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STOCHASTIC SERVICE NETWORK DESIGN: THE

IMPORTANCE OF TAKING UNCERTAINTY INTO ACCOUNT
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Abstract. The objective of this paper is to study how important it is to take

uncertainty into account in a service network design problem during the planning

phase. We look at how a solution based on uncertain demand differs from a

solution based on deterministic demand and show that there can be important

structural differences between them. Some of these structural differences help

hedge against uncertainty, without necessarily increasing the cost of operating

such a schedule. We look at how some schedules can be more robust than others

due to their greater flexibility.

1. Introduction

Service network design formulations are generally associated with the so-called tactical

planning of operations for consolidation carriers. The goal of the process is to determine

the routes on which service will be offered, the type of service that will be offered, as

well as the frequency of the schedule of each. The selected services and the schedule are

grouped into a transportation or load plan. The schedule is also published for the benefit of

the potential users of the system. In building the plan, one aims for an efficient operation

in terms of total system cost, given the available resources, the known demands, and the

level of service quality that the carrier desires to achieve.

There is quite a significant body of literature on the subject, used in various modes of

transportation. For the less-than-truckload (LTL) trucking, authors like Delorme and Roy

[15]; Powell and Sheffi [12, 13, 14]; Powell [11]; Lamar, Sheffi, and Powell [10]; Farvolden

and Powell [5, 6]; Equi et al. [4], have all made contributions. For a more complete

overview of the service network design litterature, also extending outside the field of LTL,

the interested reader is referred to Crainic [1, 2] for recent reviews.
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2. Dealing with Uncertainty

There are already many discussions about the importance of passing from deterministic to

stochastic models. The issues are obvious in the early papers by Dantzig [3] and Ferguson

and Dantzig [7], and there are later papers, such as Wallace [16] and Higle and Wallace [8],

which pinpoint what issues are really involved, and also points out that textbooks are very

often not up to date on the issues. This unfortunately also holds for most of the work done

in service network design, which has almost always been done in a deterministic fashion.

One may then ask: What is lost by not integrating information relative to the stochastic

nature of demand into the tactical planning methodology? Would the integration of such

information lead to different service design patterns, either in the services selected or the

consolidation strategies used? Would the resulting transportation plan and schedule be more

robust than what we presently obtain with respect to the day-to-day operations?

The objective of this paper is to contribute to answering such questions. These questions

are rather general in nature. They are relevant to all situations where we use deterministic

optimization models in contexts where stochastics is obviously present. We need to ask:

Will solving the deterministic model, rather than the stochastic one, result in significant

errors, or are we just talking about minor adjustments? The computational as well as

modeling efforts needed to address the stochastic case are substantial, so we need to be

sure that it is worth while. Or at least – and that is the setting of this paper – that the

potential errors must be such that checking the actual effects must be worth the cost.

A keyword here is flexibility. Solutions to stochastic models are more flexible with

respects to future uncertainty (for us: demand) than solutions to deterministic models. By

flexible we mean that they more cost effectively deal with many different demands, hence

leading to lower expected costs.

The purpose of this paper is to investigate how the two models behave relative to one

another. The first important observation is that the expected behavior of the solution coming

from a deterministic model can be arbitrarily worse than the one coming from the stochastic

model. This is discussed in Wallace [16] and Higle and Wallace [8]. It is there shown

that the solutions of stochastic models are structurally different from those of deterministic

models. Simply stated, flexibility costs money, and in a deterministic world, you will never

buy flexibility. In the language of this paper: In a deterministic world, you will fit your

network design perfectly to the future demand you are shown, and not at all (of course)

take into account that there might be other possible futures where it may fit very badly.

Planning for real life LTL carriers or for other modes of consolidation can be done by

using various methodologies. Some companies operate according to policies. One policy

can be to run operations according to rules, such as to start driving as soon as the truck

is at least, say, 75% full, and if it is not full, start driving at 2 pm anyway. However,

such policies can have unintended effects that one might not be aware of when constructing

them, and potential cost savings in one part of the operation can be outweighed by increased

costs in other parts of the operation. For this reason it seem to be more and more popular

for the transport industry to move away from such policy based decision support systems

and into scheduled operations, such as the 2003 Edelman prize winner, Canadian Pacific

Railway (a major rail company)[9]. Other communities deal with the uncertainty by creating

fairly detailed plans that will work in most cases. This can be done with various methods
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for example robust optimization, making plans that are somehow guarantied to work/be

feasible within, let’s say, 85% of the time. However, the focus of this paper is not to decide

which method is best, their pros and cons, nor to do some case or empirical studies of

various methods that might be used. We are rather taking on one of the more popular

planning methodologies to solve this problem, and look into what happens when demand

uncertainty becomes an issue, to see if we can identify any potentially good structures in

our theoretical setting; structures and knowledge that later can be transferred, and hopefully

utilized in practical operations.

