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a b s t r a c t
Difﬁculty in scheduling short-notice appointments due to schedules booked with routine check-ups are
prevalent in outpatient clinics, especially in primary care clinics, which lead to more patient no-shows,
lower patient satisfaction, and higher healthcare costs. Open access scheduling was introduced to overcome these problems by reserving enough appointment slots for short-notice scheduling. The appointments scheduled in the slots reserved for short-notice are called open appointments. Typically, the
current open access scheduling policy has a single time horizon for open appointments. In this paper,
we propose a hybrid open access policy adopting two time horizons for open appointments, and we
investigate when more than one time horizon for open appointments is justiﬁed. Our analytical results
show that the optimized hybrid open access policy is never worse than the optimized current single time
horizon open access policy in terms of the expectation and the variance of the number of patients consulted. In nearly 75% of the representative scenarios motivated by primary care clinics, the hybrid open
access policy slightly improves the performance of open access scheduling. Moreover, for a clinic with
strong positive correlation between demands for ﬁxed and open appointments, the proposed hybrid open
access policy can considerably reduce the variance of the number of patients consulted.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction
Open access scheduling, introduced in the early 1990s, is a justin-time concept that seeks to schedule both short-notice and routine
appointments. While open access scheduling can be applied to services such as accounting, ﬁnancial planning, real estate, law, and
healthcare, this paper was motivated by primary care clinics seeking
to schedule their provider capacity more effectively. Over the past
10 years, open access scheduling has been implemented in various
types of healthcare practices, with many reports appearing from primary care practices (Herriott, 1999; Murray & Tantau, 2000; Forjuoh
et al., 2001; Kennedy & Hsu, 2003; Meyers, 2003; O’Hare & Corlett,
2004; Solberg, Hroscikoski, Sperl-Hillen, O’Connor, & Crabtree,
2004; Armstrong, Levesque, Perlin, Rick, & Shectman, 2005; Bundy,
Randolph, Murray, Anderson, & Margolis, 2005). It is reported that
open access scheduling reduces healthcare costs by decreasing patient no-shows, while improving clinic resource utilization and physician productivity (Kodjababian, 2003; Mallard, Leakeas, Duncan,
Fleenor, & Sinsky, 2004; O’Hare & Corlett, 2004; Pierdon, Charles,
McKinley, & Myers, 2004; Bundy et al., 2005). Meanwhile, it has also
been shown to facilitate timely and patient-centered care, and to improve patient satisfaction (Herriott, 1999; Murray & Tantau, 2000;
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Kennedy & Hsu, 2003; Mallard et al., 2004; O’Hare & Corlett, 2004;
Pickin, O’Cathain, Sampson, & Dixon, 2004; Bundy et al., 2005;
Parente, Pinto, & Barber, 2005). In contrast, traditional appointment
scheduling systems schedule routine check-ups months in advance
but lead to more patient no-shows (Bean & Talaga, 1995; Lacy,
Paulman, Reuter, & Lovejoy, 2004; Lee, Earnest, Chen, & Krishnan,
2005) and undermine the timely delivery of healthcare (Pinto,
Parente, & Barber, 2002; Murray & Berwick, 2003). Yet, the open access scheduling concept, still under development, is far from mature.
Reports of implementation failures demonstrate the challenges in
implementing open access scheduling (Murray, Bodenheimer,
Rittenhouse, & Grumbach, 2003; Mehrotra, Keehl-Markowitz, &
Ayanian, 2008). In an open access clinic, the short-notice appointments are called open appointments. However, some appointments
are still scheduled weeks in advance, which are commonly called
ﬁxed appointments. The just-in-time principle of open access scheduling is to deliver healthcare to patients on the day they request it
(Murray & Tantau, 2000; Murray & Berwick, 2003). An interesting research question is whether to deﬁne only one short-notice time
frame or two short-notice time frames in an open access scheduling
system.
While over 50 years of appointment scheduling research has
proposed many quantitative models to optimize the parameters
for traditional outpatient appointment scheduling (Kaandorp &
Koole, 2007; Muthuraman & Lawley, 2008) (see the review by
Cayirli & Veral, 2003) or for surgery scheduling (Fei, Meskens, &
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answer this question, we compare two scheduling policies in
open access scheduling: one having a single time horizon for open
appointments, and the other adopting two time horizons for open
appointments.
This paper is organized as follows. In Section 2, we describe a
typical open access scheduling policy reported in the literature,
and then propose a hybrid open access policy. In Section 3, we
discuss two performance measures to compare open access scheduling policies. In Sections 4 and 5, we present the analytical and
numerical results of the comparison between the two policies.
Finally, conclusions and insights for clinic administrators are
discussed in Section 6.

Chu, 2009; Roland, Martinelly, Riane, & Pochet, 2009) (see the review by Gupta & Denton, 2008), only a few studies have proposed
quantitative approaches to determine the critical parameters for
open access scheduling (Green, Savin, & Murray, 2007; Kopach
et al., 2007; Qu, Rardin, Williams, & Willis, 2007). Green et al.
(2007) provide a quantitative approach to determine an appropriate panel size that ensures the desired overﬂow frequency level,
deﬁned as the fraction of days when demand exceeds the average
number of appointment slots available. For an open access scheduling policy with only one short-notice time frame, Qu et al. (2007)
propose a probability model and a recursive procedure to determine the lowest percentage of open appointments that maximizes
the expected number of patients consulted. Kopach et al. (2007)
develop a simulation model to investigate the effects of open
access scheduling parameters, such as the lowest percentage of
open appointments and time horizon for ﬁxed appointments, on
clinic performance. Our paper aims at making contributions to
determine whether one or two short-notice time frames should
be included in an open access scheduling system while considering
two performance metrics: both the expected number of patients
consulted and the variance in the number of patients consulted.
In the literature, the time horizon for open appointments used
in open access clinics has been reported as short as same day
and as long as one week depending on the clinical practices, physicians’ schedules, and patient population (Kennedy & Hsu, 2003;
Newman, Harrington, Olenginski, Perruquet, & McKinley, 2004;
O’Hare & Corlett, 2004). Therefore, an important question for clinic
administrators and experts in healthcare is whether more than one
time horizon for open appointments provides adequate ﬂexibility
and beneﬁts to justify its complexity in an open access clinic. To

Time horizon for fixed appointments
in Session A
(The number of the appointment requests
arriving during this period is the demand
for fixed appointments, denoted by DfC.)
Day d–3

Day d–2

2. Hybrid open access scheduling policy
In open access clinics, some appointment slots are held for
short-notice scheduling. Usually, clinic administrators specify the
limit for the number of ﬁxed appointments or the lowest percentage of open appointments in a clinic session (typically 4 h). When
the number of ﬁxed appointments scheduled in a session reaches
the limit before the time horizon for open appointments in the session, patients who request ﬁxed appointments in the session have
to choose ﬁxed appointments in other sessions or call again later
for an open appointment. In most open access clinics, the time
horizon for open appointments is same day or two days, which is
illustrated in Fig. 1a. Therefore, the open access scheduling policy
currently used in outpatient clinics speciﬁes a single time horizon
for open appointments and the lowest percentage of appointments
held for short-notice scheduling. We call this the current open access policy (current OA policy).

Time horizon for open appointments
in Session A
(The number of the appointment requests
arriving during this period is the demand
for open appointments, denoted by DoC.)
Day d–1

Day d
Start
time

End
time

t

Clinic Session A
on Day d

(a) Time horizons and demands for fixed and open appointments in the current OA policy
Time horizon for fixed appointments
in Session A
(The number of the appointment requests
arriving during this period is the demand
for fixed appointments, denoted by DfH.)
Day d–3

Day d–2

Time horizon for same-day appointments
in Session A
(The number of the appointment requests
arriving during this period is the demand for
same-day appointments, denoted by DsH.)
Day d–1

Day d
Start
time

Time horizon for days-ahead
appointments in Session A
(The number of the appointment
requests arriving during this period
is the demand for days-ahead
appointments, denoted by DdH.)

