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A physician schedule that maximizes continuity (i.e., reduces instances of patients being treated by multiple
physicians) could improve the efficiency of handoffs—the transfer of patients from the care of one physician to
another. We present a modeling and solution approach for assigning physicians to service and call shifts in the
pediatric intensive care unit (PICU) at Children’s Healthcare of Atlanta at Egleston (Children’s). We developed
the handoff continuity score (HCS) for measuring the continuity of a schedule. We combined the HCS with a
mixed-integer programming model (MIP) with the objective of maximizing the HCS, while minimizing viola-
tions of physician preferences. For a 51-week horizon and a physician pool of 16 physicians, no feasible solution
to this MIP is found within 48 hours using CPLEX 12.4. However, an iterative heuristic incorporating modified
versions of the MIP produces a schedule (3.42 percent optimality gap) for the scheduling instance faced by
Children’s for this period. Our solution approach facilitates resource optimization, and automated scheduling
requires less time than manually constructing such a schedule. We generated six-month schedules that were
implemented in the PICU at Children’s in 2011, 2012, and 2013. Such automated schedule construction allows
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for creation of schedules that maximize continuity.
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In 2003 and again in 2011, the Accreditation Coun-
cil for Graduate Medical Education (ACGME) insti-
tuted work-hour restrictions that greatly limit the
hours that residents can work (ACGME 2011b); its
goal was to improve performance and reduce medical
errors and sleep deprivation, while ensuring time for
essential training and experience (Ulmer et al. 2008).
One such restriction was a reduction in the length of
allowed duty periods. Landrigan et al. (2004, p. 6)
link extended duty periods of 24 hours or more to
increased medical errors, and Wu et al. (1991) present
results of a survey of 114 physicians, 41 percent of
whom reported fatigue to be a contributing factor in
past medical errors. Fatigue among medical residents
also negatively impacts the personal lives of those
medical residents (Papp et al. 2004).

In an inpatient setting in which the average patient
length of stay exceeds one day, patients are likely to
be treated by multiple physicians, including attend-
ing physicians and residents. Although they are

RIGHTS L

133

beneficial in many ways, increased duty-hour restric-
tions contribute to fragmentation of care—the treat-
ment of individual patients by multiple physicians.
This occurs because medical residents may be on
duty for shorter periods than were allowed prior to
the implementation of the new duty-hour restrictions,
and therefore may not be able to treat a patient dur-
ing that patient’s entire stay in the hospital. Increased
duty-hour restrictions also force a trend toward night
shift work in inpatient hospital settings and create
concerns regarding negative impacts on education of
residents, schedule flexibility, and continuity of care
(Fortuna et al. 2009).

Continuity of care can impact the quality of patient
care. Epstein et al. (2010) observe that more frag-
mented care may lead to longer patient lengths of
stay. Saultz and Albedaiwi (2004) show that conti-
nuity of care increases patient satisfaction. Rodriguez
et al. (2010) investigate the impact of the length of
time surgical residents spend on individual rotations
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on continuity of care, and find that rotations of only
one month in duration, which are often the norm, are
insufficient. In a follow-up study, Turner et al. (2012)
find that simply increasing the length of surgical rota-
tions beyond one month is not enough to improve
continuity of care. The authors offer other suggestions
for improving continuity, including an apprenticeship
model that assigns residents to one or two supervis-
ing physicians for the duration of their assignments
to a rotation.

Fragmentation of care caused by increased duty-
hour restrictions means increased frequency of hand-
offs of patients from one physician’s care to another,
increasing the risk that communication errors will
occur during handoff (Van Eaton et al. 2011, Willis
et al. 2009). Such communication errors can place
patients at risk. Flawed communication at handoff has
become “widely recognized as a leading safety hazard
in healthcare” (Landrigan 2007, p. 6). For example,
Pickering et al. (2009) developed a tool for measuring
the level of corrupted information shared at handoff.
The quality of communication between physicians at
handoff largely impacts patient care, and efforts can
be made to improve communication and identify best
practices (Arora et al. 2009, Riesenburg et al. 2009,
Solet et al. 2005).

A team of researchers and physicians from Georgia
Institute of Technology and Children’s Healthcare of
Atlanta at Egleston (Children’s) collaboratively devel-
oped a mixed-integer programming model (MIP) that
constructs physician schedules that maximize conti-
nuity and familiarity by utilizing an objective scor-
ing method for measuring continuity at each handoff.
In the Problem Description and Model section, we out-
line the physician scheduling problem faced by many
institutions at which multiple physicians treat hospi-
talized patients, and we discuss the scoring method
we developed for measuring continuity. We present
the MIP we developed, and discuss our solution
approach. In the Results and Discussion section, we
provide results from an application of our methods at
the pediatric intensive care unit (PICU) at Children’s.
We discuss the implementation of our methods in the
Implementation section, and summarize our findings in
Conclusions.
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Problem Description and Model

Joint scheduling of specialty residents or subspe-
cialty fellows (we use the term residents to refer to
physicians in both groups) and other physicians (e.g.,
attendings) is a complex problem because of ACGME
duty-hour restrictions and individual physician pref-
erences. ACGME restrictions include the following.
When averaged over four weeks, residents (1) may
be scheduled a maximum of 80 duty hours per week,
(2) must have one day per week free of duty, and
(3) may be scheduled for in-house call (i.e., the res-
ident must remain on-site) at most once every third
night (ACGME 2011a). Residents may be scheduled
for a maximum of 24 hours of continuous duty, with
at most four additional hours to ensure an effec-
tive transfer of care. An eight-hour layoff is required
between scheduled duty periods (10 hours is recom-
mended), and residents must have at least 14 hours
free of duty after 24 hours of in-house duty. In addi-
tion to these requirements, a feasible schedule must
satisfy the expected patient demand for medical doc-
tors (MDs); note that we will use the terms physician
and MD interchangeably.

We investigate the problem of scheduling staff
under such restrictions for the PICU at Children’s.
This PICU, which is part of the largest pediatric
healthcare system in the country, is a 30-bed multidis-
ciplinary medical-surgical quaternary care unit that
cares for acutely ill patients. A typical daily sched-
ule for this PICU includes two attendings and two
fellows on service during the day, one attending and
one fellow on call at night, up to four residents on
service during the day, and two residents on call at
night. According to the virtual PICU performance sys-
tem (VPS), a national PICU database (VPS 2012), of
26 PICU’s around the country that submitted data for
at least one quarter in 2011, only seven (including
Children’s) have 24 or more beds, and only Children’s
schedules fellows to work night call shifts in-house.
Thus, the scheduling problem faced at Children’s is
challenging because of its size and complexity, as
compared to other PICUs.

When scheduling staff, each situation often in-
volves unique institutional or individual preferences.
For example, in the PICU at Children’s, a service-
block schedule structure has been implemented with
the goal of creating continuity in the unit. Specifically,
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attending physicians are scheduled to be on service
for one week at a time (i.e., seven-day service block)
and prefer not to exceed that limit, and fellows are
on service for overlapping 14-day periods (i.e., one
fellow starts a 14-day service block each Monday).
In addition, individual preferences with regard to spe-
cific days on or off service or night call are consid-
ered when constructing a MD schedule for the unit,
a process that was previously performed manually.
For previous schedules, manual construction of a six-
month attending-only schedule, which the ACGME
does not regulate highly, required several hours plus
additional time to accommodate schedule changes on
an ongoing basis.

