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Surgery Scheduling Problem

The ever-increasing demands for surgeries and the limited resources force hospitals to have efficient
management of resources, especially the expensive ones like operating rooms (ORs). Scheduling
surgeries including sequencing them, assigning resources to them and determining their start times is a
complicated task for hospital managers. Surgery referrals usually include elective surgeries that are
admitted before the planning horizon of the schedule and emergency surgeries that arrive during this
horizon and require fast services. In this paper, we presented a mathematical model for scheduling
electives and emergencies. In our model, we considered surgeries as projects with multi-activities. We
implemented the Break-in-Moments (BIMs) technique in this structure, which to our best knowledge
has not been implemented in the literature before. We examined this method with real data from a
medium-sized Norwegian hospital and observed that this method reduces the waiting time of
emergencies to be inserted into the schedule without dedicating any OR merely to emergencies. In such
a way, this method counterbalances between efficient OR usage and responsiveness for emergency

surgeries.

doi: 10.5829/ije.2020.33.03¢.09

1. INTRODUCTION

Healthcare management includes various problems and
many researchers are interested in this area. Some of
these problems are related to determining the location of
healthcare facilities [1, 2] determining the optimum
capacity of each facility [3, 4] and healthcare routing
problems [5].

One of the important problems, which hospital
managers encounter is of the surgery-scheduling problem
(SSP), this problem can answer many questions at
various strategic, tactical and operational levels of
decision-making. These questions change from the
selection of surgery specialties to serve in the surgical
unit, to dividing the total capacity of operating rooms
(ORs) between specialties [6] (OR time blocking) and
sequencing the surgeries in a day and assigning the
required resources to them [7]. In this paper, we enclose
the SSP only in the sequencing of surgeries and assigning
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the resources to them and determining their start times,
which perfectly fits at the operational level. The SSP is
well studied in the literature, Cardoen et al. [7] and Zhu
et al. [8] classified earlier works in their review papers.
Various mathematical models are considered for the
SSP in the literature. A multi-mode blocking job shop
that considers the SSP as a flow of patients that moves
between different parts in a surgery suite is proposed by
Pham and Klinkert [9]. The authors considered each
surgery to consist of several activities, moreover,
completion of each activity requires several resources.
They supposed that each patient moves between these
activities and in any activity, the patient consumes some
resources. In their model, except in the last activity,
patients block the resources of the current activity until
moving to the next activity. Jung et al. [10] considered
the SSP as a new class of parallel machines scheduling
problem. In their paper, each OR is considered as a
machine and finally, they proposed an algorithm by the
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integration of Long Processing Time First and Short
Processing Time First rules. Another model for the SSP
is a multi-project, multi-mode resource-constrained
project scheduling problem with generalized precedence
relations (MPMRCPS) [11, 12]. This model will be
discussed in the following parts of this paper. Aringhieri
et al. [13] studied the SSP and the OR time blocks
determination problem and proposed a 0-1 linear
programming model for this case. The authors discussed
that their problem is generally NP-Hard and developed a
special metaheuristic for their problem. A mathematical
programming model is suggested for a special case of the
SSP when unscheduled surgery referrals are deferred to
the next planning horizon. Moreover, besides the
resources in surgery suite, the availability of the
resources in the ward and ICU which are used after and
before surgery are also considered [14]. Lamiri et al. [15,
16] proposed a new stochastic programming model for
the SSP. Their model schedules surgeries in two phases.
The planning phase determines which surgery referrals
would be performed in the planning horizon. The later
phase determines the assignment of ORs and other
resources to surgeries and also sets their start times. Then,
for solving real size problems a Monte Carlo
optimization approach and a column generation approach
are proposed. Monte Carlo optimization is conducted by
a mixture of Monte Carlo simulation and mixed-integer
optimization method [15]. In the column generation
approach, each possible compound of surgeries in an OR
is supposed as a column [16]. Hamid et al. [17, 18] in
their researches, integrated both phases of planning that
are about the selection of the surgeries and scheduling
that assigns resources to the surgeries in the SSP together
and presented mathematical programming models. The
authors considered human personality indicators like
personnel’s satisfaction and also compatibility among
surgical team members in the SSP and presented a mixed-
integer multi-objective mathematical model [17].

In this paper, we select MPMRCPS which is less dealt
with in the literature, for further development. In this
model, every surgery referral is considered as a project of
some activities. Various precedence relations between
activities of a project can be considered. Each activity can
be performed by some sets of resources or some activity
modes. For the execution of an activity, the availability
of all of the resources in one of its activity modes is
required. Moreover, any of the resources has its working
hours that only are available in these hours. A feasible
schedule equals to sequencing the projects and setting the
start time to their activities and assigning the resources to
activities with considering some respects (details are
illustrated in the following sections of this paper). This is
an NP-hard optimization problem [12].

