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Abstract : In July 2022, I received the EURO Gold medal at the 32°¢ EURO Conference held in
Espoo, Finland. This paper is based on the presentation I made at the medal award ceremony. It cov-
ers 10 topics on which I have worked throughout my career. These are the seriation problem, rotating
work schedules, deterministic vehicle routing, stochastic vehicle routing, examination timetabling, dis-
tricting, waste management, metro network design, green transportation, and humanitarian logistics.
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1 Introduction

The EURO Gold medal is awarded when a EURO Conference is held to an individual or a group for
an outstanding contribution of operational research. It is intended to reflect contributions that have
withstood the test of time, and hence is awarded for a body of work rather than a single piece.! In
July 2022, I received the EURO Gold medal at the 324 EURO Conference held in Espoo, Finland.
On this occasion I was asked to deliver a 30-minute presentation on my major and recent contributions
to the body of knowledge in operational research. To this end, I have selected 10 topics that illustrate
the breadth of my research interests and achievements spanning 50 years from the beginning of my
Ph.D. studies in 1972 to 2022. These are the seriation problem, rotating work schedules, deterministic
vehicle routing, stochastic vehicle routing, examination timetabling, districting, waste management,
metro network design, green transportation, and humanitarian logistics. The present paper expands
on my award ceremony presentation.

2 The seriation problem

From 1972 to 1975, I was a Ph.D. student at the London School of Economics (LSE) under the
supervision of Ailsa H. Land who received the 2021 EURO Gold Medal. In a recent paper (Laporte,
2021) I provided a brief account of this period. My thesis (Laporte, 1975) focused on the study of
the seriation problem. Liiv (2010) describes seriation as “an explanatory data analysis technique to
reorder objects into a sequence along a one-dimensional continuum so that it best reveals regularity
and patterning among the whole series”. Seriation algorithms are rooted in combinatorial optimization
(Seminaroti, 2016) and in statistical techniques such as multidimensional scaling (Kendall, 1969b;
Rodgers and Thompson, 1992), and more recent developments based on data mining, information
visualisation and network analysis (Liiv, 2010).

My thesis focused on an application of the seriation problem arising in archaeology, namely that
of inducing a likely chronological ordering of graves based on artifacts they contain, such as pottery,
religious symbols, jewels, etc. Robinson (1951) hypothesized that the importance of an artifact in
a grave increases over time and attains a peak before declining. The relevant information can be
summarized in the form of an n xm “abundance matrix” A = (a;;), where a;; is the absolute frequency
of artifact j in grave i. Figure 1 depicts two abundance matrices, the first with an arbitrary grave
ordering, and the second exhibiting a perfect ascending and descending pattern. Of course, such
regular patterns are not always achievable. Doran and Powell (1972) worked with a simplified binary
“Incidence matrix” E = (e;;), where e;; = 1 if and only if a;; > 0, i.e., artifact j is present in
grave i. Then, in a perfect ordering of the rows of E, the 1s should be consecutive in each column
(Figure 2). Again, a perfect ordering does not always exist, and then a natural problem is to determine
a permutation of the rows of E that will minimize a “score” equal to the sum of the spreads of 1s
over all columns, such as in the example of Figure 3. This is the version of the seriation problem I
considered in my thesis and that I refer to as “the seriation problem” in this paper. This problem is
not restricted to archaeological seriation, but also arises in diverse fields such as epigraphy (Stefan,
1971), genetics (Fulkerson and Gross, 1965; Atkins et al., 1998), scheduling (Adelson et al., 1976), and
VLSI design (Mohring, 1990).

An important property of a binary matrix E is whether or not it possesses the consecutive 1s
property, i.e., whether there exists a permutation of the rows of E in which the 1s are consecutive
in each column. Fulkerson and Gross (1965) have designed a polynomial algorithm based on interval
graphs that determines whether a matrix satisfies this property and, if this is the case, identifies
a permutation of the rows of F in which the 1s are consecutive in each column, i.e., the score is
minimized. The seriation problem is NP-hard since it is equivalent to the NP-complete “consecutive
1s matrix augmentation problem”: given a binary matrix F, determine whether there exists a matrix

lhttps://en.wikipedia.org/wiki/EURO_Gold_Medal
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E derived from E by changing at most K entries equal to 0 into a 1 so that E has the consecutive 1s
property (Booth, 1975; Papadimitriou, 1976; Garey and Johnson, 1979).

Graves Artifacts
1 2 3 4 5 6
1 1 3 5 4 4 0
2 o 7 0 0 1 5
3 1 0 0 3 3 O
4 0 3 4 1 5 0
5 3 3 7 6 9 0

(a) Unordered grave sequence

Figure 1: Unordered and ordered abundance matrices.

Graves Artifacts
1 2 3 4 5 6
1 1 1 1 1 1 0
2 0 1 0O 0 1 1
3 1 0 0 1 1 o0
4 0 1 1 1 1 0
5 1 1 1 1 1 0

(a) Unordered grave sequence

Figure 2: Unordered and ordered incidence matrices corresponding to the abundance matrices of Figure 1.

Graves Artifacts
1 2 3 4 5 6
1 1 1 1 1 1 0
2 0 1 1 0O 0 O
3 0O 0 1 0 1 o0
4 1 0 0 1 0 1
5 1 1 0 1 1 1

(a) Unordered incidence matrix

Graves Artifacts

1 2 3 4 5 6

2 o 7 0 O 1 5

4 0 3 4 1 5 0

5 3 3 7 6 9 0

1 1 3 5 4 4 0

3 1 0 0 3 3 0

(b) Ordered grave sequence

Graves Artifacts

1 2 3 4 5 6

2 o 1 0 o0 1 1

4 o 1 1 1 1 0

5 1 1 1 1 1 0

1 1 1 1 1 1 0

3 1 0 0 1 1 0

(b) Ordered grave sequence

Graves Artifacts
1 2 3 4 5 6
2 0 1 1 0 0 O
4 1 0 0 1 0 1
5 1 1 0 1 1 1
1 1 1 1 1 1 0
3 0O 0 1 0 1 O

(b) Ordered incidence matrix of least score

Figure 3: Unordered and ordered incidence matrices. In Figure 3a the score is equal to 19(=4+4+2+4+4+1). In
Figure 3b the score is minimized and is equal to 14(=2+3+4+ 2+ 2+ 1).

The seriation problem is notoriously difficult to solve exactly. Two natural algorithms are dynamic
programming and mixed integer linear programming (MILP). As noted in Adelson et al. (1976) and
Laporte (1987), the complexity of the dynamic programming algorithm is O(mn2™), and therefore
only relatively small instances can be solved using this technique. The first MILP formulation for the
seriation problem is due to Doran and Powell (1972). Let x; be the position in the permuted matrix
E’ of row i of E, and let u; and v; be the row numbers of the first and last non-zero entries in column
j of E'. The problem can then be formulated as follows:

m
minimize Z(vj —uj)
j=1

subject to

in =n(n+1)/2

|£Ek—£L'l| 21

v 2 T

u; <@

(k<liki=1,...
(eij =1)
(eij =1)

vn)

(1)
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uj,v; > 1 (j=1,...,m) (6)
1<x;<n (i=1,...,n). (7)

In this formulation, the objective minimizes the score. Constraints (2) and (3) ensure that the x;
variables describe a permutation of (1,...,n) and therefore there is no need to declare these variables
as integers. Constraints (4) and (5) link the x;,u; and v; variables. Constraints (6) and (7) define the
domains of the variables. Constraints (3) can be linearized as

T — 2 +ndy > 1
T — 2 +ndy <n-—1
(5kl€{0,1} (k<l;k7l=1,...,n),

or branching can be performed dynamically on the alternative xx — z; > 1 or x, — z; < —1. In either
case, the lower bound obtained by initially relaxing constraints (3) will be weak. As a result, it will
be difficult to solve even medium-size instances exactly using this model.