In light of these scheduling constraints and prefer-
ences, we developed an efficient and effective deci-
sion support tool for assigning physicians to day and
night shifts, such that physician and patient continu-
ity is maximized, within the boundaries of hard fea-
sibility constraints and soft physician preferences. To
measure the continuity of a schedule, we developed
the handoff continuity score (HCS).

Handoff Continuity Score

Intuitively, a physician who treats a patient for mul-
tiple consecutive days becomes familiar with that
patient’s progress and current state; returning to duty
after a multiple-day break may require a readjust-
ment period for the physician to again become famil-
iar with the patient’s condition. Therefore, given a
physician duty schedule, we measure the continuity
at each handoff based on two assumptions:

* A physician’s familiarity with a patient increases
with multiple (possibly successive) on-duty days on
which the physician cares for that patient.

¢ A physician’s familiarity decreases as the number
of recent off-duty days increases.

To capture physician familiarity at handoff, we
developed the familiarity factors reported in Table 1;
Smalley et al. (2011) provide additional details. These
familiarity factors are based on a five-day period (i.e.,
the average patient length of stay in the PICU at Chil-
dren’s) on which familiarity decreases (almost expo-
nentially) as the number of days recently worked by
the physician decreases. We developed these factors
based on informal discussions and surveys at mul-
tiple meetings of the attending physician group at
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Previous days worked Familiarity factor

<1 day ago 05
[1,2) days ago 0.25
[2,3) days ago 0.15
[3,4) days ago 0.075
[4,5) days ago 0.025

Table 1: Familiarity factors capture the familiarity physicians feel at
handoff.

Children’s. We considered linear familiarity factors
(testing revealed similar results with linear factors);
however, this attending physician group suggested
that a linear relationship between the familiarity felt
after having worked one up to five days prior to a
handoff did not exist. Several formats for the famil-
iarity factors were proposed and discussed, and we
chose those we considered to be most appropriate for
the physician group in this PICU. We also investi-
gated the use of factors that consider periods shorter
and longer than the average patient length of stay;
a five-day period was identified as most appropriate
because it is a good global marker for this patient
population. Thus, although the factors in Table 1 are
specific to the group at Children’s, they are also flex-
ible and can be adjusted for other units and institu-
tions based on their perceptions of continuity.

To determine the continuity of a schedule, we
assign a continuity score between 0 and 1 to each
oncoming physician (i.e., physician who is beginning
a shift) at shift change. This score is equivalent to
the summation of familiarity factors corresponding
to each previous day worked by the physician. For
example, if a physician is starting a shift after having
worked two recent shifts, one two days prior and the
other four days prior, that physician receives a score
of 0.175 (0.15+40.025). A score of 1 implies the greatest
familiarity. The score for each handoff is calculated as
the average continuity score over all oncoming physi-
cians; for a complete physician schedule, we average
these handoff scores to determine the overall HCS.

A Mixed-Integer Programming Model

We developed a MIP for automated physician sched-
ule generation. This model seeks to maximize the
HCS (i.e., continuity) of the schedule, while conform-
ing to feasibility constraints and satisfying MD pref-
erences when possible.
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Applying optimization methods to scheduling staff
in a hospital setting is not a new concept. The prob-
lem of scheduling nurses to shifts in a hospital has
been studied extensively; see Burke et al. (2004)
and Cheang et al. (2003) for comprehensive reviews.
Beaulieu et al. (2000) present a mathematical model
for scheduling emergency room physicians to shifts
over a six-month period. Sherali et al. (2002) use a
mixed-integer program for scheduling residents to
night shifts over a 4-5 week period. Rousseau et al.
(2002) develop a flexible solution approach apply-
ing constraint programming, local search, and genetic
algorithms to the physician scheduling problem,
which various units and institutions face, with min-
imal customization. Topaloglu (2006) assigns emer-
gency medicine residents to day and night shifts
using goal programming, and in a later paper, applies
sequential and weighted methods to a multiobjec-
tive optimization model for assigning residents to
night call shifts, while considering levels of senior-
ity (Topaloglu 2009). Ovchinnikov and Milner (2008)
develop a user-friendly spreadsheet model to assign
first- through fourth-year residents to night call and
emergency rotation shifts in a radiology department,
and Cohn et al. (2009) solve multiple nested integer
programming (IP) models to assign 10-20 residents
to various types of night call shifts (e.g., primary,
backup) in three hospitals over a one-year period.
Gunawan and Lau (2013) present mathematical mod-
els for solving a local hospital’s physician schedul-
ing problem, which includes assignment of physi-
cian tasks to time slots over a period of five days,
with the goal of optimizing resource allocation. Brun-
ner et al. (2010) present a branch-and-price algorithm
for constructing daily physician schedules with flex-
ible shift start times and lengths, for a scheduling
horizon of up to six weeks, and Stolletz and Brun-
ner (2012) use a reduced set-covering formulation
for flexible shift scheduling of physicians, while con-
sidering fairness. Topaloglu and Ozkarahan (2011)
combine mixed-integer programming and column-
generation techniques to schedule resident duty hours
for a four-week period within a matter of seconds.
Rinder et al. (2012) provide a literature review of work
that applies various industrial engineering methods
to address physician scheduling problems, with a par-
ticular focus on patient impact on scheduling.
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Other relevant scheduling problems addressed
in the literature include airline-crew scheduling
(Gopalakrishnan and Johnson 2005, Kohl and Karisch
2004). Similar to the physician scheduling problem
that we address, crew scheduling involves extensive
duty-hour restrictions, although continuity is less cru-
cial. Ernst et al. (2004) compile a detailed list of previ-
ous work in personnel scheduling, including problem
types and solution approaches.

The Children’s PICU physician scheduling MIP
(called CPPS-MIP in this paper) that we devel-
oped shares some characteristics with previous work.
Turner (2011) develops optimization models for
assigning surgical residents to individual patients to
maximize continuity of care and education of resi-
dents by considering expected surgical cases for each
resident, and Turner et al. (2013) present a heuristic-
based system for assigning patients to physicians,
with the goal of partially improving continuity of
care. Kazemian et al. (2013) present an IP approach to
shift scheduling, which seeks to minimize the num-
ber of patient handoffs over a four-week period in
an intensive care unit based on the average patient
census at shift change. The authors consider 12 possi-
ble times for shift changes each day and varying shift
lengths. To the best of our knowledge, however, we
are the first to consider the benefits of optimized MD
shift scheduling on continuity beyond a single shift
change. That is, our approach acknowledges that a
prior familiarity may exist among oncoming physi-
cians at shift change, thereby preserving some sense
of continuity for the patients.

