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8 Abstract The two important but often conflicting metrics for any primary care

9 practice are: (1) Timely Access and (2) Patient-physician Continuity. Timely access

10 focuses on the ability of a patient to get access to a physician (or provider, in

11 general) as soon as possible. Patient–physician continuity refers to building a strong

12 or permanent relationship between a patient and a specific physician by maximizing

13 patient visits to that physician. In the past decade, a new paradigm called advanced
14 access or open access has been adopted by practices nationwide to encourage

15 physicians to ‘‘do today’s work today.’’ However, most clinics still reserve pre-

16 scheduled slots for long lead-time appointments due to patient preference and

17 clinical necessities. Therefore, an important problem for clinics is how to optimally

18 manage and allocate limited physician capacities as much as possible to meet the

19 two types of demand—pre-scheduled (non-urgent) and open access (urgent, as

20 perceived by the patient)—while simultaneously maximizing timely access and

21 patient–physician continuity. In this study we adapt ideas of manufacturing process

22 flexibility to capacity management in a primary care practice. Flexibility refers to

23 the ability of a primary care physician to see patients of other physicians. We

24 develop generalizable analytical algorithms for capacity allocation for an individual

25 physician and a two physician practice. For multi-physician practices, we use a two-

26 stage stochastic integer programming approach to investigate the value of flexi-

27 bility. We find that flexibility has the greatest benefit when system workload is

28 balanced, when the physicians have unequal workloads, and when the number of

29 physicians in the practice increases. We also find that partial flexibility, which
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30 restricts the number of physicians a patient sees and thereby promotes continuity,

31 simultaneously succeeds in providing high levels of timely access.

32
33 Keywords Appointment scheduling � Open access � Flexibility � Capacity

34 planning � Timely access � Continuity of care � Stochastic programming

35

36 1 Introduction

37 Primary care providers (PCPs) are typically the first point of contact between

38 patients and health systems. They include general practitioners, family doctors,

39 pediatricians, and geriatricians. From a patient’s perspective, PCPs provide the

40 majority of care they receive during their lifetime. They are responsible for a variety

41 of health services including preventive medicine, patient education, routine physical

42 exams, and the coordination of complex episodes in which patients are referred to

43 medical specialties for secondary and tertiary care.

44 Each primary care physician (or provider, in general) has a panel of patients,

45 whose care she is responsible for. Long term, holistic care of patients is one of the

46 cornerstones of primary care. In practice this translates to maximizing the number of

47 visits with the patient’s own PCP—maximizing continuity, in other words.

48 Numerous studies have documented the importance of continuity to patients

49 (O’Malley and Cunningham 2008; Atlas et al. 2009). Gill and Mainous (1999) point

50 to several studies which show that patients who regularly see their own providers

51 are (1) more satisfied with their care; (2) more likely to take medications correctly;

52 (3) more likely to have problems correctly identified by their physician; and (4) less

53 likely to be hospitalized. Gill et al. (2000) show a link between lack of continuity

54 and increased emergency department use.

55 Patient–physician continuity is often in conflict with timely access. While a same

56 day appointment may be available, it may be with a physician the patient is not

57 familiar with. On the other hand, it may possible to see your own doctor, but the

58 appointment may be weeks or months later. Rust et al. (2008) report that the

59 inability to get a timely appointment to a primary care physician increases the

60 likelihood of patients visiting emergency rooms. In the United States especially, the

61 nationwide shortage of primary care physicians and the growing demand have made

62 it difficult for practices to simultaneously provide patient–physician continuity and

63 timely access.

64 To address this issue many primary care practices have tried implementing

65 advanced access or open access (Murray and Berwick 2003; Murray et al. 2003).

66 Advanced access promotes the concept that physicians should ‘‘do today’s work

67 today’’ rather than push appointments into the future. In the ideal open access world,

68 there are no appointment types, such as urgent and non-urgent. All appointments are

69 treated identically and scheduled the same day with the patient’s PCP.

70 However, the reality is that clinics have a fraction of their schedule available for

71 open access or urgent appointments. Such appointments, because of the perceived

72 immediacy of need, are typically seen the same day, but not always by the patient’s

73 personal physician. The rest of the clinic’s schedule consists of appointments
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74 booked a week or more in advance. We call these appointments prescheduled
75 appointments. These non-urgent appointments are typically physicals or follow-up

76 appointments for patients with chronic conditions.

77 In this paper, we investigate the value of physician flexibility and its relationship

78 to capacity allocation for a given workday under two streams of uncertain demand,

79 prescheduled (non-urgent) and open access (urgent, as perceived by the patient).

80 Flexibility refers to the ability of a physician to see patients of other physicians.

81 Primary care physicians are inherently flexible; however, practices need to manage

82 this flexibility effectively to strike a balance between timely access and continuity.

83 Lower flexibility implies greater restriction on the number of physicians a patient

84 can see and hence better continuity of care. But this may come at the cost of timely

85 access. Greater flexibility, on the other hand, implies greater fragmentation of a

86 patient’s care (less continuity), but improved timely access for the patients.

87 The rest of the paper is organized as follows. In Sect. 2, we introduce concepts of

88 flexibility, capacity allocation, and revenue maximization in the primary care setting

89 in greater detail, and discuss the trade-off between timely access and continuity in

90 fully flexible versus partially flexible (2-chain) practices. Section 3 reports on the

91 literature related to operations research models applied to capacity setting and

92 scheduling in open access practices, and flexibility in manufacturing and services. In

93 Sect. 4, we present a stochastic integer programming model for capacity allocation

94 and to test the value of flexibility. In Sect. 5, we present analytical results that give

95 us insights into capacity allocation for single and two physician practices but that

96 can be extended more generally. Section 6 presents the computational experiments

97 and results. We present a summary of our main conclusions in Sect. 7.

98 2 Flexibility, capacity allocation and revenue maximization in primary care

99 2.1 Configurations of flexibility

100 Although the model we propose in the paper is capable of accommodating any

101 flexibility configuration, we restrict our focus to the three configurations shown in

102 Fig. 1. In Fig. 1 (a), patients may see any other physician (full flexibility). This

103 configuration leads to the highest level of timely access as resources are pooled, but

104 continuity suffers. In (b), patients can only see their own dedicated physician (no

105 flexibility), which leads to the highest level of continuity, although timely access

106 might not be guaranteed. Combining these two levels leads to configuration

107 (c) partial flexibility, where patients and physicians are chained such that each

108 patient in addition to having his/her own physician, also has one auxiliary physician
109 (AP), but is not allowed to see any of the other physicians in the practice. We will

110 refer to this configuration as 2-chain flexibility.
111 While the 2-chain has been suggested in the manufacturing flexibility literature,

112 its feasibility and implementation in primary care will involve redesigning a clinic’s

113 routine processes. The 2-chain concept is compatible with the concept of team care
114 recommended by the Institute of Medicine (2001) in its report Crossing the Quality
115 Chasm: New Health System for the Twenty First Century. Team care suggests that
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116 patient’s needs are coordinated by not just her physician but by a team—which may

117 consist of other physicians, nurses and medical assistants. The challenge is in the

118 design of these teams, since the 2-chain requires overlapping members who function

119 as coordinators. This is because each physician in the 2-chain configuration will see

120 patients of one other physician but his own patients may be seen by a third

121 physician. While such a redesign may not be insurmountable, implementation may

122 be dependent on a clinic’s working structure and policies. Note, however, that

123 clinics that operate under the fully flexible mode (which is typically the default in

124 practice) require significantly greater amount of coordination.