It is possible to derive a lower bound on the optimal score by solving an auxiliary traveling salesman
problem (TSP), the advantage being that in practice the TSP is much easier to solve than the seriation
problem. To this end, first observe that one should favour solutions in which any two consecutive
rows of E’ both have a 1 in as many columns as possible. Hence define a dissimilarity coefficient
Cl = m — Z;nzl eijel; between rows k and [ of E. A traveling salesman instance with costs ¢y is
obtained by introducing in £ a dummy row of Os in position n + 1. The TSP solution will be such
that the total number IN; of sequences of Os between two 1s over all columns j will be minimized, but
not the sum of their lengths L;. For example, the matrix of Figure 3b contains two such sequences of
0s, but their total length is three. Hence, the TSP will minimize ZT:l (Nj -1+ Z?zl eij), which is
a lower bound on the score Z;n:l (Lj 143", eij). The quality of the TSP lower bound is directly
measured by 32", (L; — Nj).

Note that the minimization of a dissimilarity function has long been advocated by archaeologists
(see, e.g., Brainerd (1951); Robinson (1951); Kendall (1969a,b); Wilkinson (1971)). However, Laporte
(1976) observed that minimizing the score rather than the dissimilarity function just defined seems to
yield orderings that are closer to those proposed by archaeologists on real data such as those of the
63-row E matrix of the La Téne Cemetery (Hodson, 1968).

Given the fact that the seriation problem is very difficult to solve exactly and the data are often
imperfect, a practical solution methodology is to apply a row interchange local search heuristic similar
to those commonly applied to the TSP. Successful implementations of such heuristics are reported in
Laporte and Taillefer (1987) and in Gendreau et al. (1994).

3 Rotating work schedules

My interest in rotating work schedules originates from a consultancy project undertaken for the Mon-
treal police union together with my colleague Jean-Marc Rousseau, soon after my Ph.D. studies. A
rotating work schedule consists of a cyclic arrangement of work shifts, typically day (D), evening (E)
and night (N), and off-duty periods (X). Figure 4 depicts a five-week cycle (Montreal police union) and
a 12-week cycle (some employees of the Quebec Department of Transportation monitoring traffic on
closed-circuit TV). The number of shifts of each type on any day of the week reflects the distribution
of workers among the shifts needed to meet the workload requirements. Thus, in Figure 4a, which is
the schedule that was proposed for the Montreal police union, the distribution of workers among the
shifts is uniform throughout the week, whereas in Figure 4b it is irregular, with a higher workload from
Monday to Friday than during the weekend. One quarter of the workforce works on the night shift
from Monday to Wednesday, whereas this proportion is only 1/12 from Thursday to Sunday. Rotating
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Week Mo Tu We Th Fr Sa Su
1 D D X D D X X
2 D D D D D X X
3 X X X E E E E
4 E E X X E E E
5 E E E X X X X
Week Mo Tu We Th Fr Sa Su 6 D DD X XD D
1 X X X D D D D 7 D D D D D X X
2 X X E E E X X 8 E E E E X E E
3 D D D X X E E 9 E E E E E X X
4 E E X X N N N 10 N N N N N X X
5 N N N N X X X 11 N N N X X N N
12 N N N X X D D

(a) A five-week cycle. Montreal police.
(b) A 12-week cycle. Quebec Department of Transportation

Figure 4: Two rotating work schedules. D=day, E=evening, N=night, X=off.

work schedules are common in police and fire departments, and in factories that operate around the
clock. All employees rotate through the same schedule in a cyclic fashion.

Prior to constructing a rotating work schedule, it is necessary to define a workload matrix that
will specify the distribution of the workforce over the week. Figure 5 provides the workload matrices
corresponding to the two schedules of Figure 4. Denote by d;, e; and n; the number of weeks where
work must be carried out during the day, during the evening and during the night, respectively on day
i, and by z; the number of weeks in which the employees are off work on day i. If ¢ is the cycle length,
then these values must satisfy the equality d; 4+ e; +n; + x; = ¢ for all i. Moreover, if h is the duration
of a work shift, then the average number w of working hours per week is w = h ZZ:1(di +e;+mn;)/e
Thus, if h = 8, then w = 33.6 for the schedule of Figure 4a and w = 38 for that of Figure 4b. In
practice, determining an acceptable workload matrix, together with suitable values for ¢ and h may
require some negotiations between employers and employees. Short cycles are usually preferable to
long ones since they are easier to administer. In addition, even if there are three work shifts, as is
usually the case, the value of h may exceed eight since in some circumstances overlaps between shifts
may be deemed desirable, which offers extra flexibility. For example, in our project with the Montreal
police union, we worked with h = 8.5, which led to an average of w = 35.7 hours of work per week.

Week Mo Tu We Th Fr Sa Su Week Mo Tu We Th Fr Sa Su
d; 1 1 1 1 1 1 1 d; 4 4 3 3 3 2 2
e; 1 1 1 1 1 1 1 e; 4 4 3 3 3 3 3
n; 1 1 1 1 1 1 1 n; 3 3 3 1 1 1 1
T; 2 2 2 2 2 2 2 T 1 1 3 5 5 6 6
(a) A five-week cycle. Montreal police. (b) A 12-week cycle. Quebec Department of Transportation

Figure 5: Two workload matrices

The next step is to construct the work schedule which must obey certain basic principles. Preferably,
a shift change may only occur after a day off, and long work stretches should be followed by long off
stretches. Upper and lower bounds are imposed on the number of consecutive work or rest periods,
usually between two and seven. The number of achievable weekends off should ideally be reached,
and these should be regularly spaced, as much as possible. As a rule, forward rotations (day, evening,
night) are more desirable than backward rotations (day, night, evening) (Rosa and Colligan, 1997) in
terms of ergonomy. It is also often suggested not to have too many night periods in a row (Schwarzenau
et al., 1986; Knauth, 1996; Rosa and Colligan, 1997), but in all organizations I have worked with, the
employees preferred having long uninterrupted night sequences, up to seven nights in a row, like in
the example of Figure 4a. In practice, some of the above rules can be bent in order to achieve good
solutions (Laporte, 1999).



Les Cahiers du GERAD G-2022-46 — Revised 5

What started as consultancy work soon evolved into a scientific project. While small schedules
can easily be constructed by hand, it is often preferable to resort to a systematic algorithm for their
construction, especially for tightly constrained instances or when it is desirable to quickly generate
several candidate solutions. Integer linear programming models in which the variables correspond to
all acceptable stretches of on-days and off-days have been proposed (Laporte et al., 1980), but with a
limited success. Similarly, network flow models have been used (Balakrishnan and Wong, 1990), but
these are typically unable to accommodate most side constraints encountered in practice. Constraint
programming appears to be the most suitable method for the construction of rotating work schedules,
especially in view of the fact that this is essentially a feasibility problem with no well-defined objective.
Two such implementations are those of Musliu et al. (2002) and of Laporte and Pesant (2004). The
latter paper describes several customized operators and reports very fast solution times on nine real-
world instances that are very diverse in terms of requirements.