CPPS-MIP is general and can be easily applied to
various units and institutions with different prefer-
ences, where each day is divided into two periods that
start at the same time each day and do not overlap.
This means, for example, that on any given day, a MD
can be scheduled to be on service sometime between
8 aM and 4 PMm or on call sometime between 4 PM and
8 aM the following day; however, different shift types
are possible in each period (e.g., the 8 aAM—4 Pm or
8 aM—12 PM service shift).

Constraints incorporated in CPPS-MIP are listed in
Appendix A. Some constraints in this model are appli-
cable to a majority of institutions; see Equations (A1)-
(A11). Others are more specific to the problem Chil-
dren’s faces because of physician preferences; see
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Equations (A12)-(A20). Equations (A21)-(A23) calcu-
late the HCS, and Equations (A23) and (A24) form the
objective function.

The first set of constraints enforces the feasibility
of the MD schedule. Each day, there is a demand
for physicians during each period. The schedule must
satisfy ACGME requirements, as we discuss in the
Problem Description and Model section. Given that mul-
tiple shift types are available during each period, an
additional feasibility constraint requires that no MD
can be scheduled for overlapping shifts. Additional
constraints are required if first-year residents are
available for scheduling. Physicians in this group may
work a maximum of 16 consecutive hours; therefore,
they may not be assigned to duty shifts in two consec-
utive periods. Equations (A1)—(A1l) in Appendix A
represent these constraints.

As we mention previously, MDs in the PICU at
Children’s prefer a block structure to their service
schedule; therefore, we added preference constraints
in our MIP to ensure that a MD assigned to a service
block is scheduled to work the appropriate shifts cor-
responding to that block. A predetermined number
of MDs of each type must be assigned to each block,
and MDs may not work overlapping blocks. Although
assigning a MD to consecutive service blocks is pos-
sible, it generates a penalty. For additional details, see
Equations (A12)-(A15).

Some constraints in our MIP are specific to the
PICU at Children’s, but may be modified for other
units; these are represented by Equations (A16)—(A19)
and include the following. Attending physicians pre-
fer not to work two consecutive call shifts if they
are on service in between those shifts, and over the
scheduling horizon, the number of days on service for
each MD should be close to average for each physi-
cian type. Of the three types of shifts, two are service
shifts; shift 1 is 8 am—4 prM; shift 2 is 8 amM-12 Pm.
Shift 3 (4 pM—-8 AM) is a call shift. MDs in the PICU
prefer that a fellow works shift 3 on weekend days
only if that fellow was scheduled for shift 1, and fel-
lows may only work shift 2 on any day if they were
assigned to shifts 1 and 3 the previous day. Shift 2 is
designed to allow time for effective transfer of care
following a 24-hour shift.

When not scheduled in the PICU, fellows could be
doing research or be assigned to a rotation in anes-
thesia (four weeks during the three-year fellowship),
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the cardiac intensive care unit (12 weeks), or an elec-
tive (four weeks). Fellows do not take night call dur-
ing these rotations. Thus, assuming that these assign-
ments to various rotations are made in advance of
daily scheduling in the PICU, Equation (A20) speci-
fies that fellows can only be assigned to service and
call shifts in weeks they are available (i.e., are not
assigned elsewhere).

The HCS is calculated based on previous days
worked by oncoming MDs (Smalley et al. 2011).
Specifically, each MD receives a continuity score
between 0 and 1 (1 = most familiar) computed as
the summation of a subset of familiarity factors (see
Table 1) corresponding to each day worked in the pre-
vious five days. Each handoff score is based only on
the previous days worked by oncoming MDs—not all
MDs; therefore, we incorporate additional constraints
to capture only the scores for oncoming MDs. The
score for each handoff is the average continuity score
over all oncoming MDs. The HCS for the entire sched-
ule is calculated as the average of all handoff scores;
see Equations (A21)-(A23).

To optimize continuity, our goal is to maximize the
HCS. Because preferences of physicians in the PICU at
Children’s must be considered, a penalty is incurred
if MDs are scheduled to consecutive service blocks, or
if physician requests are violated; see Equation (A24).

Then our objective is: Maximize (HCS—Penalty).
Note that because the penalty increases by increments
of 1 and the HCS is between 0 and 1, the MIP will not
seek to increase the HCS by increasing the penalty.
That is, the penalty is determined exactly by physi-
cian requests; it exists to ensure that requests are
granted if feasibly possible and are denied otherwise.

Solution Approach

Physicians at Children’s provided us with a manu-
ally constructed schedule for the period from July 1,
2010 to June 30, 2011. The schedule included only
attendings and fellows; therefore, we limit our solu-
tion approach discussion to these two groups. To
illustrate the advantage of optimized MD schedul-
ing with regard to physician and patient continu-
ity, we attempted to use CPPS-MIP to generate MD
schedules for these groups for the 51-week period
beginning Monday, July 5, 2010 and ending Sunday,



Downloaded from informs.org by [96.23.82.70] on 26 October 2015, at 20:09 . For personal use only, all rights reserved.

Smalley, Keskinocak, and Vats: Physician Scheduling for PICU Continuity

138

Interfaces 45(2), pp. 133-148, ©2015 INFORMS

June 26, 2011. Note that we developed our model to
accommodate time horizons that begin on a Mon-
day and end on a Sunday, primarily because Chil-
dren’s prefers this service-block structure; therefore,
we attempted to generate schedules for this slightly
shortened period. These schedules required a signif-
icant amount of running time; using CPLEX 124,
we found no feasible solution within 48 hours. Note
that this and the remaining computational experi-
ments reported in this chapter were performed on
one of two systems: (1) 2.27 GHz Xeon quad-core
processor and 48 GB RAM, or (2) 2.33 GHz Xeon
quad-core processor and 12 GB RAM. The poor per-
formance of CPLEX on CPPS-MIP motivated us to
develop the following heuristic, which finds a feasi-
ble solution (assuming enough physicians are avail-
able for scheduling) by fixing some assignments and
then solving this model with a reduced set of decision
variables:

Heuristic: Iterative schedule construction with a modi-
fied CPPS-MIP:

e Step 1: Iteratively assign attending physicians to
shifts on a week-by-week basis, ignoring requests for
time off or on-duty time.

e Step 2a: Assign fellows to service blocks using
a simple integer program, which we call the fellows’
service block assignment integer program (FSBA-IP);
see Appendix B for details.

This integer program fairly assigns fellows to ser-
vice blocks (which is fair with respect to the total
number of block assignments given to each fellow
over the schedule horizon), disallowing assignments
to overlapping or consecutive service blocks.

* Step 2b: Given the solution to FSBA-IP, we next
assign fellows to call shifts: In each week, assign the
Monday, Thursday, and Sunday night call shifts to the
fellow who is on service duty during the first week
of a two-week service block, and assign the Wednes-
day and Saturday night call shifts to the other fellow
who is on service that week. Assign the Tuesday and
Friday night call shifts to one of the fellows who is
not on service (arbitrary). Note that we will consider
fellows’ requests for time off at night in a later step.

¢ Step 3: Run CPPS-MIP with fellows” shifts fixed,
optimizing for attending physicians using the sched-
ule found in Step 1 as a starting point.
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¢ Step 4: Run CPPS-MIP again with fellows’ ser-
vice shifts and attending physicians’ service and call
shifts fixed to solution values from Step 2, optimizing
for fellows’ call shifts.

