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Abstract Interruptions to the server in an outpatient clinic
environment have received limited attention in the appoint-
ment scheduling literature. However, explicitly modeling
interruptions on the part of the doctor may have an impact
on the optimal appointment schedule and consequently, on
patient waiting times. This is explored with a simulation
optimization model that is based on data from time studies
and interviews with medical professionals from multiple
outpatient clinics. The results show a “plateau-dome”
scheduling rule for practical implementation to be robust
for low interruption rates and a traditional dome pattern for
higher levels of interruptions. In addition, if clinic oper-
ations are such that doctors are able to adjust their behavior
to complete all work during the session, then the schedule
is invariant to changes in the interruption rate.

Keywords Appointment scheduling - Outpatient clinics -
Simulation optimization

1 Introduction

There has been limited attention given to doctor interruptions
in prior studies on appointment scheduling. Interruptions or
“gap times” refer to disruptions or delays in the provision of
service. In an outpatient facility, interruptions may involve
phone calls from other doctors or pharmacists, writing up
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charts/notes, and dealing with staff. In this study a delay is not
considered an interruption if it relates to the client the doctor is
currently scheduled to serve (e.g., if the doctor is consulting
the current patient’s chart). Interruptions are typically modeled
as non-preemptive, that is, occurring between patient appoint-
ments (Cayirli and Veral 2003). The question arises as to
whether interruptions have an impact on the design of an
optimal appointment schedule (AS). In this paper, a
simulation optimization approach is proposed to determine
how the “optimal” schedule changes with increasing levels
of interruptions and whether interruptions should be
accounted for when developing a schedule.

The appointment scheduling problem is an exceedingly
difficult problem, both from a practitioner and research
perspective, because of the significant uncertainty in the
system (e.g., stochastic arrival and service times, cancella-
tions, and no-shows). Prior research has primarily used
analytical methods or simulation to analyze this problem.
Analytical methods include queuing theory (Brahimi and
Worthington 1991; Pegden and Rosenshine 1990; Stein and
Coté 1994; Jansson 1966; Mercer 1960), nonlinear pro-
gramming (Robinson and Chen 2003), stochastic linear
programming (Denton and Gupta 2003), and dynamic
programming (Fries and Marathe 1981; Liu and Liu
1998). Analytical methods generally have difficulty captur-
ing the complexity of the system and the diversity in
environmental variables, and are often restrictive (e.g., in
terms of service time distributions and clinic size) in order
to make the models tractable (Cayirli and Veral 2003).
Simulation, on the other hand, is able to account for more
complex settings but is unable to search for an optimum.
Simulation studies have analyzed environmental factors
such as patient and doctor unpunctuality (Blanco et al.
1964; Fetter and Thompson 1966; Vissers and Wijngaard
1979; Vissers 1979), patient heterogeneity (Klassen and
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Rohleder 1996; Rohleder and Klassen 2000; Cayirli et al.
2006, 2008), and scheduling over a time horizon of two or
more weeks (Klassen and Rohleder 2004). Ho and Lau
(1992, 1999) also use simulation to evaluate various
scheduling rules and provide a heuristic for choosing a
best rule under specific environmental conditions.

There have been a few studies that have considered doctor
interruptions. Rising et al. (1973) find that interruptions such
as consultations with other physicians, emergency phone
calls, and extended breaks result in time lost to the clinic and
thus, patient waiting times were sensitive to this factor.
Interruptions can disrupt the system since a delay in the start
of an appointment has the potential to impact the start of all
subsequent appointment slots. Lehaney et al. (1999) allow
for interim periods or gap times in their model to be
completed before the next patient is seen. They show that a
schedule which front-loads the system with relatively shorter
appointments results in larger queues forming early in the
session and tapering off toward the end. This reduces the mean
waiting time of patients. The objective of this paper is to
determine the degree of sensitivity of AS performance to
various interruption levels. Data collected in outpatient clinics
is used as a basis for the simulation optimization model.