4 Deterministic vehicle routing

During my Ph.D. years at LSE, I became interested in the TSP partly because I used it in my thesis,
but mostly because it was the main Ph.D. topic of my colleague Panagiotis Miliotis and a topic of
interest of my thesis director who both made several key contributions to this problem (Laporte, 2021).
After my studies I became interested in extending some of my TSP knowledge to the vehicle routing
problem (VRP).

The VRP is one of the most studied problems in combinatorial optimization. It was introduced
under the name “The Truck Dispatching Problem” by Dantzig and Ramser (1959) and renamed “The
Vehicle Routing Problem” by Christofides (1976). In the undirected capacity constrained VRP, which
is the version considered in this paper, there are n customers and a depot. A fleet of m identical
vehicles of capacity @ is based at the depot, and each customer has a non-negative delivery demand
¢; < Q. The value of m may be an input parameter of the problem or a decision variable, in which
case a cost f is associated with it. The travel cost between ¢ and j is equal to c;;. It is usually equal
to either the distance or the travel time between ¢ and j. The VRP consists of designing m vehicle
routes of least total cost, such that each route starts and ends at the depot, each customer is visited
once by exactly one vehicle, and the vehicle capacity on any route is not exceeded. Two other common
classes of constraints are distance constraints stating that the length of any route should not exceed a
limit L, and a time window [a;, b;] imposed on the start of service at each customer 1.

Multiple other constraints exist, reflecting the numerous practical applications of the problem. For
example, the vehicle fleet may be heterogeneous, which is more often than not the case in practice;
vehicles may have different compartments for different kinds of products; the vehicle may perform
pickups and deliveries, simultaneously or not; there may be several depots at which cross-docking
operations sometimes take place; customers may have multiple or soft time windows; some customers
may be optional, in which case visiting them may generate a profit; some parameters of the problems
may be stochastic; the problem may have to be solved in a dynamic fashion, etc. The edited book of
Toth and Vigo (2014) presents an extensive treatment of these and other extensions.

The classical formulation for the symmetric TSP introduced by Dantzig et al. (1954) is defined on
an undirected graph G = (V, E), where V.= {1,...,n} is the vertex set and E = {(¢,7) : 4,5 € V,1 < j}
is the edge set. A cost ¢;; is associated with each edge (4, j), and the binary variable x;; is equal to 1
if and only if edge (4, 7) is used in the solution. The TSP is formulated as follows:

minimize Z CijTij (8)
(i.5)eE
subject to

ink+zxkj:2 (kEV) (9)

i<k >k
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Z$ij§|5|—1 (Sc V.S =3) (10)
i,jES

0< ;<1 (i,j € V,i < j) (11)
x;; integer (1, € V,i<j). (12)

The objective function (8) minimizes the cost of the traveling salesman tour, constraints (9) are
degree constraints, constraints (10) are subtour elimination constraints, and constraints (11) and (12)
define the domains of the variables. If branch-and-cut is applied to the solution of the problem,
constraints (10) and (12) are initially relaxed and dynamically imposed as they are found to be violated.
In his seminal algorithms, Miliotis (1978) makes use of Gomory cuts to reach integrality.

My first contribution to the VRP was to extend the work of Miliotis (1976) to the VRP. In the
VRP formulation, V is redefined as V' = {0, ...,n}, where vertex 0 is the depot, V' \ {0} is the set of
customers, and z;; indicates the number of times edge (4, j) is used in the solution. The formulation
is then:

minimize Z CijTij + fm (13)
(4,5)EE

subject to

Z Toj; = 2m (14)

JjeV\{0}

Sap+ > ag =2 (keV\{0}) (15)
i<k j>k

> ay <ISI- 1Y ai/Q] (S cV\{0},I8] >3) (16)
i,jES i€S

o5 € {0,1,2} (j € V\{0}) (17)
z;; € {0,1} (i,7 € V\{0},i < 7). (18)

The constrainsts have the same interpretation as those of the TSP. In the generalized subtour
elimination constraints (16), the second term of the right-hand side is a lower bound on the number
of vehicles necessary to serve all customers of S.

Laporte and Nobert (1983) have developed a branch-and-cut algorithm based on this model for
the VRP with capacity constraints, and Laporte et al. (1985) later extended this algorithm to the
VRP with capacity and route length constraints. These algorithms were successful in solving loosely
constrained instances of the problems. Laporte and Nobert (1984) were the first to generalize the
Chvatal (1973) comb inequalities to the VRP. These early results were later extended by several other
researchers, namely through the development of new families of comb inequalities and of other valid
inequalities. For surveys on this topic, see Toth and Vigo (2002) and Naddef and Rinaldi (2002). By
and large, the efficacy of branch-and-cut algorithms for the solution of the VRP is limited. Nowadays,
the best algorithms are based on branch-and-cut-and-price which combines branch-and-cut and column
generation. The best such implementations are currently those of Poggi and Uchoa (2014), Pecin et al.
(2014, 2017), and Sadykov et al. (2020).

Because exact algorithms are not sufficiently powerful and robust to solve large VRP instances,
especially in view of the fact that most real-life applications include numerous complicating features,
heuristics are commonly used in practice. The best available heuristics for the VRP are mostly based
on the hybridization of several metaheuristic principles, namely on the combination of mathematical
programming with large neighbourhoods, and on decomposition or cooperation schemes. In addition,
there is now a tendency to develop heuristics that can handle several VRP features using the same
algorithmic structure and parameters (Vidal et al., 2014). For overviews and recent experiments, see
Laporte et al. (2014), Accorsi and Vigo (2021), and Santini et al. (2023).
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A recent trend in the development of VRP heuristics is the inclusion of emerging objectives, such as
those described in Vidal et al. (2020). These include 1) profitability (performance ratios, profits, out-
sourcing); 2) service quality (cumulative objectives, inconvenience measures, service levels); 3) equity
(workload balance, service equity, collaborative planning); 4) consistency (temporal, person-oriented,
regional); 5) simplicity (compactness, separation, navigation complexity); 6) reliability (expected cost
or loss, probability of failure); 7) externalities (emissions, safety risk).

5 Stochastic vehicle routing

Three major sources of uncertainty in the VRP are the demands, travel and service time durations,
and the presence of customers (Gendreau et al., 1995b, 2016; Oyola et al., 2017, 2018). The VRP with
stochastic demands is the most studied case and is also the problem that first drew my interest. The
chance-constrained version of this problem is relatively simple. It suffices to replace the right-hand
side of constraints (16) in the deterministic VRP model with |S| —m(.9), where m,(.S) is equal to the
minimum number of vehicles needed to serve all customers of S so that the total demand of .S exceeds
me(5)Q with a probability at most equal to «. In other words, if §; is the demand of customer 4, then
mq(S) is the smallest integer such that P(} ;g & > ma(5)Q) < a. It is easy to compute the value
of my(S) if the & random variables are independently distributed and follow an additive distribution
such as normal or Poisson.