We used this heuristic to generate MD schedules
for the 51-week period. An optimal solution to FSBA-
IP in Step 2a can be found in less than one second.
Step 3 requires running the model with some vari-
ables fixed. After running for two hours, the penalty
is minimized and only marginal improvement in the
HCS is found in up to 48 hours. Therefore, for Step 4,
we use the best solution found after running Step 3
for two hours. An optimal solution to CPPS-MIP with
variables fixed according to Step 4 requires only a few
seconds for this instance.

Using the schedule found by the heuristic to warm
start CPLEX, CPPS-MIP could not find an HCS-
improved schedule after running for 48 hours, and
CPLEX reported a 25 percent optimality gap based on
the LP-relaxation upper bound. To close the gap, we
need to improve either the heuristic solution, or the
upper bound, or both. Proposition 1 (see Appendix C)
helps us identify a better upper bound, and shows
that the optimality gap of the heuristic solution is
much smaller than the one reported by CPLEX.

Fellows in the PICU at Children’s work two-week
service blocks, which is equivalent to two consecu-
tive one-week service blocks, and these blocks coin-
cide with the start and end days of attending service
blocks. Therefore, we can apply this proposition to
both fellows and attendings. Thus, a 51-week sched-
ule for attendings and fellows at Children’s can-
not achieve a higher HCS than 1-, 3-, and 17-week
schedules.

Because of the format of the HCS calculation and
the service block structure at Children’s, the one ser-
vice block (i.e., one-week period) leading up to the
start of a schedule is considered when determining
the HCS of that schedule. Therefore, given Proposi-
tion 1, we used CPPS-MIP to generate a four-week
schedule, optimizing the HCS over the last three
weeks of the schedule to determine the best possible
three-week HCS. In the next section, we refer to this
three-week schedule as our three-week test problem,
which CPLEX solves in less than one minute.
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Manual Heuristic-generated Percentage Optimal Optimality
schedule schedule increase* Problem description solution Heuristic solution gap (%)

HCS 0.6627 0.7919 19.50 Three-week schedule 0.8190 — <0.01

HCS: service shifts only 0.7578 0.8070 6.49 51-week schedule — 0.7919* 3.42+F

HCS: night call shifts only 0.5676 0.7769 36.87

HCS: attending physicians only ~ 0.5961 0.7980 33.86 Table 3: We compare the heuristic-generated schedule to a three-week

HCS: fellows only 0.7293 0.7859 7.76 test problem.

Call shifts without an on-service 15% (52) 1.4% (5) *Solution does not improve after running the MIP for 48 hours.

physician (N = 357)

Table 2: We calculate the HCS for manual and heuristic-generated sched-
ules constructed for July 5, 2010-June 26, 2011.

*All statistically significant improvements in HCS, p < 0.001 using a
z-test.

Results and Discussion

Table 2 shows the HCS for the manual and heuristic-
generated schedules for the 51-week period from
July 5, 2010 through June 26, 2011. We also report
the HCS for daytime service shifts, night call shifts,
attendings, and fellows, respectively. For each score
presented in Table 2, the heuristic-generated schedule
achieves a statistically significant improvement over
the score of the manually generated schedule, deter-
mined using a z-test (computed using the HCS at
each handoff over the schedule horizon). The manual
and heuristic-generated schedules each incorporate
the preferred service-block structure; therefore, the
HCS for service shifts shows relatively little improve-
ment (6.49 percent). The largest increase in the HCS
(36.87 percent) is attributed to the night call shifts.
The HCS for attendings increased significantly more
than the HCS for fellows. The 14-day service blocks
for fellows provide concentrated clinical time, which
is important for education, but also provides more
continuity for daytime service shifts than the seven-
day service blocks worked by attendings. Therefore,
the manually generated schedule had a high HCS for
fellows compared to attendings as a result of the ser-
vice block structure. In addition, ACGME duty-hour
restrictions provide rigorous constraints that limit
much variability of night call shift assignments for fel-
lows compared to attendings. Therefore, the heuristic
could only find marginal (but still statistically signifi-
cant) improvements in the HCS for fellows. Note that
all physician requests were satisfied by manual and
heuristic-generated schedules.

RIGHTS L

+Optimality gap based on Proposition 1.

In addition to the HCS by physician type and time
of day, Table 2 also reports the percentage (and num-
ber) of night call shifts over the schedule horizon
without an on-service physician assigned. Although
not part of the MIP’s objective, it is intuitive that
a schedule that maximizes continuity would likely
have very few night call shifts on which an on-service
physician was not scheduled. As reported in Table 2,
the heuristic-generated schedule includes only five
night call shifts on which an on-service physician is
not assigned, compared to 52 in the manually gener-
ated schedule.

The heuristic-generated schedule requires no spe-
cial considerations when scheduling for the December
holidays, but maintains the service-schedule structure
adopted for the rest of the year. Entering the manually
generated holiday schedule (December 24-January 2)
into the heuristic-generated schedule, the HCS for this
new schedule is 0.7826, still an 18.09 percent improve-
ment over the manual schedule.

Given that a 51-week block schedule cannot achieve
a higher HCS than a three-week block schedule based
on Proposition 1, we conclude that the HCS for the
heuristic-generated schedule is within 3.42 percent of
optimality. Table 3 shows a comparison of the three-
week test problem and the 51-week heuristic solution.

Implementation

2011: Challenges and Results

We generated an attending-only schedule for the
PICU at Children’s, to be implemented from July 1,
2011 to December 23, 2011. Without needing to sched-
ule fellows and with the shorter horizon, we used
CPPS-MIP to create this schedule. Modifying the MIP
and deciding on an appropriate schedule required
many iterations; in each iteration, we presented a
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Model 2011 2012
version Description HCS
Attendings 9 11
Percentage increase

1 Call structure: On-service attendings on call either Monday  0.70 Requests Average Requests Average (per person)

or Thursday, then either Saturday or Sunday
2 Model version 1, plus the following constraints and (or) 0.64 On service 104 1156 134 1218 5

changes: (1) no consecutive call shifts, and (2) requests on call 29 944 34 309 %

take priority over seyen-day sgrvice blocks. Off service 917 24 11 793 6573 173
3 Call structure: On-service attendings on call either Monday, 0.68 Off call 919 23,56 687 62.45 165

Friday, and Sunday, or Thursday and Saturday, plus the
following constraints and (or) changes: (1) no
consecutive call shifts, and (2) requests take priority
over seven-day service blocks

4 Model version 3, plus the following change: requests take  0.69
priority over call structure

Table 4: To find an acceptable schedule, our model required revisions.
In this table, we provide descriptions and the HCS for the modified MIP
versions used to generate schedules at each iteration.

MIP-generated schedule to one or more physicians
in the group, who identified issues that required the
addition of new constraints in the MIP; see addi-
tional constraint definitions in Appendix D. CPPS-
MIP could generate attending-only schedules for the
six-month period in approximately two hours (no
additional improvement in the HCS was found within
48 hours).