End
time

t

Clinic Session A
on Day d

(b) Time horizons and demands for fixed, days-ahead and same-day appointments in the hybrid OA policy
Fig. 1. Time horizons and demands for different types of appointments in the current and hybrid OA policies.
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Since the time horizon for open appointments can be as long as
several days or even one week in some clinics, we propose a hybrid
open access policy (hybrid OA policy), which adopts two time horizons
for open appointments and two lowest percentages of open appointments. One time horizon for open appointments is same day, which
means that some open appointments can only be scheduled on the
same day. We call these open appointments same-day appointments
in this paper. The other time horizon for open appointments is two
days or several days (not exceeding a week). Those open appointments scheduled one day or several days ahead are called daysahead appointments in this paper. Fig. 1b illustrates the time
horizons for ﬁxed, days-ahead and same-day appointments in the
hybrid OA policy. The hybrid OA policy needs to specify the lowest
percentage of days-ahead appointments and the lowest percentage
of same-day appointments.
Recent research suggests that continuity of care with a primary
care provider has multiple beneﬁts to patient and healthcare systems (De Maeseneer, De Prins, Gosset, & Heyerick, 2003; Nutting,
Goodwin, Flocke, Zyzanski, & Stange, 2003; Wilson, Rogers, Chang,
& Safran, 2005; Rodriguez, Rogers, Marshall, & Safran, 2007). Some
clinics group a few physicians as a provider group in an effort to balance continuity of care with scheduling ﬂexibility. To compare the
performances of the current and hybrid OA policies, we assume that
the clinic seeks continuity of care with patient scheduling so that
each physician (or provider group) sees only his/her own patients
or new patients. Thus, the schedule and patient demand of one physician (or provider group) is independent of the schedules and
patient demands of other physicians (or provider groups). Meanwhile, it is assumed that the two policies do not inﬂuence patient
demand. We assume that the patients independently request
appointments and independently choose appointments in other
sessions when the desired session is full. Many discrete models
for customer choice behavior make a similar assumption about
independent customer choice (Puig-Junoy, Saez, & Martı́nez-Garcı´a,
1998; McFadden, 2001). The patient no-shows deﬁned as the
missed scheduled appointments are independent of each other.
The no-show rates are assumed to increase with the increase in
appointment lead time (Bean & Talaga, 1995; Kodjababian, 2003;
Lee et al., 2005), which is the interval from the date an appointment
is scheduled to the appointment date. In addition, we assume the
number of appointments that can be scheduled in a session, the demand distribution, and the no-show rate of each appointment type
are given for a physician or provider group.
3. Performance measures for open access scheduling
Since the average number of patients consulted by each physician in each clinic session affects the revenue and cost of a clinic, it
is one of the performance measures that concerns clinic administrators. In many clinics, the salary of a physician partly depends
on the average number of patients consulted per clinic session by
the physician. Another performance measure concerning both
clinic administrators and physicians is the variability of the number of patients consulted by each physician in each clinic session.
A high variance in the number of patients consulted may result
in long overtimes or idle times for each physician and clinic staff.
Therefore, two performance measures are used to compare the current and hybrid OA policies: the expected number of patients consulted, and the variance of the number of patients consulted in a
session.
3.1. Expected number of patients consulted
Let MC and MH denote the numbers of patients consulted by a
physician in a clinic session using the current and hybrid OA

policies, respectively. We use N to denote the number of appointments that can be scheduled with a physician in a session. In this
paper, any symbols with superscripts C denote variables or parameters for the current OA policy, while any symbols with superscripts H are for the hybrid OA policy.
For the current OA policy, qC denotes the lowest percentage of
open appointments to be scheduled with a physician in a clinic session. Thus, the limit of ﬁxed appointments to be scheduled with a
physician in a session, denoted by nC1 , is bN  qCNc, where bc
means to round down to the closest integer. According to the results in Qu et al. (2007), we know that the expectation of MC, denoted by EðMC ; nC1 Þ, is a function of N, nC1 , the no-show rates of
ﬁxed and open appointments, and the demand distribution of ﬁxed
and open appointments. For a given N, EðM C ; nC1 Þ for all nC1 2
f0; 1; . . . ; Ng can be calculated by using the recurrence relation

EðM C ; nC1 Þ ¼ EðM C ; nC1  1Þ  ðcCf  cCo Þ½1  F Cf ðnC1  1Þ
þ ð1  cCo Þ½F Co ðN  nC1 Þ  F C ðnC1  1; N  nC1 Þ;

ð1Þ

with

"
C

C
oÞ

EðM ; 0Þ ¼ ð1  c

#
N
X
C
N
ðN  jÞpo ðjÞ ;

ð2Þ

j¼0

where cCf and cCo denote the no-show rates of ﬁxed and open
appointments, respectively, FC() is the joint cumulative probability
distribution function of demands for ﬁxed and open appointments,
denoted by DCf and DCo , respectively, F Cf ðÞ and F Co ðÞ are the cumulative probability distribution functions of demands DCf and DCo ,
respectively, and pCo ðÞ is the probability mass function of demand
DCo . According to the recurrence relation in Eqs. (1) and (2), we
can calculate EðMC ; nC1 Þ for nC1 2 f0; 1; . . . ; Ng, and then ﬁnd the
maximum expectation of MC, denoted by EMAX(MC), and the corresponding nC1 , denoted by nC1MAX . Thus, for the current OA policy,
nC1MAX represents the limit of ﬁxed appointments to be scheduled
that maximizes the expected number of patients consulted by a
physician in a session, and EðMC ; nC1MAX Þ ¼ EMAX ðMC Þ.
For the hybrid OA policy, qHd and qHs denote the lowest percentages of days-ahead and same-day appointments, respectively, to be
scheduled with a physician in a clinic session. Thus, the limit of
ﬁxed appointments to be scheduled with a physician in a session,
denoted by nH1 , is bN  ðqHd þ qHs ÞNc, and the limit of ﬁxed and
days-ahead appointments to be scheduled with a physician in a
session, denoted by nH2 , is bN  qHs Nc. Since bN  ðqHd þ qHs ÞNc 6
bN  qHs Nc, we know nH1 6 nH2 .
In the appendix, we derive the recurrence relations for calculating the expectation and the variance of the number of patients consulted for the hybrid OA policy (MH). According to the results in the
appendix, we know that the expectation of MH, denoted by
EðM H ; nH1 ; nH2 Þ, is a function of N; nH1 ; nH2 , the no-show rates of ﬁxed,
days-ahead and same-day appointments, and the demand distribution of ﬁxed, days-ahead and same-day appointments. According
to Eqs. (A1), (A3), (A8), (A9), (A13), (A21), (A22), (A23) in the
appendix, we know that for a given N and all pairs of ðnH1 ; nH2 Þ satisfying 0 6 nH1 6 nH2 6 N; EðM H ; nH1 ; nH2 Þ can be calculated by using
the recurrence relations

EðM H ; nH1 ; nH2 Þ ¼ EðMH ; nH1  1; nH2 Þ þ ð1  cHf Þ½1  F Hf ðnH1  1Þ
 ð1  cHd ÞGHfd ðnH1  1; nH2  nH1 Þ
 ð1  cHs ÞGH ðnH1  1; nH2 Þ;

ð3Þ

and

EðM H ; 0; nH2 Þ ¼ EðM H ; 0; nH2  1Þ þ ð1  cHd Þ½1  F Hd ðnH2  1Þ
 ð1  cHs ÞGHds ðnH2  1; N  nH2 Þ;

ð4Þ
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Q C12 ðnC1  1Þ ¼ 2ð1  cCf Þð1  cCo Þ½AC2 ðnC1  1Þ  AC1 ðnC1  1Þ

with

"

#

N
X


EðM H ; 0; 0Þ ¼ 1  cHs N 
ðN  kÞpHs ðkÞ ;

and

k¼0

pHs ðÞ

where
is the probability mass function of demand for sameday appointments, denoted by DHs , and cHf ; cHd and cHs denote the
no-show rates of ﬁxed, days-ahead and same-day appointments,
respectively. In Eqs. (3)–(5),

GHfd ðnH1



1; nH2



nH1 Þ

¼1

 GC ðnC1  1; N  nC1 ÞAC1 ðnC1 Þ þ F Cf ðnC1  1ÞAC3 ðnC1  1Þ;

ð5Þ

F Hf ðnH1

 1Þ 

F Hd ðnH2



nH1 Þ

þ F Hfd ðnH1  1; nH2  nH1 Þ;

Q C0 ¼

N
X
ðN  jÞpCo ðjÞ;
j¼0

where GC ðnC1  1; N  nC1 Þ ¼ 1  F Cf ðnC1  1Þ  F Cd ðN  nC1 Þ þ F C ðnC1  1;
PnC1 C
PnC1 PNi
N  nC1 Þ; AC1 ðnC1 Þ ¼ i¼0
ðn1  iÞpCf ðiÞ; AC2 ðnC1 Þ ¼ i¼0
j¼0 ðN  i  jÞ
P1
PNnC1
C
C
C
C
C
C
C
p ði; jÞ; A3 ðn1 Þ ¼ A1 ðn1 Þ  A2 ðn1 Þ  i¼nC þ1 j¼0 ðN  nC1  jÞpC ði; jÞ,
1

and pCf ðÞ is the probability mass function of demand DCf . According

GHds ðnH2  1; N  nH2 Þ ¼ 1  F Hd ðnH2  1Þ  F Hs ðN  nH2 Þ

to the recurrence relation in Eqs. (6) and (7), we can calculate
VðMC ; nC1 Þ for nC1 2 f0; 1; . . . ; Ng, and then ﬁnd the minimum variance
of MC, denoted by VMIN(MC), and the corresponding nC1 , denoted by
nC1MIN . Thus, for the current OA policy, nC1MIN represents the limit of
ﬁxed appointments to be scheduled that minimizes the variance
of the number of patients consulted by a physician in a session,