Hospitals are responsible for serving both elective
and emergency surgeries. Since electives are admitted
before the planning horizon of a schedule, an offline
schedule is considered for scheduling of them. However,

emergencies are different. Their requests can occur at any
time and their urgency forces the hospital to prepare an
operating room for them in a limited period. The length
of this limited-time period depends on the special case of
emergency surgery.

For dealing with emergencies, various OR policies
are implemented in hospitals. Some hospitals dedicate
some ORs merely to serve emergencies but in some
others, ORs are shared between both electives and
emergencies or the flexible OR policy is implemented.
Moreover, for implementing the flexible OR policy
various approaches are applied in the literature. In some
papers, some part of total OR time is dedicated to
emergencies [19], e. g. emergencies can use OR during
12-14, in an OR with the working hours 8-14. In fact, in
this approach, some OR times are dedicated to
emergencies and scheduling electives is planned in
another part of OR times. In a few papers, another
approach for flexible OR policy is implemented, in such
a way that emergency surgery can be inserted into the
schedule in slack times or instead of one of the current
scheduled elective surgeries.These opportunities for
inserting emergencies are known as the Break-in-
Moments (BIMs) [20, 21]. A special case of
implementing the BIMs approach, when each surgery has
a stochastic duration with known distribution was studied
by Vandenberghe et al. [22].

For further illustration of BIMSs, suppose a typical
schedule of elective surgeries that are scheduled in a
single OR. This OR has only two states, it is free in slack
times or it is occupied by an elective surgery. At the
arrival of emergency surgery, one of these two states for
OR is imaginable. In the first state, the emergency
surgery immediately enters the OR, because the OR is
free. Otherwise, the emergency surgery has to wait to
complete the current elective surgery and after that, it can
enter the OR. This is because the surgery is non-
interruptible. The problem of inserting an emergency
surgery to the schedule of elective surgeries when there
is more than one OR is more complex. Figure 1 illustrates
the concept of BIMs in a schedule in three ORs. In this
example, suppose an emergency surgery that arrives
before BIM1. All three ORs are occupied while this
emergency surgery arrives. OR1 is free at BIM1, OR2
at BIM2 and OR3 at BIM3. Therefore, the first possible
opportunity for inserting emergency surgery to the
schedule is at BIM1 that is earlier than others. Here,
emergency surgery enters the OR1 instead of the elective
surgery (Surgery?2). The right-hand side of the picture
shows the change of the schedule and also BIMs after
inserting this emergency surgery to the schedule.

For minimizing the average waiting time of
emergencies in the BIMs approach, it is necessary to pay
attention to adjusting the distance between successive
BIMs, while spreading the elective surgeries between
ORs. The problem of adjusting the successive BIM
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Figure 1. Inserting emergency surgery in the schedule

intervals, when the number of ORs exceeds one, is a
strongly NP-hard problem [20].

Various OR policies were discussed above, selecting
the best OR policy for dealing with emergency surgeries
in a hospital highly depends on the conditions of that
hospital and its special scenario [21].

To our best knowledge, the BIMs approach is less
dealt with in the literature and implementation of it, when
the SSP is modeled as MPMRCPS is the case, which has
not been studied before. Therefore, in this paper, we
propose a mathematical model for this special case of the
SSP. When none of the ORs is dedicated merely to
emergencies, our model schedules the electives in ORs
by implementing the BIMs approach. This model by
adjusting the successive BIM intervals tries to controls
the average waiting time in emergency surgeries for
inserting to the schedule.

The remainder of this paper is organized as follows.
Section 2 provides an overview of the problem
description, and the mathematical model of the problem
is given in Section 3. Some computational results are
illustrated in Section 4. Finally, conclusions and some
outlines for future works are addressed in Section 5.

2. PROBLEM DESCRIPTION

In this section, we briefly explain how the SSP is
modeled as MPMRCPS. This model for the SSP is
introduced in the literature [12] (interested readers can
refer to the original reference for more details). Later, we
illustrate our main contribution in implementing the
BIMs approach in this environment.