Most authors who have worked on the VRP with stochastic demands have developed recourse
models rooted in the a priori optimization paradigm (Bertsimas et al., 1990): a first-stage solution
is first computed, a random event occurs which may render this solution infeasible, and a recourse
action which generates a penalty is then applied. The aim is to compute a first-stage solution such
that its cost, plus the expected cost of recourse, is minimized. In the VRP with stochastic demand the
random event is the realization of the customer demands. The most common recourse action is where
each vehicle follows its route as planned until its capacity becomes exceeded, returns to the depot to
replenish, and resumes its planned route at the point of failure. Other recourse actions are possible,
such as reoptimizing the remaining portion of the route at each point of failure, or making preventive
returns to the depot in anticipation of a higher recourse cost in the remaining part of the route (Dror
et al., 1989). Dror et al. (1993) assume that a route failure can only occur at one of the last k customer
locations of the planned route, which is realistic in many contexts for small values of k. The problem
can then be solved as a sequence of k TSPs, and therefore reduces to a single TSP if k = 1. Lei et al.
(2011) have designed an adaptive large neighbourhood heuristic for the VRP with stochastic demands
and time windows. The recourse action is a back-and-forth trip to the depot, which increases the route
duration and therefore triggers a chain reaction on the arrival times at the customers on the planned
route. The problem is solved under the assumptions that at most one failure per route may occur and
that the customers whose time window is missed will be served by a special delivery which generates
an extra cost. Another interesting case of the VRP with stochastic demands is where the expected
cost of recourse is bounded by a given percentage [ of the first-stage solution cost. Laporte et al.
(1989) show that this case can be modeled and solved as a deterministic VRP.

In the VRP with stochastic travel durations, the random variables are usually not independent,
which severely complicates the computations. For example, one needs to resort to convolutions to
compute the probability distribution of route durations. One realistic way of surmounting this diffi-
culty is to work with probabilistic scenarios, for example low, medium or heavy traffic simultaneously
affecting all travel durations in the same way (Laporte et al., 1992). Such problems are defined with a
limit L on the duration of a vehicle route, and usually an overtime cost is incurred whenever a route
duration exceeds L. This is also the case in problems with random service times (Lei et al., 2012),
but there it makes sense to assume that the service times are independent random variables, which
simplifies the computations. One interesting exception to the overtime penalty cost is found in the
paper by Lambert et al. (1993) which deals with money collection at bank branches. Here, any money
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arriving after a given deadline loses one day’s interest, and the cost of recourse is equal to the total
lost interest.

The study of routing problems with stochastic customers is rooted in the work of Jaillet (1985) for
the TSP, and of Bertsimas (1992) for the VRP. In these problems vehicle routes are first designed and
the list of absent customers is revealed just before the routes are followed, but the routes cannot be
changed, except for the fact that the absent customers are skipped. Contrary to what happens in the
stochastic VRPs just described, skipping the absent customers generates a saving, in other words a
negative recourse cost. Laporte et al. (1994) have published the first exact algorithm for the TSP with
stochastic customers. Gendreau et al. (1995b, 1996) have designed a heuristic and an exact algorithm
for the VRP with stochastic customers and demands. Note that in this case the recourse function
includes a non-positive term due to absent customers, and a non-negative term due to stochastic
demands.

The integer L-shaped method (Laporte and Louveaux, 1993) applies to stochastic integer programs
with complete recourse. It was designed with stochastic VRPs in mind but is also of general applicabil-
ity. This exact branch-and-cut algorithm is an extension of Benders decomposition (Benders, 1962) to
stochastic programming. The method first computes a lower bound 6 on the expected cost of recourse
associated with the first-stage solution x of a subproblem, and it then computes the actual value of the
recourse cost Q(x) associated with z. If Q(x) > 6, an optimality cut is added to force the generation of
a new first-stage solution. Otherwise the optimum has been reached for the current subproblem. In its
pure form this method can be quite weak, but it can be strengthened through the generation of valid
inequalities at non-integer solutions, called lower bounding functionals (see, Laporte and Louveaux
(1993); Laporte et al. (2002); Jabali et al. (2014)). The integer L-shaped method was applied to the
solution of the VRP with stochastic demands (Laporte et al., 2002). In 2004, this work won the Best
Paper Prize of the Transportation and Logistics Section of INFORMS. Generalizations (Carge and
Tind, 1998) and improvements (Angelo et al. (2016); Hoogendoorn and Spliet (2023)) of the integer
L-shaped method have since been proposed.

6 Examination timetabling

Examination timetabling is a problem encountered in many colleges and universities and has attracted
the attention of several researchers (see, e.g., Carter (1986), Carter and Laporte (1995), Qu et al.
(2009), and McCollum et al. (2012)). In several teaching institutions, exams take place during the
normal teaching periods and hence their timetabling does not pose any difficulty. Here we are interested
in the case where exams are held in specific periods in mid-term or after the regular teaching activities.
The exams are scheduled in a grid that specifies a set of periods during which the exams can take
place. For example, if the exam period extends from Monday to Saturday and there are three allowable
periods each day (morning, afternoon, evening), then the grid will consist of 18 periods. The basic
problem is to assign exams to periods in such a way that there are no conflicts between exams, i.e.,
occurrences of students having to take two exams simultaneously. The number of periods required to
schedule all exams is therefore at least as large as the size of the largest clique in the conflict graph.
In practice, this number is much larger because of the presence of several side constraints. Also, as
will be explained, examination scheduling is not only a feasibility problem.

The most common side constraints are as follows (Laporte and Desroches, 1984; Carter and Laporte,
1995; Carter et al., 1996): 1) Some exams may be preassigned to specific periods or groups of periods.
For example, the exams of evening courses are often scheduled in the evening. 2) Similarly, some exams
must be assigned to a specific room, such as a laboratory, a gymnasium or a concert hall. 3) There
are constraints on room availability or on the total seating capacity. 4) Certain exams must be held
in a specific sequence. For example, in some science courses, the theoretical exam is often scheduled
before the laboratory exam. 5) In some cases where several exams correspond to courses given by the
same instructor, it may be preferable to assign these exams to nearby rooms.
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Two objectives are often considered in examination timetabling. 1) The most common objective is
to space out the exams taken by the same student as much as possible. As in Carter et al. (1994) and
Carter et al. (1996), this is expressed in the form “no z in y”, to control how many times a student
takes x exams in y consecutive periods. Therefore, one can simply impose hard constraints of the form
“no z in y” for some x and y values (e.g., z =y > 1, x = 2 and y = 3), or soft constraints through
penalties in the objective function. 2) In addition, there are sometimes preferred periods for some
exams, which may be expressed as part of the objective.

While the examination timetabling problem can in principle be formulated as a mathematical
program, this approach is impractical because of the large size of most realistic instances and because
some “no x in y” constraints require large numbers of logical binary variables. For this reason, the
problem is usually solved by means of local search heuristics in two steps: initial solution construction,
and solution improvement by means of an exchange mechanism. In order to construct an initial
solution, the exams are first ordered in a waiting list according to a given criterion, and then inserted
one at a time in the grid while maintaining feasibility and selecting at each step the assignment that
will least increase the objective function value. The waiting list may be reordered dynamically as
the exams are scheduled. At some point it may prove impossible to feasibly schedule a new exam
taken from the waiting list, in which case an already scheduled exam is bumped from the partially
constructed schedule and reinserted in the waiting list of unscheduled exams so as to enable the
scheduling of the new exam. Laporte and Desroches (1984) describe several ways of implementing the
bumping mechanism in order to avoid cycling, such as imposing an upper limit on the number of times
the same exam can be bumped from the partially constructed timetable. When this limit is reached,
the instance is deemed infeasible. In numerous tests conducted on real and artificial instances, such
situations have been extremely rare. A notorious example is that of Purdue University where, in 1993,
2,419 exams, 30,032 students, and 120,690 student-examinations had to be scheduled in 30 two-hour
periods over five days. This proved impossible even if the density of the conflict matrix was only 0.03.
Relaxing the no conflict constraints, but imposing a very high cost on them, yielded a timetable with
some, but very few students in conflict (Carter et al., 1996). In practice, unplanned conflicts may arise
for a variety of reasons, such as medical problems, in which case the universities implement ad hoc
solutions to handle such situations.

