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∗École des sciences de la gestion, U.Q.À.M., and
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1 Introduction

Much of the transportation of freight is performed by so called consolidation carriers, where
one vehicle or convoy serves to move freight for different customers with possibly different
initial origins and final destinations (Cordeau, Toth, and Vigo 1998; Crainic (1988, 2000, 2003;
Delorme, Roy, and Rousseau 1988; etc.). Freight consolidation transportation is performed
by Less-Than-Truckload (LTL) motor carriers, railways, shipping lines, regular and express
postal services, etc.

Consolidation transportation carriers are organized as so-called hub-and-spoke networks, where
service is offered between a much larger number of origin-destination points than that of direct,
origin to destination services operated by the carrier. Lower demands are then moved first to
an intermediate point, a hub, to be consolidated together with loads from other customers into
vehicles and convoys and moved to other hubs by high frequency and capacity services. More
than one consolidation-transfer operation may occur during a trip. The carrier thus operates a
series of services, collected in a transportation plan and often accompanied by a schedule. The
term service network design refers to the construction of a transportation plan that ensures
customer satisfaction through efficient and profitable operations and utilization of resources.
Main questions addressed thus are: on what routes to provide service? what type of service to
use? how often to offer service on each route and according to what schedule? how to route
the loads through the physical and service networks?

Several efforts have been directed toward the formulation of tactical models and most yielded
fixed cost, capacitated, multicommodity network design formulations (Crainic and Rousseau
1986; Roy and Delorme 1989; Crainic and Roy 1988; Powell and Sheffi 1983, 1989; Far-
volden and Powell 1994; Kim, Barnhart, and Ware 1999; Armacost, Barnhart, and Ware 2002;
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Grünert and Sebastian 2000; Buedenbender, Grünert, and Sebastian 2000; etc.). Integer deci-
sion variables are used to represent service selection decisions, while product-specific variables
capture the commodity flows. Fixed-costs are associated to the inclusion of services into the
plan. Costs that vary with the intensity of service and commodity traffic are associated to the
movements of commodities and services. The goal of the formulation is to minimize the total
system cost (or to maximize the net profit) under constraints enforcing demand, service, and
operation rules and goals. A space-time representation of the system operations and decisions
is used when schedules are contemplated. Nodes stand for terminals replicated at each period.
Services induce temporal arcs replicated at all periods when the corresponding service may
start. Holding activities at terminals generate temporal arcs (and costs) between the associ-
ated nodes in different periods. The sheer size of the resulting time-dependent network design
problem, and the additional constraints usually required by the time dimension, makes this
class of problems harder to solve than the static one.

Most of the proposed static and time-dependent service network design formulations are de-
terministic. This is not to say that the many sources of uncertainty (demand, congestion,
weather, etc.) are ignored. On the contrary, the need to integrate stochastic elements into
service network design models has been identified as an important research challenge for the
field. Not many contributions have been made yet, however, and the issue is addressed through
scenario analysis and adjustment of the plan during operations.

A number of challenging questions may then be asked: What are we losing by not includ-
ing stochasticity into the planning model? Are we losing anything at all? Could we achieve
“better” plans, in terms of robustness and less adjustment during operations, if we considered
stochastic elements in the formulations (Wallace 2000, Higle and Wallace 2003)? This presen-
tation aims to explore some of these issues and illustrate how the service design depends on
the problem definition in terms of stochastics.

Specifically, we consider a simple version of a multi-period service network design formulation
and assume that origin to destination demands are random variables with known marginal
distributions. In a first step, we calculate deterministic demand estimations and solve the
network design problem by using standard mixed-integer programming software. The next step
is to formulate a two-stage stochastic network design problem, where the first stage corresponds
to finding the design, while the second stage uses the design under varying demands. The
stochastic formulation is solved under different assumptions regarding the correlation structure
of the demands. The goal is to show how the design varies as one goes from the deterministic
formulation to the different stochastic cases.

