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a b s t r a c t

We consider a workforce management problem arising in call centers, namely the shift-scheduling prob-
lem. It consists in determining the number of agents to be assigned to a set of predefined shifts so as to
optimize the trade-off between manpower cost and customer quality of service. We focus on explicitly
taking into account in the shift-scheduling problem the uncertainties in the future call arrival rates fore-
casts. We model them as independent random variables following a continuous probability distribution.
The resulting stochastic optimization problem is handled as a joint chance-constrained program and is
reformulated as an equivalent large-size mixed-integer linear program. One key point of the proposed
solution approach is that this reformulation is achieved without resorting to a scenario generation pro-
cedure to discretize the continuous probability distributions. Our computational results show that the
proposed approach can efficiently solve real-size instances of the problem, enabling us to draw some use-
ful managerial insights on the underlying risk-cost trade-off.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Call centers can be broadly defined as facilities designed to sup-
port the delivery of some interactive service via telephone commu-
nications (Gans, Koole, & Mandelbaum, 2003). Applications include
among others telemarketing, customer service, help desk support
and emergency dispatch. In most cases, the primary function of a
call center is to receive phone calls that have been initiated by cus-
tomers. Such operations, known as ”inbound” call centers, are the
topic of the present paper.

Personnel planning is a key issue in call center management.
Namely, as reported in Aksin, Armony, and Mehrotra (2007), call
centers are labor-intensive operations in which the cost of the staff
members handling the phone calls (known as the agents) typically
accounts for 60–80% of all the operating expenses. An efficient
workforce management is thus crucial to achieve profitability in
a call center.

Call center workforce management involves three main levels
of decision-making (see e.g. Mehrotra, Ozluk, & Saltzman, 2010).
Long-term planning decisions (6–12 months ahead) include the
determination of how many agents to hire and train at what times
based on aggregate long-term forecasts of demand for services.

Short-term decisions (1–2 weeks ahead) involve the scheduling
of an available pool of agents over an horizon typically spanning
one week. These decisions are based on detailed short-term fore-
casts of agent requirements. Finally, real-time adjustment deci-
sions, such as agent schedule updating and call routing, have to
be made on a intra-day basis.

The present work is related to short-term workforce manage-
ment decisions in call centers. These decisions usually involve
two main steps. First, a range of possible shift patterns is defined
and managers have to determine the number of agents to be
assigned to each shift. Second, a rostering procedure combines
shifts into rosters and assigns rosters to individual employees.

In the present paper, we focus on the first step of this process
and consider the shift scheduling problem. We thus seek to deter-
mine the number of agents to be assigned to a set of predefined
shifts so as to meet two potentially conflicting objectives, namely
minimizing the manpower cost and delivering a high quality of
service to the call center customers. To achieve this, we will look
for shift schedules where the supply of agent resources is matched
as closely as possible with the demand for services. Namely, under-
staffing would lead to customer dissatisfaction due to a poor qual-
ity of service while overstaffing would result in useless over-
service to customers and higher than needed operating costs.

One of the major difficulties to be tackled while trying to match
supply and demand in a call center is that the level of demand for
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services, i.e. the workload, is highly variable. This is mainly due to
the fact that the call arrival rate (number of calls reaching the call
center per unit of time) is subject to strong fluctuations over the
course of a day or a week. This difficulty is usually handled in prac-
tice by dividing the scheduling horizon into a number of time peri-
ods of 15–60 min. In each period, the call arrival process is
modeled as a Poisson process with a constant and deterministically
known arrival rate and the call center is treated as an independent
queuing system in stationary state (see e.g. Green, Kolesar, &
Soares, 2001). This allows to determine the required staffing level
for each period which is set to be the minimum number of agents
for which the target quality of service (expressed e.g. as the max-
imum allowed proportion of customers hanging up before being
answered) is reached. A deterministic optimization problem has
then to be solved to find the minimum-cost shift schedule ensuring
that the required number of agents is staffed in each period of the
horizon.

However, as mentioned e.g. by Aksin et al. (2007), at the time
when decision on shift schedules is made, call arrival rates are
most often not deterministically known. We only have estimations
obtained via a forecasting procedure whose outcome is a point
forecast and some probabilistic representation of the forecasting
errors. The input data of the shift scheduling problem are thus sub-
ject to uncertainty: not taking this into account while building the
shift schedule might lead to significant discrepancies between the
call center performance targeted at the time scheduling decisions
are made and the one actually obtained in practice (see Gans,
Shen, Zhou, & Korolev, 2015).