þ F Hds ðnH2  1; N  nH2 Þ;
and
H

H

G

ðnH1



1; nH2 Þ

¼

H

n1
1 nX
2
X
i¼nH
1

j¼0

1
X

pH ði; j; kÞ

jþ1
k¼NnH
1

¼ F Hd ðnH2  nH1 Þ  F Hfd ðnH1  1; nH2  nH1 Þ
2
3
nH
nH
NnH
j
nH
1
2
1
1
1
X
X
X
H
H
4p ðj; kÞ 
p ði; j; kÞ5:

ds
j¼0

i¼0

k¼0

Here F Hfd ðÞ is the joint cumulative probability distribution function
of demands for ﬁxed and days-ahead appointments, denoted by DHf
and DHd , respectively; F Hds ðÞ is the joint cumulative probability
distribution function of demands DHd and DHs ; F Hf ðÞ; F Hd ðÞ and F Hs ðÞ
are the cumulative probability distribution functions of demands
DHf ; DHd and DHs , respectively; pHds ðÞ is the joint probability mass
function of demands DHd and DHs ; pH ðÞ is the joint probability mass
function of demands DHf ; DHd and DHs .
According to the recurrence relations in Eqs. (3)–(5), we can
calculate EðM H ; nH1 ; nH2 Þ for 0 6 nH1 6 nH2 6 N, and then ﬁnd the maximum expectation of MH, denoted by EMAX(MH), and the corresponding pair ðnH1 ; nH2 Þ, denoted by ðnH1MAX ; nH2MAX Þ. Thus, for the
hybrid OA policy, nH1MAX represents the limit of ﬁxed appointments
to be scheduled that maximizes the expected number of patients
consulted, and nH2MAX represents the limit of ﬁxed and days-ahead
appointments to be scheduled that maximizes the expected number of patients consulted. Thus EðM H ; nH1MAX ; nH2MAX Þ ¼ EMAX ðM H Þ.

and VðMC ; nC1MIN Þ ¼ V MIN ðMC Þ.
For the hybrid OA policy, according to the results in the appendix, we know that the variance of MH, denoted by VðM H ; nH1 ; nH2 Þ, is a
function of N; nH1 ; nH2 ; cHf ; cHd ; cHs , and the demand distribution of
ﬁxed, days-ahead and same-day appointments. Using Eqs. (A2),
(A4), (A14) in the appendix, we know that for a given N and all
pairs of ðnH1 ; nH2 Þ satisfying 0 6 nH1 6 nH2 6 N; VðM H ; nH1 ; nH2 Þ can be
calculated by using the recurrence relations

VðMH ; nH1 ; nH2 Þ ¼ VðMH ; nH1  1; nH2 Þ þ Q H1 ðnH1  1Þ
þ Q H2 ðnH1  1; nH2 Þ þ Q H3 ðnH1  1; nH2 Þ þ Q H12 ðnH1  1; nH2 Þ
þ Q H13 ðnH1  1; nH2 Þ þ Q H23 ðnH1  1; nH2 Þ;

ð8Þ

and

VðM H ; 0; nH2 Þ ¼ VðM H ; 0; nH2  1Þ þ Q H02 ðnH2  1Þ þ Q H03 ðnH2  1Þ
þ Q H023 ðnH2  1Þ;

ð9Þ

with

"
VðM H ; 0; 0Þ ¼ ð1  cHs Þ2

N
X
ðN  kÞ2 pHs ðkÞ  ðQ H0 Þ2

#

k¼0

þ cHs ð1  cHs ÞðN  Q H0 Þ;

ð10Þ

3.2. Variance of the number of patients consulted
For the current OA policy, according to the results in (Qu, 2006),
we know that the variance of MC, denoted by VðM C ; nC1 Þ, is a function of N; nC1 ; cCf ; cCo , and the demand distribution of ﬁxed and open
appointments. For a given N and all nC1 2 f0; 1; . . . ; Ng; VðM C ; nC1 Þ can
be calculated by using the recurrence relation

VðM C ; nC1 Þ ¼ VðM C ; nC1  1Þ þ Q C1 ðnC1  1Þ
þ Q C2 ðnC1  1; N  nC1 Þ þ Q C12 ðnC1  1Þ;
with
C

"
C 2
oÞ

VðM ; 0Þ ¼ ð1  c

N
X

ð6Þ

#
2
2
ðN  jÞ pCo ðjÞ  ðQ C0 Þ

þ cCo ð1  cCo ÞðN  Q C0 Þ:

j¼0

Here,

Q C1 ðnC1  1Þ ¼ ð1  cCf Þ2 ½1  F Cf ðnC1  1Þ½F Cf ðnC1  1Þ þ 2AC1 ðnC1  1Þ
þ cCf ð1  cCf Þ½1  F Cf ðnC1  1Þ;

þ

C
o ð1

c

C
C
C
o ÞG ðn1

c

ðnH1

 1; nH2 Þ;

PN

k¼0 ðN
Q H12 ðnH1

 kÞpHs ðkÞ;
 1; nH2 Þ;

Q H1 ðnH1  1Þ;
H
Q 13 ðnH1  1; nH2 Þ

Q H2 ðnH1  1; nH2 Þ;

Q H3

Q H23 ðnH1

and
 1; nH2 Þ
are respectively deﬁned by Eqs. (A15)–(A20) in the appendix, and
Q H02 ðnH2  1Þ; Q H03 ðnH2  1Þ and Q H023 ðnH1  1Þ are respectively deﬁned
by Eqs. (A5)–(A7).
According to the recurrence relations in Eqs. (8)–(10), we can
calculate VðMH ; nH1 ; nH2 Þ for 0 6 nH1 6 nH2 6 N, and then ﬁnd the minimum variance of MH, denoted by VMIN(MH), and the corresponding
pair ðnH1 ; nH2 Þ, denoted by ðnH1MIN ; nH2MIN Þ. Thus, for the hybrid OA policy, nH1MIN represents the limit of ﬁxed appointments to be scheduled that minimizes the variance of the number of patients
consulted, and nH2MIN represents the limit of ﬁxed and days-ahead
appointments to be scheduled that minimizes the variance of the
number of patients consulted. Thus VðM H ; nH1MIN ; nH2MIN Þ ¼ V MIN ðM H Þ.
4. Analysis of hybrid open access scheduling policy

Q C2 ðnC1  1; N  nC1 Þ ¼ ð1  cCo Þ2 GC ðnC1  1; N  nC1 Þ½AC3 ðnC1  1Þ
AC3 ðnC1 Þ

ð7Þ

where Q H0 ¼

 1; N 

nC1 Þ;

In Section 3, we discussed two performance measures of open
access scheduling, the expected number of patients consulted
and the variance of the number of patients consulted. Next, we
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compare the current and hybrid OA policies in terms of the two
performance measures. The time horizon for open appointments
in the current OA policy could be same day or several days (not
exceeding a week). To compare the hybrid OA policy and the current OA policy, we assume that the time horizon for open appointments in the current OA policy is two days. Under the assumption
that the two policies do not change the patient demand of a physician, we know DCf ¼ DHf ; DCo ¼ DHd þ DHs (see Fig. 1), cCf ¼ cHf , and
cCo ¼ ½cHd EðX d Þ þ cHs EðX s Þ=½EðX d Þ þ EðX s Þ, where Xd and Xs are the
numbers of days-ahead and same-day appointments scheduled,
respectively, in the hybrid OA policy, and E(Xd) and E(Xs) are the
expectations of Xd and Xs.
Proposition 1. For the current and hybrid OA policies, when
C
H
H
C
H
DCf ¼ DH
f ; Do ¼ Dd þ Ds ; cf ¼ cf ,
H