125 Of the two demand streams, we assume that prescheduled (non-urgent) appoint-

126 ments are always seen by the patient’s PCP. This is because such appointments

127 typically require greater continuity (knowledge of the patient’s history) and

128 coordination. Flexibility thus does not apply to prescheduled appointments. However,

129 the amount of capacity reserved in a day for prescheduled appointments by each

130 physician has an effect on the number of open access appointments that can be seen. If

131 the prescheduled demand is short, the leftover slots can be filled by open access

132 appointments. If the open access demand exceeds the available capacity, the

133 unsatisfied demand can be shared between physicians. The idea, however, is to limit

134 this sharing while still providing acceptable levels of timely access.

135 2.2 Capacity allocation

136 Each physician has a fixed number of slots available in a day. If the physician works

137 an 8 h day, this typically means 24 appointment slots, since each appointment is

138 commonly allotted 20 min. Each physician also has prescheduled and open access

139 demand distributions that have been identified using past data. The question we

140 address is the following: given a certain flexibility configuration, how many slots

141 should each physician make available for prescheduled appointments? In other

142 words, we explore the clinic’s decision of how many slots to set aside for open

143 access appointments. We note here that the allocation decision is made at an

144 aggregate level. That is, we assume that the demands are realized ‘‘instantly’’ and

145 are fulfilled instantly as well if capacity is available (the exact allocation mechanism

(b)(a) (c)

Panels Physicians Panels Physicians Panels Physicians

Fully Flexible Dedicated 2-chain

Fig. 1 Different flexibility configurations that tradeoff continuity with timeliness
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146 is a two-stage process, described in Sect. 4). In practice, demand gets realized over

147 time and decisions have to be made without full knowledge of future demand. So

148 our approach provides only an approximation of the actual capacity allocation

149 process, in order to make high-level capacity reservation decisions.

150 2.3 Maximizing revenue

151 Our objective is to maximize the clinic’s revenue. While this may seem a practice-

152 centric measure, in effect the revenue consolidates both timely access and patient–

153 physician continuity into a single function. The more prescheduled and open access

154 patients seen, the higher the clinic’s revenue and the better the timely access.

155 Continuity is included in the function by adding a small deduction in revenue for

156 every open access patient that is seen by an unfamiliar physician. (The magnitude of

157 the deduction, however, is hard to determine, since the cost of seeing an unfamiliar

158 physician is not easy to estimate.) Note as well that the level of continuity is mainly

159 dictated by the flexibility configuration chosen.

160 Our revenue maximization also reflects the fact that, in a relative sense, open

161 access appointments are more ‘‘valuable’’ than prescheduled appointments. This is

162 because of three reasons. First, open access appointments, because they have such

163 short lead times, have much lower no-show rates. Second, if a prescheduled

164 appointment results in a no-show, it can be substituted by an open access

165 appointment, while the reverse is not possible at such a short notice. Third, because

166 prescheduled appointments are made generally a week or more in advance, the

167 patient is likely to be flexible about choice of the appointment day, and thus this

168 may result in postponed but not lost demand if denied timely access. An open access

169 patient, on the other hand, needs to see a physician immediately and hence is

170 flexible in provider choice.

171 2.4 2-Chain versus full flexibility

172 Since full flexibility has more ‘‘outbound’’ links than 2-chain flexibility, it should

173 have a better ability to absorb incoming demands and yield a higher timely access

174 rate than 2-chain flexibility. This would be true for the dynamic setting of patient

175 scheduling where allocation decisions are made as requests arrive, with limited

176 future knowledge of the overall demand that will need to be serviced (Hippchen

177 2009). By contrast, in the aggregate demand setting captured by our two-stage

178 stochastic integer programming approach, the patient allocation (second stage

179 decisions) is only performed after the full system demand is realized (that is once

180 the scenario is known). Thus the 2-chain, which indirectly links all the physicians,

181 will in most cases manage to serve the same number of patients as a fully flexible

182 practice where all physicians are linked to each other directly. To be sure, there are

183 rare instances where full flexibility will clearly dominate. For instance, consider a

184 practice with four physicians, where each has 10 slots left for open access, and the

185 demands for open access are 20, 20, 0 and 0 respectively. In this extreme case, the

186 2-chain flexibility can only meet 30 open access demands, while the full flexibility

187 can satisfy all of them. Since such an instance would occur with a low probability,
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188 from a statistical point of view, the 2-chain flexibility has almost the same

189 effectiveness to absorb the demand as full flexibility.

190 This ability of the 2-chain to match full flexibility in timely access comes at the

191 cost of increased diversion rates (in our model this is a measure of continuity). Since

192 full flexibility has more ‘‘outbound’’ links than 2-chain flexibility, it should have a

193 higher probability that the demand will be diverted to other physicians. In reality,

194 however, a single patient redirection to an available physician, which can be made

195 directly under full flexibility, may require redirecting several patients along the

196 2-chain if the initial patient’s panel and available physician involved are not

197 connected. For example, Fig. 2 shows a case of three physicians where each

198 physician has 10 slots left for open access, and the demands are 16, 10 and 4

199 respectively. We can see that the total number of diversions under 2-chain flexibility

200 is 12, but only 6 under full flexibility. Since 2-chain flexibility requires more

201 ‘‘jumps’’ to shift the demands, the diversion rate of the 2-chain is higher than that of

202 full flexibility in our model.

203 While the number of redirections is greater in the 2-chain, it is important to note

204 that each patient will always see either one of two physicians. We believe this

205 results in stronger continuity and efficiency from the perspective of both the patient

206 (who could quickly get to be familiar and comfortable with both physicians) and the

207 physician (who would be able to follow the other’s panel relatively well and share

208 cases with only one other physician). This becomes especially relevant as the

209 practice size grows. For example, in a fully flexible 6-physician clinic, a patient may

210 see any of six physicians, while in a 2-chain the number is never more than two.

211 Thus, in our results, while the 2-chain does worse with respect to continuity as

212 measured simply by the number of redirections, in practice it is likely to be better

213 (or at least as good) in this regard when compared to full flexibility.

214 We also note that if the aggregate assumption that demands are realized and

215 fulfilled instantly is relaxed (that is demand were to be realized at different points in

216 time and not all at once) then the allocations of the 2-chain and the full flexibility

217 would be different in the above example. In reality, clinics have to manage

218 flexibility dynamically—decisions have to be made when demand has only been

219 partially realized.

Fig. 2 An example of diversion process in 2-chain and full flexibility
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220 3 Literature review

221 The application of operations research to healthcare is a growing area of research.

222 We limit our review only to the most relevant papers in two topics. We first survey

223 quantitative approaches that have thus far been used in the context of open access

224 scheduling. Next, we review the principal results in the area of flexibility most

225 related to our setting.

