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a b s t r a c t

Due to the great importance of operating rooms in hospitals, this paper studies an operating room sched-
uling problem with open scheduling strategy. According to this strategy, no time slot is reserved for a par-
ticular surgeon. The surgeons can use all available time slots. Based on Fei et al.’s model which is
considered to be close to reality, we develop a heuristic algorithm to solve it. The idea of this heuristic
algorithm is from dynamic programming by aggregating states to avoid the explosion of the number
of states. The objective of this paper is to design an operating program to maximize the operating rooms’
use efficiency and minimize the overtime cost. Computational results show that our algorithm is efficient,
especially for large size instances where our algorithm always finds feasible solutions while the algo-
rithm of Fei et al. does not.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Medical system is facing a state of change. For patients, as the
population aging in many countries, the number of patients is
increasing rapidly. Regarding the technical constraints and human
resource constraints in hospitals, a large part of patients cannot be
processed immediately. The longer they wait, the less satisfied
they are. Whereas on another side, hospitals, especially public
ones, suffer from a great amount of budget deficit. They seek to in-
crease the medical service efficiency and decrease the medical ser-
vice cost in order to balance the budget.

Litvak and Long (2000) pointed out that the operating theater
can be seen as the engine of a hospital. Many other resources like
anesthetists and patient beds highly depend on the operating room
planning. The control of operating rooms becomes more and more
important in the decade years. But in reality, the operating rooms,
as key resources, often lead to a great time waste. Weinbroum, Ek-
stein, and Ezri (2003) investigated 10 operating rooms in a medical
center and found that the waste time reached 15% of the total time.
So, appropriate scheduling of operations and matching patient
requirements with operating rooms and surgeons, in order to in-
crease the efficiency of the operating rooms, are significant re-
search topics in medical care.

In the past decade, researchers focused on the operating room
scheduling problems from both modeling and algorithmic points
of view. Fei, Chu, and Meskens (2008) used a heuristic method
based on column generation to minimize the total cost of opera-
tions. Kuo, Schroeder, Mahaffey, and Bollinger (2003) considered
the availability of surgeons and the operating room opening hours
as constraints, established a linear programming model and solved
it by Excel software. Marcon, Kharraja, and Simonnet (2001) pro-
posed an integer linear programming model, solved by Cplex soft-
ware. Dexter, Macario, Traub, Hopwood, and Lubarsky (1999) used
computer simulation to model operating room scheduling to find
an optimal scheduling strategy to maximize the use of operating
room block time. Kharraja, Chaabane, and Marcon (2004) realized
the minimum makespan of operating rooms. Sier, Tobin, and
McGurk (1997) took into account more constraints, like the pa-
tients’ age, the patients’ priority, the operations’ allocation rule.
The obtained mathematical model is nonlinear.

With respect to its great significance for both patients and hos-
pitals, there is quite little research on operating room manage-
ment. In this paper, we focus on Fei et al.’s models (Fei, Chu,
Meskens, & Artiba, 2008; Fei, Meskens, & Chu, 2010). These models
are close to the reality and consider both block scheduling and
open scheduling strategies. As block scheduling is a special case
of open scheduling, we study only the open scheduling model
and develop a heuristic algorithm. This algorithm comes from
the dynamic programming idea by aggregating states to avoid
the explosion of the number of states. This idea was successfully
applied by Chu and Antonio (1999) to solve a one-dimensional cut-
ting stock problem. In general, it keeps a global view of the overall
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optimization problem, in contrast to other myopic methods where
the solution is constructed very locally in a step-by-step manner.
This algorithm can also be used in meta-heuristics or branch-
and-bound procedures to generate one of the initial solutions.

The paper is organized as follows. Section 2 describes the open
scheduling strategy. Section 3 presents the general method.
Section 4 states the detailed procedure for solving subproblem.
Section 5 gives a numerical example. Section 6 reports computa-
tional results to evaluate the performance of this algorithm.
zSection 7 concludes the paper.