Simulation optimization is a stochastic optimization
method that enables a search for solutions in problems where
some or all of the system parameters are stochastic (Fu 2002;
Law and Kelton 2000). It is well suited for problems where
uncertain parameters can be represented by probability
distribution functions. In this paper, simulation is combined
with a metaheuristic technique which allows for the
exploration of large complex search domains. The combina-
tion of simulation and metaheuristics such as scatter search,
simulated annealing, or genetic algorithms has been applied
in other problem environments (e.g., manufacturing systems
design (Azadivar and Tompkins 1999; Teleb and Azadivar
1994; Pierreval and Tautou 1997), single server queuing
systems (Fu 2002), inventory control models (Fu 2002;
Lopez-Garcia and Posada-Bolivar 1999), and environmental
policy planning (Linton et al. 2002; Huang et al. 2005)).

The paper is organized as follows. Section 2 develops
the simulation optimization model and experimental design.
Section 3 presents the results. Section 4 concludes with a
discussion of the managerial implications for appointment
system design.

2 Model development
2.1 Simulation optimization algorithm
The problem formulation for simulation optimization

algorithms specifies the objective function and constraints
as a set of discrete-event simulation models in which a
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heuristic guides the search for an optimum. This method
generates solutions to a problem by iteratively generating
sets of decision variable values for evaluation by a
simulation module. This method can significantly decrease
the time and cost of finding a (near) optimal solution since
it performs an intelligent systematic search of the solution
space. This precludes the need to exhaustively explore all
possible configurations as when simulation is used alone.

The simulation optimization approach used in this study
combines simulation with a scatter search heuristic. Arena
(Kelton et al. 2007) is used for the simulation, while
OptQuest (2007) is used as the heuristic search engine.
Scatter search is an evolutionary method that has shown
great potential for solving difficult combinatorial and non-
linear optimization problems with integer decision variables
(Marti et al. 2006; Glover 1994). Secondary heuristics
based on tabu search and neural networks (OptQuest 2007)
are also employed to guide the search for an optimum. An
overview of the algorithm is given in Table 1.

A distinguishing feature of scatter search heuristics is a
mapping mechanism used to translate points that are not
feasible into a feasible point rather than removing it from
consideration. Furthermore, since the search mechanism is
population based, it permits the algorithm to simultaneously
search many areas of the search domain. Tabu search is
used both to ensure diversity in the population and to
prevent the algorithm from revisiting solutions that have
proven to be sub-optimal.

The probabilistic search techniques used means the quality
of the solutions generated can be highly variable (Andradottir

Table 1 Simulation optimization algorithm

Step 1: Initialization

Generate initial population of candidate solutions (reference points)

Step 2: Simulation

k replications are performed for each candidate solution to guarantee a
stable solution. The number of replications is determined by a neural
network accelerator. All feasible solutions are returned to the scatter
search heuristic and used to develop the next generation of solutions.

Step 3: Optimization

Existing feasible solutions (parents) are combined to create new
solutions (offspring) using a weighted linear combination of
reference points. Infeasible solutions are subject to a mixed-integer
programming procedure which finds the nearest feasible point by
minimizing the absolute deviation between the two points. Diversity
is ensured by periodically using “older” high-quality solutions to
“re-start” the search and explore a different region of the search
space. Tabu memory functions are used to prevent the algorithm
from revisiting prior inferior solutions. The new set of candidate
solutions is then evaluated using simulation (Step 2).

Step 4: Stopping Criteria

The algorithm stops based on criteria specified by the user. Criteria
include stopping on projected or actual convergence, after a number
of heuristic iterations, or elapsed time.
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2002). Although the scatter search and Tabu search heuristics
are able to offset this effect by performing an intelligent
systematic search of the solution space, the probabilistic
search mechanism results in experiments producing different
results. In Klassen and Yoogalingam (2009) the robustness
of the simulation optimization approach used in this study
was validated by testing its performance against prior
analytical studies. The simulation optimization algorithm
was able to find solutions that were better for a problem test
bed containing stochastic elements. Furthermore, when
compared to rules found in prior simulation studies, the
algorithm was able to find superior solutions.

2.2 Problem formulation

The appointment system considered in this study consists of
a single server where clients are served according to a
predetermined schedule. The problem facing the decision
maker is one of allocating appointment times to N patients
over a finite time horizon 7}, or operating session, such that
the combined costs of patient waiting and physician idle
time are minimized. The notation used is given in Table 2.