226 3.1 Operations research applied to open access

227 The literature on optimization approaches applied to open access is growing. The

228 adoption of open access, which promises patients same-day appointments, has

229 prompted a series of questions. What should physician panel sizes be to allow open

230 access? What if patients prefer to have appointments at some future time rather

231 than see a doctor the same day? These questions have necessitated the use of

232 queuing and stochastic optimization approaches that provide guidelines to

233 practices. For instance, Green et al. (2007) investigate the link between panel

234 sizes and the probability of ‘‘overflow’’ or extra work for a physician under

235 advanced access. They propose a simple probability model that estimates the

236 number of extra appointments that a physician could be expected to see per day as

237 function of her panel size. The principal message of their work is that for advanced

238 access to work, supply needs to be sufficiently higher than demand to offset the

239 effect of variability. Green and Savin (2008) use a queuing model to determine the

240 effect of no-shows on a physician’s panel size. They develop analytical queuing

241 expressions that allow the estimation of physician backlog as a function of panel

242 size and no-show rates. In their model, no show rates increase as the backlog

243 increases; this results in the paradoxical situation where physicians have low

244 workloads even though backlogs are high—this is because patients that had to wait

245 for long, do not show up.

246 Gupta et al. (2006) conduct an empirical study of clinics in the Minneapolis

247 metropolitan area that adopted open access. They provide statistics on call volumes,

248 backlogs, number of visits with own physician (which measures continuity) and

249 discuss options for increasing capacity at the level of the physician and clinic.

250 Kopach et al. (2007) use discrete event simulation to study the effects of clinical

251 characteristics in an open access scheduling environment on various performance

252 measures such as continuity and overbooking. One of their primary conclusions is

253 that continuity in care is affected adversely as the fraction of patients on open access

254 increases. The authors mention provider groups (or physicians and support staff)

255 working in teams as a solution to the problem. Robinson and Chen (2010) compare

256 the performance of open access with that of a traditional appointment scheduling

257 system. Their numerical analysis reveals that unless patient wait times to secure an

258 appointment have marginal weights in the objective function and patient no-show

259 rates are too small, open access is preferable to traditional scheduling systems. Liu

260 et al. (2010) propose new heuristic policies for dynamic scheduling of patient

261 appointments under no-shows and cancellations. They find that open access works

262 best when patient load is relatively low.
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263 The most closely related papers to our study are by Qu et al. (2007) and Gupta

264 and Wang (2008). Qu et al. (2007) derive conditions under which a solution for the

265 number of prescheduled appointments to reserve is locally optimal. In Sect. 5, we

266 show a stronger result, guaranteeing global optimality, by first showing that our

267 revenue maximization function has diminishing returns under mild assumptions.

268 Gupta and Wang (2008) explicitly model many of the key elements of a primary

269 care clinic. They consider scheduling the workday of a clinic in the presence of (1)

270 Multiple physicians (2) Two types of appointments: same-day as well as non-urgent

271 appointments (3) Patient preferences for a specific slot in a day and also a

272 preference for physicians. The objective is to maximize the clinic’s revenue. They

273 use a Markov Decision Process (MDP) model to obtain booking policies that

274 provide limits on when to accept or deny requests for appointments from patients. In

275 terms of flexibility, their clinic is fully flexible with regard to both non-urgent and

276 urgent appointments. The principal difference between their model and ours is that

277 patient preference drives the scheduling of prescheduled appointments, while we try

278 to balance pre-scheduled demand and same-day demand through physician

279 flexibility and an explicit consideration of its effect on timely access and continuity.

280 3.2 Literature related to flexibility

281 Our study of flexibility in primary care practices builds upon the extensive literature

282 on manufacturing flexibility and its more recent application to service systems and

283 worker training and allocation. There are, however, key operational differences that

284 make the application of flexibility to primary care worthy of further analysis: (1)

285 two demand streams associated with each resource, where one (prescheduled

286 demands) gets realized before the other (open access demands); (2) two conflicting

287 objectives, timeliness and continuity of care; (3) no fixed cost associated with

288 installing flexibility, but a loss in continuity for using it; (4) appointments are

289 booked over time and thus future resource capacity is sequentially being allocated

290 under partial demand information. The latter point is mute in our aggregate analysis

291 of the capacity allocation problem, but key to the dynamic clinic scheduling

292 problem (see Hippchen 2009).

293 As in the case of cross-training in serial production lines (Hopp et al. 2004)

294 flexibility improves efficiency in two main ways in the primary care environment.

295 The first benefit is in what they refer to as capacity balancing: If physician panels

296 are imbalanced with respect to the induced average number of visits to a physician

297 per day, flexibility will allow the load to be shared between physicians, therefore

298 improving overall timeliness of care and physician utilization. The second is in

299 variability buffering: Even if the average workloads are balanced between

300 physicians, variability in patient requests for a particular day/time will be better

301 accommodated by a flexible environment. Hopp et al. (2004) compare a strategy

302 that balances capacity using the minimum amount of cross-training with the

303 chaining of skills in the sequence of the serial line. They find that skill-chaining

304 strategies are more robust, and more effective in variability buffering. The benefits

305 of flexibility in increased sales and capacity utilization in multi-product, multi-plant

306 production networks have been thoroughly studied by Jordan and Graves (1995)
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307 considering a single production period. They are the first to introduce the concept of

308 chaining to achieve maximum benefits from limited flexibility configurations where

309 each plant produces only a few of the products. Furthermore, this strategic analysis

310 has been extended recently to multi-stage supply chains (Graves and Tomlin 2003),

311 and to a make-to-order environment where flexibility is also used to hedge against

312 operational variability (Muriel et al. 2006a, b). Chua et al. (2008) distinguish

313 between range and response of flexible systems. Range refers to the set of demand

314 scenarios that can be accommodated and response to the cost of doing so; that is, the

315 cost of using secondary rather than primary resources for production/service. They

316 show that upgrading system response outperforms improving system range. In the

317 primary care setting, this means that systems where physicians can handle other

318 physician’s panels at lower additional cost should be preferred over those that can

319 accommodate ever more extreme patient demand scenarios. This result suggests that

320 the benefits of restricting the number of doctors that can see a particular patient

321 (resulting in lower cost of using the secondary providers because of familiarity, and

322 thus increased response) is likely to outweigh the higher range provided by a fully

323 flexible team care practice where any doctor can see the patient.

324 4 Model

325 We consider a general primary care practice with M physicians, each with Ni

326 available appointment slots, i = 1, 2,…, M. Let A be the set of all possible panel-

327 physician links (i, j) such that patients in panel i (i.e., physician i’s panel) can be

328 served by physician j. The set A represents the particular flexibility configuration

329 under consideration; that is, the network of allowed open-access patient redirections

330 within the practice. We assume that pre-scheduled patients are required to see their

331 own physicians, and physician flexibility can only be used for the time-sensitive

332 open access demand patients. This is the most relevant case in practice, since

333 patient–physician continuity is highly beneficial to prescheduled appointments, in

334 which major physicals or follow-ups of chronic conditions are performed.

335 Let Rp
i be the revenue associated with physician i, i = 1, 2,…, M, seeing one of

336 his pre-scheduled patients, and Ro
ij be the revenue associated with physician j seeing

337 an open-access patient of panel i, for any ði; jÞ 2 A. The demand for prescheduled

338 and open access appointments can be represented by a random vector

339 D ¼ ðDp
1;D

o
1; . . .;Dp

M;D
o
MÞ, where the super-index p refers to prescheduled and

340 o to open access, and the sub-index indicates the primary care physician. D follows

341 a discrete distribution that assigns a probability qs to each possible realization of

342 demand, indexed by s, s = 1, 2,…, S, where S � S2
1 � S2

2 � � � � � S2
M; that is,

343 P½D ¼ ðdp
1s; d

o
1s; . . .; dp

Ms; d
o
MsÞ� ¼ qs.

