tuned) configuration one of these 38 parameters
to its tuned (default) value, respectively, evaluated them on the testing instances
to assess their influence. The list of changed parameters and their default and
tuned value can be found in http://iridia.ulb.ac.be/~zyuan/downloads/
deltaParam.x1s. There are 15 parameter changes from the default setting that
can lead to a significant performance improvement (by Wilcoxon’s signed rank
test with o = 0.01). The most influential one is to turn off the preprocessing
aggregator (on by default). Varying only this parameter already solves the 20 by
default unsolved instances, and has an average runtime of 11.4 seconds, which
speeds up the default setting by a factor of 3.4. However, 3 single parameter
variations from the default setting leads to significant performance deterioration.
The most worsening one is changing the MIP subalgorithm from default value
of auto (i.e., always select dual simplex) to primal simplex, which takes 2.2
times longer runtime than the default setting. On the other hand, there are 7
parameters, changing which from the tuned configuration towards default leads
to statistically significantly worse performance. Again, the most influential is to
turn the preprocessing aggregator on from the tuned configuration, which
performs even worse than the default configuration for the hardest instances, as
shown in the left of Figure 4. An interesting observation is that the parameter
MIP subalgorithm also belongs to one of the 7 most influential parameters,
varying which from primal simplex to default auto statistically significantly
worsens the performance (p-value 1078), and takes in average 5% more runtime,
as shown in the right of Figure 4. This shows that it can be misleading to analyze
the influence of a single parameter to a given problem, or to set parameters
in a one-factor-at-a-time fashion, since it also depends on other parameters.
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Such parameter correlation should be taken into account, and a sophisticated
automatic configuration tool such as JRace should be a good choice.

5 Conclusions

MIP solvers are highly parameterized and randomized matheuristic algorithms.
In this article, we analyze the performance variability of a MIP solver Cplex, and
apply an automatic configuration to Cplex for comparing three classic piecewise
linear formulations in the vertical flight planning problem. The performance vari-
ability in Cplex due to random seed setting is certainly not negligible, the average
variation coefficient ranges from 0.15 to 0.37. The performance variability due
to different Cplex parameter settings is even higher, and the formulation com-
parison depends heavily on the Cplex setting. The experiments are conducted
using different random seed and automatic configuration tool JRace. The auto-
matically tuned configuration significantly improves the Cplex default setting in
all the three formulations by a factor of up to 15. Besides, the automatic config-
uration makes a theoretically superior but by default computationally inferior
formulation (the Delta method) stand out as the best performing formulation.
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Abstract. This paper addresses the scheduling problem of nuclear power
plant outages for maintenance and refuelling, defined for the Challenge
EURO/ROADEF 2010. Dual matheuristics compute dual bounds using
Mixed Integer Programming (MIP) formulations. A first step designs a
MIP formulation for the problem relaxing only 2 types of constraints,
declaring binary variables only for the decisions of outage dates. To have
tractable formulations, dual bounds are proven with simplified formula-
tions with time step aggregations and reductions on deterministic scenar-
ios, and also with some parametric constraint simplifications to remove
variables. Several sets of dual bounds are computable, improving signif-
icantly the former best dual bounds of the literature.

Keywords: matheuristics, stochastic programming, mixed integer programming,
dual bounds, EURO/ROADEF 2010 Challenge, maintenance scheduling.

1 Introduction

The 2010 ROADEF/EURO Challenge was specified by the French utility com-
pany (EDF), to address the large-scale scheduling problem of nuclear power plant
outages for maintenance and refuelling. The optimisation problem was formu-
lated using 2-stage stochastic programming for the challenge with uncertainty
on power demands, production capacities and cost. The first stage optimisation
problem concerns the weeks of outages on nuclear power plants and the refuelling
quantities. The second stage optimisation problem computes production plans
implied by the first stage decisions for all stochastic scenarios, to minimise the
average production cost over all the scenarios.

This article computes tractable lower bounds for the 2010 ROADEF/EURO
Challenge using Mixed Integer Programming (MIP) formulations. Our approach
can be seen as an illustration of dual heuristics for MIP emphasised in [11] :
heuristics are useful for MIPs not only to exhibit primal solutions, but also to
improve the quality of dual bounds. Branch-and-bound algorithms relied solely
on cutting planes, dual heuristic alternatives are to incorporate heuristic re-
laxations to improve dual bounds. Key points are to prove that the heuristic
relaxations lead to dual bounds for the original problem.
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State of the art of the 2010 ROADEF/EURO Challenge One major
difficulty of the challenge is to handle the size of the problem. The best results
were mainly obtained with a frontal local search like in [6]. Matheuristics were
also successfully and widely implemented for the challenge, taking advantage
of the modelling facilities of mathematical approaches, to design a heuristic
tackling big size instances. Several approaches used MIP or LP inside a heuristic
algorithm iterating following the 2-stage structure, like [1, 2, 7-9]. MIP is a useful
framework for the first level scheduling problem as implemented in [9], a variant is
to use Constraint Programming like in [2, 7, 8]. LP is useful to optimise separately
production or refuelling problems when outage decisions are fixed, like in [1,
9,13]. ([12,13]) approaches derived a heuristic from an exact method with a
MIP formulation on simplified problems before a reparation phase. A common
simplification was to aggregate the production time steps to weeks. [12] did
not aggregate the stochastic scenarios, solving a stochastic MIP by Bender’s
decomposition. However, this approach was not efficient to tackle the real size
instances. [13] fixed outage decisions on the average scenario with a column
generation algorithm dualising demand coupling constraints. Another efficient
MIP matheuristic is provided in [3], using a MIP deterministic formulation to
solve large scale instances on a average scenario with a VNS.

Dual heuristics and lower bounds for the challenge It was an open ques-
tion after the Challenge to have dual bounds for this large scale problem. The
only work which published dual bounds was [2] with two dual heuristics: a greedy
approach for a simple relaxation and a flow network relaxation solving a min-
imum cost flow problem. Amongst the exact methods, none could derive dual
bounds for the whole ROADEF problem. The big size of the instances was
a bottleneck to compute efficiently dual bounds for the whole problem of the
ROADEF challenge. The Bender’s decomposition [12] could theoretically fur-
nish dual bounds, but it is too limited in its resolution capacity. Other exact
approaches cannot derive dual bounds because of some restrictive hypotheses.
Especially, [13] discretises the production domain in the column generation sub-
problems, which strengthen heuristically the feasible domain and thus cannot
provide dual bounds for the original problem.

Paper outline New dual bounds for the ROADEF Challenge are provided
with restricted MIP computations, proving that the different restrictions imply
dual bounds for the whole problem. Section 2 gives an overview of the problem
constraints, while section 3 presents a MIP model for the problem, relaxing only
two sets of constraints. Section 4 provides a parametric family of dual bounds
by other constraints aggregations. To deal with smaller problems, sections 5 and
6 prove that dual bounds can be computed with the aggregation of production
time steps and the restriction of deterministic computations. The computational
results are reported in section 7 and the conclusions are drawn in section 8.
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2 Problem statement
We summarise here the problem description, we refer to [14] for more details.

Set and index Two kinds of power plants are modelled. On one hand, Type-
2 (shortly T2) power plants indexed with ¢ € Z, correspond to nuclear power
plants. T2 power plants have to be shut down for refuelling and maintenance
regularly. On the other hand, Type-1 (shortly T1) power plants are indexed with
J € J, model other power plants with more flexibility in the production.

Outages and production campaigns are indexed with the cycles k € IC for all
T2 plant. By convention, a cycle begins with the outage period for maintenance
and refuelling, before the production campaign.

The time horizon is discretised with two kind of homogeneous time steps.
The outage decisions are discretised weekly and indexed with w € W = [1; W],
whereas ¢ € T denotes production times steps from 8h to 24h. D; denotes the
duration of the production time steps. t,, denotes the first production period of
the week w € W, each production time step ¢ is associated to its week w;.

Stochastic scenarios are denoted with s € S, discretising the uncertainty on
demands, power productions and costs, each scenario s having probability 7.

Constraint|Description
CT1 For all s,t, the total production is the demand Dem;
CT2 For all s,t, the production of T1 plant j € J is in [Pminj,, Pmax},]
CT3 T2 plants productions are null during an outage
CT4-5 For all ¢ € T, the production of T2 plant ¢ is in [0, Pmax;]
CT6 Decreasing power profile at the end of nuclear cycles (relaxed here)
CT12 Modulation constraints (relaxed here)
CT7 The refuelling of outage k of T2 plant 4 is in [Rmin, x, Rmax; x|
CT8 Initial fuel stock for T2 unit 7 is Xi;
CT9 Dynamic evolution fuel stocks/production for T2 units.
CT10 Refuelling losses when refuelling outage k of T2 plant ¢
CT11 The fuel level is in [0, S; ] for cycle k of T2 unit 3.

The fuel level must be lower than A; ,41 to process outage k + 1
CT13 Time windows constraints for the beginning dates of outages
CT14-18 |Minimal spacing/ maximal overlapping constraints amongst outages
CT19 maximal overlapping constraints among outages with resource constraints
CT20 Maximal number of simultaneous outages
CT21 Maximal power off-line due to outages

Table 1. Definition of the constraints of the challenge ROADEF

Objective function The objective function minimises the expected cost of
production while satisfying customer load for all time steps and all production
scenarios. Production costs of T1 units j are C$, proportional to the production
levels for all scenarios s at time step ¢t. Production cost of T2 units are calculated



Dual Heuristics and New Lower Bounds for EURO/ROADEF 2010 63

proportionally to the fuel consumption: proportional refuelling costs Cj, are
considered, and reduced with the proportional cost of the remaining fuel with a
proportional factor le, , to avoid end-of-side effects.

Constraints description Table 1 defines the constraints with their nomencla-
ture from CT1 to CT21 in the challenge specification [14]. CT1 are the demand
constraints to equalise productions and demands for each time step and each
scenario. Constraints CT2 to CT6 and CT12 model production constraints: pro-
duction bounds for T1 and T2 power plants and specific technical constraints
of nuclear power plants CT6 and CT12 which are relaxed in this study. Con-
straints CT7 to CT11 model stock level constraints: bounds on stock levels and
refuelling and CT9 is the equation linking T2 production and fuel consumption.
The remaining constraints (CT13 to CT21 ) are specific to T2 plants outage
scheduling: time window constraints to begin outages, minimal spacing/ max-
imal overlapping constraints amongst outages, and limitations of simultaneous
outages.

3 MIP formulation relaxing CT6 and CT12

In this section, we provide a MIP formulation for the problem, relaxing only con-
straints CT6 and CT12 similarly as [12]. It leads to a MIP formulation where the
only binary variables are the outages weeks decisions. A major modelling differ-
ence with [12] is in the binary variable definitions of d; j ,,: we define d; ., =1
if and only if the outage beginning week for unit ¢’s cycle k is before week w.
Other continuous variables to have a linear formulation are refuelling quanti-
ties r; 1, for each outage (7, k), T2 power productions p; j ¢ s at cycle k, fuel stocks

init fm

at the beginning of campaign (z k) (resp at the end) zy, wy ), T1 power pro-

ductions p; ¢ s, and fuel stock x s at the end of the optimizing horizon.

It gives rise to the MIP formulatlon below. (2) is required with the defini-
tion of variables d. (3) and (4) model CT13 time windows constraints: outage
(i, k) is operated between weeks To, ;, and Ta; . (5) models CT1 demand con-
straints. (6) models CT2 bounds on T1 production. (7) models CT3, CT4 and
CT5 bounds on T2 production. (8) models CT7 refuelling bounds, with a null
refuelling when outage 4, k is not operated, ie d; ,w = 0. (9) writes CT8 initial
fuel stock. (10) writes CT9 fuel consumption constraints on stock variables of
cycles k zinit { s (11) models CT10 fuel losses at refuelling. (12) writes CT11

i,k,s?
bounds on fuel stock levels only on variables xz’}ji which are the maximal stocks
level over cycles k. thanks to (10). (13) models CT11 minimum fuel stock before
refuelling, these constraints are active for a cycle k only if the cycle is finished at
the end of the optimizing horizon, ie if d; y4+1,w = 1, which enforces to have dis-
junctive constraints where case d; p4+1,w = 0 implies a trivial constraints thanks
o (12). (14) is a linearising constraints to enforce xf to be the fuel stock at

the end of the time horizon. acfg is indeed the xff,cn such that d; ,w = 1 and

di +1,w = 0, for the dlSJU.IlCthG constraints (14) that write a trivial constraints
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in the other cases thanks to (12), we define S; = maxy S; k. (15) is a common
framework for scheduling constraints from CT14 to CT21, which was noticed
independently in [9, 12].

