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ABSTRACT

The operation of a hospital trauma cen-
ter and associated transportation facility is
discussed in this paper. A SLAM simulation
model of the system is explained and example
experiments with it discussed. Results in-
dicate that significant improvement in
patient service can be made through alterna-
tive staff scheduling patterns. Patient
flow is particularly sensitive to the shift
scheduling of physicians.

1. INTRODUCTION

The scheduling of diagnostic and clini-
cal treatment for emergency patients has re-
ceived some attention in the management
science literature. Bolling (1972) developed
a classical queuing model of an emergency
room and many authors (Baker, 1976) address
workforce scheduling under conditions of
variable stochasticity. For example,
Hershey and others (1974) employed simulation
to compare nurse allocation. More recently,
Carlson and others (1979) use a combination
of optimization models and simulation in a
walk-in clinic and Vassilacopoulos (1985)
developed a dynamic programming formulation
to address the allocation of doctors in
emergency rooms. Each of these contribute
to the theory of staffing and scheduling in
stochastic systems but none provides the re-
quisite flexibility for extensive experimen-
tation. This is especially true when the
extended system, including transportation,
is addressed.

With simulation modeling, flexibility
exists to approach the simultaneous schedu-
ling of doctors, nurses and technicians in a
variety of ways. This flexibility is re-
quired because of the complexity of the sys-—
tem created by the variety of variables
present and the interactions among them.
Since with emergency care, medical services
are extended beyond the limits of the hos-
pital, the transportation system must be in-
cluded as must the dimensions of the physical
facilities and availability of professional
staff. The purpose of this paper is to de-
tail a simulation approach to the problem
with a specific objective of suggesting al-
ternatives that will improve the scheduling
of professional staff delivering emergency
care.

A difficulty in scheduling emergency
care is created because the exact nature of
the care requirdd for a specific patient is
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most difficult to predict. The inherent
stochasticity of the system means that the
emergency care system requires, to a much
greater extent than almost any service sys-
tem of similar complexity, the flexibility
offered by idle or reserve resources. Di-
verse resources must be provided to insure
adequate care of emergency patients suffer-
ing from sudden injury or serious illness.
The costs of providing such care are signi-
ficant, so a balance between unlimited flex-
ibility and adequate flexibility to insure
reasonable care must be found.
2. SYSTEM STRUCTURE

The Trauma Center of the Tallahassee
Florida Regional Medical Center is the re-
ferent system for the discussion in this
section. The hospital is a major public non-
profit medical facility with 771 beds serv-
ing a region of nine counties in north
Florida and three in south Georgia. The area
has a combined population of about 400,000
people. The trauma center includes a state~
of-the~art ground ambulance service and a
"life flight" helicopter ambulance service
staffed by aeromedical paramedics. Seven
experienced physicians and thirty~four nurses
provide the staffing flexibility necessary
for twenty-four hour operation.

The system has two major subsystems.
One is composed of the interacting variables
that produce the behaviors outside the trauma
center and the other of those variables that
produce behavior outside the center. Stabil-
ization and transport are the primary acti-
vities of the first subsystem and patient
evaluation, preliminary care and transition
treatment are the primary activities of the
second. This latter subsystem is focused
upon in this paper.

The system's variables may be classified
into four major subsets that can be used to
guide model development and research design.
The first set of variables labeled "policy
variables," includes those which are control-
lable by the trauma center managers. The
second set includes those stochastic vari-
ables or processes outside direct managerial
control; the third set includes parameters
or system constants; and the fourth set in-
cludes output variables or performance mea-
sures that are labeled "measures of merit."
The variables for the system, shown in Table
1, will be used to discuss system behavior
and measurement.
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Table 1:

STOCHASTIC POLICY

# Demand e Physiclan

= Quantity - Scheduling
- Type - Staffing
= Timing e Nurse
¢ Patient Treatment Time - Scheduling
# Ambulance Response Time - Starfing

¢ Facllity Preparation Time
- Seheduling
~ Staffing

e Service Disciplines

o # of vehicles
~ alr
~ ground

The demand for emergency services is
quite complex but can be addressed easily by
collapsing the range of possible patient
conditions into four broad categories.
patient is assigned one of four severity
conditions (non-critical walk-ins, air tran-~
sport critical, ground transport critical,
critical walk-ins). These categories are es-
tablished with the assumption that non-
critical patients will' not be transported by
air or ground ambulance. Within each cate-
gory, information about required treatment
times was derived from hospital records. It
is obvious that these categories can be de-
composed to their lowest level if more de-
tailed information was needed. This is not
required for this phase of the research as
the objective is to focus on personnel
scheduling. Requisite variety in the model
is achieved for the study objectives with
only these four classifications (Beer, 1966).