2 A Simple Service Network Design Model

We build a simple version of a multi-period service network design model for less-than-
truckload motor carriers. To build the model, we make the following simplifying assumptions:
1) Homogeneous fleet of capacitated vehicles with no restrictions on how many vehicles are
used; 2) Transport movements take one period, while terminal operations are instantaneous
(within the period); 3) Demand cannot be delivered later than the due date, but may arrive
earlier, in which case, holding costs are paid; 4) One product only; 5) There is a (fixed) cost
associated to operating a vehicle (service), but no cost is associated to moving freight (trucks
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cost the same whether they move loaded or empty); 6) The plan is repeated periodically.

The space-time network is built by repeating the set of nodes (terminals) N in each of the
periods t = 0, . . . , T − 1. Each arc (i, j) represents either a service, if i 6= j, or a holding
activity if i = j. A cost cij is associated to each arc (i, j), equal to the cost of driving a
truck from terminal i to j if i 6= j, or to the cost of holding a truck at terminal i if i = j. A
complete network is assumed. For each commodity k ∈ K, we define its demand δ(k), origin
o(k), destination d(k), and the periods s(k) and σ(k) when it becomes available at its origin
and must be delivered (at the latest) at its destination, respectively. The truck capacity is
denoted M (same units as for demand). The decision variables and model are

Y t
ij(k): Amount of commodity k going from terminal i in period t to terminal j in period t+1,

for {i = o(k), t = s(k),∀j} ∪ {j = d(k), t = σ(k),∀i} ∪ {s(k) < t < σ(k),∀i, j};

Xt
ij : Number of trucks from node i in period t to in node j in period t + 1, ∀i, j, t,

min
∑

i∈N

∑

j∈N

∑

t∈T

cijX
t
ij (1)

t = 0, . . . , T − 1
∑

i∈N

Xt
ij =

∑

i∈N

Xt+1
ji ∀j ∈ N (2)

t = 0, . . . , T − 1 X t
ij ≥ 0 and integer ∀i, j ∈ N (3)

(o(k), s(k)) :
∑

i∈N

Y
s(k)
o(k)i(k) = δ(k) ∀k ∈ K (4)

(j, s(k) + 1) : Y
s(k)
o(k)j =

∑

i∈N

Y
s(k)+1
ji (k) ∀j ∈ N ,∀k ∈ K (5)

(1 + s(k) < t < σ(k) − 1) :
∑

i∈N

Y t−1
ij (k) =

∑

i∈N

Y t
ji(k) ∀j ∈ N ,∀k ∈ K (6)

(j, σ(k) − 1) :
∑

i∈N

Y
σ(k)−2
ij (k) = Y

σ(k)−1
j,d(k) (k) ∀j ∈ N ,∀k ∈ K (7)

(d(k), σ(k)) :
∑

i∈N

Y
σ(k)−1
i,d(k) (k) = δ(k) ∀k ∈ K (8)

t = 0, . . . , T − 1 :
∑

k∈K

Y t
ij(k) ≤ MX t

ij ∀(i, j) ∈ A : i 6= j (9)

t = 0, . . . , T − 1 : Y t
ij(k) ≥ 0 ∀(i, j) ∈ A,∀k ∈ K (10)

The objective function (1) minimizes the cost associated with the trucks moving between
terminals, plus the cost of holding trucks at terminals. Constraints (2) represent conservation
of flow for trucks. Constraints (4) and (8) represent conservation of flow at the origin and
destination nodes of a commodity, respectively. Equations (5) represents conservation of flow
conditions at nodes one period after a commodity has left its origin node. The flow may come
only from node o(k) in period s(k), but may go to any node in period s(k) + 1. Similarly,
equations (7) enforce conservation of flow at nodes one period before flow arrives at destination.
Equations (6) are the general conservation of flow constraints. They are valid from the second
period after a commodity has left its origin and up to two periods before arriving at its
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destination. Relations (9) are the usual linking and vehicle capacity constraints. Note that
commodities can be held at nodes without a truck being present (hence, i 6= j).