UO—manCzkrzk"'Zﬂ-s ]StD pjét_zﬂ-é 7,8 zs (1)
7,8,t

Vi, k,w, dikw—1 < di kyw (2)

Vi, k, ik, To; -1 < 0 (3)

Vi, k, dik,Ta; ), = 1 (4)

Vs, t, sz Pik,s,t + Zj pj,s,t = Dem"® (5)

Vi, s, t, Pmin},; < p;s: < Pmaxj, (6)

Vi, k st pikst < Pmaxi¢(dikw—Da, ), — dik+1,0;) (7

Vi, k, Rmin;  dix,w < 7 < Rmax; i dig,w (8)

Vi7 k"v 87 xzflkns - xznklts Et Dt pi,k,S,t (10)

Vi k,s, xy, —Boik =Tik+ Q1 — (95{1;?71 —Bojk-1) (11)

Vi, k, s, i < Si,k (12)

Vi, k, s, {’kns SAiki1+(Sik — Aipy1)(1 —digr1,w) (13)

Vi, k, s, x{sg fl,C"S—FS( —dip,w +digr1,w) (14)

Vc,w, Z(z k)EAC(a'bkw zkw) /Bw (15)

de{0,1}N,r,p,x >0 (16)

vg is a dual bound for the whole problem, relaxing only constraints CT6
and CT12. To face the resolution limits to calculate vy, more relaxations are
considered in the following.

4 Parametric lower bounds with outage relaxations

In this section, we underestimate v to have easier computations of dual bounds.
The idea is to relax the constraints CT3 that T2 production is null during all
the outages k > k°. For k > kU, it allows to remove binary variables di kow)
having only binaries 0; ; = d; x,w to compute refuelling costs for T2 units. T2
productions are aggregated in one global production for cycles k > k% thanks to
the outages relaxations. This aggregation of nuclear productions requires to ag-
gregate the refuelling constraints and variables for cycles k > k% to ensure that
the global nuclear production is feasible. Constraints My ordog > b%do are the
restriction of constraints M°74°d > b°T4° with only varlables di 1o With k < K.
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U;gw_mlnzclknk—&—Zm P D Pt — ZTI’S 1T (17)

G5t
Vi, k, 0ik+1 < Oik (18)
Vi, k < k2, 0ik = dik,w (19)
MEed > b (20)
Vi, k, Rmin; x 0sk < 7ix < Rmax; p 0ix (21)
Vi, s, t, Pminj,; < pj s+ < Pmax;, (22)
Visk < k%, s,t, 0<pirss < Pmaxj,t(di,k,w,,_nai,k — ikt 1,w) (23)
Vi, s, t, Pi k0,5t < Pmax;,d; 1o, —pa, o (24)
Vs, t, D i kk0 Pikys,t T 25 Pisit = Dem"* (25)
Vi, zit = Xi; (26)
Vi, k < k°, 0< xz*;;t <Sik (27)
Vi, s, t, k < k°, 0< /™ =2 =5, D pikos (28)
Vi, s,k < k°, xzflsnk <Akt + (Sik— Asky1) (1 — 05 641) (29)
Vi k <K’ 2% —Boik = rik + QZ k= (:rifﬁf,l —Bojk-1) (30)
Vi, k < k°, J:f < fm +S; (1 + 0i k41 — Oi k) (31)
Vi, o<zl <5, (32)
de {0, 1}, r,p,2>0 (33)

This formulation provides dual bounds for v?*, and thus allows to compute

dual bounds for the whole ROADEF problem with proposition 6 using less con-
tinuous and binary variables:

Proposition 1. For alls €S and k° € K, vgl,fo < vdet,

S

Proof: Let (d}}, ., 77 k> Pi kw» P> *°) be an optimal solution of the MIP defin-
ing vZ*. To prove that v"'¥, < v, we prove that we have a feasible solution of
the MIP defining v['fo with 0, = df ;. v, dikw = df ., for k <K%, pjw =pj,
s Piskaw = Djja fOr k< KO pi o = Zk%cop;k’w and x = z*. The feasibil-
ity of the constraints defining vrl,fo with the same objective function will prove
s,lko < ’1}2.

(24) are the only constraints that are not trivially verified.

0<p;pw< Pmax] w(dikw-Da,,, — dik+1,0). It implies
Di k0w = Zk;ko pi,k,w < Pmaxj-’w Zk>k0(di,k,w7Da7yyk - di,kJrl,waaqy,kJrl)v as
di k+1,w-Da; i1 < ikt1,0-

The telescopic sum and d; g+1,, = 0 imply (24). O
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5 Dual bounds by time-step aggregation

In this section, we prove that time step aggregation for the nuclear power plants
allows to compute dual bounds under some assumptions. Whatever the MIP
formulation chosen after section 3 or 4, we have a MIP giving dual bounds for
the challenge EURO/ROADEF 2010 of the form where y; > 0 consider only the
production variables of T1 and T2 power plants, whereas x € X denotes the
other variables which are not indexed with ¢t € T

_ . 1 t 2

V= min, YDl @
st:T'z+ >, D'W/ly > h' (35)
Vi,  T?z+ W2y > h? (36)

An important point for the following results is that 7%, 72, W', W?2 do not
depend on t. Furthermore, D? is constant in the dataset of the challenge, and
we take the hypothesis that the T1 production costs c? are only depending on
the weeks, so that we can define ¢, for all weeks with ¢2, = ¢} for all ¢.

We define the MIP ¥ as the aggregation of v where D! and D* denotes the

. . _ Dt —2 o 2
constant durations of time steps and weeks, o = and h, =« Zt,wt:w hi.

Dw>
— . 1 w—2
v=_Join cx+ g D“Cyw (37)
st:T'z 4> D“W'yy, > h' (38)
V’LU, T21‘ + W2yw 2 Ei} (39)

Proposition 2. Aggregating production time steps to weeks provide a dual bound
for the disaggregated problem: v < v.

Proof: Let (z*,yf) be an optimal solution of the MIP (34-36). Let 7}, =
azt,wtzw yy, we have just to prove that (z*,7}) is a feasible solution for the
MIP defining ©. Indeed, the objective cost associated with (z*, 7’ ) would thus
be greater than the optimum 7: ¥ < cla* + Y w ﬁwéfvﬂz = v, noticing that
t

S0 D T = Y o St T8 = Xy DI

Constraints (38) are proven for (z*,7;) from (35) using:
YW DYWhys, = WD a 37, 37, - v = WID' Y,y
Thus Tz* + Y, DUWlyt =T'2* + 3, DWly; > bl

Constraints (39) are proven for all week w aggregating constraints related to
time steps ¢ with w; = w with weight D?:

> DT+ Y DtWQyZ‘:DwTQm*+< > DtW2y,f> > ) D'n.

t,awe=w t,we=w t,awe=w t,we=w

Hence, D, T%z* + aD'W?2y > Dwﬁi which proves (39). O
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6 Dual bounds by scenario decomposition

In this section, it is proven how to calculate dual bounds with deterministic
computations. Therefore, we define the following MIP as a general expression
for the MIP giving bound after section 4, 5 or 6, with exact preprocessing and
possibly the lastly aggregation.

sto = i T sCsYs 4
v o z+;7rcy (40)
s.t: Az > a (41)
Vs, Tsx + Wys = hg (42)

In this denomination,  denotes the the first stage variables d;  w, 7 &, Ys = 0
gather the other continuous variables duplicated for all scenario s. We denote
v the following deterministic MIP for all scenarios s € S:

det :
= x s 4
vl on, o ca + csy (43)
st Az >a (44)
Tox + Wy > hl (45)

Proposition 3. We have ZS st;j“ < v < vg. In other words, dual bounds
for the whole ROADEF problem can be calculated with |S| independent parallel
computations of dual bounds on reduced problem with single scenarios.

Proof: We reformulate the problem duplicating first stage variables for all sce-

narios rs = x and using relation ) o7, = 1:

T = min g MsCyxTs + E TsC
2. EXy>0 stxLls sCslYs
S S

s.t: Ar > a
Vs, ¥ =z
Vs, Az, > a

Vs, Tz +Wys > hl

Relaxing constraints z° = x, we get a dual bound for v;. This relaxation implies
independent sub-problems for all scenarios:

T > min E TsCr® + g CsYs
S S

s.t: Vs, Az, > a
Vs, Te +Y,, Wys > hl

The sub-problem related to s has value 7,09, it proves > wsvdet < v¥te. O
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7 Computational results

Our implementation used OPL and Cplex version 12.5 to solve MIP and OPL
script to compute iteratively successive MIP. Our experimentations were com-
puted with a laptop running Linux Ubuntu 12.04 with an Intel Core2 Duo pro-
cessor, 2.80GHz. MIP computations were limited to 1h. We used the dataset
from the EURO/ROADEF 2010 challenge which is now completely public, we
refer to [14]. Table 2 indicates the instances characteristics, instances B and X
are representative of real-world size instances, whereas A was the qualification

dataset of the challenge.

I JKS T

W

varBin

LP time

inf0 sup0 time

inf sup time

Al
A2
A3
A4
A5

10116
18216
18216
30316
28 316

10
20
20
30
30

1750 250
1750 250
1750 250
1750 250
1750 250

3892
78896
8162
17465
15357

0,17% 0,09
0,22% 0,4
0,36% 0,11
0,95% 3,1
0,90% 7,5

0,00% 0,00% 1,1
0,02% 0,00% 3,8
0,05% 0,00% 4,4
0,42% 0,09% 21,4
0,53% 0,44% 55

0,00% 0,00% 1,1
0,00% 0,00% 4,9
0,00% 0,00% 3
0,00% 0,00% 334
0,15% 0,00% 3600

B6
B7
B8
B9
B10

50 25 6
48 27 6
56 19 6
56 19 6
56 19 6

50 5817 277
50 5565 265
121 5817 277
121 5817 277
121 5565 265

24563
35768
69653
69306
29948

2,23% 11,2
2,90% 66,7
9,47% 244
8,51% 350
3,45% 14,7

0,61% 0,51% 64
0,78% 1,99% 346
7,95% NS 3320
6,69% NS 3600
0,66% 0,27% 77

0,13% 0,00% 3600
0,52% 0,98% 3600
7,95% NS 3600
6,69% NS 3600
0,07% 0,00% 3600

X11
X12
X13
X14
X15

50 25 6
48 27 6
56 19 6
56 19 6
56 19 6

50 5817 277
50 5523 263
121 5817 277
121 5817 277
121 5523 263

20081
27111
30154
30691
27233

1,65% 12,1
2,98% 21,6
2,61% 17
3,09% 25
3,60% 13,4

0,58% 0,46% 124
0,58% 0,35% 145
1,30% 1,56% 411
1,22% 0,81% 267
0,47% 0,45% 100

0,37% 0,01% 3600
0,20% 0,00% 3600
1,09% 0,22% 3600
0,89% 0,04% 3600
0,10% 0,00% 3600

Table 2. Characteristics of the instances and MIP convergences for one scenario and
weekly time steps: cardinality of sets Z,J,/K,S,7, number of binaries, comparison
of the gap of dual and primal bounds to the best primal solution known after LP
relaxation, after Cplex cuts at the root node, and in one hour MIP resolution

MIP resolution for single scenarios instances With Cplex 12.5, dual
bounds could be computed for all instance with a single scenarios, as shown in
Table 2. Hence, we had tractable dual bounds of the whole ROADEF problem
computing Y v} where v} are lower bounds of v or v:f,fo that are obtained
in a LP or a MIP truncated resolution in 1 hour. Furthermore, we observed that
the variable definition is crucial in the efficiency of the branching quality: our
level variables d; ;. < d;kw+1 imply better branching and MIP convergence
than using binaries @; g w = dikw — dikw—1 as in [12] with GUB constraints
Y w Tikyw < 1. These results are coherent with [4, 15].

We observed significant improvement in the MIP convergence in truncated
resolution time with a preprocessing to remove variables. A common prepro-
cessing for the Challenge EURO/ROADEF was to reduce the time windows
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and to remove T1 production variables. Exact and heuristic preprocessing are
especially proposed in [12]. To compute dual bounds, data preprocessing must
induce optimal variable fixing which restrict the preprocessing possibilities. The
propagation of calculated minimal durations for production cycles (i, k) thanks
to CT11 and max stock levels and fuel consumption allows to tighten the time
windows. Furthermore, T1 production variables can be fixed bounding the T2
production and noticing that once the T2 production fixed, the optimisation of
T1 production is equivalent to the resolution of independent knapsack problems
for all scenarios s and time steps t.