In the present paper, we propose a stochastic programming
based approach to explicitly take into account the uncertainty on
the call arrival rates in the shift scheduling problem. Our contribu-
tions are threefold. First we model the forecasting error on the call
arrival rate in each period as a random variable following a contin-
uous probability distribution. This is in contrast with most previ-
ously published approaches which rely on discrete probability
distributions through the use of a finite set of scenarios to repre-
sent the uncertainty. Second, we propose to model the stochastic
shift scheduling problem as a one-stage stochastic program involv-
ing a joint chance constraint. Such a model is particularly relevant
when the call center is evaluated based on its ability at reaching,
on all periods of the scheduling horizon, the target quality of ser-
vice and when the call center management focuses on the risk of
not meeting this objective. Another advantage is that it does not
require introducing a penalty cost to be incurred when the target
quality of service is not reached, the value of which might be diffi-
cult to estimate in practice. Third we present an efficient solution
approach based on the reformulation of the stochastic program
as an equivalent deterministic large-size mixed-integer linear pro-
gram. This approach relies on the assumption that the random
variables modeling the forecasting errors are independent from
one another and comprises two main steps: (1) the reformulation
of the joint chance-constrained program into an equivalent deter-
ministic program involving a series of non-linear terms and (2) the
building of a numerical representation for these non-linear terms
exploiting the fact that their underlying mathematical expressions
involve non-increasing piecewise constant functions. Our compu-
tational experiments show that the proposed solution approach
is capable of solving real-size instances of the problemwithin com-
putation times compatible with an industrial use.

The remainder of the paper is organized as follows. We provide
in Section 2 an overview of the related literature. We then intro-
duce in Section 3 the proposed joint chance-constrained stochastic
program. We explain how, under the assumption of independence
between the forecasting errors, it can be reformulated as a stochas-
tic program involving a set of individual chance constraints.
Section 4 is devoted to the presentation of the proposed solution

approach. Its main idea is to exploit the fact that, all other param-
eters being fixed, the minimum number of agents needed to handle
the phone calls is a non-decreasing piecewise constant function of
the call arrival rate. A small illustrative example is discussed in
Section 5. The results of computational experiments carried out
on real-size instances are provided in Section 6.

2. Literature review

Given the size of the call center industry and the complexity
associated with its operations, call centers have emerged as a fer-
tile ground for Operations Research. We refer the reader to Aksin
et al. (2007) and Gans et al. (2003) for a general introduction to this
field and focus in what follows on the recently emerged research
stream on stochastic call center shift scheduling. We distinguish
three main features to classify the related papers: the call center
setting, the representation of the uncertainty and the risk manage-
ment measures.

In terms of call center architecture, the simplest case consists in
a setting where a single pool of homogeneous agents handles a sin-
gle class of infinitely patient calls. This amounts to using an Erlang
C model to represent the call center in each period of the schedul-
ing horizon (see Liao, Koole, van Delft, & Jouini, 2012; Liao, van
Delft, & Vial, 2012). However, the importance of modeling cus-
tomer impatience and abandonment in call centers has been
underlined in several papers such as Gans et al. (2003) and
Mandelbaum and Zeltyn (2009b). Thus, similarly to Gans et al.
(2015) and Robbins and Harrison (2010), we use in the present
paper a representation of the call center as an Erlang A model.
For both the Erlang C and the Erlang A models, the performance
evaluation of the call center can be done by exploiting analytical
results available in the queuing theory literature. A more compli-
cated setting corresponds to skill-based routing call centers. In this
case, the performance evaluation of the call center has to be made
by relying either on simulation or on approximations under vari-
ous asymptotic regimes. Stochastic shift scheduling for skill-
based routing call centers has been studied by Bodur and
Luedtke (2014), Gurvich, Luedtke, and Tezcan (2010), Helber and
Henken (2010) and Ye et al. (2014).

Another important feature to be considered is the way the
uncertainty is described in the stochastic optimization model. In
the present case, the uncertainty comes from the difficulty in
exactly forecasting the future call arrival rates. The forecasting pro-
cedure provides a point estimate of the call arrival rate for each
scheduling period as well as a probabilistic description of the fore-
casting error, e.g. in terms of a normal distribution with a zero
mean and a standard deviation reflecting the forecast quality.
However, in most cases, explicitly handling continuous probability
distributions in a stochastic optimization problem is very compu-
tationally challenging as it requires computing multi-dimensional
integrals during the solution procedure. Moreover, in the specific
case under study, one is faced with an additional difficulty: the
need to translate the probabilistic description of the uncertainty
on the call arrival rates into a probabilistic description of the
uncertainty on the agent requirements. Even for the simplest call
center settings, there is no known analytical expression to directly
carry out such a translation. This implies that the agent require-
ment in a given scheduling period is a random variable, whose
probability distribution cannot be described by an analytical math-
ematical expression. This might explain why, to the best of our
knowledge, all previously published approaches for stochastic call
center shift scheduling rely on the use of discrete probability distri-
butions to represent the uncertainty on the call arrival rates and
translate each corresponding call arrival rate scenario into an agent
requirement scenario in a pre-optimization step. Thus, Liao, Koole
et al. (2012) and Liao, van Delft et al. (2012) consider that the
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