3 The Stochastic Service Network Design Formulation

Stochastics are described in terms of scenarios s ∈ S. To each scenario is attached a probability
ps ≥ 0, with

∑
ps = 1. A scenario is K-dimensional, as it contains one demand for each

commodity. To indicate the impact of demand variation, the Y flow variables are now indexed
by s. The demand for commodity k in scenario s is given by δ(k, s). The formulation is written
in a circular fashion, since we assume that the plan will be repeated. To improve readability,
we present constraints according to the difference, diff, in number of time periods, between
s(k) and σ(k).

min
∑

i∈N

∑

j∈N

∑

t∈T

cijX
t
ij (11)

∑

i∈N

Xt
ij =

∑

i∈N

X
(t+1 mod T )
ji t = 0, . . . , T − 1,∀j ∈ N (12)

Xt
ij ≥ 0 and integer t = 0, . . . , T − 1,∀i, j ∈ N (13)

∑

i∈N

Y
s(k)
o(k)i(k, s) = δ(k, s), ∀k ∈ K,∀s ∈ S (14)

(diff ≥ 3) : Y
s(k)
o(k)j

(k, s) =
∑

i∈N

Y
(s(k)+1) mod T

ji (k, s) ∀j ∈ N ,∀k ∈ K,∀s ∈ S (15)

(diff ≥ 4) :
∑

i∈N

Y
(t−1+T ) mod T

ij (k, s) =
∑

i∈N

Y t
ji(k, s)

t = 0, . . . , T − 1,∀j ∈ N ,∀k ∈ K,∀s ∈ S (16)

(diff ≥ 3) :
∑

i∈N

Y
(σ(k)−2+T ) mod T

ij (k, s) = Y
(σ(k)−1+T ) mod T

j,d(k) (k, s)

∀j ∈ N ,∀k ∈ K,∀s ∈ S (17)
∑

i∈N

Y
(σ(k)−1+T ) mod T

i,d(k) (k, s) = δ(k, s), ∀k ∈ K,∀s ∈ S (18)

(diff = 2) : Y
s(k)
o(k),j(k, s) = Y

(s(k)+1) mod T

j,d(k) (k, s) ∀j ∈ N ,∀k ∈ K,∀s ∈ S (19)
∑

k∈K

Y t
ij(k, s) ≤ MX t

ij

∀(i, j) ∈ A : i 6= j, t = 0, . . . , T − 1,∀s ∈ S (20)

Y t
ij(k, s) ≥ 0 ∀(i, j) ∈ A,∀k ∈ K, t = 0, . . . , T − 1,∀s ∈ S (21)

4 Scenario generation and in-sample stability

In our scenario generation process we use a slightly modified version of the method proposed by
Høyland, Kaut, and Wallace (2003) and detailed in Kaut and Wallace (2003; see also Høyland
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and Wallace 2001 and Dupacova, Consigli, and Wallace 2001). The idea is to construct sce-
narios with prespecified properties. The authors show that, for their application (finance), the
necessary properties are four marginal moments (for each random variable) plus correlations.
To find out that these properties will do, they test what is called in- and out-of-sample sta-
bility of the optimization problem. Most scenario generation procedures are random in their
own right. Hence, when run several times with the same data, they produce different sce-
nario trees. By in-sample stability is understood that whichever of these trees are used in the
optimization problem, the optimal objective function value is (approximately) the same. By
out-of-sample stability is understood that the true objective function values are also the same
for those decisions obtained by the different scenario trees. The latter calculations require
sampling (simulation) as a tool.

In this paper we use a slightly revised version of the algorithm by Høyland, Kaut, and Wallace.
The change is that instead of four marginal moments as input, we use the density functions
of triangular distributions. We then create trees having the first four marginal moments in
common with the trianguar distribution, in addition to making sure that the outcomes do not
fall outside the supports of the random variables. The latter is not part of the original method.
For integer programs, this turns out to be important. Correlations are used as before. We
achieve in-sample stability in our tests. This is a minimal requirement for the testing we need
to perform. Out-of-sample stability is left for later investigations.

The major goal of this paper is to understand how the design depends on the correlations and,
in particular, what can go wrong in a deterministic analysis, where correlations by definition
are irrelevant. The qualitative understanding is very important if it can be obtained, as it can
be a basis for heuristics as well as general problem understanding.
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