Carter et al. (1996) have conducted an in-depth study of the best way to order the exams in the
initial waiting list using five rules reflecting the difficulty of scheduling an exam: 1) largest number of
conflicting examinations, 2) number of periods in conflict with the exam (as in Brélaz (1979) for the
graph colouring problem), 3) number of students in conflict, 4) number of students enrolled for the
exam, 5) random order. It was found that for loosely constrained instances, the first four rules yield
similar results, but for tightly constrained instances, the third rule is preferable. The random order
rule always fared the worst.

In order to space out exams evenly for most students, Laporte and Desroches (1984) applied
decreasing weights wg to the number of students enrolled in two exams separated by s periods, with
wy = 16, wy = 8, wy = 4, wy = 2, and ws = 1, in a context where there are three periods per day, the
evening of a given day and the morning of the following day being considered as consecutive. Carter
and Laporte developed the EXAMINE examination scheduling software (described in (Carter et al.,
1994)), which was tested or implemented in several universities worldwide. EXAMINE extends the work
of Laporte and Desroches (1984). Its distinguishing feature lies in the implementation of a combination
of “no x in y” conditions selected by the user, either as constraints or as objective components with
appropriate weights. This enhancement has a major consequence in terms of computer implementation
because it requires keeping information on every individual student, as opposed to simply recording the
number of students common to two exams, as was the case in Laporte and Desroches (1984). For the
development of EXAMINE and its implementation in several universities, Carter and Laporte ranked
first in the Practice Prize competition of the Canadian Operational Research Society (CORS) in 1992.



Les Cahiers du GERAD G-2022-46 - Revised 10

Nowadays, many universities use sophisticated global data processing systems, such as PeopleSoft,
to help manage their administrative activities. These systems often incorporate course scheduling and
examination timetabling functionalities, in which case the need for dedicated examination timetabling
software no longer exists.

7 Districting

The purpose of districting is to partition a territory into districts that satisfy some properties. Kalcsics
and Rios-Mercado (2019) identify four main application areas: political districting, sales territory
design, service districting, and distribution districting. I have conducted research in each of these
areas.

Political districting is probably the most common case. The aim is to construct political constituen-
cies that satisfy some basic criteria, the most common being 1) contiguity: all districts must consist
of a single connected geographical area; 2) equity: all districts must have roughly the same popula-
tion or the same number of voters; 3) compactness, which can be measured in several ways (Bozkaya
et al., 2003): as much as possible, the districts should have approximately round or square shapes,
which helps avoid gerrymandering and often facilitates travel within the district; 4) in some cases it is
desirable to create districts that are homogeneous in terms of socio-economic characteristics; 5) major
geographical boundaries such as wide rivers or straits should be respected; 6) if a districting plan is
created to replace an old one, it may be preferable to maximize the degree of similarity between the
two plans. In addition, the process should be politically neutral and not take previous voting results
into account.

In political districting, the districts are constructed by agglomerating basic units, such as census
tracts, for which geographical, demographic and socio-economic data are available. Contiguity is a
hard constraint, but the other constraints can be treated in a multi-objective fashion, for example by
associating a function F'(z) to any candidate solution z, where F'(x) is a weighted sum of measurements
associated with each criterion one wishes to consider.

Solving districting problems exactly in the presence of constraints such as contiguity and compact-
ness poses important modeling and algorithmic challenges because of the non-linearities that these
constraints induce. Therefore, local search heuristics are most often used instead of exact algorithms
(Ricca et al., 2011). Our heuristic (Bozkaya et al., 2003) constructs an initial contiguous solution and
applies tabu search to it in the hope of improving it. At each iteration, a basic unit is moved from
its district to an adjacent one, or two basic units are exchanged between two adjacent districts. This
was the methodology employed by Bozkaya et al. (2011) to redesign the electoral map of Edmonton
into 12 districts. The districting plan was approved by the city and was implemented in 2010. This
project was awarded the 2010 CORS Practice Prize.

When designing sales territories, it is important to take contiguity and compactness into account,
but also to ensure that the workload and possibly the expected revenue of each salesman are equitably
distributed. Lei et al. (2012) solved one such problem in a context where some of the customers are
deterministic and some others are stochastic, as is often the case in practice. Since the workload
depends partly on the length of the route followed to visit the customers associated with any single
day, the expected route lengths are approximated by means of the Beardwood et al. (1959) formula
which expresses the route length as simple function of the expected number of customers in a district
and the area of the district. Lei et al. (2015) later studied a dynamic problem, where customers may
enter or leave the system over a planning horizon, and it is desirable not to modify the districts too
much over time since the salesmen wish to preserve the rapports they have established with their
customers. Lei et al. (2016) have later solved a sales territory districting problem combining stochastic
and dynamic customers.
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Blais et al. (2003) designed six healthcare delivery districts for a community health clinic in a Mon-
treal borough. They had to account for the indivisibility of some predefined basic units, connectivity
of the districts, and workload balance. The latter criterion reflected the amount of work associated
with the number and the severity levels of the patients to be visited, and also the travel times. It was
assumed that the nurses traveled by bus, which led to rather elongated districts created around bus
lines. The problem was solved by tabu search by moving basic units across the boundaries of adjacent
districts.

The following two districting applications include a routing component, and neither makes use of
two-dimensional basic units. Haugland et al. (2007) considered the problem of grouping customers with
random demands into delivery districts, each served by a single vehicle. The problem is formulated as
a two-stage stochastic program. In the first stage, the districts are designed, and a tentative vehicle
route is constructed in each district. The demands are then revealed and corrective actions such as
returns to the depot, are applied. The problem is to compute a first-stage solution so that the expected
cost of the realized solution will be minimized. It was observed that such a solution would consist of
a single district, so an upper bound on the cost of the first-stage routes was imposed, still leaving the
number of districts as a decision variable. Since the model does not work with basic units, but only
with points in the plane, the notion of contiguity is elusive and traditional compactness measures have
to be adapted to deal with discrete points as opposed to two-dimensional geometric entities.

Butsch et al. (2014) constructed districts in an arc routing context, where the basic units are the
edges of a graph. Each edge has a service time as well as a deadheading time. The edges are to be
visited in Chinese postman tours, often by employees working on a bicycle or on foot. In such a context,
it is preferable to generate solutions with a low deadheading. Two hard constraints are imposed on the
districting plan: the districts must define a partition of the edges, and they must be connected. There
are also some soft constraints: the districts must be well balanced in terms of workload, the total
deadheading time should be small, and the districts must be compact. As in the previous application,
traditional compactness measures must be adapted to account for the fact that the basic units are
edges as opposed to planar areas. The authors define a local compactness measure which is the total
distance of the basic units of a district to its centre, and a global compactness measure is obtained by
enclosing each district within the smallest enclosing axis-parallel rectangle that contains all its edges,
and computing the total overlap of these rectangles in the districting plan. As in political districting
(Bozkaya et al., 2003), a multi-criteria function was minimized by means of a tabu search algorithm.