344 We introduce the following capacity allocation variables.

345 Np
i : Number of slots allocated for pre-scheduled demand of physician i.

346 xp
is: Number of patients pre-scheduled with physician i under demand

347 realization s.
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348 xo
ijs: Number of open access patients of panel i assigned to physician j under

349 demand realization s, for all i ¼ 1; 2; . . .;M and ði; jÞ 2 A.

350 Finally, to indicate when some of the slots reserved for pre-scheduled

351 appointments go unused and can be made available to open access demands, we

352 introduce the following binary variables:

/iuis
¼ 1 if uis � minfdp

is;Nig\Np
i ; otherwise; /iuis

;

for i ¼ 1; 2; . . .; M and s ¼ 1; 2; . . .; S:

353354 Observe that uis ¼ minfdp
is;Nig 2 f0; 1; 2; . . .;Nig; therefore, the total number of

355 binary variables /iuis
equals the total number of appointment slots in the practice,

356 plus one more per physician, N1 þ N2 þ � � � þ NM þM.

357 The objective is to maximize the expected revenue of satisfying prescheduled

358 and open access appointments. We can formulate the problem as follows:

Objective : Max
XS

s¼1

XM

i¼1

qs Rp
i xp

is þ
X

ði;jÞ2A

Ro
ijx

o
ijs

2
4

3
5 ð1Þ

360360 Subject to : Np
i �Ni 8i ¼ 1; 2; . . .;M ð2Þ

362362 Np
i � dp

is þ Ni/iuis
8i ¼ 1; 2; . . .; M; s ¼ 1; 2; . . .; S ð3Þ

364364 Np
i � dp

is/iuis
8i ¼ 1; 2; . . .; M; s ¼ 1; 2; . . .; S ð4Þ

366366 xp
is�Np

i 8i ¼ 1; 2; . . .; M; s ¼ 1; 2; . . .; S ð5Þ

368368 xp
is� dp

is 8i ¼ 1; 2; . . .; M; s ¼ 1; 2; . . .; S ð6Þ

370370
X

i:ði;jÞ2A

xo
ijs�Nj � dp

js/jujs
8j ¼ 1; 2; . . .; M; s ¼ 1; 2; . . .; S ð7Þ

372372
X

i:ði;jÞ2A

xo
ijs�Nj � Np

j þ /jujs
Nj 8j ¼ 1; 2; . . .; M; s ¼ 1; 2; . . .; S ð8Þ

374374
X

j:ði;jÞ2A

xo
ijs� do

is 8i ¼ 1; 2; . . .; M; s ¼ 1; 2; . . .; S ð9Þ

376376 /iuis
2 f0; 1g 8i ¼ 1; 2; . . .; M; uis ¼ 0; 1; . . .;Ni ð10Þ

378378 Np
i ; x

p
is; x

o
ijs� 0 8i; j ¼ 1; 2; . . .; M; ði; jÞ 2 A; s ¼ 1; 2; . . .; S

and integer
ð11Þ

380380 Equation 3 ensures that /iuis
¼ 1 if dp

is\Np
i . Equation 4 ensures that /iuis

¼ 0 if

381 dp
is [ Np

i . Equations 5 and 6 limit the number of pre-scheduled appointments to

382 the allocated capacity and the realized demand, respectively. Equations 7 and 8

383 ensure that the total open access appointments for any physician j do not exceed

384 remaining capacity, when /jujs
¼ 1 and /jujs

¼ 0 respectively. Equation 9 limits

385 the total number of open access appointments scheduled from a panel to the

386 realized demand for such appointments from that panel. Equation 10 is the binary

387 constraint.
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388 In the next two sections, we present analytical solutions to the capacity allocation

389 problem for dedicated practices, where physicians can only see patients in their

390 own panel, and fully flexible practices where open-access patients can be seen by

391 any of the physicians in the practice. For large practices, unfortunately, the above

392 stochastic program is too large to solve efficiently in practice. While the number of

393 binary and integer variables is quite manageable, the sheer number of possible

394 demand realizations makes the problem intractable. To overcome this issue, we will

395 solve the problem using a computationally effective sample average approximation

396 method proposed by Solak et al. (2010) for two-stage stochastic integer

397 programming problems; see Sect. 6.

398 5 Analysis of dedicated and fully flexible group practices

399 Our objective in this section is to find the optimal number of slots, Np	
i , to reserve

400 for pre-scheduled appointments of each physician i in order to maximize the total

401 expected revenue for practices with these simple management structures: (1)

402 Dedicated Practices where physicians work independently and do not share any

403 patients, and (2) Fully-Flexible Physician Group Practices, where all physicians

404 share the open access demand from their panels.

405 When a practice with any number of physicians allows full flexibility in sharing

406 both their pre-scheduled and open access demand streams, all the capacity in the

407 system is pulled together to satisfy patient demand. Therefore, in the absence of

408 redirection costs, the system is equivalent to that of a dedicated physician with the

409 aggregate panel demand and aggregate capacities of the original system. Thus, for

410 the flexible practice, we focus on the more interesting and most common case where

411 only open access demand is shared.

412 5.1 Dedicated practice

413 In a dedicated practice, physicians can only serve the patients from their own panel.

414 The system configuration is shown below in Fig. 3:

415 Given the number of slots, Np
i 2 0; 1; 2; . . .; Nf g, made available to pre-

416 scheduled demand of physician i, the expected revenue from pre-scheduled

417 appointments for physician i is:

ERp
i ðN

p
i Þ ¼

XNp
i

dp
i ¼1

Rp
i � d

p
i � P Dp

i ¼ dp
ið Þ þ Rp

i � N
p
i � P Dp

i [ Np
ið Þ ð12Þ

419419 and the expected revenue from open access appointments for physician i is:

P
iD
O
iD

P
iN

P
i iN N−

Fig. 3 System configuration for
a dedicated practice
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ERo
i ðN

p
i Þ ¼

XNp
i

dp
i ¼0

XNi�dp
i

do
i ¼1

Ro
i � do

i � P Dp
i ¼ dp

i ;D
o
i ¼ do

i

� �
þ

X1

do
i ¼Ni�dp

i þ1

Ro
i � ðNi � dp

i Þ � P Dp
i ¼ dp

i ;D
o
i ¼ do

i

� �

2

6666664

3

7777775

þ
X1

dp
i ¼Np

i þ1

XNi�N
p
i

do
i ¼1

Ro
i � do

i � P Dp
i ¼ dp

i ;D
o
i ¼ do

i

� �
þ

X1

do
i ¼Ni�Np

i þ1

Ro
i � ðNi � Np

i Þ � P Dp
i ¼ dp

i ;D
o
i ¼ do

i

� �

2

666664

3

777775

ð13Þ

420421 The total expected revenue from the panel of physician i, ERiðNp
i Þ, is equal to the

422 sum of Eqs. 12 and 13. Our objective is to find the number of slots to make

423 available to pre-scheduled appointments, Np	
i , that maximizes the total expected

424 revenue for each physician i, i = 1, 2,…, M.