Lower bounds for the dataset A None of the dataset A instances fulfils the
hypothesis to apply the time step aggregation of section 5. Single scenario com-
putations with disaggregated time steps were tractable to provide dual bounds.
Table 3 compares the dual bounds for the ROADEF challenge computing dual
bounds of 3, w509t with LP relaxation, and MIP computations truncated in
30 minutes, to the parametric bounds ) stgf,fo with k% = 4 and k° = 5 and
MIP computations truncated in 30 minutes. Our dual heuristics improve signif-
icantly the former best lower bounds in [2]. The exact formulation gives better

results than the parametric formulations of section 4, the difference between vglg

and v?°! is mainly explained by the approximation of the remaining fuel cost.

Comparing the dual bounds got computing lower bounds of v for all s € S
emphasises the impact of the cuts and branching of Cplex already shown with
table 1.

Primal |best U;lf oI Tpdet g detdet Thyal

Best 2] MIP MIP |[PL  +cuts MIP |Best Gap

Al |169538M|2,35%10,58% 0,12%)0,33% 0,13% 0,08%|169403M 0,08%
A2 |146048M|4,15%]1,48% 0,45%|0,70% 0,41% 0,31%145593M 0,31%
A3 |154429M3,87%]1,93% 0,81%|1,15% 0,58% 0,47%|153704M 0,47 %
A4 111591M|8,30%|3,44% 2,46%2,90% 2,05% 1,60%|109801M 1,60%
A5 |125822M|10,6%|5,15% 4,14%14,36% 3,77% 3,54%|121366M 3,54%
Set A[707428M5,4% (2,32% 1,42%|1,71% 1,23% 1,07%/699869M 1,07%

Table 3. Dual bounds on the dataset A

Lower bounds for the dataset B and X For all the instances of the dataset
B and W, the hypothesis holds to apply the time step aggregation of section
5. Lower bounds were computable in practice with the scenario decomposition
with aggregated production time steps. Table 4 compares the dual bounds for
the ROADEF challenge computing dual bounds of 79¢* with LP relaxation, and
MIP computations truncated in 1 hour, to the bounds obtained with parametric
simplified formulation of section 6 with k% = 4 and k° = 5, to the former best
bounds of the state of the art in [2]. Our dual bounds outclass significantly
the former best dual bounds of the literature. We note that the best bounds
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of [2] were slightly better than the first parametric dual bounds with k° = 0,
parameter k° = 1 already improved the bounds of [2].

With 1A limit for MIP computations, parametric formulations with k% = 5
gives better dual bounds than the exact MIP formulation for the most difficult

instances. This seems paradoxical as sub-problems ﬁglg converge to optimality
to a worse value than 79°*. The approximation done with £ = 5 is slight, as

economically interesting solutions avoid to schedule 6 outages. whereas the vari-
ables corresponding to k° = 6 are numerous, and handicap the MIP resolution.
Computing 6215 instead of 7% allows to accelerate significantly the MIP reso-
lution, it reaches more advanced phases of the Branch&Bound convergence and
thus better dual bounds in 1h.

—rlz —rlz

Primal |best |v} 7% Us.b et et et Dual

Best 2] MIP  MIP PL +cuts MIP  |Best Gap
B6 |83424M |16,5%|6,85% 5,36% |7,02% 5,72% 5,30% |79003M 5,30%
B7 81174M (15,5%|7,23% 6,31% [9,60% 8,94% 7,64% |76053M 6,31%
B8 |81926M |23,6%]|14,52% 12,39%|(17,06% 15,51% 15,51%|71772M 12,39%
B9 [81750M |21,7%|12,71% 11,65%|16,43% 15,21% 15,21%|72224M 11,65%
B10 [77767M [18,0%|8,33% 7,32% [10,01% 8,27% 7,7%1 |72075M 17,32%
Set B|406041M|19,1%(9,94% 8,61% [12,03% 10,74% 10,28%372424M 8,60%
X11 [79116M [15,4%6,45% 6,01% [6,73% 5,36% 5,58% |74698M 5,58%
X12 |77589M |14,2%|7,42% 6,68% [9,05% 7,49% 7,06% |72405M 6,68%
X13 |76449M [18,7%|10,17% 8,09% (8,92% 8,12% 7,78% |70502M 7,78%
X14 |76172M |17,2%|9,64% 7,85% [9,70% 8,79% 8,36% |70196M 7,85%
X15 |75101M [17,6%|10,02% 8,98% [11,90% 9,67% 9,18% |68354M 8,98%
Set X|384427M|[16,6%|8,72% 7,50% [9,23% 7,96% 17,57% |357396M 7,35%

Table 4. Dual bounds on the datasets B and X

8 Conclusions and perspectives

Conclusions New dual bounds for the 2010 EURO/ROADEF Challenge are
computed with the restriction of the MIP problem sizes. The relaxation of CT6
and CT12 allows to have a MIP formulation declaring binary variables only
for the decisions of outage dates. A parametric aggregation of outages leads to a
parametric family of dual bounds. To deal with smaller problems, we proved that
dual bounds can be computed with restrictions to deterministic computations
and aggregated production time steps for the datasets B and X. This leads to
tractable computations, outclassing significantly the former best dual bounds of
the literature, justifying also the quality of the primal solutions of [6].

Perspectives This work offers new perspectives to improve the dual bounds us-
ing lighter partial relaxations. Other perspectives are to derive primal matheuris-
tics from our dual bounds computations, using the partial solutions with time
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step aggregation and scenario decomposition to build a primal solutions. This
work offers also special perspectives to improve the approach developed in [12].
First, our variable definition improve the MIP branching which would be in-
teresting for their MIP computations. The parametric formulation of section 4
would be interesting for the generation of Bender’s cuts: having less continuous
variables and less constraints in the Bender’s sub-problem, the cut generation
would be more stable. Low parameters k” furnish a very stable cut generation
while k° = 5 would furnish good quality approximated cuts.
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Matheuristics for the Discrete Unit Commitment
Problem with Min-Stop Ramping Constraints

Nicolas Dupin, El-Ghazali Talbi
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Abstract. The discrete unit commitment problem with min-stop ramp-
ing constraints applies for thermal units. To face the operational time
limit for resolution, this article derives efficient matheuristics from MIP
formulations previously obtained. Constructive matheuristics defines vari-
able fixing and relax-and-fix strategies. To improve known feasible so-
lutions, a Variable Neighbourhood Search scheme is implemented us-
ing MIP neighbourhoods with variable fixing strategies. The resulting
matheuristic outclasses significantly the MIP frontal resolution in the
truncated time of the industrial application.

Keywords: Matheuristic, mixed integer programming, unit commitment prob-
lem, relax-and-fix heuristic, variable neighbourhood search.

1 Introduction

Unit commitment problem Energy management induces several level of optimi-
sation problems from strategic decisions in an uncertain environment to daily
production decisions, we refer to [20]. Electricity production problems are gath-
ered in the Unit Commitment (UC) problems category, dispatching at lesser-cost
the generated productions to match supply and demand. A large taxonomy of
UC problems exists, depending on the time horizon and on power generation
types. Short term UC problems provide production decisions to be operated,
which requires to have a fine description of technical operating constraints like
[2], whereas long term UC problems provide strategic decisions in an uncertain
environment, with an aggregated description of operating constraints, like [14].

Industrial motivations This article was motivated by daily UC problem consid-
erations, to optimize real-time adjustments to match production and demand.
Hydraulic units are appropriate for real-time adjustments of production thanks
to their high modulation capacities. The motivating study concerns the ability
of the French thermal fleet to participate in real-time adjustments. A strong lim-
iting factor comes from the minimum stop and ramping constraints illustrated
in Figure 2. Furthermore, operational production plans of thermal units follow
discrete values in the French Utility company. The applicative context required
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thus to study the original problem UCPd, a discretized UC problem with mini-
mum stop and ramping constraints for thermal units. A specific MIP formulation
has been developed in [9], with a polyhedron formulation work. This paper seeks
to find the best solutions in the short truncated resolution time required by the
operational application.

p

Pl
Pmax

Plui) |

/ J

Pmin

P(il)

Fig. 1. Stop constraints Fig. 2. Minimum stops on operating power points

Resolution of thermal UC MIP is an appropriate framework to handle opera-
tional constraints for UC. Formerly, MIP models of UC problems were commonly
solved with Lagrangian decomposition, giving rise to Lagrangian heuristics like
in [7]. Recent advances in MIP increased significantly the frontal resolution lim-
its which benefits UCP, we refer to [2,4]. This induced significant academic work
on MIP formulations and polyhedral studies, we refer to [2,5,18]. UCPd is very
close to the operational resolution that is operated in the French Utility com-
pany for thermal units, we refer to [7,20]. The resolution method on the whole
French fleet (nuclear, thermal and hydro power plants mainly) is presented in
[7],it is a Lagrangian approach dualizing demand constraints. Each thermal unit
induces a decoupled sub-problem after the dualization, for a dynamic program-
ming resolution with discretized power levels and ramping constraints.

MIP primal heuristics Heuristic ideas implemented in MIP solvers led to sig-
nificant improvement for the practical efficiency of the Branch& Bound (B& B)
algorithm (we refer to [3] for a survey). Constructive heuristics are based on
the continuous solutions given with Linear Programming (LP) relaxation, with
rounding operations, Feasibility Pump (FP) ([10]) or with diving strategies in
the branching operations (we refer to [1]). Once a feasible solution is found,
B&B primal heuristics inspired from local search algorithms led to significant
improvement, considering a small optimization problem around the incumbent.
RINS heuristic (Relaxation Induced Neighbourhood Search, see [6]) fixes the
integer variables which are common in the incumbent and in the continuous
solution. Local branching strategies - introduced in [11] - implements a tradi-
tional local search using the incumbent, defining neighbourhoods with a maximal
number of modifications in the latter.
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Variable Neighbourhood Search In this paper, we focus on Variable Neighbour-
hood Search (VNS) methodology to escape local extrema. VNS was first pro-
posed in [15]. Since, it has rapidly developed both in its variants and applica-
tions, we refer to [12,16]. VNS considers different types of neighbourhoods and
changes systematically the neighbourhood within the local search. The way to
escape from a local optimum relative to a neighbourhood is to consider another
neighbourhood where the current solution can be improved. VNS ideas can im-
prove Local Branching, as developed in [17]. Furthermore, a variant of VNS -
Variable Neighbourhood Decomposition Search (VNDS) introduced in [13] - al-
lowed to improve MIP generic primal heuristics incorporating VNS ideas. An
other way to couple VNS and MIP is to define large MIP neighbourhoods in a
VNS scheme, like in [8,21]. We note that VNS was already successfully applied
to UC problems in [8, 22].

Paper outline This paper is organized as follows. In section 2, we introduce
the problem UCPd. In section 3, we present the MIP compact formulations for
UCPd used for the math-heuristics. In section 4, constructive matheuristics are
obtained with variable fixing and Relax-and-Fix strategies. In section 5, a Vari-
able Neighbourhood Search scheme is presented using MIP neighbourhoods. In
section 6, the computational results are discussed. In section 7, our contributions
are summarized, discussing also future directions of research. We refer to Table
1 for the notations.

u € U index and set to designate generating units.
t € T index and set for optimization time steps, ¢t = 0 is initial period.
i € Z,, index and set for operating points of unit u, ¢ = 0 is null power.
i Initial point at ¢ = 0 for unit w.
N,  Number of operating points for unit w.
P,,; Power generated by unit v at point .
Rllm Maximal capacity in primary reserve for unit u at point i.
Rf“ Maximal capacity in secondary reserve for unit u at point i.
A% Minimum down time for unit w.
A" Minimum up time for unit wu.
Minimum stop time at ¢ for unit v before ramping up to i + 1.
Minimum stop at i for unit v before ramping down to i — 1.
Df  (Forecast) demand in power for period t.
D' Demand in primary reserve for period t.
DF?  Demand in secondary reserve for period t.
CS  Start-up cost for unit w.
CF  Fixed cost whenever unit u is up.
CF  Proportional cost to the power generated by unit w.
Table 1. Notations for the problem UCPd
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2 UCPd, a discrete Unit Commitment Problem

The originality of the UC problem UCPd is that the production domain is dis-
crete, production points are called operating points. Ramping constraints and
minimum stop constraints illustrated in Figure 2 are aggregated in the operat-
ing points, as illustrated in Figure 1. UCPd focuses on a short term UC problem
describing precisely operating constraints of thermal units. We consider that
units u € U are generating independently. This hypothesis holds for thermal
units, not for hydraulic units. The objective function of thermal units gathers
start-up costs, online set-up costs, and proportional costs to the generated power.
Production possibilities are discrete, whereas demands remain continuous.
To face such difficulties, we write demand constraints as inequalities rather than
equalities, producing at least the demands at any time. Minimizing produc-
tion costs dissuades to over-generate power, which justifies such hypotheses. We
consider also two types of reserves, namely primary and secondary reserves, to
equalize real-time production and demands. Primary and secondary reserves dif-
fer in the operating delays. Reserve constraints are modelled similarly to power
demands: every unit has limited capacities in each reserve in its operating points.
The planning must also fulfil at least imposed reserve demands at any time. It
implies a multi-knapsack structure for all time step ¢. To model possible power
variations, three types of dynamic constraints are considered for UCPd:

— Min up - min down constraints: every unit v has a minimum up time AZ*
and a minimum down time A2// exactly the same constraints in [19].