It is assumed that patients and the doctor arrive
punctually (neither late nor early). Given that x;=t,
CWT,=0, and IT,=0, it follows that:

ti =t +x, i=2,....N (1)

CWT; = max{ti_l + CWTi 1 +si1 — l‘i,O},iZ 2,...,N
(2)

IT; = max{t,- — (ti—l + CWT; + Sl'_|),0},i =2,...,N
(3)

DET = max{tN, tNo1 +CWTy_1 + SN—I} + Sy (4)

Table 2 Model notation

Notation Description

Ty Length of operating session

N Number of appointment slots per operating session
t; Appointment time of patient 4, i = 1, 2, ..., N

X; Time between appointment i and i —/

S; Service time for patient i

CWT; Waiting time for patient i

IT; Physician idle time between appointment i and i —/
DET Session or day end time for physician

wIT Total cost of waiting and idle time

Cy Cost coefficient for patient waiting time

Cit Cost coefficient for physician idle time

A general formulation for the problem is given by:

N N
mmPWTQE<§:CWT>%%E<§:Iﬂ> (5)
i=2 i=2

s.t. 0<x <M Vi (6)

x; integer (7)

The parameter /¥ is the upper bound for each appoint-
ment slot. Appointment lengths are constrained to be
integers to add realism. Data collected in outpatient clinics
showed that interruptions during appointments are usually
related to some aspect of the current patient’s service and
thus are not considered a “true” interruption. Thus,
interruptions are assumed to occur only between patient
appointments with some probability ¢ and the length of the
interruptions follows an exponential distribution with a
mean of . In other words, the doctor will finish with a
patient before proceeding to deal with the interruption. It is
assumed that all appointments will be seen and the
physician will complete service for all scheduled patients
regardless of interruptions. As in some prior simulation
studies (e.g., Klassen and Rohleder 2004; Ho and Lau
1992), the cost parameters ¢,, and c;; are set to one for this
study.

2.3 Experimental design

To study the effects of doctor interruptions on appointment
system design, data was collected by observation in three
outpatient clinics in Hamilton, Ontario, Canada. The
observed clinics had one doctor each with varying numbers
of appointments scheduled in varying session lengths.
Interviews were carried out and time studies were done.
The aim was to gain understanding regarding planned
appointment times, actual service times, doctor lateness,
and doctor interruptions. The data was collected for eight
clinic sessions; four mornings and four afternoons. Obser-
vations recorded include patient arrival times, appointment
times, service start and end times, and interruptions to the
service. Interruptions are defined as a break in service that
is unrelated to the current patient. The data shows that
interruptions between appointments are relatively common,
occurring for 22.65% of the appointments. This can impact
the schedule since they delay the start of the next
appointment. A summary of the data is provided in Table 3.
The purpose of the data is to help establish validity of the
input parameters used in the study. Thus, this study does
not provide a case analysis of any one clinic, rather using
the data to provide a realistic representation of the
stochastic parameters of the model.
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Table 3 Observed clinic environments

Clinic Size (number Coefficient of =~ Mean waiting Mean service Session length % Interruptions ~ Mean

session of appointments)  variation time (minutes)  time (minutes)  (minutes) interruption
(service time) length (minutes)

1 14 0.48 20 9.5 165 50 35

2 14 0.6 21.5 11.7 210 14.3 3.5

3 9 0.62 11.3 17.2 135 333 6.3

4 12 0.39 8.3 11 210 8.3 10

5 8 0.52 25.8 19.4 180 12.5 4

6 6 0.61 9.5 18.2 90 333 1.5

7 10 0.68 23.9 16.8 110 20 6

8 21 0.59 32.6 16.7 250 9.5 5

Average 11.75 0.56 19.11 15.06 168.75 22.65% 4.98

An analysis of the data suggests some interesting issues
in regard to how interruptions should be modeled. It is
apparent that interruptions can be modeled by “adding”
interruptions to the doctor’s regular work, thus increasing
the total amount of work. The case where interruptions add
work is modeled and the best AS are presented. However,
some of the data suggests that this may not be accurate for
all doctors. Some of the sessions had fairly high levels of
interruptions, but the doctor worked only a minimal amount
of overtime. One 210 min session had 24.5 min of
interruptions, but the doctor only worked 5 min overtime.
A 90 min session had 3 min of interruptions, but the doctor
was finished 7 min early. This suggests that some doctors
develop their schedules knowing they will be interrupted,
and allow for this by scheduling their total patient
consultation time to be less than the session length. On
the other hand, this may suggest that some doctors adjust
their behavior in real time based on the level of inter-
ruptions they are receiving. This second case, where
interruptions occur but do not add work is also modeled
in order to determine the best AS. In addition, by
comparing the two scenarios, insights are gained regarding
how important it is to model interruptions.