425 Dedicated Problem:

Max ERp
i Np

ið Þ þ ERo
i Np

ið Þ
Subject to: Np

i �Ni

Np
i is integer

426427 The conditions for local optimality presented in Qu et al. (2007) for the problem

428 of maximizing the expected number of patients consulted in a single-physician

429 practice can be easily adapted to our revenue maximizing objective. In what

430 follows, we show a stronger result, guaranteeing global optimality, by first showing

431 that the objective function has diminishing returns under mild assumptions.

432 Proposition 1 If P½Do
i �Ni � Np

i jD
p
i �Np

i � is non-decreasing in Np
i ; the difference

433 in revenue associated with increasing the number of prescheduled slots by one,

434 ERiðNp
i þ 1Þ � ERiðNp

i Þ, is non-increasing in Np
i :

435 Proof If an additional slot is made available to prescheduled appointments, then

436 one more prescheduled appointment will actually be made only when the demand

437 for prescheduled appointments is large. This, however, will come at the cost of

438 foregoing an open access appointment if at the same time the demand for open

439 access is sufficiently high. That is,

ERiðNp
i þ 1Þ � ERiðNp

i Þ ¼ P½Dp
i �Np

i þ 1�
� Rp

i � Ro
i P Do

i [ Ni � ðNp
i þ 1ÞjDp

i �Np
i þ 1

� �� �

441441 The first probability term is clearly non-increasing in Np
i ; and the second term is

442 non-increasing since we require P½Do
i �Ni � Np

i jD
p
i �Np

i � to be non-decreasing in

443 Np
i : h

444 The above condition (P½Do
i �Ni � Np

i jD
p
i �Np

i � non-decreasing in Np
i ) simply

445 requires that given that demand for prescheduled appointments is at least as large as
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446 the number of allocated slots Np
i , the conditional probability of open access demand

447 being greater than or equal to the remaining slots, Ni � Np
i , does not decrease as Np

i

448 grows. In particular, the condition holds when the demand for prescheduled and

449 open-access appointments are independent of each other. Furthermore, it will be

450 satisfied in most practical scenarios. Intuitively, for it to be violated, the probability

451 of open access demand being large would need to significantly decrease as the

452 demand for prescheduled appointments grows; that is, the demand for open access

453 and prescheduled appointments would need to be heavily negatively correlated.

454 As a result of Proposition 1, we have that the expected revenue function has

455 diminishing returns, an analog of concavity for a discrete function, and thus its

456 global maximum must occur at the largest integer Np
i �N such that ERiðNp

i Þ�
457 ERiðNp

i � 1Þ� 0:

458 Theorem 1 If P½Do
i �Ni � Np

i jD
p
i �Np

i � is non-decreasing in Np
i ; the optimal

459 solution to the Dedicated Problem is the largest non-negative integer Np
i �N such

460 that P½Do
i �Ni � Np

i jD
p
i �Np

i � �
Rp

i

Ro
i
.

461 Proof The proof of Proposition 1 shows that, as the number of slots made available to

462 prescheduled appointments grows, the system revenue increases, with diminishing

463 returns, if and only if P½Do
i �Ni � Np

i jD
p
i �Np

i � �
Rp

i

Ro
i
. Since P½Do

i �Ni � Np
i jD

p
i �Np

i �

464 is non-decreasing in Np
i ; once P½Do

i �Ni � ðNp
i þ 1ÞjDp

i �Np
i þ 1�[ Rp

i

Ro
i
, the system

465 revenue will decrease as Np
i further increases. Therefore, the optimal number of slots is

466 the largest integer for which P½Do
i �Ni � Np

i jD
p
i �Np

i � �
Rp

i

Ro
i
. h

467 The optimal solution can thus be easily obtained by calculating that probability

468 starting at Np
i ¼ 0 and increasing one unit at a time until it exceeds the threshold

469 Rp
i =Ro

i . A binary search could also be used.

470 Observe that in the case of independent open-access and prescheduled demands,

471 the optimal value, Np	
i ; does not depend on the distribution of pre-scheduled demand

472 for physician i.

473 5.2 Fully flexible practice

474 In a fully flexible practice, open-access patients can be seen by any available

475 physician (see Fig. 4).

476 In this case, the optimal number of slots to make available to prescheduled

477 demand of the physicians, Np	
1 and Np	

2 , can still be found with a simple greedy

478 algorithm as shown in Theorem 2. For ease of exposition, we assume that all

479 physicians have the same capacity of N slots, and that the revenue of an open access

480 appointment is identical for all physicians and panels and denoted by Ro. We first

481 consider the case of two physicians.

482 Proposition 2 If P Do
1 þ Do

2 [ 2N � ðNp
1 þminðDp

2;N
p
2Þ þ 1ÞjDp

1�Np
1 þ 1

� �
is

483 non-decreasing in Np
1 and Np

2 , the difference in revenue associated with increasing
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F484 the number of prescheduled slots of physician 1 by one, ERðNp
1 þ 1;Np

2Þ�
485 ERðNp

1 ;N
p
2Þ, is non-increasing in Np

1 and Np
2 .

486 By symmetry, if P Do
1 þ Do

2 [ 2N � ðminðDp
1;N

p
1Þ þ Np

2 þ 1ÞjDp
2�Np

2 þ 1
� �

is

487 non-decreasing in Np
1 and Np

2 , the difference in revenue associated with increasing

488 the number of prescheduled slots of physician 2 by one, that is, ERðNp
1 ;N

p
2 þ 1Þ�

489 ERðNp
1 ;N

p
2Þ, is non-increasing in Np

1 and Np
2 .

490 Proof To calculate de difference in expected revenue, we observe that offering

491 one more appointment slot to physician 1 will only impact the revenue when it is

492 actually used, that is, when Dp
1�Np

1 þ 1: In that case, physician one will increase

493 the revenue from prescheduled patients by Rp
1, but this may come at a loss of one

494 open access patient if the number of open access requests exceeds the number of

495 remaining slots. In mathematical form, we can write the difference as follows:

ERðNp
1 þ 1;Np

2Þ � ERðNp
1 ;N

p
2Þ ¼ P Dp

1�Np
1 þ 1

� �

Rp
1 � RoP Do

1 þ Do
2 [ 2N � Np

1 þmin Dp
2;N

p
2

� �
þ 1

� �
jDp

1�Np
1 þ 1

� �� �
ð14Þ

497497 This expression can be easily seen to be decreasing in both Np
1 and Np

2 under the

498 given condition. h

499 Observe that, as in the dedicated case, the conditions will hold when open access

500 and prescheduled demands are independent, and in any practical scenario except for

501 contrived cases where the demands for prescheduled and open access appointments

502 are severely negatively correlated. The proposition shows that the revenue function

503 exhibits decreasing returns in both Np
1 and Np

2 under those mild conditions; this can

504 be interpreted as concavity of the discrete revenue function and it implies that a

505 greedy algorithm, as stated in the following theorem, is optimal.