The heuristic-generated schedule reported in
Table 2 assigned attendings to alternating night call
shifts in the weeks they are on service. Although this
may be best for continuity, such a schedule would cre-
ate fatigue; therefore, it was an unattractive solution.
One standard practice when assigning attendings to
call shifts in the PICU was to assign on-service attend-
ings to work call either Monday or Thursday, as well
as call on either Saturday or Sunday. These MDs were
then not assigned to any other call shifts during the
week. With constraints enforcing this preference, the
optimal schedule assigned one off-service attending
to the call shifts on Tuesday, Wednesday, and Friday.
This option was undesirable because of the require-
ment for consecutive night call shifts. Therefore, we
decided that no attending should be assigned to take
call two nights in a row.

As an alternative to scheduling on-service attend-
ings to call either Monday or Thursday and then
once over the weekend, the physicians thought that
scheduling one on-service attending to call shifts
on Thursday and Saturday and the other on-service

RIGHTS L

Table 5: The number of attending physician requests varied from 2011
to 2012.

attending to call shifts on Monday, Friday, and Sun-
day would be an acceptable assignment and good
for continuity. In some instances in both call models,
physicians’ requests were denied to maintain these
preferred night call structures.

One physician in this group routinely requested to
work call on Mondays and Saturdays and requested
to be on service during the same week. This vio-
lates the alternative call structure. We decided that in
weeks in which this is the case, the other on-service
attending physician should be assigned to call on
Thursday and Sunday.

Each physician in the group has a specific number
of day and night shifts Monday-Friday and week-
end day and night shifts that should be worked to
satisfy various fellowship and other requirements.
These requirements do not always coalesce well with
the seven-day service blocks; however, these require-
ments and physician requests should take priority
over the seven-day service blocks and preferred-call
structure. Thus, we altered the constraints enforcing
the seven-day service blocks and the preferred call
structure to be soft constraints, by which we gave
requests precedence in the objective function. Table 4
provides a description of the MIP versions used to
generate a schedule at each iteration and the HCS for
each schedule.

Children’s implemented the final MIP-generated
schedule, which is based on Model version 4 (see
Table 4), with some minor manual modifications. For
comparison, a physician at Children’s, who has expe-
rience in scheduling and also has the goal of maximiz-
ing continuity, manually constructed an additional
schedule for the same period; its result was an HCS
of 0.63.
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We used the heuristic with these new constraints
and (or) modifications to CPPS-MIP to generate an
additional schedule corresponding to the 51-week
period between July 5, 2010 and June 26, 2011. The
HCS for this new schedule is 0.7578, a 14.35 percent
improvement over the HCS for the manually gener-
ated schedule constructed for the same period.

2012: Challenges and Results

Following the positive reception for the 2011 sched-
ule, we generated an attending-only schedule for the
PICU for July 1-December 23, 2012; however, we did
not generate a parallel manual schedule. The pool
of attendings available for scheduling increased from
nine to 11 for this period. Using CPPS-MIP, we found
a schedule (optimality gap < 1 percent) in approx-
imately 35 minutes. This improvement in running
time was largely the result of the extensive personal
requests made by attendings for this period that lim-
ited possible variations to the schedule for purposes
of HCS improvement. Table 5 reports the number of
requests made for 2011 and 2012 for the same periods
(i.e., July 1-December 23). Requests to be off service
or off call increased per person on average by 173 per-
cent and 165 percent, respectively.

This large increase in requests can be attributed
partly to a format change for entering these requests.
For the 2011 schedule, attendings made requests
by month, with no predetermined format; Figure 1

shows an example of such requests. For the 2012
schedule, as a means of structuring how requests
were entered, we created an Excel spreadsheet for
entering requests for each individual day in the
schedule horizon. We gave this spreadsheet to the
attendings, and they used a slight variation of this
form to communicate their requests (see Figure 2).

Further study is needed to better understand the
reason for this large increase in requests for this
period—whether it is the result of the change in
request formats or for reasons more unique to each
physician; however, automated schedule generation is
clearly more efficient if a greater number of requests
are made. Unfortunately, physician and patient con-
tinuity may suffer. When we remove all physician
requests for this period, the HCS increases by 2.4 per-
cent, which can be significant in terms of continu-
ity. The number of night call shifts without an on-
service physician scheduled decreases by 7.41 percent.
If we randomly ignore 50 percent of the requests, the
HCS increases by up to 1.24 percent, and the num-
ber of night call shifts without an on-service physi-
cian scheduled decreases by up to 5.56 percent (cal-
culated using 10 instances, seven of which did not
improve on the HCS with all requests considered
within two hours of running time). For each of these
cases, however, a large number of requests are denied,
as expected.

4
No call 1-
; 3, 14-31;
i e
July Can do SSlvice .
7/4 week e
call 4, 9,
11
No call 2-
Can do 18/19 7, 15-28;
Aug. 1 no call; Want
week; 20-21 service 8-
August e off; 31 14 & 29-
week of no 9/2 with
15t service call
2,8,13,29

5 6 7 8 9
1st, 2nd, N°:”'y e No call
7 is :

3" . 6; No

weekend;  good ;
weeks service
no week for
off for ; : week of
vacabion || Semvice service 6th
18-22
No call
2, 31; No No
service service
5,10, or call
19, 22- 1-14
23931

Figure 1: This physician request entry form used in 2011 illustrates how physicians communicated their schedul-

ing preferences.

RIGHTSE LI MN iy
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Service  Call Service Call Service Call Service Call Service Call Service Call Service Call Service Call
Date 1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8
7/1/12 no no call no no call
7/2/12 want want wantcall no no no call
7/3/12 no no call want want no no no call
. 7/4/12 no nocall no no call want want no no no call
-8 7/5/12 no no call want want no no no call
> 7/6/12 no no call want nocall want no no no call
g 7/7/12 no no call no nocall want wantcall no no call no no call
= 7/8/12 no no call no nocall want no no call no no call
g 7/9/12 no no call no no call no no call no nocall want wantcall
[e)) 7/10/12 no no no call no nocall want
= 7/11/12  no no no call no no call no nocall want no no call
% 7/12/12 no no no call no nocall want no no call
< 7/13/12 no no no call no call no nocall want wantcall no
< 7/14/12 no no call no no call no nocall want
o 7/15/12 no no call no nocall want wantcall
8 7/16/12 no no call want no no call no no call
= 7/17/12 no no call want no no call no no call want call
g 7/18/12 no no call want no no call no no call no no no call
8 7/19/12 no call no no call want no no call no no call no no call
b)) 7/20/12 no no call no nocall want no no call no no call no no no call
Q. 7/21/12 no nocall want no no call no no call no no call
S 7/22/12 no nocall want no no call no no call no no call
LL_ 7/23/12 no no call no no call no
o 7/24/12 no call no call no call no no call no wantcall
Q 7/25/12 no no call no no no no call no no call no call
8 7/26/12 no no call no no call
= 7/27/12 no nocall no call no no call no
W 7/28/12 no no call no no call no no call
— 7/29/12 no no call no no call no no call
8 7/30/12 no  nocall no  nocall no  nocall no  nocall no no  nocall
Fo) 7/31/12 no no call no no call no no call no wantcall no no call
Q
[e]
j3]
O Figure 2: We developed a structured Excel spreadsheet that physicians used to communicate their scheduling
9 requests in 2012.
5
= Conclusions impact the handoff process. Physician fatigue can-
N - : not be eliminated completely, regardless of the strin-
N Physician preferences and increased duty-hour re- ) .
< strictions create a complex scheduling problem when  8€1'¢Y Of. duty-hour restrictions; tberefore, communi-
S attempting to satisfy all requirements in a manu- cation failures created by exhaustion may still occur.
E ally generated schedule. The solution approach we Future work includes expanding the HCS to develop
o present in this paper facilitates resource optimization; ~ @ SCOT€ that considers both familiarity among oncom-
S it constructs a feasible schedule in significantly less 18§ physicians and fatigue of physicians signing off
g time than is needed to create a schedule manually. their shifts.
€ Further, by considering familiarity among oncoming Although counterintuitive, one can argue that too
£ physicians, the schedules produced maximize conti- ~ Much familiarity among oncoming physicians could
= nuity. In conjunction with other methods for improv- negatively impact the handoff process. Increased
3 ing communication, schedules with greater continuity ~ familiarity may cause an oncoming MD to pay less
@ have the potential to enhance handoff efficiency and  attention during handoff, potentially missing impor-
S effectiveness. tant information about a patient’s care. Therefore,
8 The HCS provides a means of understanding the optimized scheduling to maximize familiarity among