cCo ¼ ½cHd EðX d Þ þ cHs EðX s Þ=

and
C

½EðX d Þ þ EðX s Þ, then EMAX(M ) P EMAX(M ).
Proof. Assuming that nC1MAX is the limit of ﬁxed appointments
to schedule in the current OA policy that maximizes the expected
number of patients consulted, EðM C ; nC1MAX Þ ¼ EMAX ðM C Þ. Since
DCf ¼ DHf ; DCo ¼ DHd þ DHs ; cCf ¼ cHf , and cCo ¼ ½cHd EðX d Þ þ cHs EðX s Þ= ½EðX d Þþ
EðX s Þ, we know EðM C ; nC1MAX Þ ¼ EðM H ;nH1 ;nH2 Þ for nH1 ¼ nC1MAX and
nH2 ¼ N. Since EMAX ðM H Þ P EðM H ;nH1 ;nH2 Þ for any pair ðnH1 ; nH2 Þ, then
EMAX(MH) P EMAX(MC). h
Proposition 2. For the current and hybrid OA policies, when
DCf ¼ DHf ; DCo ¼ DHd þ DHs ; cCf ¼ cHf , and cCo ¼ ½cHd EðX d Þ þ cHs EðX s Þ=
½EðX d Þ þ EðX s Þ, then VMIN(MH) 6 VMIN(MC).
The proof of Proposition 2 is similar to that of Proposition 1.
According to Propositions 1 and 2, the hybrid OA policy is never
worse than the current OA policy in terms of the maximum expectation and the minimum variance of the number of patients
consulted.
5. Numerical scenarios
In Section 4, we analytically compare the current and hybrid OA
policies. Since there are no closed-forms for EMAX(MC), EMAX (MH),
VMIN(MC), and VMIN(MH), we investigate the performance improvement by using the hybrid OA policy over a population of 288
scenarios representative of the possibilities, which consider different total numbers of appointments available (N), different no-show
rate combinations ðcHf ; cHd ; cHs Þ, and different demand distributions.
5.1. Characteristics of numerical scenarios
The clinics visited by the authors usually have 4-h clinic sessions with 15-min appointment slots, i.e. 16 appointment slots
that can be booked. Since some appointments are scheduled in
two successive appointment slots, the number of appointments
available may be less than 16. Therefore, in the numerical scenarios at most 12 or 16 appointments can be scheduled. The total
number of appointments available is also called physician capacity
in this paper.
Since ﬁxed appointments can be scheduled weeks in advance,
the associated no-show rates can reach as high as 50–55% (George
& Rubin, 2003; Lee et al., 2005). It is also reported that the average
no-show rate increases from 15% to over 35% when the length of
interval from the date an appointment is scheduled to the appointment date increases from 4 weeks to over 10 weeks (Kodjababian,
2003). Meanwhile, the no-show rate of open appointments is generally much lower than that of ﬁxed appointments as reported in
the literature. For example, the no-show rate resulting from an

open access pilot project for primary care decreased from 16% to
11% (Bundy et al., 2005). The average no-show rate decreased from
31% to 16% after the implementation of open access scheduling in
another primary care clinic (Kodjababian, 2003). The no-show
rates of 20% and 10% are used for days-ahead and same-day
appointments, respectively, in one combination of no-show rates
ðcHf ; cHd ; cHs Þ to examine the inﬂuence of the no-show rates cHd and
cHs in an undesirable scenario, while the no-show rates of 5% and
2% are used for days-ahead and same-day appointments in a significantly improved scenario. Therefore, the four combinations of
ðcHf ; cHd ; cHs Þ tested in the numerical scenarios are (0.4, 0.2, 0.1),
(0.4, 0.1, 0.05), (0.25, 0.1, 0.05) and (0.25, 0.05, 0.02).
Since the demand for ﬁxed or open appointments is the number
of requests for appointments occurring in a given time period, a
Poisson distribution is a routine choice for the demand. Unlike
the traditional outpatient scheduling systems which postpone a
large portion of today’s work into the future, open access clinics
schedule appointments for patients on the day that they request
to be seen. As a result, demand in a session is typically independent
of demands in previous days’ sessions. However, during a demand
surge period such as inﬂuenza season or when the clinic reopens
following a holiday, demands between the sessions may be highly
correlated. Therefore, in the numerical scenarios, independent
Poisson distributions and a trivariate Poisson distribution are used
to capture the distribution of demands for ﬁxed, days-ahead and
same-day appointments in these scenarios, respectively. The
trivariate Poisson distribution has positive correlation coefﬁcients of qfd ¼ qðDHf ; DHd Þ ¼ 0:2; qfs ¼ qðDHf ; DHs Þ ¼ 0:2 and qds ¼
qðDHd ; DHs Þ ¼ 0:5. Meanwhile, eighteen combinations of average demands for ﬁxed, days-ahead and same-day appointments, which
match with N, are considered in the numerical scenarios. Table 1
summarizes the levels of N; ðcHf ; cHd ; cHs Þ, and the demand distributions for 288 numerical scenarios.
5.2. Performance comparison between the current and hybrid OA
policies
According to Propositions 1 and 2, we know that the optimized
hybrid OA policy is never worse than the current OA policy in terms
of the maximum expectation and the minimum variance of the
number of patients consulted. Table 2 summarizes the ranges of
the performance change by comparing the hybrid OA policy with
the current OA policy for different levels of physician capacity,
different demand correlations, and different combinations of the
no-show rates ðcHf ; cHd ; cHs Þ for ﬁxed, days-ahead and same-day
appointments. It can be noted in Table 2 that by using the hybrid
OA policy, the maximum expected number of patients consulted increases by at most 1.0%, and the minimum variance of the number
of patients consulted decreases by at most 21.26% in all 288 numerical scenarios. Table 2 reveals that the performance improvement
by using the hybrid OA policy, in terms of the maximum expectation and the minimum variance of the number of patients consulted, increases with the increase in the demand correlation
between ﬁxed and open appointments, or the increase in the noshow rates of days-ahead and same-day appointments. This implies
that the ﬂexibility of the hybrid OA policy makes it easier to control
the variability of the number of patients consulted caused by strong
demand correlations and higher patient no-show rates.
Fig. 2 illustrates the distributions of the changes in the two performance measures by comparing the hybrid OA policy to the current OA policy. Fig. 2a shows that the increase in the maximum
expected number of patients consulted by using the hybrid OA policy ranges from 0 to 1%. While Fig. 2b demonstrates that the decrease in the variance of the number of patients consulted is less
than 1% in more than half of the numerical scenarios, it also shows
that the hybrid OA policy improves the minimum variance of the
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Table 1
Levels of clinic characteristics in numerical scenarios.
Clinic characteristics

Levels

Number of appointments available (N), i.e. physician
capacity
No-show rates of ﬁxed, days-ahead and same-day
H
H
appointments ðcH
f ; cd ; cs Þ

12 and 16
(0.4, 0.2, 0.1), (0.4, 0.1, 0.05), (0.25, 0.1, 0.05) and (0.25, 0.05, 0.02)

Demand distribution
H
H
Distribution of DH
f , Dd and Ds

Independent Poisson distributions and trivariate Poisson distributions with qfd = 0.2, qfs = 0.2 and qds = 0.5

Average demands for ﬁxed, days-ahead and same-day

(0.25N, 0.625N, 0.375N), (0.25N, 0.5N, 0.5N), (0.25N, 0.375N, 0.625N), (0.5N, 0.5N, 0.25N),
(0.5N, 0.375N, 0.375N), (0.5N, 0.25N, 0.5N), (0.625N, 0.375N, 0.25N), (0.625N, 0.3125N, 0.3125N),
(0.625N, 0.25N, 0.375N), (0.3N, 0.75N, 0.45N), (0.3N, 0.6N, 0.6N), (0.3N, 0.45N, 0.75N), (0.6N, 0.6N, 0.3N),
(0.6N, 0.45N, 0.45N), (0.6N, 0.3N, 0.6N), (0.75N, 0.45N, 0.3N), (0.75N, 0.375N, 0.375N), (0.75N, 0.3N, 0.45N)

H
H
appointments ðEðDH
f Þ; EðDd Þ; EðDs ÞÞ

Table 2
Performance change by using the hybrid OA policy.
Change in the number of patients consulteda
Physician capacity (N)

12

16

Correlation coefﬁcient

No-show rate

EMAX ðM H ÞEMAX ðM C Þ
EMAX ðM C Þ

V MIN ðM C ÞV MIN ðM H Þ
V MIN ðM C Þ

qfd

qfs

qds

cHf

cHd

cHs

Min (%)

Avg (%)

Max (%)

Min (%)

Avg (%)

Max (%)

0

0

0

0.2

0.2

0.5

0.4
0.4
0.25
0.25
0.4
0.4
0.25
0.25

0.2
0.1
0.1
0.05
0.2
0.1
0.1
0.05

0.1
0.05
0.05
0.02
0.1
0.05
0.05
0.02

0.11
0.01
0.01
0.00
0.45
0.12
0.15
0.07

0.26
0.05
0.10
0.03
0.65
0.18
0.27
0.12

0.50
0.15
0.22
0.07
0.91
0.33
0.43
0.21

0.50
0.01
0.02
0.00
0.13
0.01
0.00
0.00

1.96
0.41
0.61
0.31
3.49
2.06
1.75
0.92

7.98
1.00
1.75
1.11
21.26
14.68
10.72
5.68

0

0

0

0.2

0.2

0.5

0.4
0.4
0.25
0.25
0.4
0.4
0.25
0.25

0.2
0.1
0.1
0.05
0.2
0.1
0.1
0.05

0.1
0.05
0.05
0.02
0.1
0.05
0.05
0.02

0.08
0.01
0.06
0.01
0.46
0.10
0.19
0.07

0.27
0.06
0.11
0.04
0.62
0.19
0.28
0.13

0.60
0.18
0.25
0.08
1.00
0.34
0.44
0.21

0.62
0.20
0.23
0.08
0.35
0.08
0.01
0.02

1.94
0.66
0.87
0.47
3.56
1.79
1.25
0.53

4.91
2.01
2.46
1.35
17.93
10.23
4.33
1.47

a
[EMAX(MH)  EMAX(MC)]/EMAX(MC) represents the relative increase in the maximum expected number of patients consulted by using the hybrid OA policy. [VMIN
(MC)  VMIN(MH)]/VMIN(MC) represents the relative decrease in the minimum variance of the number of patients consulted by using the hybrid OA policy. The italicized
numbers are the maximum values of [EMAX(MH)  EMAX(MC)]/EMAX(MC) and [VMIN(MC)  VMIN(MH)]/VMIN(MC) in all numerical scenarios.