Every surgery referral is considered as a project p of
some activities NP. In the sample problem that is solved
in our computational results section, a surgery referral
consists of surgery, cleaning and recovery activities,
NP = { Surgery, Cleaning, Recovery}. Various
precedence relations can be considered, between these
activities for describing the upper and lower limits of a
patient’s waiting time between these activities, e.g. the
precedence relation FS™%*(15) between surgery and

cleaning activities in a project p is indicated in this
project; cleaning activity can start during a time window
between 0 and 15 minutes after finishing the surgery
activity.

Execution of each activity ieNP, in any project p,
requires the simultaneous availability of some sets of
resources or activity modes. Usually, more than one
resource set or activity mode can be chosen for any
activity i. For more illustration, consider a typical
surgical suite with two ORs (OR,,OR,) and two
surgeons with the same specialty
(Surgeon,, Surgeon,) and suppose that surgery
activity of project p needs an OR and a surgeon for its
execution. In such a way, four activity modes for surgery
activity of project p can be considered that are produced
by various combinations of ORs and surgeons, (e.g.
(OR,, Surgery,)). In an activity, various modes use
different resource sets and thus each of these modes has
its own duration time. In our above sample, surgery
activity has four different modes and each of these modes
has its own duration. This property enables the modeler
to consider experimental details in the model, e.g. the
difference between the experience of surgeons, and
whether the surgery is done in a training operating room
or not.

It is supposed that all the projects use a common set
of renewable resources R that these resources are from
various resource types e.g. ORs, surgeons, recovery
roomsand and anesthesiologists. Moreover, there are
some resource entities for each resource type e.g. OR;,
OR, from resource type OR. Each of resource entities
V r € R has its own working hours that are considered as
a set of availability intervals K™ = {k, k, ...} and any
resource entity is only available with a specified capacity
cq during each of these intervals k, € K. Furthermore,
the total capacity of ORs is divided between various
surgery specialties (OR time blocking); in any OR block
only the surgery referrals from that specialty can access
to the OR. For more illustration, suppose that the working
hour of OR,0n Mondays is 8-14 and its OR blocks are 8-
10 for cardiology and 10-14 for urology; this implies
cardiology surgery referrals (projects) can access to this
room only during 8-10. We suppose that, these OR blocks
are considered only for elective surgeries, but emergency
surgeries can access any available OR without attention
of OR blocks.

Scheduling a project is equal to determining the start
times and selecting an activity mode for all of its
activities. Thus, for satisfying the precedence relations
between activities, it is required that considering the
availability of resources and respecting inter-activity
mode compatibility constraints and projects disjunction
constraints (including the following details).

Suppose two projects p;, p, that contain two
activities of surgery and cleaning, in which surgery is the
predecessor of cleaning with relation FS™%* (45). Also,
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suppose that, the execution of activity surgery needs a
surgeon and an OR for 20 minutes, and execution of
activity cleaning needs a cleaner and an OR for 5
minutes. The availability of resources is as follows: OR;
isavailable in [0,100], OR, in [50,100] and Surgeon,
and Surgeon, are available in [0,100] and Cleaner; is
available in [40, 100] and each resource has the capacity
of one in its availability interval. Suppose p; is scheduled
before p, and the objective function is minimizing the
makespan, then the first start time of p, is at zero.
Activity Surgery, starts at zero and continues until 20
with resources OR; and Surgeon,. Inter-activity mode
compatibility constraint means that because both
activities, surgery and cleaning in project p, use common
resource type OR then the same OR entity (OR,) should
be used in the activity Cleaning,. Activity Cleaning,
starts at 40, this is the time that resources OR, and
Cleaner; are available, and the precedence relation
FS™a%(45) between activities Surgery, and Cleaning,
is satisfied. Resource OR; between activities Surgery,
and Cleaning, is free (during [20,40]) but because of
the project disjunction constraint, it is quarantined until
finishing the last usage of it in the project p,. This causes
project p, not to start earlier 45, however, its resources
(OR;, Surgeon,) are available at 20 but due to the last
usage of OR; in project p; is not terminated. The project
disjunction constraint prevents usage of OR, in other
projects until finishing of activity Cleaning,of project
p, that is the last usage of this common resource in the
project p;.

The existence of common resources in a project
results in some precedence relation between activities in
a project that uses this common resource. Moreover, all
the activities in the current project that use the common
resource are predecessors of the activities in other
projects that will use this common resource later (due to
project disjunction constraints).

Usually in a schedule, scheduling all the projects is
not practical due to the restriction of resources, a set of
projects are selected for scheduling and this selection is
based on an objective function. This mathematical
problem is modeled as a mixed-integer linear program
[12]. This model has the capability of solving both the
resource assignment problem and the sequencing
problem as a unified problem in one-step. Moreover, in
this model, time is considered as a continuous variable
that is a positive point.