— Dynamic transitions: When a unit generates at an operating point i at period
t, the allowable transitions for period t 4+ 1 are either to keep operating at
point 4 or to shift to a neighbour point j € {i — 1,7 + 1}.

— Min stops on operating points: Once unit u is on point i, the power must
be stabilized during Ajz (resp. A;i) time steps, before reaching point 7 + 1
(resp. i — 1). These minimal durations on operating points depend on the
next move, combining a min-up time for all operation points and the required
time to reach the other operating point as illustrated in Figure 1. We note
that at point 0, we generalize min-down constraints, Ag// = Al .

p P
o o o o o o a] o o o a o
o o o o o o
o o o % X X
o o o o o o X x X xoox x
w <0 _ 1 o s’ =0 ‘ x 11 =1 o =0 t

Sudt T u,

Fig. 3. State variables vs Level variables
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3 MIP formulation

In [9], several tight and polyhedrally equivalent MIP formulations were provided

with two variants of variable definition illustrated in Figure 3. For efficient MIP
heuristics and branching as stated in [9], we use in this article variables xff)t €
{0,1}, referred to as level variables, xs)t = 1 indicating that unit v generates

power at operating point ¢ or upper. We extend with 20 = 1, (N“+1) = 0.

u,t T
The alternative in [9] was to define state variables, sfl)t, Wlth sff)t = 1 if unit
u generates exactly at operating point ¢. Start-up variables y ~ and y( O are

also introduced to have tight formulations, to have following MIP formulation
for the problem UCPd:

min Z Clal) + CoylTT + Z P (Pui— Pui—)aly (1)

Yu, :ES)O = L0 (2)
Y, t, i Ty <ali) (3)
Vu t, i =) >3l (4)
W t, i, o =2l YT =y (5)
Vu, t, Zt/:t—AgﬁH y’t(l,li)f’ < mffi (6)
Yu,t, Ei,_t AOff_H yilzfr <1l- xil,l)fflu (7)
Vugti, oy S T 42 <o) (8)
v, S ui(Pui = Puiz1) o) >Df (9)

v, S (RL —RL, ) 2l > D" (10)

vt, (R - R? L) 2 > D2 (11)

Vu, t,, yEPJ, o ,xfﬁt € {0,1} (12)

The objective to minimize (1) is a linear combination of fixed costs, start-up
costs and proportional costs to the power generated. Constraints (2) are implied
by the level variables definitions. Min up - min-down constraints are (6),(7),

using formulation in [19] with set-up z,,; = :c( ). The transitions constraints

are coded with (3-4). (8) express minimal stops on operating points. A start-up

y£ )t+ = 1 implies on the next periods t < ¢/ <t + AL, i)t, =1 and mff{,l)
0, giving rise to constraints (8). (9), (10) and (11) are demand constraints in

generated power and reserves.
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4 Constructive primal matheuristics

The LP relaxation has high quality as shown in [9]. It suggests to use continuous
relaxations to build constructive matheuristics, with variable fixing or Relax-
and-Fix heuristic strategies.

Variable fixing heuristics Following fixing strategies using the LP relaxed solu-
(@)

tions 7,3 were implemented:

— hFix01: For all variable such that Z,, Z) e {0,1}, we xfj = S)t

— hFix0 : For all variable such that Z N( ) =0, we fix :c =0.

— hFct01 : Same strategy as hFix1, applymg only for z =1.

— hFct0 : Same strategy as hFix0, applying only for i = 1.

— hSelect : we remove the power plants u in which production is systematically
null in the continuous relaxation, ie such as for all ¢, :c(z) 0.

— hTube : power plants are first removed using hSelect. For the remaining
units, if x(H ) =1 (resp .%‘(lt D= 0), we fix acff)t =1 (resp 0).

— hTube3 : we consider three scenario for the demands :the real one, an in-
creased demand and an underestimated demand. For these three scenario
we calculate the continuous relaxation, and we fix the common variables of
the hTube strategy fixation.

Noting a > b that fixations of a contains fixations of b, hFix01 > hFct01 >
hFct0 and hFix01 > hFix0 > hTube > hTube3 > hSelect.

Relax and Fix heuristics Decomposition approaches were also implemented, to
optimize successively easier MIPs. Decompositions truncate the problem and/or
relax continuously a subset of variables to have easier resolutions as follows:

— The dcpDay strategy fixes the first day production, relaxing continuously the
variables relative to the second day. Then we resolve the MIP on the second
day with the remaining variables.

— The dcpLev strategy builds a solution level by level following index i. Once

variables with index i’ < 7 are fixed, variables as( 2

MIP with variables z t)
for ¢/ < 4. Variables x%t) for ¢/ > i are continuously relaxed.
— dcpMid strategy also proceeds level by level, following index . First iter-

ation consider only the variables of the middle operating points Mid(u) =
LNfCt (u)

to 0 (resp 1) involves indeed that the variables of the upper levels (lower re-
(@ ) (i+1)
> .

u,t

are calculated using the

7& integer for ¢ < 7 and ﬁxed to their previous value
(i

|, with other variables continuously relaxed. A middle variable fixed

spectively) are also fixed. with constraints x,,

Adding more flexibility with slight modifications of the previously fixed decisions

improves the solution quality and avoids infeasibilities. With dcpMid or dcpLev

strategies, only 1-stable variables are fixed, as defined below. With dcpDay, the

first step considers binary variables for ¢ € [1,54] and fixes the variables for
€ [1,42] (assuming T = 96).
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Definition 1 (k-stable variable) k-stable variables xff)t have incumbent val-
@ _ ... __ 60_ @ _  _ @)

Ues T 4 _p = =Tyt-1 = Tyt = Ty pp1 = = Ly ttk-

A parallelisable matheuristics dcpMixt strategy combines hSelect, dcpDay and

dcpMid, in 4 steps computing independent MIP, as described in Algorithm 1.

Algorithm 1: Parallelisable matheuristic decomposition

First step: Variable elimination hSelect unit selection using the LP relaxation.
Second step : Two independent MIP are computed:

MIP 2.1: only variables M4 are integer for ¢ € [1,48] .

u,t

MIP 2.2: only variables z'/**) are integer for ¢ € [49, 96].

Third step : Three indeggndent MIP are computed:

MIP 3.1: only variables xgj,)t are integer for ¢ € [1, 32].

Integer 1-stable variables of MIP 2.1 are fixed to their optimal value in MIP 2.1.
MIP 3.2: only variables :rfj’)t are integer for ¢ € [65, 96].

Integer 1-stable variables of MIP 2.2 are fixed to their optimal value in MIP 2.2.
MIP 3.3: only variables xﬁﬁd(") are integer.

The optimal values in MIP 2.1 (resp 2.2) are fixed for ¢t € [1,36] (resp t € [65,96]).
Final step: the partial solutions are merged in one computation fixing:

. xfj,)t for t € [1,24] (resp t € [79,96]) are fixed to its value in MIP 3.1 (resp 3.2).
o (") for ¢ € [25,32] (resp ¢ € [65,78]) are fixed if they are 1-stable

and equal in the optimal values in MIP 3.3 and MIP 3.1 (resp MIP 3.2).

o oMW for ¢ € [33,64] are fixed only if their optimal value in MIP 3.3 are 1-stable.

5 VND local search with MIP neighbourhoods

Once a feasible solution is built with previous constructive matheuristics, a Vari-
able Neighbourhood Descent (VND) can improve primal solutions with local
iterations computing sub MIPs.

General ideas VND iterates in a local search computing iterations with B&B
resolution with MIP neighbourhoods. The current solution is the primal solution
given by the last B&B resolution and it is also defined as warmstart for the next
B&B resolution to improve the efficiency of B&B primal heuristics, enabling
RINS or Local Branching heuristics from the beginning. This ensures that the
solution given by the MIP resolution is at least as good as the current solution,
this algorithm is thus a steepest descent algorithm. The stopping criterion could
be a maximal time limit or a maximal number of iterations, or being in a local
extremum for all neighbourhoods. The key point is the neighbourhoods definition
and description. Neighbourhoods are defined with three characteristics:

— The restriction of search space: Extra constraints that the current solu-
tion satisfies to have an easier B&B resolution. A canonical example is to fix
some variables to their value in the incumbent.
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— a B&B stopping criterion: it must defined so that the B&B resolution
is efficient in a short resolution time, for instance limitations on resolution
time, but also in number of nodes or absolute or relative gaps between primal
and dual bounds.

— a specific parametrization of the MIP resolution: for an efficient B&B
resolution in the defined time limit. Easy neighbourhoods need no specific
MIP parametrization, for a better efficiency in short resolution time for dif-
ficult sub MIPs, emphasizing the heuristic search with mipemphasis param-
eter, disabling or limiting cutting plane passes with cutpass parameter (in
the terminology of Cplex).

Algorithm 2: Variable Neighbourhood Descent with MIP neighbourhoods
Input: an initial solutions, a set and order of neighbourhoods to explore
Initialisation: currentSolution = initSolution, N =initial neighbourhood.
while the stopping criterion is not met

define the MIP with incumbent currentSol and the neighbourhood N)

define currentSol as warmstart

currentSol = solveMIP(MIP,timeLimit( N))

N = nextNeighborhood(N)
end while
return CurrentSolution

MIP neighbourhoods Multiple types of large and variable neighbourhoods can
be defined for UCPd. Generic neighbourhoods are first derived from [6, 11]:

— NTins o Similarly to RINS heuristic [6], variables are fixed if they are a
common integer value in the LP relaxation and in the current solution.
- N, ,fB : for k an integer, k-Local Branching neighbourhood allows only & mod-
ifications to the incumbent, adding constraints: Z i + Z (1—z;) <k
i:rcizl 1.x?:0

The multi-index structure allows to define partitioning neighbourhoods:

— Nymits unit selection: only units U € U are reoptimised. hSelect strategy
can be used in the incumbent solution.

- J\/[ttl%w all units are reoptimised in the time window [¢, {]. Peaks periods seem
interesting choices of reoptimising time windows.
— Nevel : variables relative to the power level i are fixed. fixing xff)t = 0 implies

(") @ _ (@) _

z, { = 0 for all ¢/ > i and fixing z,,; = 1 implies z,,; = 1 for all i’ <.

Some dynamic structures allows to define specific neighbourhoods:

— N;Mt g variable ng)t is fixed if it is k-stable in the incumbent.



80 Nicolas Dupin, El-Ghazali Talbi

— Ntube - Tyube neighbourhoods: similarly with hTube, a variable ms)t is fixed

if in the incumbent ng)t = ZCEZ;D = mffﬁ)l We note that (3),(4) imply
lehift C Ntube,

We note that a multiplicity of neighbourhood can be derived taking the inter-
section or the union of several previous neighbourhoods.

Neighbourhood selection and order The iterative order of neighbourhood is gen-
erally a crucial parametrization for VNS algorithms. Here, multiple types of
Neighbourhood with search space restrictions are defined. Note that a single
search space restriction can define several neighbourhoods, using different B&B
resolution times: for a difficult MIP, one can seek to explore quickly a large spa-
cial neighbourhood with MIP primal heuristics of the solver in a short resolution
time, or wait to find better solutions after some branching.

The choice of neighbourhood order depends on the stopping criterion of the
VNS. Having a infinite resolution time and seeking to find local minima of the
VND (local minima for all the used neighbourhoods), the implementation selects
dominant neighbourhoods and compute them all alternatively while no neigh-
bourhood can improve the current solution. For a resolution in short time limits,
the multiplicity of neighbourhoods incites to select the neighbourhoods for their
efficiency cost improvement /resolution time. Parallelisation is a key point for the
best efficiency of the VND exploring simultaneously different neighbourhoods.

6 Computational results

The matheuristics were implemented using the OPL interface to Cplex 12.5
to solve MIP and OPL script to iterate successive MIP problems. Tests were
computed with a laptop Intel Core2 Duo processor, 2.80GHz, running Linux
Ubuntu, using the dataset from [9].