Each

Patients enter the system with exponen-
tial interarrival times. The mean of the
arrival distribution shifts from 40 minutes
in the pre-dawn hours to 15 minutes in the
busier parts of the day. First contact takes
one of the four forms previously mentioned
with the probability that a given arrival
will be of a given type also dependent on the
time of the day. Records indicate that a
higher proportion of patients are in need of
immediate response in the late hours and are
more likely to be transported by hospital
paramedics and ambulance. Routine and criti-
cal walk-ins occur more in the evening than
at other times of the day.

Some patients, because of critical need,
may preempt currently working doctors or
nurses. After the patient is c¢ared for, he
or she either is dismissed from the center or
sent into the hospital admissions process.
The system's structure may be represented by
a series of queus in a network. Such struc-
tures are amenable to modeling with the
Simulation Language for Alternative Modeling
(sTaM) (Pritsker, 1986) using a process
orientation or world view. The SLAM system
model is discussed in the next section.

3. MODEL STRUCTURE

The structure of the model is shown in
the SLAM network diagrams in Figures 1, 2,
and 3. There are three major sectors in the
model. One sector (Figure 2) manages
patients that because of their condition pre-
empt currently working doctors or nurses.
A second sector (Figure 1) manages patients
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PARAMETERS

e Paramedical Personnel

Systém Variables

MEASURES OF MERLT

#® Facllity Structure e Patieni Total System Time

® Medical Personnel Utilization
e Patient Waiting Time to First
Physician Contact

that do not preempt servers and the third
(Figure 3) manages the work scheduling of
the professional staff. Doctors and nurses
are modeled with the SLAM "resources"
feature. All patients enter the system in
the same manner and are appropriately routed.
The following discussion of patient flow will
best be followed by referring to the appro-
priate figure.

There are two doctors available for nine
hours of the day and only one on duty for the
remaining fifteen hours. To properly route
patients, given the physician availability,
there are three branches emanating from the
node labeled WDW at the left of Figure 1.

The first branch is taken to await a doctor
who has already seen the patient at least
once; the second branch is taken if the
patient has not yet seen a doctor and two
doctors are on duty; and the third branch is
taken if the patient has already seen that
doctor or if that doctor is the only one on
duty.

When a patient is seen by either doctor,
an entity representing the service is proces-
sed to the node labeled C8, indicating the
beginning of the first interaction of
patient and doctor. The C8 node collects
statistics on the amount of time between
when a patient clears transportation and
triage and the time when he or she sees a
doctor for the first time.

From C8, entities are simultaneously
sent to the routing node GOl, shown at the
bottom left of the figure. From there, a
maximum of two of five branches will be
taken. One of the first two branches will
always be taken to free the appropriate doc-
tor; the third branch will be taken to the
node labeled WNX if the patient has been
assigned a nurse from the pool of nurses,
and if there have been fewer than three
~doctor interactions thus far; the fourth
branch is taken if the patient has not yet
seen a nurse; and the fifth branch is taken
if the patient has been assigned the last
available nurse and has not seen her more
than once before. When patients being seen
by a nurse complete service, they are routed
to assign nodes for status updates and then
to free nodes to release the appropriate
nurse. From there the patients leave the
system.

Entities which are routed from GOl to
free doctors are then routed to the node
labeled GO2 from which one of three routes
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is taken. The first route is back to WDW for
patients which have not had three interac-
tions with doctors. The second and third
routes are taken for patients who have com-
pleted service. The treatment rooms are
freed and appropriate statistics collected
when a patient completes service. System
time for a patient reflects the time between
triage and departure while doctor waiting
time reflects the time from initial entry in-
to the system until the first encounter with
a physician.

Figure 2 contains the network that man-
ages patient routing when immediate care is
required. If a physician or nurse is busy,
he or she is preempted (current service
stopped) and assigned to the critical pat-
ient. Of course, this only occurs when the
staff member is not already serving a criti-
cally ill patient. The network essentially
is the same as before except "preempt" rather
than "await" nodes are used to represent
waiting patients. Figure 3 contains the net-
work used to control the scheduling of doc-
tors and nurses. These schedules are the
subjects of a later discussion.

The
sure its

model was extensively tested to in-
behavior matched that of the current
system. Since adequate data about patient
type and flow existed, the major test used
was behavior reproduction using an ultra
empirical approach (Naylor and others, 1966).
The behavior reproduction tests were supple-
mented by discussions with practicing mana-
gers about system and model behavior. The
verification and validation process produced
confidence that a useful experimental model
had been developed. Representative experi-
ments performed with the model will be dis-
cussed in the next section.

4. EXPERIMENTAL DESIGN

The measures of merit introduced in
Table 1 indicate that there are a number of
possible ways to judge the effectiveness of
this system. One proposed by the Medical
Director of TMRMC was the time a patient
spends waiting for initial contact with a
doctor. Not surprisingly, review of the
literature (Groom and Au, 1969; Vassil-
acopoulos, 1985; Willemain, 1977) indicated
that patient satisfaction was more sensitive
to the initial response times than total
system time. That is, if total waiting time
is the same, patients are more satisfied if
out of three encounters (an average number)
with the doctor, the first wait is shortest
and the last longest. This is a good mea-
sure of behavior if only one output variable
is employed.