Our main contribution is the implementation of the
BIMs approach in this model. In all earlier works about
the BIMs approach, it is supposed that in each project,
the duration of using OR in all ORs is the same and the
value of OR usage or its distribution is known. Moreover,
they suppose the surgery referrals in an OR or the set of
projects that should be scheduled in an OR is given.
Then, these methods try to implement the BIM approach,
as minimization of the maximum BIM interval. Here, we

encounter a special case that the existence of various
activity modes in surgery activity of a project makes the
earliest approaches of BIMs unsuitable. Because in each
project by changing the OR, duration of surgery activity
is deferred due to changing the surgery activity mode. As
previously discussed, this variation of activity modes
comes from considering realistic aspects like the
experience of surgeons in the model. Moreover, we also
suppose assigning the surgery referrals to ORs is not
given before and this assignment is done during the
scheduling the projects and adjusting the BIMs intervals.
The mathematical model of this problem is discussed in
the next section.

3. MATHEMATICAL MODEL

In this section, the mathematical model of the problem
and the way of implementing the BIMs approach in the
MPMRCPS environment is discussed. Table 1 illustrates
the notations used in this model.

TABLE 1. Summary of notations

Notations Definitions
P Set of projects (surgery referrals) for scheduling
p A project (or surgery referral)
NP Set of activities in project p
N Set of all activities in all projects P
M Set of activity modes for activity i
M M Set of feasible activity modes for activity i
Jm = when activity mode m is selected for activity j
R Set of resources
Ri Set of resources assigned to activity i by
selecting an activity mode
K" Set of availability intervals for resource r
KT C KT Set of availability intervals of resource r for
L= activity i
. Set of immediate predecessor activities of
gi activity i
C Set of resources that may be used as common
resources in projects (usually ORs)
5T Set of activities in project p that do not have
P predecessor on resource r , V' r € ¢
& Set of activities in project p that do not have a
P follower on resource r, Vr € ¢
oy The start time and finish time of availability
Sks €k .
interval k of resource r
H The length of the planning horizon
[a;, Bi] Hard time window constraint for activity

Hard time window constraint for project p
[y €] ¥p(project referral) e, (upper limit on project
completion, or H)

cr Capacity of resource r in availability interval k
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m The value of resource usage of resource r in
Hr activity mode m
um =1 when mode m uses resource r and 0
T otherwise
5 Maximum allowed delay between completion of
ij Vi i ivi i
activity i and start of activity j
I Duration of activity i in mode m
. Setup time for resource r (only for resources
P with maximum capacity 1)
X Starting time of resource availability interval k
¢ (hard constraint)
ok Finish time of resource availability interval k
(hard constraint)
m =1 if activity i uses activity mode m and 0
Xi otherwise
K =1 if activity i uses resource availability interval
q k € K" for resource r and 0 otherwise
t; Starting time of activity i
P The amount of flow of units of resource r
Y between activity i and activity j
7 =1 if activity i precedes activity j and 0
Y otherwise
d =1 if p precedes p’ on r and 0 otherwise, where
pp reCand p,p'eP
Vi Completion time of activity i
Gy Completion time of project p
dar The amount of demand for resource r in the
! activity i
r =1 if activity i uses resource r in the chosen
9i mode
hP =1 if project p remains unscheduled and 0

otherwise

The objective function of the model is a linear
combination of objective  components  whose
minimization is desirable.

Min o =Y w,0! 1)

In Equation (1), w; reflects the relative importance of
objective component 0!, and objective components are
normalized. We consider makespan (Equation (2)) and
the number of unscheduled projects (Equation (3)) as
objective components.

1
Oy = = maxyepCy (2)

1

Ounschea = |PT|

Xph? 3)

Makespan objective component tries to finish the
schedule early and unscheduled objective component is
used to force as many as projects scheduled in the limited
planning horizon.