Table 3
Nine numerical scenarios with signiﬁcant decreases in the minimum variance by the hybrid OA policy.
Physician capacity (N)

H
H
ðcH
f ; cd ; cs Þ

H
H
ðEðDH
f Þ; EðDd Þ; EðDs ÞÞ

(qfd,qfs,qds)

VMIN(MC)

VMIN(MH)

V MIN ðM C ÞV MIN ðM H Þ
V MIN ðM C Þ

12
12
16
16
12
12
12
16
12

(0.4, 0.2, 0.1)
(0.4, 0.2, 0.1)
(0.4, 0.2, 0.1)
(0.4, 0.2, 0.1)
(0.4, 0.1, 0.05)
(0.4, 0.1, 0.05)
(0.25, 0.1, 0.05)
(0.4, 0.1, 0.05)
(0.25, 0.1, 0.05)

(7.5, 4.5, 3)
(6, 6, 3)
(10, 6, 4)
(8, 8, 4)
(7.5, 4.5, 3)
(6, 6, 3)
(7.5, 4.5, 3)
(10, 6, 4)
(6, 6, 3)

(0.2, 0.2, 0.5)
(0.2, 0.2, 0.5)
(0.2, 0.2, 0.5)
(0.2, 0.2, 0.5)
(0.2, 0.2, 0.5)
(0.2, 0.2, 0.5)
(0.2, 0.2, 0.5)
(0.2, 0.2, 0.5)
(0.2, 0.2, 0.5)

2.70
2.70
3.60
3.60
2.85
2.85
2.85
3.80
2.85

3.43
3.42
4.39
4.36
3.34
3.29
3.19
4.23
3.17

21.26
21.12
17.93
17.43
14.68
13.39
10.72
10.23
10.21

number of patients consulted by more than 1% in 35% of the scenarios. While the hybrid OA policy only slightly improves the performance of open access scheduling in terms of the maximum
expectation and the minimum variance of the number of patients
consulted in most scenarios, there are scenarios in which the
improvement is noticeable.
Nine scenarios demonstrated variance may decrease more than
10%. Table 3 shows that all nine scenarios have correlated demands
for ﬁxed, days-ahead and same-day appointments, and the lowest

(%)

average demand for same-day appointments. The results imply
that the minimum variance of the number of patients consulted
decreases more by using the hybrid OA policy as the positive
correlations between demands for ﬁxed, days-ahead and sameday appointments increase. This conclusion is also supported by
the data summarized in Table 2. Therefore, for a clinic with strong
positive correlation between demands for ﬁxed and open appointments, the hybrid OA policy can reduce the minimum variance of
the number of patients consulted considerably.
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Number of numerical examples

120
100
80
60
40
20

[0.9%, 1%]

[0.8%, 0.9%)

[0.7%, 0.8%)

[0.6%, 0.7%)

[0.5%, 0.6%)

[0.4%, 0.5%)

[0.3%, 0.4%)

[0.2%, 0.3%)

[0.1%, 0.2%)

[0,0.1%)

0

Increase in the maximum expected number of patients consulted
by using the hybrid OA policy

(a)

Number of numerical examples

140
120
100
80

tation and the minimum variance of the number of patients consulted. Since there are no closed-forms for the maximum
expectation and the minimum variance of the number of patients
consulted for the current and hybrid OA policies, we investigate
the performance improvement by using the hybrid OA policy
through representative numerical scenarios. Our numerical results
show that in most situations, the hybrid OA policy only slightly
changes the performance of open access scheduling in terms of
the two performance measures. Therefore, a single time horizon
for open appointments should be adopted in most open access
clinics. For clinics that plan to implement open access scheduling,
starting with a single time horizon may be advised. However, for
clinics with strong positive correlation between demands for ﬁxed
and open appointments, the proposed hybrid OA policy may be
considered because it could reduce the minimum variance of the
number of patients consulted signiﬁcantly in such clinics.
Our analysis and numerical results provide insights for clinical
administrators to determine whether two time horizons for open
appointments are needed in their clinics. For open access clinics,
administrators could calculate the correlation coefﬁcient of historical requests for ﬁxed and open appointments in each session. If
the correlation coefﬁcient is high and positive, the proposed hybrid
OA policy could be considered; otherwise, a single time horizon for
open appointments is advised.
In conclusion, this paper determines when to use a single time
horizon or two time horizons for open appointments. Interesting
extensions are to determine the best lengths of time horizons for
open appointments.
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Fig. 2. Changes in the two performance measures by using the hybrid OA policy.

6. Conclusions
In various open access clinics, the time horizon for open
appointments is deﬁned differently. While some open access clinics deﬁne the time horizon for open appointments as one day, others deﬁne it as several days or even one week. In this paper, we
investigate whether more than one time horizon for open appointments should be used in an open access clinic. We compare two
open access policies: the current OA policy and the hybrid OA policy. The current OA policy uses a single time horizon for open
appointments, while the hybrid OA policy adopts two time horizons for open appointments. The two policies are compared in
terms of the maximum expectation and the minimum variance
of the number of patients consulted. To compare the performance
of the two policies, we derive the recurrence relations to determine
the maximum expectation and the minimum variance of the number of patients consulted when using the hybrid OA policy.
Our analytical results show that the hybrid OA policy is never
worse than the current OA policy in terms of the maximum expec-

Appendix A. Recurrence relations for the expectation and
variance of the number of patients consulted by using the
hybrid open access policy
In this paper, we propose a hybrid open access policy (hybrid
OA policy), which adopts two time horizons for open appointments, a lowest percentage of same-day appointments, and a lowest percentage of days-ahead appointments. To compare the
hybrid OA policy, we derive the recurrence relations for calculating
the expectation and the variance of the number of patients consulted when adopting the hybrid OA policy.
For the hybrid OA policy, let N denote the number of appointments that can be scheduled, nH1 the limit of ﬁxed appointments
to be scheduled, and nH2 the limit of ﬁxed and days-ahead appointments to be scheduled, with a physician in a clinic session. Use
DHf ; DHd and DHs to denote the demands for ﬁxed, days-ahead, and
same-day appointments, respectively, and cHf ; cHd and cHs to denote
the no-show rates of ﬁxed, days-ahead and same-day appointments, respectively.
Let Mf, Md and Ms denote the numbers of ﬁxed, days-ahead and
same-day appointments kept, respectively, and Xf, Xd and Xs denote
the numbers of ﬁxed, days-ahead and same-day appointments
scheduled, respectively. X f ¼ minðDHf ; nH1 Þ because if there are more
than nH1 requests for ﬁxed appointments, only nH1 of them are
granted. Similarly, X d ¼ minðDHd ; nH2  X f Þ and X s ¼ minðDHs ;
N  X d Þ. Thus, Xf is a function of nH1 , while Xd and Xs are functions
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of nH1 and nH2 . We can explicitly denote them as X f ¼ X f ðnH1 Þ;
X d ¼ X d ðnH1 ; nH2 Þ, and X s ¼ X s ðnH1 ; nH2 Þ. Since Mf, Md and Ms are functions of Xf, Xd and Xs, respectively, Mf is also a function of nH1 , while
Md and Ms are functions of nH1 and nH2 . We can explicitly denote
them as Mf ¼ Mf ðnH1 Þ; M d ¼ Md ðnH1 ; nH2 Þ, and M s ¼ Ms ðnH1 ; nH2 Þ.
Since the number of patients consulted MH = Mf + Md + Ms, it is
also a function of nH1 and nH2 . Therefore, we denote its expectation
as EðM H ; nH1 ; nH2 Þ and its variance as VðM H ; nH1 ; nH2 Þ. Assuming independent patient no-shows, we have

and

VðM H ; 0; 0Þ ¼ ð1  cHs Þ2 Var½X s ð0; 0Þ þ cHs ð1  cHs ÞE½X s ð0; 0Þ
8
"
#2 9
N
N
<X
=
X
2 H
H 2
H
ðN  kÞ ps ðkÞ 
ðN  kÞps ðkÞ
¼ ð1  cs Þ
: k¼0
;
k¼0
"
H
s ð1

þc

H
s Þ

c

N

N
X

#
ðN 

kÞpHs ðkÞ

;

k¼0

E½M f ðnH1 Þ ¼ ð1  cHf ÞE½X f ðnH1 Þ;