8 Waste management

Solid waste management has become a top priority everywhere, with the growth in the amount of waste
generated and the increasing concern for the protection of the environment (Ghiani et al., 2014a,b;
de Souza Melaré et al., 2017). Ghiani et al. (2014a) describe several strategic and tactical issues
encountered in solid waste management. The strategic issues include the overall design of the network,
the construction of treatment facilities, the location of landfills and incinerators, and the choice of
waste transformation technologies. The tactical decisions include districting, the location of recycling
bins (Rossit and Nesmachnow, 2022), vehicle fleet composition, collection patterns and scheduling,
and the design of garbage collection routes (Ghiani et al., 2014a,c; De Maio et al., 2021), sometimes
together with the allocation of vehicle types to the routes (Zbib and Laporte, 2020). Several of these
decisions are intertwined and are complicated by the fact that garbage accumulation is stochastic. In
some cases, inventory control, made possible by the installation of sensors in public collection bins
(Hannan et al., 2015), adds another dimension to the problems.

My interest in waste management stems mostly from a project funded by the Danish Council for
Independent Research — Social Sciences, in collaboration with Sanne Wghlk at Aarhus University. We
worked on two main problems: the coordinated capacitated arc routing problem and the transport of
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skips between recycling centers and treatment facilities. In both cases we had access to real Danish
data. With Hani Zbib, I later took part in another project that also made use of Danish data.

In Denmark, like in many other countries, selective collections are organized for general garbage
and for several types of materials called fractions. These include glass, plastic, paper, carboard, metal,
and organic waste. However, these collections do not all have the same frequency, which tends to
range from weekly to four-weekly, and the collection days are not the same for all fractions. This of
course complicates the life of citizens who must manage a complicated calendar of collection days. Our
research question was to determine how much more expensive it would be to perform the collections for
all fractions on the same day of the week. This can only be achieved by designing a heuristic that will
determine balanced collection districts, as well as vehicle routes and collection schedules for coordinated
collection days or not. Extensive computational experiments were performed on data from five Danish
counties, which revealed that coordinated collection days would increase the collection costs by 12.4%
and the number of vehicles by 9.1% (Wghlk and Laporte, 2019). It is worth noting that answering a
rather straightforward question necessitated the design and implementation of an advanced algorithmic
apparatus, and also required some simplifications to be made since we worked on an undirected graph
when in reality there are some one-way streets, and we did not consider complications such as no-turn
restrictions. In addition, the graphs on which the problems were solved were quite large, containing as
many as 11,656 vertices and 12,691 edges. The vehicle routes were obtained by means of the FastCARP
heuristic for the capacitated arc routing problem (Wghlk and Laporte, 2018).

The second routing problem included in the Danish projects concerned the transport of skips
between recycling centers and treatment facilities (Wghlk and Laporte, 2022). Recycling centers are
open-air sites to which citizens drive to offload non-standard garbage such as old tires, wood, textile,
furniture, construction debris, electronic equipment, etc. There are 364 such recycling centers in
Denmark, each equipped with 20 to 30 skips associated with different garbage types. When a skip
becomes full, it is transported by a tractor to a treatment facility where recycling takes place. A
tractor can transport up to two full or empty skips between the recycling center and a treatment
facility, or between two treatment facilities, and all operations performed by the same tractor must be
completed within a given time limit. We studied two versions of the problem: one with fixed returns,
where each skip must ultimately return to its origin, and one without fixed returns. The objective is to
minimize the sum of the fixed cost associated with the use of the tractors, plus the total routing costs.
This problem is akin to the skip collection and delivery problem introduced by De Meulemeester et al.
(1997), in which the tractors could carry only one skip at a time. However, allowing the transport of
two skips simultaneously significantly increases the difficulty of the problem. We developed a MILP
model for the problem and solved it by means of a variable neighbourhood search-inspired heuristic
which was tested on 80 real-life data sets from four Danish areas, provided by our industrial partner.
These contained up to 185 transportation requests and 17 treatment facilities.

Another project was to design garbage collection routes for heterogeneous compartmented vehicles,
as is now the case in several settings (Zbib and Laporte, 2020). The capacity of a garbage compartment
depends on the fraction type it contains and on its compression factor. This is an arc routing problem
in which three types of decisions must be made: determining the vehicle fleet composition, assigning
waste fractions to vehicle compartments, and designing the vehicle routes. The problem was solved by
means of a heuristic that decomposes the problem into sequential decision steps. The algorithm was
tested on 63 Danish graphs containing up to 6,149 vertices and 3,797 required edges, with three to six
fractions to be collected, and four to six vehicle types, having one to four compartments. It was shown
that the solution favored combining several fractions in vehicles made up of many compartments.
The algorithm worked well for several data types and could easily cope with different distributions of
fraction types, especially between cities and rural areas.

Finally, Yu et al. (2020) studied the problem of transporting hazardous waste between several facil-
ities, in a stochastic context, by taking into account the transportation cost and population exposure
to risk. The problem was solved by combining sample average approximation and goal programming,
and the results were illustrated on medical waste transportation in Wuhan, China.
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9 Metro network design

Metro systems constitute an efficient way of transporting large volumes of passengers in major cities.
They operate underground, at least in the city cores, consume relatively little energy, help reduce car
traffic, and generate very little pollution. There are now more than 210 metro networks worldwide,
more than twice the number observed in 1995. See the surveys of Gendreau et al. (1995a) and of
Laporte and Mesa (2019).

Metro construction projects are highly complex and fraught with uncertainties, accidents, and cost
overruns. They involve several agents, including politicians, city planners, transit agencies, engineers,
environmental groups, citizens, and construction companies. The main goal of a metro system is to
provide an efficient and cost-effective way of improving mobility for large populations, and several
technologies are available (Musso and Vuchic, 1988; Vuchic, 2005; Montoya et al., 2017; Moccia et al.,
2020, 2022). To this end, several intertwined decisions need to be made, including the location of the
lines (also called alignments) and of the stations, the purchase of rolling stocks, the service frequency,
and the fare structure. In addition, it is also important to consider positive and negative externali-
ties, as well as the competition with other modes of transportation when planning a metro network
(Gutiérrez-Jarpa et al., 2013, 2017; Canca et al., 2017).

The multiplicity, complexity and interdependency of the decisions involved in the planning of metro
systems are such that operational research methods alone cannot solve the problem in its entirety. They
can, however, be applied to some well-defined subproblems and provide alternative designs to support
the decision-making process. My research in this area has focused on the design of the network.

A question of prime interest is the assessment of basic configurations for metro systems using
indicators such as connectivity, travel directness, and number of transfers. Thus, Musso and Vuchic
(1988) and Laporte et al. (1997) have shown that cartwheel and triangle designs are preferable to stars
(Figure 6) in terms of travel connectivity and directness. Complex networks such as those of London,
Paris, Moscow, Tokyo, Shanghai, Seoul, and Barcelona include many connection options that help
reduce travel time. However, such networks are rarely built or even fully designed from scratch. They
often start as a simple shape, such as a line or a cross, and are later expanded into a more complex
configuration. Complex metro systems are also more reliable than simple ones because they provide
more alternative routes in case of failure. Laporte et al. (2010, 2011), De Los Santos et al. (2012),
D’Lima and Medda (2015) and Mattsson and Jenelius (2015) have analyzed the reliability of rapid
transit networks.