The problem constraints are as follows:

Vi =t + Ymemi O X" V ieN 4)

gr = Ymemiu™x™; V 1eR,V ieN

di = Yomemi WX V 1reR,V ieN
YmemiXit =1—h?P

Ykekr i = gi; VieN,V reR

Xt < Zm'eM]i-’mxim,; V i,jeN? ,V peP
zij+2z; <1; Vi jeN

zij=1; Vieg;,V jeN

zj = (gf +9] - 1); Y 1reR, VY (i, ))ell”

ti—yi— pTMax(O,g]r +gl—1)=

(zij — 1)M; Vi, jeN,V reR
dypy tdy, =1 Vp,p'eP

Zij = d;,p' + g; + gf -2
vreC, Vieey, VjeS,,, Vp, p'eP

Zj,i > _d;’pl + g; + gf — 1;
vreC, VieSr,Vjes;,,Vp,p’eP

t; = Max(a;,v,); VpeP, VieNP

yi < Min(Bi,&p); VpeP,VieN?

fi; < z;jM; VreR,Vi, jeN

Yjen fij + ZkeK{'fire,: = d]; VieN,VreR
Zien fij + Zexy fop; = di; VieN,VreR
fori < ckql; VieN,VkeK",VreR

fire; < clqk; VieN,VkeK™,vreR

Yien f;;:i + fsr; of = cr; VkeK",VreR
Yien fire; + fsr; ef = Cl; VkeK',VreR
t; — ¢*qF = 0; VieN,VreR, VkeK

yi—okqf —(1-qf)M <0;
VieN,VreR,VkeK]

ti—yi— 6i1' < 0; Vi, jeN
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zij—2; = g{ +9g; —1; Vi jeN (29)
xMe{0,1}; V ieN,V meM! (30)
z;;e{0,1}; Vi, jeN (31)
tieR,; V ieN (32)
q¥e{0,1}; YV reR,V keK] (33)
fi€Ry; V1€R,V i,jeN U (Upekr {sk, er}) (34)
d, ,€{0,1}; Ve,V p,p'eP (35)
h?e{0,1}; V peP (36)
veR,; VieN (37)
g7 €{0,1}; VreR,V ieN (38)

The explanation of the above constraints are as follows:
Equation (4) sets the termination time of activity i as
the summation of its start time and its duration. The
initialization of variables g; and d] are done in Equations
(5) and (6). The binary variable g; takes the value one
when activity i uses resource r in Equations (5) and
variable d] takes the amount of demand for resource r in
the activity i in Equations (6). Equation (7) is used to
force exactly the selection of one mode for each activity
in any scheduled project. Equation (8) is used to ensure
when activity i uses resource r then exactly one of the
availability intervals of resource r should be selected.
Equation (9) is responsible to establish the consistency
between activity modes in any project, and Equation (10)
prevents both of any two activities from becoming
predecessor of each other. Equation (11) makes any
immediate predecessor of any activity i as its precedence
activity. Equation (12) makes one of the activities i, j as
the predecessor of the other one when both of them use a
common resource. Equation (13) sets the start time of
activity greater than the finish time of its following
activities plus the setup time of the common resource.
Equation (14) forces one of any two projects that use the
same common resource to become the precedence of
another one. Equations (15) and (16) build a precedence
relation between the last activity that uses a common
resource in project p and the first activity that uses the
same common resource in project p’ when project p starts
earlier than project p’ in the schedule. Equation (17) sets
the start time of each activity in any project after the first
referral of that project and the first start time of hard time
window of the activity. Equation (18) sets the finish time
of each activity in any project before the last completion
time of the project and the last finish time of hard time
window of the activity. Equation (19) restricts the flow
of resources between two activities to the existence of
precedence relation between these activities. Equations

(20) and (21) set the flow of resources between the
resource availability intervals to each activity and set the
flow of resources between activities based on resource
demands. Equations (22)-(25) altogether are responsible
to make the flow of resources between resource
availability intervals and activities based on the capacity
of resources in resource availability intervals. Equations
(26) and (27) make the start time and finish time of
activity lie in the resource availability intervals of its
resources. Equation (28) controls the maximum delay
between activities in a project. Equation (29) is another
constraint to control the precedence relation between two
activities with a common resource. Finally, Equations
(29)-(38) are about defining the variables.

To implement the BIM approach, the minimization of
the maximum distance between two successive BIMs
interval is demanded. As discussed in the previous
section, in earlier works, it is supposed that the surgeries,
which are assigned to an operating room, are given and
the duration of using operating rooms for each surgery or
the distribution of this time is known.

Here, we encounter a special structure of the problem
that each surgery referral is a project with multiple
activity modes, thus the duration of using operating
rooms depends on activity modes. Moreover, we are
interested to remove the assumption of assigning the
projects to operating rooms before implementing the
BIMs approach. We use a heuristic by adding a virtual
activity to each project. In any project, just after the start
of surgery activity until a limited time, the virtual activity
can start. This limited time is considered as the average
durable waiting time for emergencies that is usually a
given value. We suppose the duration in virtual activities
as the average of the estimated time of OR usage in
emergency surgeries (that is a known value) and their
resource requirements are just an OR. Since this is a
virtual activity, the resource OR in this activity is not
considered in inter-activity mode compatibility
constraints. Then, we consider the previous mathematical
model for these elective surgeries with these changes. In
the next section, we present the result of solving a sample
problem with this method.