Exact —a—
hSelect —=—
hTube —=—

Exact —s—
hSelect —s—

hTube3 —=— hfube
Valeur

hTube3 ——
Valeur

s

2 100 200 300 400 500 600 700 800 @00 On 0 100 200 300 400 500 600 700 800 900

instance D80a On instance D82b

Fig. 4. Convergence comparison variable fixing heuristics/exact resolution
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Variable fixzing results The results of variable fixing heuristics illustrate the com-
promise between calculation time and solution quality. hFix01 leads often to
infeasibilities. hFix0 lessen infeasibilities, computing very quickly solutions with
significant over-costs. hFct01, hFct0 improves the convergence values inducing
still a significant over-cost to the best solution known,but with a long conver-
gence. hSelect, hTube3 and hTube were very interesting, outmatching frontal
convergence in time limits: the tiny approximation on the convergence value is
balanced with the resolution acceleration, reaching more advanced phases of the
B&B convergence in defined time limits up to 15 minutes as shown in Table
5 and Figure 4. the good quality of hSelect variable fixing relies on the fact
that power plants with a prohibitive production cost are never activated in the
LP relaxation, preferring cheaper production means to fulfil the demands. In 15
minutes, hTube gives the best solutions. Even after several days of calculation,
variable fixing heuristics often outmatches the exact B&B resolution.

Relaz-and-fix results Decomposition heuristics converge faster than variable fix-
ing heuristics, but induce worse solutions. dcpDay leads sometimes to infeasibil-
ities or prohibitive costs. In 5 minutes, dcpMid and dcpMixt are competitive,
dcpLev results have a variable quality. In average, dcpMixt and hTube are the
constructive heuristics giving the best results. Using several heuristics strategies
in parallel taking the best solution is an implementation conclusion of this study,
no approach outclasses universally the others.

Data |Frontal/hSelect h'Tube hTube3|dcpMid dcpLev depMix|VND

D67 |2,24% (1,81% 1,59% 1,60% |1,99% 1,87% 1,97% |1,57%
D57 [3,18% |1,76% 1,73% 1,64% |1,84% 1,60% 1,86% |1,75%
D30 |0,42% (0,31% 0,06% 0,03% |0,66% 0,09% 0,62% |0,03%
D32a|1,02% |1,31% 0,65% 0,36% |1,24% 0,74% 1,15% [0,21%
D32b|0,56% |0,55% 0,30% 0,16% |0,46% 0,34% 0,50% |0,00%
D80a|1,20% |0,57% 0,25% 0,28% (0,42% 0,16% 0,42% |0,24%
D80b|0,70% |0,66% 0,69% 0,52% (0,93% 0,78% 0,97% |0,76%
D82a(1,39% (0,76% 0,33% 0,27% |0,64% 3,05% 0,21% |0,29%
D82b|0,89% |0,87% 0,16% 0,89% (0,38% 0,20% 0,16% |0,19%
Total|1,36% [0,98% 0,58% 0,69% |0,86% 1,26% 0,70% |0,52%

Fig. 5. Comparison of matheuristic solutions in 5 minutes to the best solution known

VND results With the diversity of MIP neighbourhoods, global industrial res-
olution time is to short to consider all neighbourhoods in the VND scheme, to
compute a local extrema for all neighbourhoods. Neighbourhoods must be chosen
empirically. Unit selection similar to hSelect was therefore always activated af-
ter the analyse of variable fixing results. N"/* and A% were very useful with
a very fast convergence, and allowing to decrease very significantly the objective.
i-level neighbourhoods on middle operating points provided significant improve-
ments, requiring a little more computation time. The other neighbourhoods can
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improve to the local extrema obtained after previously cited neighbourhoods,
with a lower efficiency improvement/computation time. for a quick computa-
tion, it incites to choose neighbourhoods deterministically, using first efficient
neighbourhoods, N"/* and N7 i-level neighbourhoods on middle operating
points adding flexibility combined with N"*/* and A" while having a localal
extrema for these neighbourhoods before trying the other neighbourhoods. The
alternation of RINS with other neighbourhoods was very efficient.

The resulting VND was efficient in short resolution time, as we can see in
Table 5, outmatching performance of frontal resolution and hSelect strategies,
with similar performance with hTube. In some cases, it improved our former best
solution, after long calculation time with variable fixing heuristics.

7 Conclusion and perspectives

Conclusions To improve the primal solutions of UCPd based on the exact MIP
formulations, three approaches were successfully implemented. Variable fixing
using strategies hSelect, hTube3 or hTube imply few over-costs for optimal val-
ues in infinite resolution time, for a significant acceleration of the Branch&Bound
convergence in truncated resolution time. Heuristic MIP decompositions increase
significantly the Branch&Bound convergence, but with more approximations and
over-costs. Once feasible solutions are known, VND local searches iterating with
MIP fixations of variables present some advantages: the implementation is easy
and generic, relying on the MIP formulation work, using MIP to ensure fea-
sibility and cost, and allowing to define multiple types of large and variable
neighbourhoods to imply high quality local minimums.

Perspectives This work opens new perspectives. The easy resolution (especially
with decomposition heuristics and VND) allows to extend the size of the in-
stances considering more units than just the thermal ones. An extension to hy-
draulic units is a challenging extension inducing a more difficult MIP resolution.
Parallelisation is a crucial implementation point to improve the performances of
the VND and to combine the advantages of the different constructive heuristics.
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Both column generation methods and heuristic solution methods are frequently used ap-
proaches within the field of discrete optimisation. There is an increased interest in com-
bining these approaches to efficiently solve large scale discrete optimisation problems;
see [1] for an overview of proposed integrations of column generation and heuristics.
This paper presents a large neighbourhood search principle that is adapted to discrete
column-oriented models. The theoretical foundation for the method is a primal-dual op-
timality condition for such models. From this condition we derive an auxiliary problem
that is solved by a large neighbourhood search strategy, where the repair method is to
solve a column generation type subproblem.

An important characteristic of the proposed search method is that we are dealing
directly with the integer program and that our column generation type subproblem takes
both feasibility and near-optimality in the original discrete problem into account. We
are relying on a fixed dual solution and are not repeatedly solving a linear programming
master problem, which is otherwise typical for a column generation context.

1 Brief description of the method

We here give the theoretical background to, and the derivation of, the large neighbour-
hood search principle for discrete column-oriented models.

The primal-dual optimality condition presented is used to derive an auxiliary prob-
lem which is solved by a destroy-repair mechanism, where a specially designed column
generation subproblem is used to repair a solution created by the destroy method, which
removes a column from a current solution or reduces the number of times it is used.

We start with the following general column-oriented Integer Program (IP), where J
is the index set of all columns, which is assumed to be very large.

Zz* = min chxj (1a)
jeJ

s.t. > Ajzi>b (1b)
jed

x; > 0 and integer, jed (1c)

Let u > 0 be a vector of Lagrangian dual variables associated with constraint (1b).
When applying traditional column generation to the linear programming relaxation of
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IP, one alternates between solving a restricted linear programming master problem and
a column generation subproblem on the form

Ijnei? (c; —uTAy). )

To begin the derivation of our column generation subproblem, we perform a La-
grangian relaxation of the constraint (1b) and define the Lagrangian dual function

h(u) = min Z ;% + ul | b— Z Aja?j (3a)
jeJ jeJ
s.t.  x; >0 andinteger, j € J (3b)
— Tyt min ZjeJ (Cj *.UTAJ) T (3¢)
s.t. z; > 0 and integer, j € J.
For an integral T = (:?j)jeJ > 0and a ¥ > 0 we define
(@) = b+ (cj - aTAj) % — h(7) )
jeJ
and
s@au)=u" | Y Az —b]. (5)

jeJ

The value of ¢(Z, w) can be interpreted as the degree of near-optimality of Z in the La-
grangian relaxation for the dual solution u, while the value of §(Z, &) can be interpreted
as the degree of near-complementarity of Z, with respect to u .

The following theorem, which we provide a proof for in the full paper, is instrumen-
tal for deriving our column generation subproblem.

Theorem 1. Let u > 0 and assume it holds that c¢; — u” A; > 0, j € J. Let the
solution T be feasible in IP and let 3 > 0. Then T is B-optimal in IP if and only if

e(@,0) + 8(F,70) < 2* — h(@) + B.

An interpretation of this inequality is that the gap between the primal objective value
z* + [ and the lower bound h (%) can be split into the two nonnegative terms. If @ is an
optimal Lagrangian dual solution and 5 = 0, then the right hand side of the inequality
is the duality gap of IP. This primal-dual optimality condition is inspired by the results
presented in [2], where the roles of the quantities corresponding to (2, u) and §(Z, )
are central.

A conclusion that can be drawn is that in order to find a near-optimal solution to IP,
three requirements must be fulfilled: (i) near-optimality in the Lagrangian relaxation,
(i1) near-complementarity with respect to the relaxed constraint, and (iii) feasibility in
IP. By taking a convex combination of the near-optimality in the Lagrangian relaxation
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and the near-complementarity, dropping the constant terms, and penalising infeasibility,
the following auxiliary problem for finding near-optimal solutions to IP is obtained.

min e Z (cj - ﬂTAj) zj+ (1 —a)u’ Z Ajz;+ MeTa (62)
jeJ jeg
s.t. > Ajxj+a>b (6b)
jeJ
x; > 0 and integer, jed (6¢)
a>0 (6d)

Here, « € (0,1], e is a vector of ones, a is a vector of artificial variables, and M
is a large positive number. By dividing the objective function by «, defining v =
(2 — 1)/, redefining the value of M, and eliminating the artificial variables, the
above problem is equivalent to

min Z (cj — 'yﬂTAj) xj + MeT max {0, b— Z ijj} (7a)
jeJ jeJ
s.t. x; > 0 and integer, jeJ, (7b)

where the maximum operator is component-wise.

Now, consider a destroyed solution Z, which is nonnegative and integral, but not
necesarily feasible with respect to constraint (1b). Let J® = {j € J | Z; > 0}. In order
to improve this destroyed solution, we wish to increase the value of one variable by one,
and a best incremental change with respect to the problem (7a)—(7b) is then found by
solving the problem

min Z (Cj — vﬂTAj) (fj + 5j) + MeT max {O,b — Z Aj (53 + (5j) }

jed jEJR
(8a)
st Y =1 (8b)
jeJ
§; €{0,1}, je, (8¢
that can be reduced to
. ~T T =
1]11615_1 cj —yu Aj; 4+ Me maX{O,b— Z Akmk—Aj} , ©)

keJR

which is our column generation subproblem.

The subproblem will give us a column (c;, A;). If I ¢ JE, that is, if the column
(c1, A;) was not previously used in the destroyed solution, then J¥ := Jf U {I} and
Z; = 1; otherwise, that is, if (¢;, 4;) is a copy of a column already used in the destroyed
solution, then we only update the corresponding variable by setting z; := z; + 1.

In general, our large neighbourhood search principle for column-oriented models is
composed of the following key elements. A destroy method, which can be randomized,
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is designed to reduce the value of one or more variables Z;, j € J R Different destroy
methods can be applied in different phases of the algorithm. A repair method is applied
by solving a column generation type subproblem one or several times, where the exact
design of the subproblem depend on the application at hand. Typically, restrictions can
be imposed on the subproblem to escape local optima and diversify the search.

The near-optimal dual solution used in the algorithm can be found by applying for
example linear programming column generation, Lagrangian relaxation and subgradi-
ent optimization, or some other appropriate dual method. The set of columns that define
an initial solution can be found by, for example, applying the presented column gener-
ation principle from an empty solution, or by some other means.

2 To be presented in the full paper

The full paper begins with comparing the characteristics of our method with other prin-
ciples for integrating column generation and heuristics and we especially comment
on the similarities with diving heuristics. Thereafter follows a complete derivation of
the method, including a proof for the theorem. This abstract considers only a general
column-oriented formulation, but in the full paper we also address the special case of
such a model resulting from a Dantzig-Wolfe reformulation of a block-angular struc-
ture.

As for any column generation scheme, our proposed large neighbourhood search
principle needs to be adapted to the structure of the problem at hand. In the paper we
study two applications: a bin packing problem (which has the structure described in
this abstract), and a resource allocation problem (which has a block-angular structure).
For both applications we derive a complete scheme and illustrate the computational
properties on some instances.

It remains for future work to investigate how well this large neighbourhood search
principle performs for various applications, and how details of the algorithm are best
designed to achieve computational efficiency.
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A dominating set for a graph G(V, E) is a subset of vertices D C V' that has
the property that every vertex in GG either belongs to D or is adjacent to a vertex
in D. Finding the dominating set with the smallest possible cardinality among
all dominating sets, for a graph, is one of the standard NP-complete problems [2].
In this work we focus on the problem of the 2-connected dominating set which
has the additional property that there are two vertex disjoint paths between any
two nodes n,m € D. These paths consist only of nodes that that are elements
of D.

To be more precise our goal is to develop a heuristic based method that
manages to find near optimal solutions for the minimal 2-connected dominating
set problem (2-CDSP). An example of a problem instance and solution for the
2-CDSP can be seen in Fig 1.