(a) Star (b) Triangle (c) Cartwheel

Figure 6: Three basic network designs

Well designed metro networks provide a good coverage of the population and of popular locations
such as business districts, universities, hospitals, transportation hubs, and major tourist attractions.
To measure population coverage, it is common to assume that the proportion of the population of
a given point attracted by a station decreases with the distance that separates it from the station.
Another common objective is to cover the travel demand, expressed as the number of origin-destination
trips, often in a context of competition with an alternative transportation mode, such as the car. Most
available network design methodologies simultaneously locate the alignments and the stations, and
they do so heuristically. It is convenient and realistic to first define the general shape of the network
to be built, such as a single line, a cross, a multi-branch star, a triangle, or a cartwheel. In practical
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applications, a broad corridor for each alignment can be used by the planners based on their knowledge
of the city. For example, a corridor could be a set of parallel streets linking two areas of the city. It is
also common to impose constraints on the number of stations and on their spacing, typically between
half a kilometer and two kilometers.

Bruno et al. (2002) designed a tabu search heuristic for the location of a maximal population
coverage alignment in a graph. This work was extended to the location of a metro network whose
individual alignments should belong to prespecified corridors (Bruno and Laporte, 2002). The idea
of using predefined corridors has since been applied in most studies. Laporte et al. (1985) were the
first to maximize trip coverage for a single alignment. They compared several simple heuristics and
concluded to the superiority of a greedy extension constructive heuristic. Gutiérrez-Jarpa et al. (2013)
considered the problem of locating a maximal trip capturing network. They restricted the network to
belong to a configuration belonging to predefined corridors and solved the problem exactly by CPLEX.
Laporte and Pascoal (2015) considered two criteria: population coverage and construction costs, again
using corridors. Non-dominated alignments were generated within each corridor and then assembled to
form a desired configuration by solving a mathematical model. Gutiérrez-Jarpa et al. (2017) extended
the work of Gutiérrez-Jarpa et al. (2013) by considering this time three criteria: the minimization of
construction costs, the maximization of travel time savings with respect to the competing mode, and
patronage maximization. They then conducted post-optimization analyses to assess their solutions in
terms of effectiveness, efficiency, and equity. Gutiérrez-Jarpa et al. (2018) designed a matheuristic to
solve a demand-capturing network, where the captured demand depends on the ratio of the travel time
by car and of the travel time using the metro. Their results were illustrated on data from the city of
Concepcion in Chile.

When a metro network is designed, the alignments and the stations are located simultaneously.
However, it is possible to fine-tune the solution by post-optimizing the station locations. To this end,
Laporte et al. (2002) proposed a methodology based on the use of catchment areas and census tracts.
In addition, the exact trajectories of the underground tunnels can be optimized based on geological or
construction cost considerations, without affecting the network topology. An example is the segment
of the Seville metro connecting the bus station (Plaza de Armas) and the train station (Santa Justa)
that had to deviate from a straight line to avoid being too close to some historical monuments in the
old part of the city (Laporte et al., 2009). The problem was solved by iteratively computing shortest
paths on a Voronoi diagram.

Finally, Canca et al. (2019) and Canca and Laporte (2022) solved the problem of optimally schedul-
ing the main phases of a metro construction project. Very often, metro systems are built over a long
planning horizon which may encompass several decades. To schedule the main construction phases,
the network can be broken into segments linking key stations for example, and these segments will be
built separately. Each segment generates a construction cost and a projected revenue when completed.
The problem is to determine an optimal schedule for the construction of the segments, considering the
discounted costs and revenues over the planning horizon. These two papers consider the deterministic
and the stochastic cases, respectively.

10 Green transportation

The growing concerns about climate change and the environment have stimulated research into ways
of reducing energy consumption and pollution in all modes of transportation. My research in this area
has focused on speed control and on electric vehicles for goods distribution.

In maritime transportation, energy consumption is a convex function of speed that is close to a
cubic function (Psaraftis and Kontovas, 2013). Fagerholt et al. (2010) have considered the problem
of optimizing speed on a linear ship route consisting of several segments connecting n ports of visit.
A time window is imposed on the arrival time at each port, and the problem is to optimize speed on
each segment in order to respect the time window constraints. Hvattum et al. (2013) have devised an
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O(n?) exact algorithm for this problem, applicable to any convex energy consumption function. Other
applications of speed optimization in the maritime industry include Norstad et al. (2011) and Norlund
et al. (2015). Zhuge et al. (2020, 2021) describe programs aimed at reducing vessel speed, while Wang
et al. (2022) investigate the use of subsidies to promote the adoption of shore power in ship berthing
operations.

Bektag and Laporte (2011) introduced the pollution-routing problem which consists of computing
vehicle routes generating the least amount of pollution in the VRP. Their model is partly based on
the vehicle energy consumption equations of Barth et al. (2005) and of Barth and Boriboonsomsin
(2009). While several independent variables explain energy consumption, three key factors emerge:
distance, the vehicle load, and speed. If the speed exceeds 40 km/h, then energy consumption can
be approximated by the function energy = A (load x distance) + B (speed? x distance), where A and
B are parameters, which implies that travel direction has an impact on energy consumption since it
affects the vehicle load. Including time windows and travel costs adds further complications. For
speeds in excess of 40 km/h, traveling faster increases energy consumption but reduces travel cost if
the drivers are paid on an hourly basis, which yields a bicriteria problem (Demir et al., 2014). The
pollution-routing problem can be formulated as a non-linear integer program which can be linearized
by discretizing speed (Bektag and Laporte, 2011). It was also solved heuristically by Demir et al.
(2012). Numerous extensions to the pollution-routing problem have been proposed, namely to include
time-dependent speeds (Franceschetti et al., 2013, 2017, 2018), fleet size and mix (Kog et al., 2014), and
depot location (Kog et al., 2016). In practice, speed optimization is impossible to achieve in congested
road networks, but it can prove a viable option in the case of autonomous trucks (Nasri et al., 2018).

The use of electric vehicles for goods transportation is becoming increasingly popular and has given
rise to a rich research area in recent years (Pelletier et al., 2016; Schiffer, 2017; Sanguesa et al., 2021).
Electric vehicles typically operate with lithium-ion batteries, which has consequences on models and
algorithms. First, these batteries take a long time to recharge, and the number of available charging
stations is sometimes limited. In addition, the charging process is a concave function of time (Montoya
et al., 2017), which means that the recharging level is often a decision variable in mathematical models.
Batteries are expensive and their lifetime degradation depends on their charging and discharging
behaviour and frequency, as well as how they are maintained (Pelletier et al., 2017). There exist several
models and algorithms that integrate routing and charging decisions (for example those of Bruglieri
et al. (2017, 2019); Kog et al. (2019); Macrina et al. (2019a,b); Froger et al. (2019, 2022)). Some authors
have considered congestion at charging stations (Keskin et al., 2019, 2021), charge scheduling when
vehicles recharge at the depot overnight (Pelletier et al., 2018), and the need to design robust vehicle
routes in the face of energy consumption uncertainty (Pelletier et al., 2019a). Most studies in the field
of electric vehicles are concerned with the operational aspects (routing and charging decisions). Some
exceptions are the work of Pelletier et al. (2019b) which considers the strategic long-term problem of
transitioning from a conventional vehicle fleet to an electric fleet, be it for buses or trucks, and the
paper of Schiffer et al. (2021) which develops an ownership strategy for electric vehicles in the context
of a mid-haul logistics network.