2. Description of open scheduling strategy

Before describing the open scheduling strategy, the definition of
‘‘time slot’’ should be illustrated. In Fei et al.’s instances, the plan-
ning period is five work days (one week), and there are six operat-
ing rooms in the hospital. Because of some technical and human
constraints, not all the operating rooms can be opened each day.
Instead, the operating rooms are open during certain time periods.
For instance, operating room 1 may be open on Monday from 9:00
to 12:00, and each opening period of an operating room is called a
time slot. So, a given time slot specifies the day and the concerned
operating room. For the sake of simplicity, the objective of the
operating room scheduling problem is to allocate operations to
the time slots available to maximize the time slots’ use efficiency
and minimize the overtime cost. In the models considered by Fei
et al. the objective function is expressed by minimizing the total
cost of under-utilization of time slots and overtime of time slots.

Open scheduling strategy consists of assigning operations cor-
responding to each given surgeon into time slots. All the surgeons
are considered. Operations that should be performed by different
surgeons can be assigned to the same time slot. For example, in
Fig. 1, some operations corresponding to surgeons 1 and 3 are as-
signed to time slot 2. No operation can be scheduled after its dead-
line and the total operating time of the operations assigned to a
time slot cannot exceed its maximum opening hours (the sum of
its regular opening hours and overtime). For security reasons, over-
time is limited. Each surgeon’s working hours cannot exceed his/
her maximum working hours allowed per day. The mathematical
formulation for open scheduling strategy is defined in Fei et al.
(2010).

3. The general method

The core problem for the open scheduling strategy is to assign
operations to the time slots available in a planning horizon while

respecting all constraints to maximize the time slots’ use efficiency
and minimize the overtime cost. It can be formulated as a set par-
titioning problem representing the same model described in Fei
et al. (2010). Our objective is to partition the set of operations to
be performed into subsets and assign a time slot to each subset
to optimize the objective function.

Let N be the number of operations to be arranged, and n the
number of time slots available. Any set of operations (respectively
time slots) can be represented by an N-vector B (respectively n-
vector C) whose ith entry is equal to 1 if operation (time slot) i be-
longs to the set, and 0 otherwise. Any subset B

0
of B is also an N-

vector and we write B
0
6 B to denote the fact that any entry of B

0

is less than or equal to the corresponding entry of B. Similarly,
we have C

0
6 C for any subset C

0
of C. The sets of all operations to

be performed and time slots available are respectively expressed
by B0 and C0 in which all entries are equal to 1. The problem is
how to partition B0 into subsets, and which time slot in C0 is dis-
tributed to each subset to optimize the objective function.

Therefore, this operating room scheduling problem with open
scheduling strategy can be reformulated based on the classic dy-
namic programming idea. We define c(B,C) as the minimum cost
of assigning the operations in B to the time slots available in C. It
represents the total cost of underutilization or overtime of these
time slots. Then the following recursive equation holds:

cðB; CÞ ¼ min
B0'B;jC�C0 j¼1

cðB0; C 0Þ þ hðB� B0; C � C 0Þ
� �

ð1Þ

where h(B � B
0
,C � C

0
) is the cost of assigning the operations in

B � B
0

to a single time slot represented by C � C
0
. Of course, if an

operation in B � B
0

whose deadline is earlier than the day corre-
sponding to the time slot represented by C � C

0
, h(B � B

0
, C � C

0
) is

set to +1, without loss of generality. In this relation, B
0
' B requires

that B
0
6 B but B

0
– B. In other words, each entry of B

0
should be less

than or equal to the corresponding entry of B but at least one
inequality should be strict. By the definition, we have c(0,0) = 0,
which provides the boundary condition. In this formulation,
an optimal solution is given by (B0,C⁄) where cðB0; C�Þ ¼
minC06C0

cðB0; C0Þ, since all the operations have to be performed.
The considered problem is a kind of set partitioning problem.

All the set partitioning problems can be considered as partitioning
a given set of activities into subsets and allocating a resource to
each subset. A subset of activities and the resource allocated form
a patten. Such a pattern incurs a cost. The objective is to minimize
the total cost of the selected patterns so that each activity is in-
volved in exactly one pattern and each resource is involved in at
most one selected pattern. Details are referred to Liu (2009). In

Fig. 1. Open scheduling strategy.
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