Lognormal service times are used. Based on Chi-square
and Kolmogorov-Smirnov tests (x=0.05), the lognormal
distribution is a good fit for the data. Lognormal times have

also been found empirically (e.g., Cayirli et al. 2006, 2008;
Klassen and Rohleder 1996; O’Keefe 1985). Service times
are distributed as follows:

(8)

The mean (uy) is the length of the session divided by the
number of appointments scheduled per session, N. Outpa-
tient clinics typically report session lengths between
180 min and 240 min (Klassen and Rohleder 1996). The
length of the session in this study is an average of the two
at 210 min. The size of the clinic is set at 14 appointments
that are 15 min each on average. The standard deviation is
defined as oy ~ Lognormal(ay,By) where oy and [y are
set to obtain a specific coefficient of variation (CV). The
CV captures the variability in service times and Cayirli and
Veral (2003) report CV levels that typically fall between
0.35 and 0.85. Three levels (0.35, 0.60, 0.85) are used in
this study to determine if this factor combined with
interruptions has a major impact on the best AS. Thus,
the values used for N=14 and CV=0.6 are as follows: uy=
15 min, ay=7.5, and OBy=7.5.

Table 3 shows interruptions varying from 8.3% to 50%.
Consequently, interruption levels are tested at 0%, 10%,
20%, 30%, 40%, and 50%. The length of each interruption
was fitted from the empirical data in Table 3 and follows an
exponential distribution with a mean of 5 min.

s; ~ Lognormal (py, on)

Table 4 Performance metrics

Mean idle time
(% change)

Mean waiting time
(% change)

Day end time
(% change)

(CV=0.60) Interruption WIT
0% (Initial values) 138.60
10% 8.45%
20%% change 17.88%
30% 24.26%
40% 35.40%
50% 44.91%

7.66 2.36 241.99
6.66% —0.85% 4.12%
23.37% —5.93% 5.00%
33.16% -9.32% 7.60%
50.00% —16.53% 9.53%
63.71% —22.03% 11.64%
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*Note: Appointment 1 is assumed to be scheduled at the beginning of the session.

Fig. 1 Appointment intervals for the best AS—Interruptions add
work (CV=0.6)

3 Results and analysis
3.1 Case 1: Interruptions add work

As discussed above, in some clinic settings interruptions
result in additional work for the doctor which is an intuitive
way to account for interruptions. In this case, the doctor has
an average of 210 min of work serving patients and
interruptions add more work to this. The best AS with
their objective function values are shown for all 18 cases in
“Appendix A”. Table 4 provides the percentage change in
some relevant measures as the interruption level increases.

Table 4 and “Appendix A” show that costs increase as
interruptions rise. For example, for CV=0.60 the mean total
cost of waiting and idle times increases by approximately
9% on average for each increase in the level of interrup-
tions. Results also show higher costs for larger values of the
CV. Thus, performance of the AS decreases as variability in
service times increases. A plot of the best AS for two
representative interruption levels for CV=0.60 is given in
Fig. 1. The vertical lines show when the appointment slots
would be if fixed-interval, 15 min appointment slots were
used.

Table 5 Performance metrics for duration of interruptions (CV=0.6)

All AS demonstrate shorter appointment slots at the
beginning and end of the session, with fairly constant
appointment slot lengths in the middle portion. Thus,
clients are bunched at the beginning and end of the session.
However, “Appendix A” and Fig. 1 show differences in the
AS as the level of interruptions increases. On average,
appointment slots are spread out more in the middle portion
as interruptions increase. Figure 1 shows a higher middle
portion and “Appendix A” has longer slots in the middle
portion as well as shorter slots at the very end of the
session. Average slot length in the middle portion (appoint-
ment slots 3—11) for 0-50% interruptions is 17.37 min,
17.74 min, 18.22 min, 18.30 min, 18.70 min, and
18.96 min, respectively. Also, for many AS, the time
between the last two appointments is zero, especially as the
level of interruptions increases. This suggests that for these
cases a double booking strategy for the last two appoint-
ments produces the best AS.