continuity of a physician schedule. With CPPS-MIP
and the heuristic, it allows the construction of sched-
ules that can improve handoff efficiency and effec-
tiveness; however, the aforementioned analysis does
not consider many factors (e.g., bed occupancy, new
admissions, disease acuity, and fatigue) that can

RIGHTS LI N '-"l}

oncoming physicians can only improve handoff effi-
ciency if it is in combination with other steps for
improving communication at handoff (e.g., a sign-out
checklist).

Currently, the HCS is measured at each shift change,
and no direct measures are in place to completely
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understand the impact that the HCS has on patient
outcome measures, including mortality rates, com-
plication rates, readmission rates, and lengths of
stay. A simple analysis of rounding times recorded
between 2008 and 2013 point to a trend toward
reduced rounding times with increased HCS; unfortu-
nately, attributing this reduction entirely to increased
HCS is difficult. Although many other factors also
impact rounding times, including patient acuity and
day of the week, this downward trend is encourag-
ing. Identifying measures to capture the impact of a
single shift change or combination of shift changes on
patient outcomes is the next step to a better under-
standing of the benefits of the HCS.

Moving forward, we will continue to utilize CPPS-
MIP to assist with schedule construction in the PICU
at Children’s. We will adjust it as physician prefer-
ences change over time and (or) duty-hour restrictions
change. Our next steps include developing a tool for
physicians to use at the operational level to facilitate
schedule construction by physicians in the PICU; this
tool will allow a physician to create what-if scenarios
to better understand the impacts of schedule changes
on continuity.

Appendix A. Children’s PICU Physician Scheduling
MIP (CPPS-MIP)

Tables A.1, A2, and A.3 show the notation we use in
CPPS-MIP.

Y2 Xu=vp Vje], leL, Pegp (A1)
keK;ieC

)IDIEEEDS

leL keK; je{m,m+1, ..., m+27}

VieR,me{l,2,...,N=27} (A2)

LiX;/4 <80

Kijpt + Xijez + i <2
VieR, k', Kk}, k) eC,jel1,2,...,N-1}

(A3)
K + Xigjppe + Xignw =2
VieR, k', k>, k) eé,, je{l,2,...,N-1}
Xy +Xje <1 VieR,je], (K', k) eT
Xijr + Xjenpe — 2 X <1
keKy
VieR, (k',K)eT,jell,2,...,N—1} (A4)
X + Xigepe = 2 Xigrp =1
keKy

VieR, (k'K eT, jef1,2,...,N-1}

RIGHTS LI L)

Set Description

A R Sets of attending physicians and residents, respectively.

/ Set of all physicians, / = AUR.

R, Sets of all residents of type f (e.g., Ry = 1st year
residents, ..., R, =fellows), R = U;cq.0..n Ai-

J Set of days in the planning horizon, J =1{1,2,...,N}.

L Set of scheduling periods in each day = {1, 2}, 1: day service, 2:
night call.

K Set of shift types for time period / in L.

w Set of weeks in the planning horizon, W =1{1,2,...,N/7}.

C, Set of doubles (k', k), such that k' € K,, k? € K,, and working
shifts k' and k2, which start on the same day requires 24+
consecutive hours on duty.

C,  Setofdoubles (k', k?), such that k' € K,, k? € K;, and working
shift k' on some day j and shift k2 on day j + 1 requires 24+
consecutive hours on duty.

C, Set of triples (k', k2, k%), such that k' ,k® e K;, k? € K,, and
working shifts k' and k? on some day j, and then shift k® on day
Jj+ 1 would require 29+ consecutive hours on duty.

G, Set of triples (k', k2, k%), such that k' k% € K,, k? e K;, and
working shift k' on some day j, and then shifts k? and k® on day
Jj+ 1 would require 29+ consecutive hours on duty.

T Set of doubles (k', k?), such that k' € K,, k? € K,, and on any given
day, there are less than 10 hours between the end of k' and the
start of k2.

T, Set of doubles (k', k?), such that k',k? € K; and there are less than
10 hours between the end of k' on any given day and the start of
k? on the following day, i € {1, 2}.

T Set of doubles (k2, k°) such that k% € K,, k® € K;, and there are less
than 14 hours between the end of k2 on any given day and the
start of k° on the following day.

T, Set of doubles (k', k%) such that k' € K;, k? € K,, and there are less
than 14 hours between the end of k' and the start of k2 on the
same day.

© Set of physician groups (e.g., o ={A,R, R UR,, .. .}).

B, Set of possible service block lengths (in days) for physicians in
group P,P e p (e.9., B, =1{7}).

Table A.1: The table presents the sets (and descriptions) used in
CPPS-MIP.

Decision
variable Description

Xijk 1 if physician / works shift k on day j; 0 otherwise; i e/, j € J,
ke U, K-

Yin 1 if physician i is assigned to a service block of length n days
starting on day j; 0 otherwise; i€/, j e J,
ne{l,2,....N—j+1}

Dy, 1 if physician i works shifts in two consecutive periods beginning
with period / on day j; 0 otherwise; i e/, jeJ, € {1,2}.

Ry Continuity score for physician / at start of period / on day j; i €/,
jed, lef{l,2}.

I?,-,, Ry if physician / works during period / on day j; 0 otherwise;
iel jed, le{l,2}.

Q; 1 if physician / is assigned to consecutive service blocks

beginning with a block starting on day j; 0 otherwise; i e/,
jed.