ðA2Þ
where
is the probability mass function of demand
If no ﬁxed appointments are allowed to be scheduled, i.e.
nH1 ¼ 0, then Xf = 0, X d ¼ minðDHd ; nH2 Þ; and X s ¼ minðDHs ; N  X d Þ:
Thus, E½Mf ðnH1 Þ ¼ 0; Var½Mf ðnH1 Þ ¼ 0; Cov ½M f ðnH1 Þ; Md ðnH1 ; nH2 Þ ¼ 0,
and Cov ½M f ðnH1 Þ; M s ðnH1 ; nH2 Þ ¼ 0. Therefore, when the limit of ﬁxed
and days-ahead appointments to be scheduled changes by 1, the
change in the expected number of patients consulted is

E½M d ðnH1 ; nH2 Þ ¼ ð1  cHd ÞE½X d ðnH1 ; nH2 Þ;
E½M s ðnH1 ; nH2 Þ ¼ ð1  cHs ÞE½X s ðnH1 ; nH2 Þ;
Var½M f ðnH1 Þ ¼ ð1  cHf Þ2 Var½X f ðnH1 Þ þ cHf ð1  cHf ÞE½X f ðnH1 Þ;
Var½M d ðnH1 ; nH2 Þ ¼ ð1  cHd Þ2 Var½X d ðnH1 ; nH2 Þ þ cHd ð1  cHd ÞE½X d ðnH1 ; nH2 Þ;
Var½M s ðnH1 ; nH2 Þ ¼ ð1  cHs Þ2 Var½X s ðnH1 ; nH2 Þ þ cHs ð1  cHs ÞE½X s ðnH1 ; nH2 Þ;
Cov

½Mf ðnH1 Þ; M d ðnH1 ; nH2 Þ

H
f Þð1

¼ ð1  c

DHs .

pHs ðÞ

v

H
d ÞCo

c

½X f ðnH1 Þ; X d ðnH1 ; nH2 Þ;

Cov ½Mf ðnH1 Þ; M s ðnH1 ; nH2 Þ ¼ ð1  cHf Þð1  cHs ÞCov ½X f ðnH1 Þ; X s ðnH1 ; nH2 Þ;

EðM H ; 0; nH2 Þ  EðM H ; 0; nH2  1Þ
¼ ð1  cHd ÞfE½X d ð0; nH2 Þ  E½X d ð0; nH2  1Þg
þ ð1  cHs ÞfE½X s ð0; nH2 Þ  E½X s ð0; nH2  1Þg;

ðA3Þ

and the change in the variance of the number of patients consulted

VðM H ; 0; nH2 Þ  VðMH ; 0; nH2  1Þ
¼ ð1  cHd Þ2 fVar½X d ð0; nH2 Þ  Var½X d ð0; nH2  1Þg
þ cHd ð1  cHd ÞfE½X d ð0; nH2 Þ  E½X d ð0; nH2  1Þg

and

þ ð1  cHs Þ2 fVar½X s ð0; nH2 Þ  Var½X s ð0; nH2  1Þg

Cov ½Md ðnH1 ; nH2 Þ; M s ðnH1 ; nH2 Þ ¼ ð1  cHd Þð1  cHs ÞCov ½X d ðnH1 ; nH2 Þ; X s ðnH1 ; nH2 Þ:

þ cHs ð1  cHs ÞfE½X s ð0; nH2 Þ  E½X s ð0; nH2  1Þg

Thus,

þ 2ð1  cHd Þð1  cHs ÞfCov ½X d ð0; nH2 Þ; X s ð0; nH2 Þ

EðM H ; nH1 ; nH2 Þ ¼ E½M f ðnH1 Þ þ E½M d ðnH1 ; nH2 Þ þ E½M s ðnH1 ; nH2 Þ

 Cov ½X d ð0; nH2  1Þ; X s ð0; nH2  1Þg
¼ Q H02 ðnH2  1Þ þ Q H03 ðnH2  1Þ þ Q H023 ðnH2  1Þ;

¼ ð1  cHf ÞE½X f ðnH1 Þ þ ð1  cHd ÞE½X d ðnH1 ; nH2 Þ
H
H
H
s ÞE½X s ðn1 ; n2 Þ;

þ ð1  c

ðA4Þ

where

Q H02 ðnH2  1Þ ¼ ð1  cHd Þ2 fVar½X d ð0; nH2 Þ  Var½X d ð0; nH2  1Þg

and

þ cHd ð1  cHd ÞfE½X d ð0; nH2 Þ  E½X d ð0; nH2  1Þg;

VðM H ; nH1 ; nH2 Þ ¼ Var½M f ðnH1 Þ þ Var½M d ðnH1 ; nH2 Þ þ Var½M s ðnH1 ; nH2 Þ
þ 2Cov
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 nH2 Þ  F Hds ðnH2  1; N  nH2 Þ;

nH1 ¼ nH2 ¼ 0, then Xf = Xd = 0 and X s ¼ minðDHs ; NÞ. As a result,
E½M f ðnH1 Þ ¼ 0, E½Md ðnH1 ; nH2 Þ ¼ 0; Var½Mf ðnH1 Þ ¼ 0; Var½Md ðnH1 ; nH2 Þ ¼
and
0; Cov ½M f ðnH1 Þ; Md ðnH1 ; nH2 Þ ¼ 0; Cov ½Mf ðnH1 Þ; M s ðnH1 ; nH2 Þ ¼ 0,
Cov ½Md ðnH1 ; nH2 Þ; Ms ðnH1 ; nH2 Þ ¼ 0. Thus, we obtain
H
s ÞE½X s ð0; 0Þ

Q H023 ðnH1  1Þ ¼ 2ð1  cHd Þð1  cHs ÞfCov ½X d ð0; nH2 Þ; X s ð0; nH2 Þ

E½X s ð0; nH2 Þ  E½X s ð0; nH2  1Þ ¼ 1 þ F Hd ðnH2  1Þ þ F Hs ðN

If only same-day appointments are allowed to be scheduled, i.e.

H

and

E½X d ð0; nH2 Þ  E½X d ð0; nH2  1Þ ¼ 1  F Hd ðnH2  1Þ;

v
þ 2ð1  c
 cHs ÞCov ½X f ðnH1 Þ; X s ðnH1 ; nH2 Þ þ 2ð1  cHd Þð1
 cHs ÞCov ½X d ðnH1 ; nH2 Þ; X s ðnH1 ; nH2 Þ:
c

½X f ðnH1 Þ; X d ðnH1 ; nH2 Þ

ðA6Þ

Here

 cHs ÞE½X s ðnH1 ; nH2 Þ þ 2ð1  cHf Þð1
H
d ÞCo

ðA5Þ

#
N
X
H
N
ðN  kÞps ðkÞ :
k¼0

ðA1Þ

Var½X d ð0; nH2 Þ  Var½X d ð0; nH2  1Þ
2
¼ ½1 

F Hd ðnH2



1Þ4F Hd ðnH2

 1Þ þ 2

3

nH
1
2

X

ðnH2

ðA9Þ

1

jÞpHd ðjÞ5;

ðA10Þ

j¼0

Var½X s ð0; nH2 Þ  Var½X s ð0; nH2  1Þ
¼ ½1  F Hd ðnH2  1Þ  F Hs ðN  nH2 Þ þ F Hds ðnH2  1; N  nH2 Þ
 fE½X s ð0; nH2  1Þ þ E½X s ð0; nH2 Þ  2N þ 2nH2  1g;

ðA11Þ
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Q H3 ðnH1  1; nH2 Þ ¼ ð1  cHs Þ2 fVar½X s ðnH1 ; nH2 Þ  Var½X s ðnH1  1; nH2 Þg

and

þ cHs ð1  cHs ÞfE½X s ðnH1 ; nH2 Þ  E½X s ðnH1  1; nH2 Þg;

Cov ½X d ð0; nH2 Þ; X s ð0; nH2 Þ  Cov ½X d ð0; nH2  1Þ; X s ð0; nH2  1Þ
¼

nH
1 Nj
2
X
X
j¼0

ðA17Þ

nH
1
2

ðN  j 

kÞpHds ðj; kÞ



X

ðnH2

1

jÞpHd ðjÞ

Q H12 ðnH1  1; nH2 Þ ¼ 2ð1  cHf Þð1  cHd ÞfCov ½X f ðnH1 Þ; X d ðnH1 ; nH2 Þ

j¼0

k¼0

 Cov ½X f ðnH1  1Þ; X d ðnH1  1; nH2 Þg;

þ F Hd ðnH2  1ÞfE½X s ð0; nH2  1Þ  N þ nH2  1g

ðA18Þ

 ½1  F Hd ðnH2  1Þ  F Hs ðN  nH2 Þ
H

þ F Hds ðnH2  1; N  nH2 Þ

n2
X
ðnH2  jÞpHd ðjÞ;