506 Theorem 2 Under the conditions of Proposition 2, the optimal number of
507 appointment slots for each physician i to make available to pre-scheduled patients
508 in a two-physician flexible practice where the two physicians share only open access
509 demands can be found using the following greedy algorithm:

 

1
PD

2
PD

1
OD

2
OD

1
PN

1 1
PN N−

2
PN

2 2
PN N−

 

 

Fig. 4 System configuration for
two physicians sharing open
access demands
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510 Step 1: Intialize Np
1 ¼ 0 and Np

2 ¼ 0:

511 Step 2: Calculate F1 ¼ ERðNp
1 þ 1;Np

2Þ � ERðNp
1 ;N

p
2Þ and F2 ¼ ERðNp

1 ;N
p
2 þ 1Þ�

512 ERðNp
1 ;N

p
2Þ

513 Step 3: If F1 C F2 [ 0, then Np
1 :¼ Np

1 þ 1 and go to Step 2. If F2 [ F1 [ 0, then

514 Np
2 :¼ Np

2 þ 1 and go to Step 2. If F1 B 0 and F2 B 0, then STOP. Else, if F1 [ 0
515 move on to Step 4, and if F2 [ 0 go to Step 5.

516 Step 4: While F1 [ 0, do Np
1 :¼ Np

1 þ 1 and update F1 ¼ ERðNp
1 þ 1;Np

2Þ�
517 ERðNp

1 ;N
p
2Þ

518 Step 5: While F2 [ 0, do Np
2 :¼ Np

2 þ 1 and update F2 ¼ ERðNp
1 ;N

p
2 þ 1Þ�

519 ERðNp
1 ;N

p
2Þ

520 The theorem is a direct consequence of the proposition. The difference in revenue

521 can be easily calculated using expression (14).

522 Observe that Proposition 2 and Theorem 2 can be easily extended to the general

523 case of M physicians that fully share open access demand. We can write the

524 difference in revenue associated with increasing the number of prescheduled slots as

525 follows.

ER Np
1 þ 1;Np

2 ; . . .;Np
M

� �
� ER Np

1 ;N
p
2 ; . . .;Np

M

� �

¼ P Dp
1�Np

1 þ 1
� ��

Rp
1 � RoP

h
Do

1 þ Do
2 þ � � � þ Do

M [ MN

� Np
1 þmin Dp

2;N
p
2

� �
þ � � � þmin Dp

M;N
p
Mð Þ þ 1

� �
jDp

1�Np
1 þ 1

i�

527527 This difference is again non-increasing in ðNp
1 ;N

p
2 ; . . .;Np

MÞ under mild conditions

528 that are satisfied in the case of independence and in most practical scenarios. As a

529 consequence, a greedy algorithm such as the one in Theorem 2 that keeps increasing

530 one pre-scheduled appointment slot at a time to the physician where it produces the

531 highest system revenue will provide the optimal solution.

532 6 Computational experiments

533 We use the two stage stochastic integer program (SIP) to test the value of flexibility

534 under the three different flexibility configurations—full flexibility, partial flexibility

535 (2-chain) and no flexibility (dedicated)—under a number of settings. We will focus

536 on three measures: system revenue, timely access rate and continuity rate. System

537 revenue stands for the total expected revenue of meeting patient demands; timely

538 access rate is the percentage of all patients, both prescheduled and open access, who

539 get access to an appointment; and continuity rate presents the percentage of open

540 access patients who see their own physician. Our model provides the optimal value

541 of Np	
1 ;N

p	
2 ; . . .;Np	

M (the first stage decisions), the optimal allocation of patients to

542 physicians and the optimal numbers of non-PCP diversions that should be made

543 (second stage decisions).

544 We solve the SIP in the extensive form or deterministic equivalent form (Birge

545 and Loveaux 1997) by creating random demand scenarios. The computational

546 complexity of our model heavily depends on the number of scenarios, the most
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547 influential factor, and the number of physicians. Although our stochastic integer

548 programming model can theoretically investigate the value of flexibility for any

549 flexibility configuration with any number of physicians, the time-consuming nature

550 of the optimization and evaluation makes it impractical. For tractability, we use

551 concepts from the computationally effective sample average approximation method,

552 proposed by Solak et al. (2010) for two-stage stochastic integer programming

553 problems. The basic idea is to create a manageable number of samples/scenarios to

554 produce an estimation of the optimal objective value and corresponding first stage

555 solutions. To determine if the number of samples/scenarios is sufficient, we further

556 run a large number of scenarios to have a precise estimation of the objective value

557 based on the fixed first stage solution. This process is repeated over a number of

558 replications to provide confidence intervals and statistical guarantees on the quality

559 of the estimation. Using this method, we determined that 1,000 scenarios and 50

560 replications gives us narrow enough confidence intervals for both 3 physician and

561 6 physician cases. To allow for a fair comparison, the 2-chain, full flexibility and

562 dedicated configurations use the same set of scenarios (analogous to the common

563 random numbers approach in discrete event simulation).

564 Since the majority of practices in the US have six physicians or less, we conduct

565 our experiments on 3 physician and 6 physician cases. Even larger practices,

566 primary care clinics in academic medical centers for example, divide their

567 physicians into smaller groups or teams.

568 In our experimental setting, each physician has twenty-four appointment slots in

569 a day. This is because a typical appointment takes about 20 min and a physician’s

570 workday may be up to 8 h. In practice, this amount varies from physician to

571 physician and from practice to practice. Our model can easily adjust for different

572 capacities. We assume that the prescheduled and open access demands are

573 independent of each other and are Poisson distributed.

574 Workload in our model is defined as the ratio of the expected total demand for the

575 clinic and total available capacity. For instance, in a practice with three physicians,

576 suppose each physician has a demand rate of 10 for prescheduled appointment and

577 14 for open access demand. The total expected demand is 10 9 3 ? 14 9 3=72,

578 and the total capacity is 24 9 3 = 72, therefore, the clinic or system workload is

579 100%. A factor varying from 0.6 to 1.4 will be multiplied to the mean demand rate

580 to generate different levels of system workload.

581 Following the findings of Bennett and Baxley (2009), we assume a typical no

582 show rate for pre-scheduled demand of 25%, and a 10% no show rate for open

583 access demand. Thus, we assign the revenue of scheduling one pre-scheduled

584 demand as 0.75, and 0.9 for seeing one open access patient. These values stand for

585 the actual show rates. To encourage continuity in the system, we assume that there

586 is a 0.05 cost of seeing patients from another physician’s panel (the revenue of

587 giving an appointment slot to one open access patient not from a physician’s panel

588 is therefore 0.9 - 0.05 = 0.85). While the no-show rates for the two types of

589 appointments can be estimated from past data, the cost of diverting an open access

590 patient to a non-PCP physician is very difficult to quantify. Finally, the stochastic

591 integer program uses a MIP tolerance gap of 0.01% Table 1 summarizes the

592 parameters.
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593 The results are divided into four main parts. We first discuss the value of

594 flexibility in symmetric 3 and 6 physician clinics. ‘‘Symmetric’’ implies that

595 physicians are identical with respect to both capacity and demand. Second, we

596 discuss the value of flexibility in asymmetric 3 and 6 physician clinics. Physicians in

597 this setting are identical with regard to their capacity, but vary with regard to their

598 demands. This happens routinely in practice. Third, we compare the value of

599 flexibility when the ratio of prescheduled (non-urgent) and open access (urgent)

600 demands varies. This variation reflects differences in primary care clinic types—

601 from urgent care clinics, where, as the name suggests, same-day urgent appoint-

602 ments are more prominent, to family medicine clinics, where prescheduled

603 appointments are more common. Finally, we discuss the relationship between Np
604 values, which determine how much capacity should be allocated for prescheduled

605 appointments, and the level of system workload.