Given that this is a first study using empirical data for
the duration of interruptions and the relatively small size of
the sample used in this study, experiments were run to test
how the best AS changes with the duration of interruptions.
Experiments were run with the duration for interruptions
following an exponential distribution with means of
2.5 min and 7.5 min. Results for the 20% and 40%
interruption levels are presented in Table 5.

The results show the performance of the AS decreases as
the mean interruption duration increases and improves as
the duration decreases. This is not unexpected and is
consistent across varying levels of interruptions. The
pattern of appointments remains the same, with shorter
appointment slots at the beginning and end of the session
and appointments spread out fairly evenly in the middle of
the session.

3.2 Case 2: Interruptions do not add work

To model the second case, interruption frequencies and
lengths remained the same as in the first case. In order to
capture the case where the doctor is aware that interruptions
are likely to occur and either develops a schedule with this

Interruption Interruption duration WIT Mean waiting time Mean idle (%) change Day end time
(minutes) (% change) (% change)
20% (Initial values) 5 163.37 9.45 222 254.08
20% 2.5 -9.37% —14.60% 12.61% -1.20%
20% 7.5 11.64% 13.97% 1.80% 3.04%
40% (Initial values) 5 187.66 11.49 1.97 265.06
40% 2.5 -16.34% —22.37% 16.75% -3.65%
40% 7.5 24.63% 29.68% -7.61% 4.59%
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in mind or adjusts in real time, service times were
decreased such that the total amount of work (210 min)
remained the same regardless of level of interruptions. For
instance, at the 10% interruption level for N=14 there will
be an average of 1.4 interruptions, each lasting 5 min. This
represents 7 min of lost time during the session or an
average of half a minute per patient; thus, uy=14.5 for this
interruption level. A plot of the best AS for two
representative levels of interruptions and a comparison of
client waiting times for each scenario are given in Figs. 2
and 3.

Results show that the best AS are very similar across
interruption levels. In fact, even the height of the middle
portion remains virtually the same regardless of level of
interruption, and there is no additional bunching at the
end as interruption levels increase. In addition, Fig. 3
shows that waiting times are fairly constant as the
interruption level increases when the total amount of work
remains the same. This is a positive result (that was initially
observed in the empirical data), suggesting that it is
possible to manage waiting times despite high levels of
interruptions.

3.3 Plateau-dome scheduling rule

One of the goals in appointment scheduling is to design
actionable rules that are easy to implement from a
practitioner standpoint. A major finding in prior studies
has been that a “dome” scheduling rule maximizes
performance of the system (Denton and Gupta 2003;
Robinson and Chen 2003; Wang 1993, 1997). The dome
rule sets appointment intervals such that they are gradually
increasing toward the middle of the session then gradually
decreasing toward the end of the session. However, an AS
where intermediate appointment intervals are similar may
be easier to implement. Results in this study demonstrate a
flatter version of the dome pattern, with the appointment

20
18
16
14
12
10

-¢-0%

Appointment Slot Length

—— 30%

o N MO

° 2 8928L8 888 3

- = -

165
180
195
210

Appointment Time (minutes)

Fig. 2 Appointment intervals for the best AS—Interruptions do not
add work (CV=0.60)
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Fig. 3 Comparison of client waiting times (CV=0.6)

slots in the middle portion having similar lengths. This
result is likely attributable both to the integer constraint and
to the longer sessions modeled here. In order to explore this
concept further, each experiment was rerun to determine the
impact of adding a constraint that forced the middle slots to
be equal. The addition of this constraint resulted in less than
a 0.5% loss in performance on average. The results for the
scenario where interruptions do not add work are shown in
Fig. 4. We denote this pattern a “plateau-dome” (Klassen
and Yoogalingam 2009).

Figure 4 shows that the height of the plateau is the same
for interruption levels from 10% to 50% (18 min slots),
reinforcing the findings in Section 3.2.