ðA12Þ

Q H13 ðnH1  1; nH2 Þ ¼ 2ð1  cHf Þð1  cHs ÞfCov ½X f ðnH1 Þ; X s ðnH1 ; nH2 Þ
 Cov ½X f ðnH1  1Þ; X s ðnH1  1; nH2 Þg;

j¼0

where pHd ðÞ is the probability mass function of demand
pHds ðÞ is
the joint probability mass function of demands DHd and DHs ; F Hd ðÞ
and F Hs ðÞ are the cumulative probability distribution functions of
demands DHd and DHs , respectively, and F Hds ðÞ is the joint cumulative
probability distribution function of demands DHd and DHs .
For a given nH2 , when the limit of ﬁxed appointments to be
scheduled changes by 1, the change in the expected number of patients consulted is

and

EðM H ; nH1 ; nH2 Þ  EðMH ; nH1  1; nH2 Þ

E½X d ðnH1 ; nH2 Þ  E½X d ðnH1  1; nH2 Þ

DHd ;

H
H
f ÞfE½X f ðn1 Þ

¼ ð1  c



E½X f ðnH1

þ ð1  c



E½X s ðnH1



Q H23 ðnH1  1; nH2 Þ ¼ 2ð1  cHd Þð1  cHs ÞfCov ½X d ðnH1 ; nH2 Þ; X s ðnH1 ; nH2 Þ
 Cov ½X d ðnH1  1; nH2 Þ; X s ðnH1  1; nH2 Þg:
ðA20Þ
Here

E½X f ðnH1 Þ  E½X f ðnH1  1Þ ¼ 1  F Hf ðnH1  1Þ;

1; nH2 Þg;

ðA13Þ

H

and the change in the variance of the number of patients consulted
is

¼ ð1  c

H
f ð1

þc



H
H
f ÞfE½X f ðn1 Þ

c



E½X f ðnH1

H 2
H
H
d Þ fVar½X d ðn1 ; n2 Þ

þ ð1  c

 1Þg

þc

c

H
f Þð1

þ 2ð1  c

v

H
d ÞfCo

c

þ 2ð1  c

v

H
s ÞfCo

c

½1  F Hf ðnH1

E½X s ðnH1



1; nH2 Þg

¼

Q H1 ðnH1



 1Þ þ

Q H2 ðnH1





H





H

n1
1 nX
2
X
i¼nH
1

1; nH2 Þg

ðnH1  1  iÞpHf ðiÞ5;

j¼0

1
X

1
X

ð2N  2nH1  2j þ 1ÞpH ði; j; kÞ;

jþ1
k¼NnH
1

Cov ½X f ðnH1 Þ; X d ðnH1 ; nH2 Þ  Cov ½X f ðnH1  1Þ; X d ðnH1  1; nH2 Þ
nH
1 nH
i
1
2

X X
i¼0



 1Þg;

ðA15Þ

Q H2 ðnH1  1; nH2 Þ ¼ ð1  cHd Þ2 fVar½X d ðnH1 ; nH2 Þ  Var½X d ðnH1  1; nH2 Þg
þ cHd ð1  cHd ÞfE½X d ðnd1 ; nd2 Þ  E½X d ðnd1  1; nd2 Þg;
ðA16Þ



ðnH2  i  jÞpHfd ði; jÞ

j¼0

nH
1
1

Q H1 ðnH1  1Þ ¼ ð1  cHf Þ2 fVar½X f ðnH1 Þ  Var½X f ðnH1  1Þg
E½X f ðnH1

ðA25Þ

ðA26Þ

where

H
H
f ÞfE½X f ðn1 Þ

ðA24Þ

pH ði; j; kÞ

þ Q H3 ðnH1  1; nH2 Þ

¼

c

3

jþ1
k¼NnH
1

j¼0
H

ðA14Þ

þc

H

n1
1 nX
2
X
i¼nH
1

þ Q H12 ðnH1  1; nH2 Þ þ Q H13 ðnH1  1; nH2 Þ þ Q H23 ðnH1  1; nH2 Þ;

H
f ð1

 1Þ þ 2

X

¼ fE½X s ðnH1  1; nH2 Þ þ E½X s ðnH1 ; nH2 Þg

½X f ðnH1 Þ; X s ðnH1 ; nH2 Þ

1; nH2 Þ

nH
1
1

Var½X s ðnH1 ; nH2 Þ  Var½X s ðnH1  1; nH2 Þ

þ 2ð1  cHd Þð1  cHs ÞfCov ½X d ðnH1 ; nH2 Þ; X s ðnH1 ; nH2 Þ
 Cov

 1Þ4F Hf ðnH1

 fE½X d ðnH1  1; nH2 Þ þ E½X d ðnH1 ; nH2 Þ  2nH2 þ 2nH1  1g;

½X f ðnH1 Þ; X d ðnH1 ; nH2 Þ

1; nH2 Þ; X s ðnH1

ðA23Þ

¼ ½1  F Hf ðnH1  1Þ  F Hd ðnH2  nH1 Þ þ F Hfd ðnH1  1; nH2  nH1 Þ

 Cov ½X f ðnH1  1Þ; X s ðnH1  1; nH2 Þg
½X d ðnH1

j¼0

Var½X d ðnH1 ; nH2 Þ  Var½X d ðnH1  1; nH2 Þ

 Cov ½X f ðnH1  1Þ; X d ðnH1  1; nH2 Þg
H
f Þð1

pH ði; j; kÞ;

k¼NnH
jþ1
1

 1Þg

 Var½X d ðnH1  1; nH2 Þg



1
X

i¼0

þ ð1  cHs Þ2 fVar½X s ðnH1 ; nH2 Þ  Var½X s ðnH1  1; nH2 Þg
H
H
H
s ÞfE½X s ðn1 ; n2 Þ

i¼nH
1

¼

þ cHd ð1  cHd ÞfE½X d ðnd1 ; nd2 Þ  E½X d ðnd1  1; nd2 Þg
H
s ð1

H

n1
1 nX
2
X

Var½X f ðnH1 Þ  Var½X f ðnH1  1Þ
2

VðM H ; nH1 ; nH2 Þ  VðM H ; nH1  1; nH2 Þ
Var½X f ðnH1

ðA22Þ

E½X s ðnH1 ; nH2 Þ  E½X s ðnH1  1; nH2 Þ
¼

H 2
H
f Þ fVar½X f ðn1 Þ

ðA21Þ

¼ 1 þ F Hf ðnH1  1Þ þ F Hd ðnH2  nH1 Þ  F Hfd ðnH1  1; nH2  nH1 Þ;

 1Þg

þ ð1  cHd ÞfE½X d ðnH1 ; nH2 Þ  E½X d ðnH1  1; nH2 Þg
H
H
H
s ÞfE½X s ðn1 ; n2 Þ

ðA19Þ

X

ðnH1  1  iÞpHf ðiÞ þ F Hf ðnH1  1ÞfE½X d ðnH1  1; nH2 Þ

i¼0

 nH2 þ nH1  1g  ½1  F Hf ðnH1  1Þ  F Hd ðnH2  nH1 Þ
H

þ F Hfd ðnH1  1; nH2  nH1 Þ

n1
X
ðnH1  iÞpHf ðiÞ;
i¼0

ðA27Þ
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Cov ½X f ðnH1 Þ; X s ðnH1 ; nH2 Þ  Cov ½X f ðnH1  1Þ; X s ðnH1  1; nH2 Þ
nH2 Þ½1

¼ ðN 




1
X

1
X

F Hf ðnH1

 1Þ 

F Hd ðnH2



nH1 Þ

þ

F Hfd ðnH1



1; nH2



nH1 Þ

NnH
2

X

ðN  nH2  kÞpH ði; j; kÞ

i¼nH
j¼nH
nH
þ1 k¼0
1
2
1
H

þ

H

H

n1 Nn1 j
1 nX
2
X
X
i¼nH
1

j¼0

H

H

kp ði; j; kÞ 

i¼nH
1

k¼0

H

n1
1 nX
2
X
j¼0

1
X

H

jp ði; j; kÞ

jþ1
k¼NnH
1

 E½X s ðnH1  1; nH2 Þ½1  F Hf ðnH1  1Þ
2
3
H nH
nH
1 nX
1
2
1
1
X
X
X
pH ði; j; kÞ4N  nH1 þ 1 
ðnH1  lÞpHf ðlÞ5;
þ
i¼nH
1

j¼0

jþ1
k¼NnH
1

l¼0

ðA28Þ
and

Cov ½X d ðnH1 ; nH2 Þ; X s ðnH1 ; nH2 Þ  Cov ½X d ðnH1  1; nH2 Þ; X s ðnH1  1; nH2 Þ
¼ ðN  nH2 Þ½1  F Hf ðnH1  1Þ  F Hd ðnH2  nH1 Þ þ F Hfd ðnH1  1; nH2  nH1 Þ
þ