Fig. 1. Example of a problem instance (left) and solution (right) for the 2-CDS. In the
solution the red nodes represent a minimal 2-connected dominating set.

The special focus is on finding such solution for large graphs. The dominating
set problem (DSP) has been widely explored due to its close connection with
wireless networks[6]. Several variations have been considered like the weighted
[4] and connected version [2] of the problem. When modeling wireless and sensor
networks, using graphs, the connected DSP (CDSP) gives us a significantly more
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realistic representation of such systems when compared with the basic DSP. For
the CDSP several different approaches have been used for finding either exact
or approximate solutions [2].

In the recent years there has been an increased interest in the 2-connected
version of the problem since it provides a higher level of failure resistance of
the modeled wireless networks. A significant part of the published research has
been dedicated to finding optimal solutions using mixed integer programming
(MIP). The use of such models has a drawback that it only manages to find such
solutions for relatively small graphs containing up to 200 nodes [1, 3]. On the
other hand, relatively few works have been published on finding approximate
solutions for the 2-CDSP. One example is the work by Shi et al. for application
in wireless networks. [8]

In this paper we propose a matheuristic approach for solving this problem,
but the general concept can be extended to many graph problems containing 2-
connectivity constraints. The first reason for developing such an approach is the
lack of an efficient algorithm for solving large scale problem instances. Secondly,
MIP models have been extensively researched and have proven to be very suitable
for solving the 2-CDSP this knowledge can be exploited in developing such a
method. The general idea is to generate an initial solution using a randomized
greedy approach and use a MIP model for local improvements. This concept has
previously been successfully applied to the capacitated facility location problem
[5]. In our method, a second heuristic function is used to select subsections of the
existing solution for which there is a potential for improvement. The final step
is solving such subsections to optimality using MIP. This type of approach has
several advantages. First the greedy method manages to find initial solutions
with low computational cost. Secondly, the subsections that are solved using
MIP are selected in a way that the corresponding sub-problem is simpler than
the 2-CDSP.

The heuristic method used for generating initial solutions is based on the
existence of an open ear decomposition of a 2-connected graph [7]. To be more
precise, we iteratively grow a bi-connected subgraph S by extending it with an
open ear P. The extension of S is conducted in a greedy way, by selecting an
ear P from a suitably defined list of candidates. Our goal is to make a minimal
dominating set, so there is a preference for expanding S with the smallest ear
that dominates the most nodes. Let us define the function d(P) as the number
of newly dominated nodes in G (nodes that are not adjacent to any u € S )
by P. The heuristic function used in the greedy algorithm is equal to d(p)/|P],
where the notation |P| is used for the number of nodes in the ear P.

The local improvement of the generated dominating set D is done in the
following way. A set of nodes L is selected in a way that D\ L stays bi-connected.
Let us define Dy, as the set of nodes that have only been dominated by nodes
in L. The improvement is performed on a set of nodes K containing nodes in
Dy, and all dominated nodes that are connected to Dj. Our goal is to select
the minimal subset set of I C K such that it dominates all nodes in Dy. The
set I must also satisfy the constraint that and that there are two disjoint paths
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containing only elements in I connecting it to D\ L. A MIP model based on multi-
commodity flow is developed to calculate the optimal set I. In a preprocessing
stage, additional constraints are calculated based on the relation between D and
L to improve the efficiency of the model. Further, the sub-problem uses L as
an initial feasible solution. The proposed matheuristic approach is compared to
other methods based on MIP models and metaheuristic approaches on data sets
previously used in literature and on large scale unit disk graphs.
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Abstract. In this work a Variable Neighborhood Decomposition Search
Metaheuristic using exact methods is showed to solve a hub location and
routing problem. Network is composed by a hierarchical structure with
hub, sub-hub and spoke nodes representing liner shipping operations.

Keywords: VNDS metaheuristic, exact methods, hub location and rout-
ing problem, sub-hub.

1 Introduction

Network design is regarded as an important problem for development of an
efficient and sustainable supply network.

Network design problem being solved optimally is achieved: to deploy, more
easily, a supply service; to decrease the expenses with fuel, quantity of vehicles
and crews; to meet the customers at a shorter time, allowing a greater customer
satisfaction; and to decrease the C'O5 emissions.

Hub location and routing problem were studied by [1]. In that work a math-
ematical model for hub and spoke network with a new concept is developed
by creating a hierarchical structure with sub-hubs. According to [2], such hub
network design formulations are very difficult to solve.

Examples of analyzed networks are presented (Figure 1 and 2), where hub
ports are represented by squares, spokes are the circle nodes, triangles represent
sub-hub, dashed lines are the deep sea services and continuous lines represent
short sea services.

Complex problems are presented by two models because they are also con-
stituted by flow of goods at the network, where each node sends products to all
others nodes. Model with sub-hubs increases the number of alternative paths to
transport of goods, expanding also the complexity of problem.
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Fig. 1. Network with sub-hub Fig. 2. Network without sub-hub

Due the complexity of studied problem, optimum results for instances with
more than 12 nodes were not obtained at the realized tests with CPLEX. There-
fore, a variant of Variable Neighborhood Search (VNS) metaheuristic known as
Variable Neighborhood Decomposition Search (VNDS) [3] was implemented to
analyze the two models with large instances.

2 Variable Neighborhood Decomposition Search

In this study, the problem is consisted by 4 sub-problems: hub and sub-hub
location, spoke allocation, service design and network routing.

Operators of a Variable Neighborhood Decomposition Search (VNDS) were
also implemented considering the characteristics those sub-problems. Moving
between operators is guided by neighborhood change sequential procedure.

One operator was developed for location sub-problem . Concerning the sub-
problem of spoke nodes allocation, two operators are proposed. For service design
sub-problem two operators were developed. Finally, about the routing subprob-
lem was used Dijkstra algorithm.

A Cyclic Variable Neighborhood Descendent (C-VND) procedure is used by
improve hub and improve sub-hub operator. This procedure is executed in the
step 2 (Improvement Procedure).

The set of neighborhood structures of Cyclic VND is composed by two neigh-
borhood structures (improve-hub and improve-sub-hub).

At the improve-hub structure and for each cluster, the switch between each
spoke node with its previous (original) hub (new hub is allocated) is tested. For
each switch hub-spoke, hub route is built by the Nearest Neighbor Algorithm,
allowing the sub-problem cost evaluation.
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Algorithm 1 Variable Neighborhood Decomposition Search
1: Initialization
2: Find a Initial solution = € S by a constructive heuristic

3: Define the order of operators in the set N = N1, ..., Nk, ...
4: Tactual < T
5: repeat
6: k<+1
7 while k < k.4 do
8: step(1) - Getting subproblem(Ny):
9: select exactly p solution attributes from previous solution Tactual;
10: denote this subset by y;
11: step(2) - Solving subproblem:
12: y' + Improvement procedure(y); //y’ improved solution
13: step(3) - Substituting the solution (it creates original problem solution):
14: Thest = (Tactuar \ Y) UY';
15: step(4) - Making the problem cost evaluation:
16: objective function f(Zpest) = fa(Tvest) + f1(Toest);
17: step(5) - Moving between operators problem:
18: Neighborhood change sequential (Zactual, Toest, k);
19: end while
20: Lactual < Shake(xbesty Nspecial)

21: until the stopping condition is met

At improve-sub-hub structure, for each close clusters, the distance cost be-
tween each candidate sub-hub (spoke node from close clusters) and the hubs
from close clusters is evaluated. Each spoke node is tested, trying to find a new
sub-hub with distance cost less than actual sub-hub.

Change Neighborhood procedure used at the Cyclic VND is the Cyclic neigh-
borhood change step.

Two route improve operator, at the step 2 (Improvement Procedure), two
random and different routes are selected and, for each one, the 2-opt Algorithm
is applied. In this operator, the cost evaluated by the sub-problem is total cost
of selected route.

2-opt Algorithm was implemented to select the neighbor solution of y with the
smallest cost, independently if the global cost is better than the actual solution.

In One route improve operator, one route was created with the same steps as
before. Just that, one random route is selected. Using this operator, it is allowed
to escape local optimum achieved by the previous one.

Allocation sub-problem has been realized by an exact method: a p-median
problem using CPLEX is solved in the proposed constructive heuristic. At the
problem studied level, the allocation will be dependent not only of distance
between hub and spoke, but also of the demands at network nodes.

Allocation spoke modes operator was developed to improve the allocation
through the whole network and not only inside each local cluster.

Using this operator, the transport cost is evaluated after select one random
spoke node and to try insert it at a different cluster of its original cluster. After
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testing each cluster, the best improvement will be accepted only if verified that
it is better than the actual solution.

Allocation spoke node operator is closed after the first accepted best improve-
ment or after an specific number of tests without any improvement.

Remember that the objective function in this problem is composed by mini-
mize two parts, allocation cost and transport cost (line 16 in the algorithm).

Note that both transport cost and allocation cost are calculated at the step
(4), but at the step (5), Neighborhood change sequential procedure, only the
transport cost is considered. This was chosen because was observed that trans-
port cost is more representative than allocation cost in the objective function.

For the step (4) of VNDS, a smallest path problem is necessary to be solved
(routing subproblem) using Dijkstra algorithm for the transport cost evaluation.
An exception is when the allocation spoke node operator is selected in the step
(1), because the subproblem cost evaluation is exactly the transport cost.

Note that our proposed heuristic can be classified as a matheuristic because
exact methods are used inside some procedures of the algorithm.

Shake procedure is also used in the VNS to diversify the search, getting away
from a local optimum, and maybe, allowing to find the global optimum.

Operator used at shake procedure has the same structure of allocation spoke
node operator, except that the first best improvement solution is accepted.

3 Conclusions

In this study, we want to check if the implemented matheuristic solves the ana-
lyzed problem in a efficient way in term of solution quality. Analysis were realized
comparing the tests results found by the implemented matheuristic with results
obtained by the CPLEX solver.

Instances given in [1] are also used in this study. Implemented matheuristic
found good results for the problem.
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Abstract. Column generation algorithms are typically adopted to ad-
dress mathematical programming problems defined over a huge number
of variables. This approach suffers, however, from several problems that
might limit its usability. In this work some of these problems are dis-
cussed along with several strategies that take advantage of the use of
(meta-)heuristics to help improve the methods performance and reduce
the computational effort required to compute an optimal solution. In
this work the benefits of using metaheuristic strategies within CG are
discussed from the viewpoint of the way they, indirectly, address some of
the causes leading to a poor performance. These different methods are
tested by solving the maximum network lifetime problem in wireless sen-
sor networks for which a model that naturally leads to column generation
is considered. Experimental results show how the use of metaheuristics
can generate large improvements on the performance of the basic column
generation framework. cite Keywords: Column generation; Metaheuris-
tics; Matheuristics;

1 Introduction

Column generation (CG) is an efficient method used to solve large scale linear
programming problems that has been largely exploited to reduce the computa-
tional effort required to solve them [1, 3, 10]. CG essentially divides a problem
in two namely a restricted master problem (RMP), and a pricing subproblem
(PS). RMP represents the original problem formulated over a reduced part of
the solution space expressed by a subset of columns (variables). Then, the PS
is used to identify additional columns that, when added to RMP, can help to
further improve the objective function of RMP.

CG is an iterative method that gradually enlarges the search space by adding
new variables, not considered before, that contribute to improve the objective
function for RMP. RMP is initialized with a reduced set of variables that generate
an initial solution for the problem and sequentially adds new variables based on
the reduced cost criterion. These new unknown columns are generated at every
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new iteration by using any possible method useful to solve PS, which considers
the constraints that are not directly considered when solving RMP. RMP is
first solved, and the dual variable values associated to the optimal solutions are
used to build the objective function for PS (the reduced cost criterion). PS is
then solved to check whether or not it exists a new profitable column useful to
improve the objective function. If a new column is available, it is added to RMP
and a new iteration is carried out; otherwise, the algorithm finishes. When the
method used to solve PS can guarantee that not additional interesting columns
exists, the solution to RMP is guaranteed to be optimal (at least for the linear
relaxation).

Nowadays, it is widely accepted that by combining CG with metaheuristic ap-
proaches, the former method might be seriously boosted. As it could be expected,
this is partially a consequence of the efficiency achieved by metaheuristics while
solving the difficult optimization problems corresponding to the PS. Nonetheless,
as it is shown in this work, it is also a consequence of collateral effects associ-
ated to the way metaheuristics are implemented and embedded within CG that
directly tackles the causes of slow convergence. In this work, the design of meta-
heuristics to be embedded within CG is analyzed , and several and well known
approaches used to help accelerate CG are discussed to demonstrate how CG can
benefit from the characteristics and flexibility offered by metaheuristic solution
approaches. Several simple ideas that can be considered when designing a CG
framework for solving computationally difficult problems are evaluated through
extensive computational tests that show the interest of using such approaches.