Table A.2: The table presents the decision variables (and descriptions)
used in CPPS-MIP.
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Parameter Description Z Xz‘/‘k + Z Xl.].k <1 VieRy, je]
keKq keKy
N Length of scheduling horizon in days. X (A11)
N 0+ X.,. <1
N Number of previous days to consider when determining HCS kEZKZ iik kgl Gk =
(e.g., N = 5 = average patient length of stay in the PICU at VieR,, jel{l,2,...,N—1}
Children’s).
Viip Demand for physicians in group P during period / on day j; Y Xg=Y, YieP,selj,j+1,...,j+n-1},
) Pegp,jed, le{l,2}. kekq
Ly Length (in hours) of shift k; k € U1, K- .
Q, 1 if resident / is available for scheduling in the PICU during je(l,2,....,N-n+1}, neBp, Pep (Al2)
week r; 0 otherwise; i e/, reW. Y, > ep;
Epjn Number of physicians in group P who must be scheduled to a e ijn = =Pjn
block of length n, which starts on day j; P e g, j € J, ) €
ne{l,2,...,N—j+1} Vie{l,2,...,N—n+1}, neB,, Pegp (A13)
F Familiarity factor corresponding to a shift worked [m — 1, m) ) o )
days ago, me {1,2,..., ). Y,-]-H+Y,-ky§1 VieP,neBp, ke{j,j+1,...,j+n—-1},
Zp Maximum allowable deviation from the number of service shifts .
a physician in group P is scheduled from the amount that refl,2,..., N=k+1},je{l,2,...,N=n+1},
physician would work if all service shifts were assigned (j,n)#(k,r), Pep (A14)
evenly among that group; P € g;
Oy 0 if physician i requested not to work during period / on day j; Yiin + Yigiomy <1+Q; VieP, neBp, Pegp,
1 otherwise; i el, jed, e {1,2}.
Uy 1 if physician 7 requested to work during period / on day j; 0 jel{l,2,..., N—n+1},re{1,2,...,N—j—n+1} (Al5)

otherwise; icl, jed, le{l,2}.

Table A.3: The table presents the parameters (and descriptions) used in
CPPS-MIP.
Xijkl + Xijk2 + Xi(j+l)k3 < 2 Vie R,
je{l,2,...,N—=1}, k', k) eC, (K, ) eT
. (A5)
Xijkl + Xi(j+])k2 + Xi(]'+l)k3 < 2 Vie R,
je{l,2,...,N=1}, (K", k) eGC, (K, ) e,
X —Dijn <0 Viel, je], keK, lel
Xijx —Dip <0 Viel, je], kek,
(A6)
Xigr1ye = Dip <0
viel,je{l,2,...,N—1}, keK;

Dj—> > Xu<0 Viel, je]
leL keK;

Dy, — > Kije — > i+ <0 (A7)
keKy keKy

viel,je{l,2,...,N—-1}

> Dy /4<6
jelm,m+1,...,m+27}

VieR, mell,2,...,N—27) (A8)

> Kije + Xi+x + Ko <1

keKp

VieR,je{l,2,...,N -2} (A9)
Y Xyu<1 Viel, je], leL (A10)
keK;

RIGHTS L1 N Hig

Y XK+ Xieap) + Xijrp <2 Vie A, kek;,
keKy

jef1,2,...,N—1} (A16)

ZZXUk—<ZU1jP/|P|>2ZP VieP,Pep (A17)

ke je] jel
Xj<X; YieR, jelr—1,r),rel7,14,...,N} (A1)

(Xiom + Xip) = Xy VieR,, j€{2,3,..., N} (Al9)

Xijx<Q; VieR,, je{7r—6,7r=5,...,7r},

reW,kek;, leL (A20)
Y. EDij_m =Ry
mel{l,2,...,N}
viel,leL, je{N+1,N+2,...,N} (A21)
> Xije = ﬁijl
keK;

viel,leL, je{N+1,N+2,...,N}

Ryj+ ) Xjp—1< ﬁijl

Pl (A22)

Viel,leL,je{N+1,N+2,...,N}
Ry = Iiijl A A
Viel,leL,je{N+1,N+2,...,N}
HCS = ( 5 Z[zﬁiﬂ /¥ v,jp])
jE[N+1,.../N] leL Liel Pe{A, R}
/ (2N - 2N) (A23)
Penalty =) > Q;+> > > [(1—O0y) - Xy + Uy - Xj5]
iel jeJ iel je] leL
(A24)
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Set Description

F Set of fellows.

w Set of weeks in schedule horizon.

Parameter Description

G 1 if fellow / is available to work a two-week service block

ij
beginning in week j; 0 otherwise; i e F, je W.

Decision variable Description

Y, 1 if fellow / is assigned to a two-week service block
beginning in week j; 0 otherwise; i e F, je W.
d Maximum number of service blocks assigned to any

fellow.

Table B.1: The table presents the sets, parameters, and decision vari-
ables used in FSBA-IP.

Appendix B. Fellows” Service Block Assignment
Integer Program (FSBA-IP)

Table B.1 shows the notation used in FSBA-IP.
Fellows’” Service Block Assignment Integer Program
(FSBA-IP):

Minimize d

st. Y Yy<d VieF

je(1,2,..., W)
D Y=1 Vje{l,2,..., W}
ieF

Y;i+Yijy<1 VieF,Vje{l,2,...,W-1}
Y+ Y <1 VieF,Vje(l,2,...,W-2}
Y, <G; VieF,Vje(l,2,.., W)

Appendix C. Proposition 1 and Proof

ProprosiTION 1. Let H be the HCS of an optimal N-block
schedule (equal-length, consecutive, and nonoverlapping blocks),
and let H' = the best HCS of any k-block schedule, k < n and
Nmod k=0. Then H' > H.

Proor. Let H! = the best HCS of any k-block schedule.
Let A be an optimal N-block schedule (N mod k =0). Then
A can be broken up into N /k k-block segments. Let H = the
HCS of A. Let X;, X,, ..., Xy equal the summation of all
handoff scores in block segments 1,2, ..., N/k, respectively,
for the optimal N-block schedule. Then

H:(ie{ 3 Xl-> /(ZNB) (P1)

1,2,...,N/k}

where B =block length in days. Because H! = the best HCS
of any k-block schedule, each X;, iin {1,2,..., N/k}, can-
not exceed H! when divided by the number of days and
handoff periods in that k-block period. That is,

H'>X,/(kB) Vie(l,2,...,N/k}. (P2)

RIGHTS LI L)

Calculating the summation of both sides of P2 over
all i and then taking the average, we have the following
inequality:

H' > ( >
ie(1,2,..., Nk}

X,.> / (N /k - 2kB)

- <,-g{1,;,w/k}xi> / (2NB)=H. (P3)

Thus, by (P3), H' > H. O

We can generalize Proposition 1 to instances without the
service block structure.

CoRroOLLARY 1. Let H be the HCS of an optimal N-week sched-
ule and let H' = the best HCS of any k-week schedule, k < n and
Nmod k=0. Then H' > H.

The proof for this corollary is identical to that of Propo-
sition 1, with the exception of the word “block” replaced
with “week” wherever it appears, and block length “B” is
replaced by “7.” We can also prove a more general version
of this corollary by replacing “week” with “day.”