4. COMPUTATIONAL RESULTS

In this section, at first, we show how our model works
with a small sample problem then, we give the results of
solving a real problem based on the presented method.

Suppose a case in which each project consists of three
activities (surgery, recovery, and cleaning) and surgery
activity is the predecessor of two other activities.
Recovery can start up to 10 minutes after termination of
surgery (FS™?*(10)) and cleaning can start up to 5
minutes after termination of surgery (FS™**(5)). The
details of three projects and their activity modes are given
in Table 2.
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It is supposed that all the resources are available from
8 a.m. to 3 p.m. Midnight is considered as start time and
time is considered as a continuous variable, so the
availability of resources is as follows: operating rooms
and surgeons are available from 480 to 900 (or 8 a.m. to
3 p.m.) with capacity one and recovery room and cleaner
are available in the same interval with capacity two.

Then, two feasible schedules are considered. The first
one that schedules projects without respecting the

In Project,, mode 4 of surgery activity that uses OR,
and Gastro, starts at 603 and by continuing the similar
way as previous projects, finally this project terminates
at 716.

TABLE 2. Projects specification

Activity Resource Duration

Project Activity mode  requirements (minutes)

. . . 1 OR,,Gastro 223
adjustment of BIM intervals (method A) instead of the ! !
second one that schedules projects by considering the Surgery 2 ORy, Gastro, 177
adjustment of the BIM intervals (method B). In both of 3 OR,, Gastro, 213
these'schedules_, the sequence of prOJegts is supposed _ 4 OR,, Gastro, 258
(Projects, Project,, Project,). Details of these Project;
sched_ules are illustrated belo_w. _ Recovery 1 Reggg;lry 37

Figure 2 represents details of resource consumption
when method A of scheduling is selected. Cloani 1 OR,, Cleaner 15

In Projects, by selecting mode 4 for surgery activity, I OR,Cleaner 15
resources OR,, Gastro, are demanded and because these
resources are free and available, then these resources are ! ORy, Gastro, 118
occupied from 480 until 588. After surgery, recovery 2 OR;, Gastro, 91
activity starts and this activity occupies one unit of surgery OR,,Gastro, 95
recovery room from 588 to 674. Moreover, cleaning
activity can also start after surgery, cleaning requires an Project, 4 ORy, Gastro, %8
OR and a cleaner, but due to inter-activity mode Recovery 1 Recovery 50
compatibility constraint, only mode 2 of this activity can Room
be selected that uses the same resource OR, (the same _ 1 OR,, Cleaner 15
common resource that is used in activity surgery of this Cleaning

A i 2 OR,,Cleaner 15
project). In the same way, Project; starts at 480 when,
mode 1 in surgery activity is selected, and then this 1 ORy, Gastro, 167
activity consumes one unit of resources OR,and Gastro, 2 OR,, Gastro, 155
from 480 to 588. In the case of selection modes 3 or 4 of Surgery

. L. . i . 3 OR,, Gastro, 156
this activity, the start time of Project; cannot be earlier
than 603, that is because of projects disjunction Project, 4 OR,, Gastro, 108
constraints (the termination of usage resource OR, in Recovery

i . . . Recovery 1 86
Projects). Moreover, in the case of selecting mode 2 in Room
surgery activity, this project cannot start earlier than 588, 1 OR,, Cleaner 15
that is because of the occupation of Gastro, in Project;. Cleaning
L . . . 2 OR,,Cleaner 15
After surgery, other activities in this project are
executed as in Figure 2 and this project terminates at 718.
0OR1 | Pl Surgery C'I-l,r‘]an Free |
0OR2 | P3 Surgery I ;jm [ P2 Surgerv ‘;:‘m‘ Free |
R o P3 Recovery Pi Reco\'eryl Free
e Free Free Free
L Free P2 Recovery
= | oo | |
Sf:;:l:} | P3 Surgery | Free P2 Surgery ‘ Free |
P3 Pl
Cleaners Free | Clean Free .PJC]EM Free
Free Clean