2 Metaheuristics and Column Generation

Pure CG approaches might suffer from several pathological issues that affect its
performance (see for example: [3, 14]). Consequently, the use of strategies to
cope with such problems is not only desirable but might be necessary. Several
causes have been identified. In first place, CG demands to solve a PS at every
single iteration what might cause troubles when it corresponds to a difficult op-
timization problem. Additionally, CG may present some issues that are inherent
to the approach. One of the most typical problems corresponds to convergence,
meaning that while in the first iterations the evolution of the objective function
is fast, in the latter iterations these improvements may be marginal and may
be reflected in a large number of iterations required to fully solve the problem
(tail-off effect) [7, 8]. A different problem corresponds to the heading-in effect,
which can be explained as the successive enumeration of irrelevant columns, that
are unlikely to be part of the optimal solution. This phenomenon often appears
throughout the first iterations of CG, while not enough information is available
to produce interesting columns, and can affect heavily its performance [15].

To cope with the aforementioned problems, several strategies have been suc-
cessfully applied that mostly attack the problem from the viewpoint of the dual
problem [2, 5, 11, 13]. Nonetheless, it is remarkable to see that CG obtain major
benefits when it is combined with metaheuristic approaches. In the latter case, it
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is typical to see that the basic structure of metaheuristics helps to improve CG
performance compared to other exact approaches. Although, nowadays, MIP
solvers are in a development state in which they are competitive against fast
(meta-)heuristics in terms of the computational time required to solve difficult
problems, the use of metaheuristics continues to be profitable as it seems they
bring more reductions on the time required for solving problems when embedded
in CG than its exact counterpart.

When using metaheuristics within a CG framework, three main approaches
can be used to help accelerate the convergence towards the optimal solution:

— Intensification strategies An intensification strategy consists on return-
ing to the RMP several interesting columns found through PS to the RMP
at each iteration of CG [4, 9]. This strategy usually leads to a reduction
in the number of iterations required for solving CG to achieve the optimal
solution[12]. If a population based or trajectory based metaheuristic ap-
proach is used to solve PS; all the columns found during the optimization
process might be saved to be added to the columns pool. The number of
added columns might be limited to only x columns such that the problem
size is kept under control without losing the benefits offered by the intensi-
fication strategy.

— Diversification strategies Diversification strategies expand the idea of
intensification. The purpose in this case is to compute at each iteration of
CG an interesting set of columns contributing to different constraints [12].
This strategy might be powered if a metaheuristic approach used to solve
PS is available that computes several columns simultaneously and offers
naturally methods to increase diversity, e.g genetic algorithms, GRASP, etc.

— Sequential application of metaheuristics and exact approaches In
this latter case, the idea is to exploit the easiness of the process of finding
new profitable columns during the first iterations of CG. In this way, it is
possible to solve the PS and compute columns that are easy to find with
not-very-strong metaheuristics that can be sequentially replaced with more
sophisticated metaheuristics or exact approaches when it becomes necessary
while the CG solution process evolves [3]. Finally, once the solution process
evolves enough, metaheuristics might be even replaced for exact approaches
so as to confirm whether or not the current solution for RMP is optimal.

3 Results and discussion

Building an efficient column generation approach to solve a difficult optimization
problem is a hard task. Furthermore, solving the pricing subproblem remains
a complex task that often requires developing efficient specialized approaches
to face it. The methods previously mentioned are tested for solving the Max-
imum Network Lifetime Problem in Wireless Sensor Networks with Coverage
Constraints (o-MLP) [6]. For this problem, a pretty simple model based on an
exponential number of variables is available. To solve the problem, an approach
based on CG is proposed for which the three aforementioned approaches are
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adopted through the use of diverse metaheuristic approaches, e.g. Evolutionary
algorithms, GRASP, VNS. As shown in Figure 1 and 2 by applying the men-
tioned approaches, CG can be boosted compared to its basic implementation
(CG-Exact). The experimental results show the benefits obtained for each of the
presented methods and seem to indicate that, although not directly intended, the
previously discussed strategies help to address the causes of slow convergence,
e.g. the unstable behavior of dual variables values [11], diminishing the tail-off
and heading-in effects.

— Exact CG
— Diversification
— Intensification

50 100 150 200 250 300 350 400 450

Fig. 1. Euclidean distance of dual variables to their optimal values along CG iterations

5| / — Exact CG
— Diversification
— Intensification

Fig. 2. Evolution of objective function along CG iterations

To help accelerate CG, it can be possible to combine CG with solution ap-
proaches that exploit several metaheuristics offering different performances both,
in terms of the quality of the solution and in terms of the computational effort
required for each. Furthermore, when these are used to return multiple and di-
verse columns, the number of iterations required to solve the problem might be
heavily reduced while keeping CG being an exact method.
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1 Introduction

Warehouse premarshalling (or remarshalling) is the activity of reordering items
in a storage location so that subsequent retrieval orders can be fulfilled with
little or no need for further relocations. It has deep impact on operational costs,
and it has been extensively studied with reference to containers in port yards or
to boxes in warehouses. We are interested in this second application area, in the
case when pickup orders become known only at the moment when they are to
be performed.

We consider stacking organized warehouses, where homogeneous boxes are
piled up one on each other in stacks. This is the most widespread warehouse stor-
age strategy. Each level of the stack is called a tier, the storage location of a box
is therefore given by its area (block), stack, and tier. An essential feature is that
each stack can only be accessed following a LIFO policy. Operating a stack ar-
ranged warehouse involves several different activities, the most sensitive of which
is order picking, reputedly the most labor-intensive and time-consuming process
in warehouse logistics. Unfortunately, the LIFO strategy imposed by stacking,
possibly implies the need to relocate unrequested boxes before getting access to
the one targeted by the picking. Planning has the objective of storing the boxes
in locations where they will be readily accessible for their future retrieval.

2 Premarshalling, deterministic setting

Customer orders are received daily as a picking list L of boxes to be retrieved.
The precise knowledge of the picking list L is what differentiates the deterministic
setting from the stochastic version.

A picking list L induces an ordering among boxes. Boxes to be retrieved
first will have a higher priority than those to be retrieved later. After the pre-
marshalling, the boxes with higher priority have to be on the top of the boxes
with lower priority in their stack.

Boxes can be moved among the stacks. A move can either shift one item
from the top of a stack to the top of another one (relocation) or pick an item
from the top of a stack and bring it outside the warehouse (removal), if it is
in a picking list. The problem asks to find a move sequence of minimum length,
i.e. with the smallest number of moves, such that in the final layout no box is
stored in a stack, having a lower priority box over it.
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3 Premarshalling, stochastic setting

We do not assume the prior availability of the customer orders picking list L. A
precise definition of the priorities is thus not possible. However, extensive historic
data are usually available on the company ERP, including past picking lists, and
these can be used to determine expected priorities.

Upon designing a suitable statistical model of the picking process, it is in fact
possible to identify the best fitting distribution for random variables associated
to each SKU in the ERP, which tells the expected number of boxes of each
particular SKU that will be requested on the day after.

The problem can now be modeled as a two-stage stochastic programming
problem, where first stage decisions are made on data known in advance, in our
case the remarshalling acting on the known initial layout, a random event, in
our case the arrival of a specific picking list I imposes a second decision and the
recourse action copes with the actual case by handling its orders.

As in all two stage processes, the cost is given by the sum of the costs induced
by the two successive decisions. However, in our case, the first-stage decision,
whose cost function is associated with the number of relocation moves, dictates
activities to underwork staff. The first-stage cost term is therefore 0, subject
to a constraint that the total number of relocation moves must not exceed a
threshold. This limit is determined by the length of the underwork interval.

The actual cost is incurred in the second stage, where the recourse function
is defined as the expected value of the handling cost, i.e., the expected number
of relocation moves needed to pick all the boxes in L.

We present a dynamic programming formulation of the problem under study,
but it is impractical to directly use the DP formulation to solve the equivalent,
as the DP algorithm quickly generates an exponential number of states even for
small-sized instances. Therefore, to scale to real-world size, we need to resort to
heuristics.

We adapted to our case two methods from the literature, namely the corridor
method by Caserta and Vo [1] and the multiheuristic by Jovanovic et al. [2].
The idea behind the corridor approach is to reduce the size of the search space by
iteratively allowing the exploration only of a part of the search space. At each
iteration of the algorithm, one block to relocate is selected and the necessary
moves to take it to a better position are scheduled. Differently from [1], we do
not choose randomly the box to relocate, but we follow the priority indices in
reversed order. After that, a subset of feasible relocation stacks is identified and
one is chosen in probability.

We generated a set of artificial instances, in order to assess the scalability and
the robustness of the approach. The instances were generated so to show descrip-
tive statistics similar to those of the real world ones that originally motivated
our study.

In order to determine the length of the lists, we assumed that the pickup
requests in each day arrived following a Poisson distribution, since we clearly
deal with a discrete distribution, where the requests occur independently, with
the probability of getting a request in a time interval proportional to the length
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of the interval, and where the rate at which requests arrive reasonably constant
along the workshift. We therefore tried to fit Poisson distributions on our real
world data in order to derive a relation that links the Poisson A parameter
with instance descriptors. One such loose relation was identified with respect to
the number of boxes in the instance, which led to generation of instances with
characteristics reported in Table 1.

Table 1. Artificial instances

name stacks tiers nbox nsku A

test10x5 10 5 40 6 3.2
test20x8 20 8§ 120 15 4.9
test30x8 30 10 250 30 7.0
test40x8 40 12 400 60 9.0
test50x8 50 15 700 100 11.0

Further validation of the proposed methodology was carried out on real world
data. We were provided with extracts of WMS data relative to 1 year operation
of 8 warehouses. The general descriptive statistics of these data were used as
seeds for the generation of the instances in such a way that the biggest of the
artificial instances was comparable with the smallest of the real world instances
made available to us. The characteristics of these instances are listed in table 2.
In this case the picking lists were the actual ones as derived from the WMS. We
constructed two instance sets, one making use of the whole year’s lists and one
where we randomly extracted 50 lists for each warehouse, roughly corresponding
to two months activities, which was the horizon of interest for the analysis.

Table 2. Real world instances

name stacks tiers nbox nsku A\

instancel 71 18-30 1161 184 31
instance2 95 30 2330 362 64
instance3 92 18-24 1998 376 30
instance4 90 18-24 1852 371 28
instanceb 88 24-30 1831 358 31
instance6 85 18-30 1735 304 30
instance7 69 12-18 999 11315
instance8 51 15-24 737 10211

Table 3 shows the comparative results obtained in the 2 stage setting by the
proposed matheuristics versus manual operations. The results report the number
of manual rehandlings needed for servicing identical, a priori unknown picking
lists, in the case of untouched versus premarshalled warehouses. The number of
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box movements decreases from 25% to 41%. Similar results are obtained in the
one year horizon case.

Table 3. Real world instances, 50 scenarios

Manual MatHeu
name n.pallet|training validation‘training validation gap
instancel 1161 5786 5126 2962 2256 55.99%

instance2 2330 18811 15978 7344 12081 24.39%
instance3 1998 12656 13987 6076 10306 26.32%
instance4 1852 14751 12860 6548 8379 34.84%
instanceb 1831 11143 11906 5484 9147 23.17%
instance6 1735 12497 15103 4375 8508 43.67%
instance4 999 6180 5328 2399 3182 40.28%
instance8 737 4123 3760 1432 2316 38.40%
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1 Introduction

In job shop and project scheduling problems, generally speaking, a set of ac-
tivities shall be scheduled over time. The execution of the activities typically
depends on certain resources of limited availability and diverse other restric-
tions like precedence constraints. A feasible schedule is sought that minimizes
some objective function like the makespan. For such problems, mized integer
linear programming (MIP) techniques are frequently considered, but also known
to have severe limitations.

Basically, there are few general MIP modeling strategies for approaching such
scheduling problems: Firstly, it is sometimes possible to come up with a com-
pact model where the starting times of activities are directly expressed by means
of corresponding variables. Resource constraints, however, impose a particular
challenge in this respect. While they can be often treated in principle, e.g., by
discrete-event models [2], these models are typically rather weak. A second, fre-
quently applied option are so-called time-indezed (TI) formulations. They are
based on a discretization of time, i.e., the activities may only start on a limited set
of possible starting times. Binary variables are used that are additionally indexed
by these possible starting times. The success of such TI models strongly depends
on the resolution of the time discretization. While such models can have strong
linear programming (LP) relaxations, the number of variables and constraints
increases dramatically with the number of possible starting times. Frequently, a
rather crude discretization can therefore only be applied to obtain any result in
reasonable computation time. Further MIP techniques for approaching the con-
sidered scheduling problems make use of exponentially sized models and apply
advanced techniques such as column generation, Lagrangian decomposition, or
Benders decomposition, see, e.g., [2]. While they are frequently very successful,
they are also substantially more complex to develop and implement.