606 6.1 Value of flexibility in symmetric 3 and 6 physician cases

607 In the 3 and 6 physician cases, we set the ratio of mean prescheduled demand to

608 mean open access demand for each physician to be 10/14 (in the tables we call this

609 Symmetric 10/14). As discussed above, to achieve different levels of clinic

610 workload, a factor varying from 0.6 to 1.4 is multiplied to the mean demand rate of

611 each physician. We present results for 60, 80, 100, 120 and 140% cases. To

612 illustrate, in the 120% workload case each physician has a mean prescheduled

613 demand of 10 9 1.2 = 12 and an open access demand of 14 9 1.2 = 16.8

614 Tables 2, 3 and 4 give the measurement and comparison of 2-chain flexibility,

615 full flexibility and dedicated case for the 3-physician case under different levels of

616 system workload in the three dimensions of interest: system revenue, timely access

617 rate and continuity rate.

618 Next, we present a graphical comparison (see Figs. 5, 6, 7 and 8) of the benefits

619 of the 2-chain and full flexibility over the dedicated case in 3 and 6 physician cases

620 for each of our measures (for the sake of brevity and ease of exposition we do not

621 present tables for the 6-physician case).

Table 1 Parameter settings for our computational experiments

Physician capacity 24 slots per day

Number of physicians in practice 3, 6

System workload 60%, 80%, 100%, 120%, 140%

Workload among physicians Symmetric, asymmetric

Ratio of prescheduled to open access demand 10/14, 14/10, 6/18, 18/6

Scenarios for each replication 1,000

Number of replications 50

Revenue of seeing one pre-scheduled patient 0.75

Revenue of seeing one’s own open access patient 0.90

Revenue of seeing one diverted open access patient 0.85

Relative MIP tolerance gap 0.01%
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622 We see that the highest benefit of both system revenue and timely access rate is

623 achieved in the case where the system is balanced, i.e., when the expected demand

624 equals the available capacity. The 2-chain and full flexibility cases are about 3–4%

625 better than the dedicated case with regard to system revenue and timely access in the

626 3-physician case; and about 5–6% better in the 6-physician cases. Also, the graph of

627 system performance improvement is not symmetric since the variability of demand

628 at 140% workload is larger than 60% workload, presenting more opportunities for

629 redirections.

630 The benefits of 2-chain flexibility are almost as high as those of full flexibility,

631 with only a small detriment in terms of system revenue mainly due to increased

632 patient redirections. The timely access rates of 2-chain flexibility and full flexibility

633 are nearly the same no matter what the workload level of the system is. This is

634 consistent with the results reported in the literature on flexibility in manufacturing

Table 3 Timely access rate for different flexibility configurations in symmetric 10/14

Timely access rate 60% 80% 100% 120% 140%

Workload

2-chain 99.95% 99.88% 95.29% 82.01% 70.10%

Full flex 99.98% 99.88% 95.29% 81.99% 70.08%

Dedicated 99.89% 98.40% 91.78% 80.72% 69.58%

2-chain versus dedicated 0.06% 1.50% 3.82% 1.59% 0.75%

Full versus dedicated 0.09% 1.50% 3.82% 1.58% 0.72%

Table 4 Continuity rate for different flexibility configurations in symmetric 10/14

Continuity Rate 60% 80% 100% 120% 140%

Workload

2-chain 99.94% 98.24% 95.29% 97.03% 97.05%

Full Flex 99.94% 98.52% 96.41% 97.68% 97.71%

Dedicated 100.00% 100.00% 100.00% 100.00% 100.00%

2-chain versus dedicated -0.06% -1.76% -4.71% -2.97% -2.95%

Full versus dedicated -0.06% -1.48% -3.59% -2.32% -2.29%

Table 2 System revenue for different flexibility configurations in symmetric 10/14

System revenue 60% 80% 100% 120% 140%

Workload

2-chain 35.1375 47.574 57.115 59.89385 61.1867

Full flex 35.1480 47.5819 57.1535 59.91734 61.1862

Dedicated 35.1185 46.8694 55.0977 58.63243 60.0828

2-chain versus dedicated 0.05% 1.50% 3.66% 2.15% 1.84%

Full versus dedicated 0.08% 1.52% 3.73% 2.19% 1.84%
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635 settings. The difference is even lower in our healthcare setting, since we assume that

636 prescheduled demand cannot be shared between physicians; flexibility can only be

637 used for open access demand.
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638 The improvement in timely access comes at the cost of continuity (see Fig. 7). As

639 discussed earlier, the 2-chain has a greater number of diversions (more ‘‘jumps’’ to

640 ensure that the demand is directed along the chain) than full flexibility, and seemingly

641 performs the worst with regard to continuity. However, the advantage of the 2-chain

642 setting is that patients will always see one of two physicians; their care will be less

643 fragmented. So although the loss in continuity for the 2-chain is 10% in the 6-physician

644 case as compared to 5% under full flexibility, patients under full flexibility could end

645 up seeing any of the 6 physicians in the practice. Care is thus significantly more

646 fragmented and much harder to coordinate under full flexibility.

647 6.2 Value of flexibility in asymmetric 3 and 6 physician cases

648 The asymmetric case represents the situation where physicians have varying panel

649 sizes and therefore varying appointment burdens. This is common in practice.

650 Senior and well established physicians may have higher workloads since their

651 panels are larger, while physicians who have been recently hired may have lower

652 workloads. The benefits of flexibility are likely to be greater in the presence of such

653 asymmetry. To test this, we create the following demand profiles for the 3 physician

654 case. Physician 1 has an expected prescheduled demand of 6 and an expected open

655 access demand of 12 (low workload); Physician 2 has an expected prescheduled

656 demand of 8 and an expected open access demand of 16 (balanced or full workload);

657 Physician 3 has an expected prescheduled demand of 10 and an expected open

658 access demand of 20 (high workload). Each physician still has 24 slots available in

659 the day. Notice that although the individual physician workloads vary, the overall

660 clinic or system workload is 100%. We use the same factors 0.6, 0.8, 1.2 and 1.4 to

661 create varying levels of system workload, while still maintaining the imbalances

662 between the physicians.

663 For the six physician case, we merely double the 3 physician case, thus retaining

664 the imbalances. Thus there are two physicians with low workloads, two with

665 balanced or full workloads and two with high workloads; the expected prescheduled

666 and open access demands for each physician are identical to their 3 physician

667 counterparts.
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668 Figures 8, 9 and 10 present a graphical comparison of the benefits of the 2-chain

669 and full flexibility over the dedicated case in 3 and 6 physician asymmetric cases for

670 each of our measures. The results are similar to the symmetric cases except in one

671 important respect. The magnitude of improvement in system revenue is nearly

672 double that observed in the symmetric case: 8% in the 3 physician case and 10% in

673 the 6 physician case, under 100% workload. The losses in continuity for the 2 chain

674 are similarly greater when compared to the symmetric case. The differences

675 between the 2-chain and full flexibility increase as the number of physicians

676 increases. The difference is highest for the continuity rate.