1
X

1
X

NnH
2

i¼nH
1

nH
þ1
j¼nH
2
1

k¼0

H



i¼nH
1

H

n1
1 nX
2
X
i¼nH
1

j¼0

ðN  nH2  kÞpH ði; j; kÞ

1
X

H

jp ði; j; kÞ þ E½X d ðnH1 ; nH2 Þ

k¼NnH
jþ1
1

j¼0
H



H

n1
1 nX
2
X

X

1
X

pH ði; j; kÞ

jþ1
k¼NnH
1

þ E½X s ðnH1  1; nH2 Þ½1  F Hf ðnH1  1Þ
 F Hd ðnH2  nH1 Þ þ F Hfd ðnH1  1; nH2  nH1 Þ;

ðA29Þ

where pHf ðÞ is the probability mass function of demand DHf , pHfd ðÞ is
the joint probability mass function of demands DHf and DHd ; pH ðÞ is
the joint probability mass function of demands DHf ; DHd and
DHs ; F II1 ðÞ is the cumulative probability distribution function of demand DHf , and F Hfd ðÞ is the joint cumulative probability distribution
function of demands DHf and DHd .
References
Armstrong, B., Levesque, O., Perlin, J. B., Rick, C., & Shectman, G. (2005). Reinventing
veterans health administration: Focus on primary care. Journal of Healthcare
Management, 50(6), 399–408.
Bean, A. G., & Talaga, J. (1995). Predicting appointment breaking. Journal of Health
Care Marketing, 15(1), 29–34.
Bundy, D. G., Randolph, G. D., Murray, M., Anderson, J., & Margolis, P. A. (2005). Open
access in primary care: Results of a North Carolina pilot project. Pediatrics,
116(1), 82–87.
Cayirli, T., & Veral, E. (2003). Outpatient scheduling in health care: A review of
literature. Production and Operations Management, 12(4), 519–549.
De Maeseneer, J. M., De Prins, L., Gosset, C., & Heyerick, J. (2003). Provider continuity
in family medicine: Does it make a difference for total health care costs? Annals
of Family Medicine, 1(3), 144148.
Fei, H., Meskens, N., & Chu, C. (2009). A planning and scheduling problem for an
operating theatre using an open scheduling strategy. Computers & Industrial
Engineering, 58(2), 221–238.
Forjuoh, S. N., Averitt, W. M., Cauthen, D. B., Couchman, G. R., Symm, B., & Mitchell,
M. (2001). Open-access appointment scheduling in family practice: Comparison
of a demand prediction grid with actual appointments. Journal of the American
Board of Family Practice, 14(4), 259–265.
George, A., & Rubin, G. (2003). Non-attendance in general practice: A systematic
review and its implications for access to primary health care. Family Practice,
20(2), 178–184.
Green, L. V., Savin, S., & Murray, M. (2007). Providing timely access to care: What is
the right patient panel size? Joint Commission Journal on Quality and Patient
Safety, 33(4), 211–218.

65

Gupta, D., & Denton, B. (2008). Appointment scheduling in health care: Challenges
and opportunities. IIE Transactions, 40, 800–819.
Herriott, S. (1999). Reducing delays and waiting times with open-ofﬁce scheduling.
Family Practice Management, 6(4), 38–43.
Kaandorp, G. C., & Koole, G. (2007). Optimal outpatient appointment scheduling.
Health Care Management Science, 10(3), 217–229.
Kennedy, J. G., & Hsu, J. T. (2003). Implementation of an open access scheduling
system in a residency training program. Family Medicine, 35(9), 666–670.
Kodjababian, J. G. (2003). Improving patient access and continuity of care: A successful
implementation of open access scheduling. Egg Management Consultants, Inc.
<http://www.ecgmc.com/insights_ideas/pdfs/Open_Access_Scheduling_Imple
mentation.pdf>.
Kopach, R., DeLaurentis, P. C., Lawley, M., Muthuraman, K., Ozsen, L., Rardin, R., et al.
(2007). Effects of clinical characteristics on successful open access scheduling.
Health Care Management Science, 10(2), 111–124.
Lacy, N. L., Paulman, A., Reuter, M. D., & Lovejoy, B. (2004). Why we don’t come:
Patient perceptions on no-shows. Annals of Family Medicine., 2(6), 541–545.
Lee, V. J., Earnest, A., Chen, M. I., & Krishnan, B. (2005). Predictors of failed
attendances in a multi-specialty outpatient centre using electronic databases.
BMC Health Services Research, 5, 51–58.
Mallard, S. D., Leakeas, T., Duncan, W. J., Fleenor, M. E., & Sinsky, R. J. (2004). Sameday scheduling in a public health clinic: A pilot study. Journal of Public Health
Management & Practice, 10(2), 148–155.
McFadden, D. (2001). Economic choices. The American Economic Review, 91(3),
351–378.
Mehrotra, A., Keehl-Markowitz, L., & Ayanian, J. Z. (2008). Implementing openaccess scheduling of visits in primary care practices: A cautionary tale. Annals of
Internal Medicine, 148(12), 915–922.
Meyers, M. L. (2003). Changing business practices for appointing in military
outpatient medical clinics: The case for a true ‘‘open access” appointment
scheme for primary care. Journal of Healthcare Management, 48(2), 125–139.
Murray, M., & Berwick, D. M. (2003). Advanced access: Reducing waiting and delays
in primary care. Journal of the American Medical Association, 289(8), 1035–1040.
Murray, M., Bodenheimer, T., Rittenhouse, D., & Grumbach, K. (2003). Improving
timely access to primary care – Case studies of the advanced access model.
Journal of the American Medical Association, 289(8), 1042–1046.
Murray, M., & Tantau, C. (2000). Same-day appointments: Exploding the access
paradigm. Family Practice Management, 7(8), 45–50.
Muthuraman, K., & Lawley, M. (2008). A stochastic overbooking model for
outpatient clinical scheduling with no-shows. IIE Transactions, 40, 820–837.
Newman, E. D., Harrington, T. M., Olenginski, T. P., Perruquet, J. L., & McKinley, K.
(2004). The rheumatologist can see you now: Successful implementation of an
advanced access model in a rheumatology practice. Arthritis & Rheumatism,
51(2), 253–257.
Nutting, P. A., Goodwin, M. A., Flocke, S. A., Zyzanski, S. J., & Stange, K. C. (2003).
Continuity of primary care: To whom does it matter and when? Annals of Family
Medicine, 1(3), 149–155.
O’Hare, C. D., & Corlett, J. (2004). The outcomes of open-access scheduling. Family
Practice Management, 11(2), 35–38.
Parente, D. H., Pinto, M. B., & Barber, J. C. (2005). A pre-post comparison of service
operational efﬁciency and patient satisfaction under open access scheduling.
Health Care Management Review, 30(3), 220–228.
Pickin, M., O’Cathain, A., Sampson, F. C., & Dixon, S. (2004). Evaluation of advanced
access in the national primary care collaborative. British Journal of General
Practice, 54(502), 334–340.
Pierdon, S., Charles, T., McKinley, K., & Myers, L. (2004). Implementing advanced
access in a group practice network. Family Practice Management, 11(5), 35–38.
Pinto, M. B., Parente, D. H., & Barber, J. C. (2002). Selling open access health care
delivery to patients and administrators: What’s the hook? Health Marketing
Quarterly, 19(3), 57–69.
Puig-Junoy, J., Saez, M., & Martı́nez-Garcı́a, E. (1998). Why do patients prefer
hospital emergency visits: A nested multinomial logit analysis for patientinitiated contacts. Health Care Management Science, 1(1), 39–52.
Qu, X. (2006). Development of appointment scheduling rules for open access
scheduling. Ph.D. dissertation thesis, Purdue University, West Lafayette, IN.
Qu, X., Rardin, R. L., Williams, J. A. S., & Willis, D. R. (2007). Matching daily
healthcare provider capacity to demand in advanced access scheduling systems.
European Journal of Operational Research, 183(2), 812–826.
Rodriguez, H. P., Rogers, W. H., Marshall, R. E., & Safran, D. G. (2007). The effects of
primary care physician visit continuity on patients’ experiences with care.
Journal of General Internal Medicine., 22, 787–793.
Roland, B., Martinelly, C. D., Riane, F., & Pochet, Y. (2009). Scheduling an operating
theatre under human resource constraints. Computers & Industrial Engineering,
58(2), 212–220.
Solberg, L. I., Hroscikoski, M. C., Sperl-Hillen, J. M., O’Connor, P. J., & Crabtree, B. F.
(2004). Key issues in transforming health care organizations for quality: The
case of advanced access. Joint Commission Journal on Quality & Safety, 30(1),
15–24.
Wilson, I. B., Rogers, W. H., Chang, H., & Safran, D. G. (2005). Cost-related skipping of
medications and other treatments among Medicare beneﬁciaries between 1998
and 2000. Journal of General Internal Medicine, 20(8), 715–720.