Here, we consider a relaxation of a potentially very fine-grained TI model in
which the set of possible starting times is partitioned into so-called time-buckets

* We thank EBG MedAustron GmbH, Wiener Neustadt, Austria, for the collaboration
on particle therapy patient scheduling and partially funding this work.
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(TB). This TB relaxation is typically much smaller than the original TT model
and can be solved relatively quickly. An obtained solution provides a lower bound
for the TT model’s solution value but in general does not directly represent a fea-
sible schedule as activity start times are only restricted to certain time-intervals.
This solution, however, provides a promising starting point for matheuristics. On
the one hand, we may try to derive a feasible schedule by heuristically fixing the
start times to specific values, trying to fulfill all constraints. On the other hand,
we can further subdivide some time-buckets and re-solve the resulting refined
model to obtain an improved bound and a model that comes closer to the TI
model. Doing this refinement iteratively yields a matheuristic that in principle
converges to a provably optimal solution. In practice, it is crucial to subdivide
the time-buckets in a sensible way in order to increase the model’s size only
slowly while hopefully obtaining significantly stronger bounds. (Meta-)heuristic
techniques and dual variable information may provide a strong guidance.

The basic idea of the time-bucket relaxation originates in work from Wang
and Regan [4] on the traveling salesman problem with time windows. Dash et
al. [1] build upon this work and suggest an iterative refinement based on the
solution to the LP-relaxation. We are not aware of any work that applies this
principle already in the scheduling domain. There is just other work where the T1
model is applied with different resolutions for the time discretization, but such
approaches do in general not yield lower bounds and introduce imprecisions and
are therefore conceptually different.

2 Resource Constrained Scheduling with Precedence
Constraints

The above sketched general approach is more specifically investigated on a re-
source constrained scheduling problem with precedence constraints. This prob-
lem, for example, arises as a subproblem in the daily planning of activities to
treat cancer patients with modern particle therapy [3]. Our experimental evalu-
ation considers benchmark instances from this application.

We are given a set of resources R = {1,...,p}, a set of activities A =
{1,...,a}, and for each activity a € A a processing time p,, a release time
t', a deadline t9, and a subset of required resources Q, C R. Let the overall
(huge) set of discrete times be T = {T™® . . Tmax} Each resource r € R
is only available at certain time intervals specified by set W,. C T. Last but
not least, precedence constraints among the activities are stated by a directed
acyclic graph G = (4, P) with P C A x A and for each precedence relation
expressed by an arc (a,a’) € P minimum and maximum end-to-start time lags
Lgfg}, Ly5r € N> with Lgfiar} < Lye7 need to be obeyed.

A solution S = (S1,...,S5,) € T® assigns to each activity a € A a starting
time S, € T, from which on the activity is performed without preemption. We

are looking for a feasible solution that minimizes the makespan.
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3 Time-Bucket Relaxation and Matheuristic

Let B = {Bs,...,Bg} be a partitioning of T into subsequent time-buckets with
By ={By*t . B} Vb=1,...,8,and B +1=By'at wb=1,...,8-1.
We further make the following definitions.

— I(B) ={1,...,B} is the index set referring to all buckets in B.

— WEB(b) = |B, N W,| denotes the aggregated availability of resource r € R
over the whole bucket b € I(B).

—Co ={Ca1,...,Cap,} C 21(B) refers to all subsets of consecutive buckets
in B to which an activity a € A can be jointly assigned so that some part of
activity a is performed in each of the buckets. These sets can be determined
by “sliding” the activity over all time-slots and taking the covered buckets.

— Let tsmin be the earliest time-slots from 7' at which activity a can possibly
start when it is assigned to bucket sequence Cy ¢, and 37** the latest.

— For each bucket sequence C, . € C, and each contamed bucket b € Cy
we further determine a lower bound me and an upper bound z;}% for the
number of time-slots at which activity  can possibly take place i in bucket b
when activity a is assigned to Cj c.

The TB relaxation can now be stated as follows.

min MS (1)
Ya
Zya,czl Va € A (2)
'Ya. X
D My e+ pa < MS Vae A (3)
c=1
> 2 Yoo < WP D) vre R, beI(B) (4)
aeA7Ca,ceCa|beCa,c/\7'EQa
Ya’ Ya ‘
ST o — Y By, > p o+ LI Y(a,d') € P (5)
c'=1 c=1
Dy — thmax Yae < Pa + L35 V(a,d') € P (6)
/=1
ya,ce{o,l} V(ZGA,C:].,...,’YG (7)
MS >0 (8)

Variable MS represents the makespan to be minimized (1). Binary variables
Ya,c indicate if activity a € A is completely performed in bucket sequence C, .
Equations (2) ensure that for each activity exactly one bucket sequence is chosen
from C,. Inequalities (3) are used for determining the makespan MS. Inequali-
ties (4) consider for each time bucket the aggregated resource availabilities and
resource consumptions for performing the respective activities. Finally, inequal-
ities (5) and (6) represent the precedence constraints with the minimum and
maximum time lags, respectively.



Time-Bucket Relaxation Based MIP Models for Scheduling Problems 107

Our matheuristic works as follows. We initially solve the TB relaxation for
a rather crude partitioning of 7" into buckets. Then we try to derive a feasible
schedule from the solution of the TB relaxation, i.e., we try to choose valid ac-
tivity starting times as far as possible in correspondence to the selected bucket
sequences. This is done by a greedy construction heuristic that considers the
time buckets in chronological order and the assigned activities in a topological
order, taking care of the precedence constraints and resource constraints as far
as possible. Should we be able to find a feasible schedule whose makespan corre-
sponds to the solution value of the TB relaxation, then this schedule is optimal
and we can terminate.

Otherwise, the bucket partitioning is further refined by splitting buckets re-
lated to violated constraints. Furthermore, valid inequalities cutting off current
infeasibilities may be added to the model. The refined model is solved again and
the whole process iterated. We investigate and compare several strategies for the
bucket splitting, considering also dual variable information from the relaxation.

4 Results and Conclusions

An experimental comparison with a compact discrete-event model and a clas-
sical TT formulation clearly shows the advantages of the TB relaxation: while
the discrete-event model is only applicable to tiny instances due to its poor LP
relaxation, the TI formulation suffers from its huge size when considering prac-
tically reasonable time discretizations. The matheuristic based on the iterative
refinement of the TB model, however, soon yields reasonable lower bounds as
well as feasible heuristic solutions, and both are improved over time.

The described approach is relatively generic and can rather easily be adapted
to related scheduling problems. Clearly, there are many ways to enhance the basic
concept: Intermediate heuristic solutions may be further improved by advanced
local search techniques, the model may be strengthened by additional valid in-
equalities, possibly extending the approach to a branch-and-cut algorithm. More
generally the field of hybrid metaheuristics and matheuristics provides plenty of
opportunities to further exploit the proposed time-bucket relaxation.
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The increasing maritime traffic growth forces terminal operators to efficiently
reduce the container ships’ service time in order to maintain or increase their
market share. This situation gave rise to the well-known berth allocation prob-
lem. Its goal is to determine the allocation and berthing time of each container
ship arriving to a port with the aim of minimizing the total service time. For ad-
dressing this problem, we propose a dynamic programming based matheuristic
approach that allows us to derive lower and upper bounds, and therefore, eval-
uate the optimality of the provided solutions. Its performance is assessed over
realistic problem instances and compared to some of the best approaches pro-
posed in the literature. In this regard, the computational results show that the
performance exhibited by our proposed approach is competitive and significantly
better than those approaches from the related literature.
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We present a corridor method based algorithm for the general Capacitated
Facility Location Problem (CFLP). The algorithm exploits solutions obtained
via Lagrangean relaxation and builds corridors around such solutions. A thor-
ough exploration of the neighborhood induced by the corridor is carried out
using an MIP solver. To show the genericity of the method we show that the
algorithm can be used, with little or no modifications, on a number of variants
of the CFLP. More precisely, we solve to (near) optimality over 500 benchmark
instances, using the single-source as well as the multi-source formulations, both
in the nominal, i.e., deterministic, and in the robust, i.e., stochastic, versions.
The performance of the algorithm is competitive when compared with the best
approaches proposed in the literature for each variant of the CFLP, especially
considering that the algorithm has not been designed with a specific CFLP for-
mulation in mind. In addition, we show that the algorithm outperforms the
commercial MIP solver in terms of running time and is able to find near-optimal
solutions very early in the search for all the CFLP variants analyzed.
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The problem tackled here is the selection of containers in order to pack a set
of cuboid boxes. The aim is to minimize the unused space inside the selected
containers. The set of boxes is highly heterogeneous while there are few types of
containers to select. According to the typology of cutting and packing problems,
this is a three dimensional Multiple Bin Size Bin Packing Problem (MBSBPP)
in which, in addition to the geometry constraints, some additional constraints
encountered in practical packing situations are considered: the container weight
limit, the orientation constraints, the load stability, the fragility of the boxes and
the weight distribution within a container. Moreover, as the original problem is
an air cargo application, we extend the definition of the MBSBPP to include
situations in which the large objects may be truncated parallelepipeds. Indeed,
in this context, containers are called Unit Load Devices (ULD) and may have
specific shapes to fit inside aircraft.

This MBSBPP has been formulated as a mixed integer linear programming
problem, but only poor results are achieved for even fairly small problem sizes.
Therefore, the aim of the current research is to develop set of constructive
matheuristics based on that formulation that may be able to provide better
quality solutions to then be used as final solutions for the problem or as ini-
tial feasible solutions that may speed-up the mathematical programming model
resolution.

Three methodologies based on the decomposition of the original problem
into easier subproblems are considered: the Relax-and-Fix, the Insert-and-Fix
and the Fractional Relax-and-Fix matheuristics. They were tested on real data
sets to determine the best parameters for each technique and then compared
to the results of the Branch-and-Bound. Finally, deeper experiments are carried
out on the two best approaches to find their limitations.
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In this talk, we will give an overview of our work on the analysis of the
scaling behavior of high-performing exact and heuristic algorithms for the trav-
eling salesman problem. For the empirical scaling analysis we have used a novel
approach, which is applicable to solvers for many other problems. Among the
TSP solvers, we have considered concorde, the state-of-the-art exact TSP solver
and two state-of-the-art heuristic algorithms, namely Helsgauns implementation
of the Lin-Kernighan heuristic versions 1.3 and 2.0 and the evolutionary algo-
rithms with EAX-crossover by Nagata and Kobayashi. We show that (i) for exact
algorithms the empirical median run-time required to solve random uniform Eu-
clidean (RUE) instances scales using a root-exponential scaling, (ii) the fraction
of the time taken by exact algorithms to find the optimal solution is a large
fraction of the overall run-time and growing with instance size, (iii) the heuristic
algorithms scale better than exact algorithms when considering the finding times
of optimal solutions in terms of constants and some also in terms of scaling law,
and (iv) automatic configuration can have a significant impact on the scaling
behavior of at least the heuristic algorithms.
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Modern optimization algorithms typically require the setting of a large num-
ber of parameters to optimize their performance. This is particularly also true
for Matheuristics as such methods combine some elements of mathematical pro-
gramming and heuristic search methods and, thus, result therefore often in al-
gorithms with potentially even more parameters than algorithms that are based
on a single paradigm. The immediate goal of automatic algorithm configura-
tion is to find, automatically, the best parameter settings of such an optimizer.
Ultimately, automatic algorithm configuration has the potential to lead to new
design paradigms of optimization software.

The irace package is a software package that implements a number of au-
tomatic configuration procedures. In particular, irace offers iterated racing pro-
cedures, which have been used successfully to automatically configure various
state-of-the-art algorithms. The iterated racing procedures implemented in irace
include the iterated F-race algorithm and several extensions and improvements
over the original iterated F-race proposal.

In our presentation, we will present shortly the rationale underlying the it-
erated racing procedures and introduce a number of recent extensions. Some of
these extensions are described in the recent software description that is submit-
ted for publication in Operations Research Perspectives (see following pages).
These extensions include a restart mechanism to avoid premature convergence,
the use of truncated sampling distributions to handle correctly parameter bounds,
and an elitist racing procedure for ensuring that the best configurations found
are also those evaluated in the higher number of training instances. We will
discuss also additional changes that we are currently testing and that include
the inclusion of surrogate models to predict the performance of configurations
using random forest models, the inclusion of different sampling models and the
extension of the irace package to handle better configuration objectives that
involve the minimization of the computation time of target algorithms. Cur-
rently available preliminary results on the latter extensions indicate promising
performance.
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