11 Humanitarian logistics

Humanitarian logistics is another important and fast-growing research topic. My involvement in this
area is relatively recent and was prompted by cooperation with my colleague and former Ph.D. stu-
dent Marie-Eve Rancourt. All our contributions contain an important location or network design
component, as is often the case in humanitarian logistics (Kara and Rancourt, 2019).

The first project, which was part of Rancourt’s doctoral thesis, was to develop a methodology for
the design of a food aid distribution network in the Garissa region of Kenya (Rancourt et al., 2015).
This network contains main warehouses (MWs) used as transshipment points and storage facilities,
and distribution centers (DCs). The aim is to locate several DCs that are accessed by the beneficiaries
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to get hold of their food. The transportation cost between the MWs and the DCs is borne by the
World Food Program, whereas the beneficiaries cover their own costs. The model that was developed
imposes a limit on the walking distance of the beneficiaries to their closest DC. It is an uncapacitated
plant location model whose objective is made up of the distribution costs from the MWs and the DCs,
the walking costs of the beneficiaries, and the hand-out costs at the DCs. This model is interesting
in that it combines some features of coverage models and of distance minimization models. The fact
that a coverage constraint is applied does not mean that the beneficiaries located outside the coverage
radius are not served, but only that they are not considered in the plant location model in order not
to bias the solution toward excentric beneficiaries.

A second project in which I was involved was also related to Sub-Saharan FEast Africa. It consisted
of comparing two supply chain networks (Dufour et al., 2018) used by the United Nations Humanitarian
Response Depot (UNHRD) to distribute products to end-users in parts of Africa. The first network,
which was the current one, consisted of suppliers, three depots located in Brindisi, Dubai and Accra,
and the end-users. The second network would also contain a regional distribution center (RDC) located
in Kampala, Uganda, between the depots and the end-users, but the depots would still be used to ship
some goods directly to the end-users. The RDC is a very simple physical structure consisting of 10
twenty-foot containers located in a facility already owned by the UNHRD and hence entails no extra
cost. The question was to determine the benefit of using an RDC and of determining which products,
among the 15 that were currently distributed, should be stored in the 10 containers. We conducted a
statistical analysis and generated 5,000 demand scenarios, and for each scenario two network design
problems were solved exactly by CPLEX. The analysis led us to conclude that locating an RDC in
Kampala would reduce the average distribution cost by 21%. It also allowed us to identify the six
products that should be stored in the RDC. The proposed solution was implemented by the UNHRD
and the project won the CORS Practice Prize in 2016.

Every year, several subsets of Caribbean countries are affected by hurricanes. Risk pooling benefits
can be obtained by adopting a collaborative prepositioning strategy for emergency supply inventories.
Balgik et al. (2019) cooperated with the Caribbean Disaster and Emergency Management Agency
to develop a prepositioning and cost sharing plan. They developed a stochastic programming model
aimed at determining the locations and the quantities of supplies, as well as the country investments.
The premiums are related to the expected value and to the standard deviation of the countries’
demands. Extensive test results confirmed that significant inventory reductions are achievable through
collaborative prepositioning. In a subsequent study, Rodriguez-Pereira et al. (2021) considered several
cost allocation methods based on the countries’ risk levels and ability to pay. They compared several
schemes such as the use of the Shapley value, the alternative cost allocation method, and the equal
profit method, and they developed a novel insurance-based policy based on the solution of a MILP.
These methods were compared by means of several equity metrics, and the superiority of the newly
proposed insurance-based policy was demonstrated with respect to equity and computational efficiency.

Refugee crises constitute another major humanitarian problem in several countries. Arslan et al.
(2021) studied the problem faced by Red Crescent of providing basic services such as education,
healthcare and safety to refugees living in camps in Southeast Turkey. The problem is to jointly locate
the camps and plan the transportation between the service providers and the camps, which can be
modeled and solved as a location-routing problem. The authors developed a branch-and-price-and-cut
algorithm capable of optimally solving real-world instances involving up to 244 nodes.

Finally, Laporte et al. (2022) modeled and solved the problem of designing a drinking water dis-
tribution network in a remote area, with application to Nepal. This study was motivated by the need
to restore the network that was destroyed by the two 2015 earthquakes in the districts of Gorkha
and Dolakha. The problem decomposes naturally into two subproblems which must be solved hier-
archically because the first is deemed far more important than the second. The first subproblem,
which is to locate water taps subject to accessibility constraints, is solved exactly as a fixed-charge
facility location problem. The second is to connect these water taps to water sources by means of a
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Steiner forest, taking into account the fact that the water distribution system is gravity-fed and must
respect some technical constraints. This subproblem is solved heuristically by simulated annealing.
Tests performed on two village communities of the Dolakha district confirmed the effectiveness of the
proposed methodology. In 2022 this work received the SEIO-BBVA prize awarded to the best paper
in operational research by the Spanish Society for Statistics and Operational Research, and the BBVA
banking group foundation.

12 Conclusions

In 1971, while I was completing a bachelor’s degree in mathematics at McGill University, I made the
decision to study operational research because I was more interested in applications than in theory.
I then completed my master’s degree in operational research at Lancaster University and my Ph.D.
at the London School of Economics. I never regretted my choice: operational research is everything I
expected and more. This field is indeed very rich in applications of all kinds, as I just illustrated. It
is multidisciplinary and its methodological scope is also broad since one can conduct projects ranging
from research based on applied mathematics or computer science, to consultancy work. It combines
logic, rigor, creativity, and practical sense. Operational research clearly applies to a wide range of
topics, starting from military and industrial applications from which it originates, to contemporary
concerns such as waste management, green transportation and humanitarian logistics. It even provides
room for the study of playful problems like dartboard design (Eiselt and Laporte, 1991) and Sudoku
puzzles (Coelho and Laporte, 2014). I always found my formal mathematical training very useful in
conceptualizing problems, in formulating models, and in designing algorithms.

The 10 research areas I have described in this paper illustrate the breadth of my interests and of
what operational research has to offer, but I had to leave out several other interesting applications I
have also studied. It is certainly stimulating to work on a wide range of problems, but it is equally
important to acquire some methodological depth. Quite often I have revisited the same problem
many times over a span of several years because there is always something to improve, new techniques
come into the fore, and over time one establishes new connections between different problems and
methodologies. The best advice I can give to any operational researcher is to work on problems one
enjoys, develop scientific collaborations, and integrate research into teaching.

Over the past 50 years, we have witnessed significant progress in the theory and practice of oper-
ational research. Some of the most noticeable advances relate to the development of powerful MILP
solvers such as CPLEX and Gurobi, while others apply to the field of metaheuristics. These advances,
combined with the fast growth of computer and information technologies, mean that large classes of
hard problems that were previously intractable can now be solved relatively quickly for realistic sizes
with a high degree of accuracy. Further developments are to be expected through the integration
of machine learning techniques in existing algorithmic frameworks, namely in those that pertain to
combinatorial optimization. In this respect, the recent papers of Bengio et al. (2021) and of Karimi-
Mamaghan et al. (2022) provide several promising research directions.
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