Appendix D. Children’s PICU Physician
Scheduling MIP (CPPS-MIP): Additional
Constraint Definitions

We added additional constraints to CPPS-MIP during the
creation of an attending-only schedule for the PICU for
July—December 2011. These constraints, as well as additional
set, parameter, and decision variable definitions (Table D.1),
are presented next. Note that in the set definitions, we
refer to a physician M. This physician routinely requested
to be assigned to specific night call shifts that did not
align with the preferred call structures of other physi-
cians in the group at Children’s. Thus, we define sets
related to this physician’s requests for clarity of constraint
definitions.

We modified Equation (A12) in Appendix A to be soft
constraints, to allow the possibility that attendings not be
assigned to seven consecutive days if necessary to satisfy
requests and (or) fellowship requirements:

Yijn_ ZXiskSq)lis ViEA,SE{j,j+1,...,j+l’l—1},

keKy
je{l,Z,...,N—n+1},neBp,Pep. (A12)

Attendings should not be assigned to night call two
days in a row. This is a modification of Equation (A16) in
Appendix A:

> K+ Xijupp) <1 VieA, je(l,2,...,N-1}. (Al6)

keKy

Each attending should be assigned to no more than three
night call shifts per week.

Y Y X <3 VieA, je] (D1)
keKy re{0,1,...,6}
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Set Description In weeks physician M did request to be on call on Mon-
day and Saturday, the same attending should work night
J Set of Mondays in schedule horizon. call on Thursday and Sunday.
J.J Set of Mondays in schedule harizon for which physician - .
M requested or did not request to be assigned to > Xigrak — Xiro) <Py Vie A, je] (D9)
) night call shifts on Monday and Saturday, respectively. keky
A Set of attendings, excluding physician M. Fellowship requirements should be met within 90 percent
Parameter Description for each physician. These include the number of weekday,
night call, and weekend day shifts assigned over the sched-
W, Required weekday service (¢ =1), call (t =2), and ule horizon.
weekend service (t = 3) shifts for physician i over the
schedule horizon, i A. ' Yoo > X =09-W; VieA (D10)
Ay Weight on penalty p in the objective function, jeJ rel0,1,..., 4} keKy

peil,2,..., 8}

Decision variable Description

d Binary variable = penalty p incurred for physician / in
week beginning with day j; i€ A, j € J,

pe{l,2,..., 8}

pij

Table D.1: The table presents the additional sets, parameters, and deci-
sion variables used in CPPS-MIP.

Attendings should be assigned to at most two night calls
of Tuesday, Thursday, and Saturday, and Tuesday, Thursday,
and Sunday, respectively.

> K +Xigaap + Xigsp) <2 Vi€ A, je] (D2)
keKy
Y Kk + Xiuap + Xigrep) <2 Vi€A, je ] (D3)
keKy

Monday and Thursday night call shifts should be
assigned to on-service physicians if possible. We assume
that a physician is an on-service physician for the week if
that physician works the service shift on Monday.

> Xije = > X <Py Vi€ A, jel (D4)
keks kekq
Y Xigraw— 2 Xjp <@y VieA, je] (D5
keky kekKy

A physician who is one of the on-service physicians for
the week should be assigned to at least one weekend night
call shift.

> Xix— 2 Ko+ Xirop) < Puj Vi€ A, jel (D6)
keKy kekKp

The same attendings should work night call on Monday,
Friday, and Sunday, and Thursday and Saturday, respec-
tively, in weeks physician M did not request to be on call
on Monday and Saturday.

2- 3 X — 2 (Xirapk + Xigaop) < P+ Py
keky keKy R
VieA,je] (D7)

Y Kigeak — Xius) <Py Vi€ A, je J (D8)
keKy

RIGHTS L1 N Hig

Y X =09-%, VieA (D11)
jeJ keky

Y Y X209, VieA (D12)
jeJ re(d,6} keky

The objective then becomes:

Maximize HCS —Penalty —» > > A, @,
ieA jej pefl,2,...,8}

Note that requests are given precedence over both the
service-block structure and the preferred call shift structure.
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Verification Letter

James D. Fortenberry, MD, MCCM, FAAP, Pediatrician in
Chief, Children’s Healthcare of Atlanta, Professor of Pedi-
atric Critical Care, Emory University School of Medicine,
1405 Clifton Road Northeast, Atlanta, GA 30322, writes:

“I am writing this letter to verify that the Handoff Conti-
nuity Score (HCS) and Children’s PICU Physician Schedul-
ing Model developed by Dr. Hannah K. Smalley, Dr. Pinar
Keskinocak, and Dr. Atul Vats has been used at our hospital
to produce attending shift schedules which maximize con-
tinuity of care. As staffing models evolve in intensive care
units, one of the concerns of "shift models" relates to con-
tinuity of care. The HCS allows us an objective assessment
tool for continuity as we consider alternate staffing models.

“The HCS developed by this team measures the level of
familiarity among oncoming physicians at shift change, and
correlated with physician perceptions of improved continu-
ity, as determined by a survey. Our physician group has
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now been using the automated schedule generation for over
two years, and it has been well received.

“We look forward to the new schedule currently being
developed by this team for the 2nd half of 2013.”

Hannah K. Smalley, PhD, is a recent graduate of Georgia
Institute of Technology’s Stewart School of Industrial and
Systems Engineering. Her dissertation focused on optimiza-
tion methods applied to real-world physician scheduling
problems faced by physicians from Children’s Healthcare
of Atlanta and Emory University School of Medicine. Other
projects she has contributed to include catch-up schedul-
ing for childhood, adolescent, and adult immunizations, a
collaborative effort with the CDC; analyzing patient over-
lap between hospitals in the Atlanta area to better under-
stand the need for a health information exchange between
hospitals; infectious disease modeling and immunization
strategies during a vaccine shortage; and planning facil-
ity location and mass dispensing strategies for emergency
response.

Pinar Keskinocak, PhD, is the William W. George Chair
and Professor, and co-founder and co-director of the Cen-
ter for Health and Humanitarian Logistics in the Stewart
School of Industrial Engineering, and the associate direc-
tor for research at the Health Systems Institute at Georgia
Tech. Her research focuses on the applications of operations
research and management science with societal impact,
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particularly health and humanitarian applications, supply
chain management, and logistics/transportation. Her recent
work has addressed infectious disease modeling; catch-up
scheduling for vaccinations; hospital operations manage-
ment; disaster preparedness and response; debris manage-
ment; centralized and decentralized price and lead time
decisions. She has worked on projects with companies,
governmental and non-governmental organizations, and
healthcare providers, including American Red Cross, CARE,
CDC, Children’s Healthcare of Atlanta, and Intel Corpo-
ration. She serves as a department editor for Operations
Research (Policy Modeling and Public Sector area) and pres-
ident of the INFORMS Health Applications Society.
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pediatrics at Emory University School of Medicine, chair of
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10+ years as a medical director of one of the nation’s high-
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on physician workflow and efficiency. His research focuses
on process improvement, enhancing quality of care, and
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physician dependent workflow.