677 6.3 Value of flexibility under different prescheduled and open access demand

678 ratios

679 In the symmetric 3 and 6 physician cases, the ratio of prescheduled to open access

680 demands was 10/14. In the asymmetric cases, it was 1/2 for each physician, even as

681 their demand burdens varied. What effect, if any at all, does this ratio have on the
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682 value of flexibility? The ratio is relevant for a practical reason. Primary care

683 delivery varies substantially from clinic to clinic. A small town family medicine

684 clinic that emphasizes continuity will likely have a high number of prescheduled

685 appointments. At an urban urgent care clinic, walk-ins and same-day appointments

686 may be more prominent than prescheduled appointments.

687 We test the value of flexibility under four different cases: 10/14 (already

688 described), 14/10, 6/18 and 18/6. The first two represent only a slight skew in the

689 ratio while the last two represent the extremes. 6/18 might represent an urgent care

690 walk in clinic, while 18/6 might represent a well established family clinic. We test

691 these ratios only on 3-physician symmetric cases. We expect to see similar trends in

692 the 6-physician cases, with similar increases in revenue in going from 3 to 6

693 physicians as observed for the 10/14 ratio (see Figs. 5, 6 and 7).

694 Figure 11 shows the improvements obtained by the 2-chain configuration over

695 the dedicated case under the four ratios of prescheduled to open access demand.

696 The full flexibility case shows similar trends in improvement over the dedicated

697 case. We observe that the system performs similarly under different demand ratios

698 of prescheduled and open access appointments. The performance downgrades

699 slightly when the demand ratio is 18/6—that is when the proportion of open

700 access demand is reduced in relation to prescheduled demand. Since flexibility is

701 only implemented in the open access phase, the benefit of using flexibility to

702 balance the demands among physicians goes down due to lower in-bound open

703 access demand.

704 Other system measures show the same properties. Although the absolute

705 values of these metrics vary among different demand ratios due to the inequality

706 of the revenues of the two types of demand, the percentage improvements of the

707 flexible configurations over the dedicated case are not very sensitive to the

708 change of the demand ratio between prescheduled and open access appointments.

709 In particular, because of the higher value associated with meeting open access

710 demand, the expected revenue is higher in cases where the open access demand

711 is higher.
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712 6.4 Np	
i values and system workload

713 The results above discuss the value of flexibility. But what about the Np	
i values, the

714 first stage decisions in our model? What trends do they follow, if at all, and can the

715 trends provide clues to capacity allocation decisions in practice? To understand this,

716 we analyzed the total Np	
i values of the clinic (that is the total capacity set aside by

717 all physicians for prescheduled appointments), averaged over the 50 replications.

718 Figure 12 shows the average Np	
i values for the entire clinic (that is for all the

719 physicians) under different workloads and the three flexibility configurations for the

720 6 physician asymmetric case. We see the same trends by looking at the individual

721 physicians’ Np	
i values (irrespective of the number of physicians, symmetry and

722 prescheduled to open access demand ratios). Thus the figure summarizes our

723 conclusions about Np	
i values concisely.

724 In general, for the case of very low system workload, the total Np	
i values for the

725 dedicated and flexibility configurations, not surprisingly, are very close. Since

726 the demands are so low, the Np	
i values are likely to be fairly robust at this level. As

727 the system or clinic workload increases to 80 and 100%, the clinic as a whole

728 reserves more prescheduled appointments in the flexibility cases than the dedicated

729 case. This is a direct consequence of flexibility: open access appointments can be

730 absorbed effectively by pooling the (lower) remaining capacity of all physicians

731 together. The effect is especially strong in the case of 100% workload: the dedicated

732 case increases the capacity reserved for the more profitable and now more abundant

733 open access patients (N - Np) relative to the lower workload cases, while the

734 flexible configurations decrease it to allow for more of the now plentiful

735 prescheduled patients and still meet open access demand through sharing any

736 unused capacity.

737 In the high system workload cases (120 and 140%), there is enough demand for

738 the high revenue open access appointments to lower the total Np	
i of the clinic. The

739 flexibility cases have a lower total Np	
i value than the dedicated case, reserving more

740 capacity for open access, since there is a higher probability of using the additional

741 capacity when physicians are able to see each others’ open access appointments.
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742 Thus, using the easily computable dedicated case Np	
i as a reference, practices

743 can heuristically determine their capacity allocation to be above or below the

744 dedicated value, depending on their flexibility configuration and overall system

745 workload.

746 7 Conclusions and future research

747 We have investigated the value of flexibility and its effect on capacity allocation for

748 primary care practices. For dedicated and fully flexible cases, we develop analytical

749 results, while for the general case with any flexibility configuration we develop a

750 two-stage stochastic integer program. The results of our study confirm that

751 introducing flexibility yields benefits even if there is a cost for using flexibility links.

752 Similarly, we find that the benefits are the highest when the system is balanced, and

753 decreasing for higher or lower levels of system workload. 2-chain flexibility yields

754 almost all the benefits of full flexibility in terms of system revenue and timely

755 access rate. While the number of patient redirections to alternative physicians is

756 highest for the 2-chain, patients see only one of two physicians, and at the same time

757 experience the same timely access benefits as full flexibility.

758 We also find that flexibility is more beneficial with increased number of

759 physicians, and in the presence of asymmetry, that is when physicians have unequal

760 workloads and flexibility can be used to balance supply and demand. The

761 advantages of flexibility are not overly sensitive to the change of demand ratio

762 between prescheduled and open access demands when physicians have equal

763 workloads. Finally, our computational experiments show that the optimal capacity

764 allocation decision under a flexibility configuration yields a specific structure. The

765 optimal capacity to reserve for prescheduled appointments under flexible config-

766 urations tends to be higher for a system under a low workload and lower for a

767 system under a high workload, as compared to the values obtained from the

768 dedicated case.

769 Primary care practices are inherently flexible. Typically, the configuration most

770 seen in practices is full flexibility. Our study provides capacity allocation guidelines

771 for such practices. For smaller practices (consisting of two or three physicians), full

772 flexibility may well be the best choice, since patients do not interact with too many

773 physicians. However, for larger practices that are willing to redesign their team

774 structure, the 2-chain is an attractive choice.

775 Several future research directions are possible. The models of flexibility in the

776 paper emerged as a result of interactions that the authors had with clinics in the

777 United States. These included primary care clinics in academic medical centers (in

778 both rural and urban setting) as well as smaller family medicine clinics. However, a

779 more formal empirical study of different primary care clinic types (urgent care,

780 pediatric practice, adult primary care) that throws light on how flexibility is actually

781 used in practice and how patients and physicians perceive continuity and timely

782 access is necessary to validate our conclusions. For example, while full flexibility

783 may be the default mode for many clinics, larger practices implement a different

784 kind of partial flexibility, which we call subgroups. In the subgroup configuration,
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785 the physicians are divided into a smaller number of self-contained but fully flexible

786 groups. A practice consisting of four physicians might be divided into two groups of

787 two, functioning independently. Our preliminary comparisons of 2-chain and

788 subgroups have revealed that they perform very close to each other, with the 2-chain

789 having a consistent but small advantage. However, subgroups are attractive since

790 they are easier to implement in practice.

791 Other research directions include the management of physician flexibility in a

792 dynamic context, when allocation decisions are made as patients call in without full

793 knowledge of future demand. Finally, a formal heuristic that suggests the optimal

794 number of prescheduled appointments to reserve, based on the properties and

795 analytical results discussed earlier, would complement this research.
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