Availability Time of resources

Figure 2. Scheduling of projects without adjusting the BIM intervals (method A)
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Figure 3 shows the same projects with the same
sequence that are scheduled by method B. Here
Projects is scheduled similar to the previous schedule
that is conducted by method A. In the case Project,,
resource OR,is available after 480, if this project starts
at 480 then the usage of OR; in this project will last until
718 this means that the next BIM will be at 603 (usage
of OR, in Project, terminates at 603 and 603 < 718).
This makes the lenght of the BIM interval (603 —
480 = 123) longer than 50 (the predefined BIM
interval), thus Project, can not start at 480 in OR;. Itis
supposed that the average estimated time of OR usage
in emergency surgeries is 60 minutes. Thus, we consider
an artificial activity in Project; whose start time can be
from 480 (the start of surgery activity) up to 50 minutes
and its duration is 60 minutes. This makes the earliest
start time of surgery activity in Project; at 520 (480 +
60), we arbitrarily select mode 2 for this activity that
requires the availability of Gastro,, it causes this
project to start at 588. In a similar way, an artificial
activity in Project,can start after the strat time of
surgery activity (588) up to 50 minutes later with a
duration of 60 minutes. This activity starts at 603 after
termination of usage OR, in Projects, this artificial
activity ends at 663. The earliest start time of Project,
in OR, is after 663 when surgery activity in mode 3 can
start. Other activities of this project are scheduled in an
ordinary way.

To compare the effectiveness of the methods A and
B in scheduling of projects, we use the real data from a
medium Norwegian hospital, that is available on the
web [23]. The file CaseW40-1.xml is used as the
information of elective surgery referrals. In this file, the
information about the availability of resources and
details of 40 surgery referrals are given. The planning
horizon is a week and information of the availability of
following renewable resources is given: four ORSs,
recovery room with the capacity of 18 patients, surgeons
(consisting of three gastrologist, two urologists and two
cardiologists) and three cleaners.

Each project consists of surgery, cleaning, and
recovery activities. Surgery activity needs a surgeon and
an OR, cleaning activity needs an OR and a cleaner and
finally, recovery activity needs a recovery room. In
general, surgery activity is the predecessor of two other
activities but, cleaning and recovery activities can start
simultaneously. Each activity in any project can be
executed with some modes, and has a specific duration
in each mode. File CaseW40-1.xml gives the details of
activity modes in all the projects. We consider file
CaseW40-2.xml as a source of emergency surgery
referrals for detecting some estimations about
emergencies, based on the information of this file, we
suppose the average usage of OR in emergency
surgeries is 100 minutes. It is supposed that the average
durable waiting time in emergency surgeries (the
predifined BIM interval) is 60 minutes. All 40 elective
projects are scheduled two times, first by method A or
without adding the artificial activity (without adjusting
the BIM intervals) and second by method B or by adding
an artificial activity (with adjusting the BIM intervals).
These schedules are obtained by coding the
mathematical model in the previous section with Visual
C++ environment and IBM ILOG CPLEX Optimization
Studio with Concert technology and run on a system
with Intel Core i7, 2.2 GHz processor and 8 GB RAM.

In the next step, we select eight projects from file
CaseW40-2.xml randomly as emergency projects. The
number of emergency surgeries (eight) is considered as
20 percent of the number of elective surgeries (40).
According to the research of Bowers and Mould [24],
the number of emergency surgeries usually depends on
the number of elective surgeries. As they are shown, the
number of emergency surgeries is usually about 25
percent of the number of elective surgeries even in
anorthopedic  department.  After  selection, the
emergency projects, eight random arrival times for them
are generated by a Poisson process. Since our planning
duration is, a week and ORs are only available during

P1
OR1 | Adjusting BIM |Ji:c P1 surgery | - Free |
Clean
. P3 — 2 7]
OR2 | P3 Surgery | : | Adjusting BIM | P2 Surgery z Free |
Clean Clean
Recovern Free | P3 Recovery | Free | P1 Recovery | Free Free
ecovery
Roos Free | P2 Recovery Free
oy Free | P2 Surgery | Free |
Surgeonl
Gaxiro P3 Surgery P1 Swgery Free
Surgeon?

Pl

Free

Cleaners
Free

|Cl:m
P2

Clems Free

Availability Time of resources

Figure 3. Scheduling of projects with adjusting the BIM intervals (method B)
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some working hours, these arrival times are adjusted in
such a way that fit only in working hours of ORs in a
week. Then, in order to compare the efficiency of two
methods A and B, these eight emergency projects with
respect of their corresponding arrival times are inserted
into the initial schedule that is built from scheduling 40
elective projects with method A. The same experiment
is repeated for inserting the emergency projects to the
schedule of 40 elective projects with method B. In both
of the experiments, the sum of waiting times for
emergency projects for inserting into the schedule is
calculated.