To initiate the study of the impact of introducing stochastic elements into service network

design formulations, we take a simplified version of the problem faced by LTL carriers in

which periodic schedules are built for a number of vehicles and where only the demand

may vary stochastically. The number of scenarios considered in a stochastic formulation

being of outmost importance for the quality of the results, we generate problem instances

of dimensions that allow the use of standard mixed-integer software. This implies small

problems only. However, this is sufficient for our purpose, as we are looking for structures

in our problems, and not trying to solve real life large scale problems. The algorithmic part

is therefore not the focus of our paper. The results clearly indicate that 1) yes, integrating

stochastic elements in the service network design model is beneficial, and 2) the resulting

transportation plan is more flexible.

3. Stochastic Service Network Design

The proposed model takes the form of deterministic fixed cost, capacitated, multicommodity

network design formulations. Integer-valued decision 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 is to minimize the total system cost, or to maximize the net profit,

under constraints enforcing demand, service, and operation rules and goals.

For the study reported in this paper, we build a simple version of a multi-period ser-

vice network design model inspired by the less-than-truckload motor carrier case. Several

simplifying assumptions are made:

• We consider a homogeneous fleet of capacitated vehicles with no restrictions on how

many vehicles are used;

• The transport movements require one period, while terminal operations are instanta-

neous (within the period);

• Demand cannot be delivered later than the due date, but may arrive earlier;

• There is a (fixed) cost associated to operating a vehicle (service), but no cost is

associated to moving freight; That is, truck movements cost the same whether they

move loaded or empty;

• There are no costs associated to time delays or terminal operations;



Stochastic service network design: the importance of taking uncertainty into account 761

• The plan is repeated periodically.

The resulting model is sufficiently simple to be solved by commercial off-the-shelf

mixed-integer software. On the other hand, the problem retains the main service network

design characteristics and thus offers a good environment for the study of the explicit

consideration of stochastics.

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 ci j 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. Stochastics are described in terms of scenarios s ∈ S. Each scenario is attached a

probability ps ≥ 0, with
∑

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

for each commodity. For each commodity k ∈ K in scenario s its demand is defined

as δ(k, s), 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 cost of outsourcing one unit or a failed deliverance of a unit is represented by b. A

complete network is assumed. The truck capacity is denoted M (same units as for demand).

The decision variables and model are:

Y t
i j

(k, s) : Amount of commodity k going from terminal i in period t to terminal j in

period t + 1 in scenario s, for {i = o(k), t = s(k),∀ j} ∪ { j = d(k), t = σ(k),∀i} ∪ {s(k) < t <

σ(k),∀i, j};

X t
i j

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

Zk(s) : Amount of commodity k in scenario s sent to its destination using outsourcing

or simply not delivered at all.

The formulation is written in a circular fashion. We present constraints according to the

difference, diff, in number of time periods, between s(k) and σ(k) to improve readability.

min
∑

i∈N

∑

j∈N

∑

t∈T

ci jX
t
i j + b

∑

p∈P

ps
∑

k∈K

Zk(s) (1)

∑

i∈N

X t
i j =

∑

i∈N

X
(t+1 mod T )

ji
t = 0, . . . ,T − 1,∀ j ∈ N (2)

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

i∈N

Y
s(k)

o(k)i
(k, s) + Zk(s) = δ(k, s), ∀k ∈ K ,∀s ∈ S (4)

(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 (5)

(diff ≥ 4) :
∑

i∈N

Y
(t−1+T ) mod T

i j
(k, s) =

∑

i∈N

Y t
ji(k, s)

t = 0, . . . ,T − 1,∀ j ∈ N ,∀k ∈ K ,∀s ∈ S (6)

(diff ≥ 3) :
∑

i∈N

Y
(σ(k)−2+T ) mod T

i j
(k, s) = Y

(σ(k)−1+T ) mod T

j,d(k)
(k, s)

∀ j ∈ N ,∀k ∈ K ,∀s ∈ S (7)
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∑

i∈N

Y
(σ(k)−1+T ) mod T

i,d(k)
(k, s) + Zk(s) = δ(k, s), ∀k ∈ K ,∀s ∈ S (8)

(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 (9)

∑

k∈K

Y t
i j(k, s) ≤ MX t

i j

∀(i, j) ∈ A : i 6= j, t = 0, . . . ,T − 1,∀s ∈ S (10)

Y t
i j(k, s) ≥ 0 ∀(i, j) ∈ A,∀k ∈ K , t = 0, . . . ,T − 1,∀s ∈ S (11)

The objective function (1) minimizes the cost associated with the trucks moving between

terminals, plus the cost of holding trucks at terminals, plus the expected cost of outsourcing.

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 in every scenario,

respectively. Equations (5) represents conservation of flow conditions in scenario s 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 in each scenario 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 destination, for each and every scenario. Relations (10) 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).

In any multi-period formulation, one has to address the issue of the end-of-horizon

effects. We can mitigate this problem by casting the previous model in a circular fashion.

Assuming a T -period planning horizon, a circular notation means that the period following

period t is (t + 1) mod T , while the previous period becomes (t − 1 + T ) mod T .

The major goals of this paper are these three issues. 1) How one can achieve flexible

solutions by letting multiple commodities share paths, 2) how capacity requirements can

be reduced due to consolidation and 3) how correlation between different commodities

can affect the schedules and capacity requirements. The qualitative understanding of these

three issues is very important as it can be a basis for heuristics and a general problem

understanding.
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