In revisiting the case where interruptions add work,
adding the constraint results in plateaus that become
gradually higher as interruptions increase. This is consistent
with the finding in Section 3.1 that the average slot length
on the middle portion increases accordingly. However,
sometimes the length of the plateau is shorter. Appendix A
shows results without the additional constraint, but it
demonstrates this concept. It shows that as the level of
interruptions increases, the plateau becomes relatively
shorter and higher and a standard dome pattern becomes
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Fig. 4 Plateau-dome scheduling rule: interruptions do not add work
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more prevalent. For instance, a number of the AS for the
40% and 50% interruption levels follow a pattern that
includes slot lengths of 0 min, 13 min, 18 min, 19 min,
20 min, 19 min, 18 min, 16 min, 12 min, and 0 min,
respectively. Thus, when interruptions add work, a tradi-
tional dome pattern may produce better performance for
higher levels of interruptions, while a flat plateau-dome
pattern may be better for lower levels of interruptions.

4 Conclusion

In this study a simulation optimization approach is used to
develop optimal outpatient appointment schedules in the
presence of interruptions. Empirical data from multiple
outpatient clinics was collected and used to develop
realistic settings for the input parameters of the model.
The main findings are summarized as follows:

* Performance decreases as the variability of service
times (CV) increases.

* All AS demonstrate a higher, flatter portion in the
middle of the session which we have denoted a
“plateau-dome”.

* Interruptions can be modeled either by adding the time
of the interruption to the workload of the doctor or by
adjusting the doctor’s schedule such that the interrup-
tions do not add work. This distinction has implications
for practice.

Appendix A

Table 6 Best AS—interruptions add work

* For the case where interruptions add work:

° Client waiting times and the day end time increase as
interruptions increase. Doctor idle time is reduced.

o The height of the plateau increases as interruptions
increase.

o A traditional dome pattern may produce better
performance for higher levels of interruptions, while
a flat, plateau-dome pattern may be better for lower
levels of interruptions.

* For the case where interruptions do not add work:

o All performance measures and the AS (including the
height of the plateau) remain very similar as
interruptions increase.

Therefore, if a clinic situation is such that doctors are
able to account for interruptions in the schedule or adjust
their behavior so that the total amount of work is not
increased, there is no need to adjust the AS as the level of
interruptions increases (Case 2). If, however, the clinic
situation does not allow for interruptions and they add work
for the doctor, the AS should be adjusted based on the level
of interruption experienced (Case 1).

Future research can account for different cost structures
including the relative cost of doctor idle time and overtime.
Other doctor related factors such as unpunctuality and
patient unpunctuality may also have an impact on the
choice of the optimal AS.

Interruption (O\% WIT 1 2 3 4 5 6 7 8 9 10 11 12 13 14
0% 0.35 86.80 0 14 16 17 17 18 18 17 17 17 17 15 16 11
0% 0.6 138.60 0 14 16 17 17 18 17 17 18 17 17 17 15 10
0% 0.85 181.88 0 14 16 17 17 21 18 19 18 17 18 18 14 3
10% 0.35 95.08 0 14 15 17 17 18 16 20 16 16 16 18 15 12
10% 0.6 152.42 0 12 16 17 17 18 18 19 19 19 18 18 16 3
10% 0.85 193.09 0 12 18 18 18 18 18 18 19 17 19 18 17 0
20% 0.35 116.32 0 12 18 18 18 19 19 18 17 18 18 17 16 2
20% 0.6 163.37 0 12 18 19 17 20 17 18 18 18 18 18 15 2
20% 0.85 201.63 0 13 17 18 18 20 19 19 19 18 18 17 14 0
30% 0.35 129.38 0 15 18 16 18 18 19 18 18 18 17 16 14 5
30% 0.6 172.23 0 14 18 18 19 19 19 19 19 18 17 16 14 0
30% 0.85 214.82 0 13 18 18 19 19 20 19 20 18 17 16 13 0
40% 0.35 143.75 0 13 18 18 19 20 19 19 18 18 18 17 13 0
40% 0.6 187.66 0 13 18 19 19 20 20 19 18 18 18 16 12 0
40% 0.85 227.61 0 13 18 19 19 20 20 19 18 18 18 16 12 0
50% 0.35 158.81 0 15 18 18 19 20 20 19 18 18 18 16 11 0
50% 0.6 200.84 0 13 19 19 19 20 20 20 19 18 18 16 9 0
50% 0.85 239.50 0 13 19 19 19 20 20 20 19 18 18 16 9 0
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