The process of selection of emergency projects and
inserting them into the schedules of elective projects in
two methods and obtaining the sum of waiting times in
emergency projects is repeated 10 times. Table 3
represents the results of the following efficiency
measurements in these experiments: the sum of waiting
times for emergency projects (R1), objective functions
(R2), number of unscheduled projects (including both
groups of elective projects and emergency projects) and
number of unscheduled emergency projects in the
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planning horizon (R3) and the number of unscheduled
emergency projects in the planning horizon (R4).

We utilized the statistical software SAS 9.2 for
analyzing the results. Tukey test with the confidence
interval of 95% is used for comparing the mean of
efficiency measurements between pairs of response
variables from two methods. Based on the results of
Tukey test, in method B the mean of response variable
R1 (the sum of waiting times of emergency projects to
insert to the schedule) is less than this value in method
A. However, Tukey test shows that the mean of response
variable R2 (the objective function) in method A is less
than this mean in method B. About the mean of the
response variable R3 (the number of unscheduled
projects including both groups of elective and
emergency projects in the planning horizon), in method
A is less than this value in method B. Although there is
no significant difference between the mean of the
response variable R4 (the number of unscheduled
emergency projects) in both methods of A and B
according to the Tukey test.

TABLE 3. The result of the response variables in the experiments

R1: Sum of waiting times of
emergency projects to insert to the

Project numbers schedule of 40 elective projects

R2: The value of
objective function

R4: The number of
unscheduled
emergency projects

R3: The number of
unscheduled projects

that are selected
No. as emergency
projects from file

Method A:
scheduling of

Method B:
scheduling of

CaseW40-2.xml e_Iective pr_ojeqts e_lectivz_a pr_ojects Method A Method B Megmd MEtBhOd Megwd Method B
without adjusting with adjusting the
the BIM intervals BIM intervals
1 8, 22% ‘;% I 53.14 4817 0.49 051 2 2 1 2
38 %52 115; .28, 55 13.17 053 053 4 5 2 1
3 % 116219 3% 77.14 29.14 0.52 0.54 3 5 2 2
4 3L 73981152 38, 515 34.14 0.50 053 2 4 2 2
5 10 ‘;% 12‘; P 36.5 16.83 0.49 0.55 1 5 0 0
6 >4 1§é'3§é40' £ 62.83 33.83 053 0.52 4 4 2 1
7 37'277" 123 e 39.33 37.33 051 053 3 4 1 1
g 3 2;'2;52?620, 55.67 4383 0.51 0.52 2 4 2 1
9 1, 22; g o 55.83 6217 0.50 0.52 2 4 1 1
10 29133822 57.57 465 0.50 0.52 1 4 1 1

36,39, 7
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In other words, adjusting the BIM intervals during
the schedule of elective projects is a successful method
for decreasing the waiting time in emergency projects.
Although, the cost of this success is paid by longer
makespan (finishing the schedule later) and increasing
the number of unscheduled elective projects, when this
method is compared by ordinary scheduling of elective
projects. Decreasing the waiting time for emergency
surgeries is a very important result because of the
responsibility of the hospitals in saving lives. On the
other hand, this is considered that this success is
obtained while all the ORs are utilized for serving the
elective surgeries. In such a way, the profit-making
aspect of the ORs is also considered. These results are
obtained when arrival rate of emergency surgeries is
supposed a normal rate of 20 percent of the number of
elective surgeries. However, when this rate increases
significantly and hospital encounters lots of emergency
surgery referrals, dedicating some ORs to emergencies
is suggested.

5. CONCLUSION

In this paper, we introduced a new way of implementing
the method of adjusting the BIM intervals for project
scheduling model and this is our main contribution. We
examined our method with the real data from a
Norwegian hospital. This method is successful for
decreasing the waiting times of emergency projects for
inserting to the schedule of elective projects. However,
this method increases the number of unscheduled
elective projects that is the drawback of this method.
The importance of decreasing the waiting time in
emergency projects without dedicating any OR to
emergency projects and withdrawing this OR from
serving elective projects can be a sufficient reason for
making this method attractive for OR managers. We
propose using this method in surgery units with very
high-profit ORs and low rate of emergency arrivals.

In this research, we suppose that after the arrival of
any surgery referral, an expert based on his or her
previously experiments determines the feasible modes
for activities and their duration times. Failure of
resources and unpredictable unavailability of resources
and changing the duration of activity modes are not
considered in this paper. As future work, we suggest
covering more uncertainties in this model.
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