There are other variables, and perhaps
a combination of variables, that would
actually provide an indication of the best
policy for system management. In the case
of multiple response variables, use of
Multiple Analysis of Variance (MANOVA} would
define the best policy given the linear
combination of output measures. To illus-
trate the possible alternatives available
with various policy structures, examples
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will be discussed.

Two representative policies for schedul-
ing doctors and three for scheduling nurses
will be employed. Currently, doctors are
scheduled as follows:

Doctor Scheduling (Policy 1)

2400-1300: one doctor
1330-1900: +two doctors
1900-2100: one doctor
2100-2400: two doctors

An adternative scheduling policy discussed
with management and derived from observation
of patient arrival structure is:

Doctor Scheduling (Policy 2)
2400-0900: one doctor
0900-1030: two doctors
1030-1300: one doctor
1300-1730: +two doctors
1730~2100: one doctor
2100-2400: two doctors

The current schedule for nurses is:

Nurse Scheduling (Policy 1)

three nurses
two nurses
three nurses

1730-0130:
0130-0700:
0700-0900:

0900-1500: four nurses
1500-1700: three nurses
1700-1730: +two nurses

Two alternative scheduling policies were de-
veloped from observation of the system and
initial model behavior:

Nurse Scheduling (Policy 2)

2300-0700: two nurses
0700-1500: four nurses
1500-2300: three nurses

Nurse Scheduling (Policy 3)

2300~-0700:
0700~2300:

one nurse
four nurses

This policy structure produces an ex-
perimental design matrix of the following

me .
for Nurse Policy

1 2 3

Doctor Policy measure(s) of merit

As suggested, several alternatives are
available for testing policy choices within
this design. First, a completely randomized
two factor design will be used to determine
if staffing policy will have an effect on the
waiting times patients experience. The form
of the model tested is:

19k T W T By T O B0 + ey

N
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Where: vy is the average time a patient
waits to see a doctor after trans-

portation and triage.

1 is the grand mean average waiting
time for all sets of conditions.

B. is the treatment effect of the jth
J scheduling policy for doctors.

is the treatment effect of the kth
scheduling policy for nurses.

BO is the interaction term for the
joint effects of the two policies
at the j and k levels.

jk

is the error effect for replica-
tion in i treatment combination
jk.

€15k

This single response variable design may
also be used for the other candidate output
variables. In addition to the time a patient
initially spends waiting for a doctor, the
design can be employed for the time a patient
spends in the system, the utilization rate
for doctors and the utilization rate for
nurses. If a series of univariate measures
are employed, the following set of null hy-
potheses would be tested:

Ho(1l) Doctor scheduling will make no
difference in the time patients spend waiting
to see a doctor.

Ho(2) Doctor scheduling will make no
difference in the total time patients spend
in the system.

Ho(3) Doctor scheduling will make no
difference in the utilization rate of doctors.

Ho(4) Doctor scheduling will make no
difference in the utilization rate of nurses.

Ho(5) Nurse scheduling will make no
difference in the time patients spend waiting
to see a doctor.

Ho(6) Nurse scheduling will make no dif-
ference in the total time patients spend in
the system.

Ho(7) Nurse scheduling will make no dif-
ference in the utilization rate of doctors.

Ho(8) Nurse scheduling will make no dif-
ference in the utilization rate of nurses.

Ho(9) The interaction between doctor and
nurse scheduling will make no differxence in
the time patients spend waiting to see a
doctor.

Ho(10) The interaction between doctor
and nurse scheduling will make no difference
in the total time patients spend in the
system.

Ho(1l1l) The interaction between doctor
and nurse scheduling will make no difference
in the utilization rate of doctors.
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Ho(12) The interaction between doctor
and nurse scheduling will make no difference
in the utilization rate of nurses.

These hypotheses were tested using a
two-way ANOVA for each one. A sample of the
results are shown in Table 2 for the first,
fifth and ninth hypotheses. These results
are typical of all of the two-way tests, with
the scheduling of physicians having a signi-
ficant effect on waiting time and nurse
scheduling and the interaction between doc-
tor and nurse scheduling not having a signi-
ficant effect. The amount of time a patient
spends waiting to see a doctor for the first
time will be reduced by changing the physi-
cian scheduling policy from its current
structure to the one proposed.

Table 2:
ANOVA Results For Ho(l), Ho(5), Ho(7)

SUM OF MEAN SIGNIF

SOURCE OF VARIATION SQUARES DE SQUARE E OF F
MAIN EFFECTS 484,832 3 161.611 2.570 081

DOCPOL 475.822 1 475.822 7.273 W01

NURPOL 9.010 2 4,505 069 £934
2~WAY INTERACTIONS 38.530 2 19.265 294 JTUT

DOCPOL  NURPOL 38.530 2 19.265 294 STHT
EXPLAINED 523.361 5 104,672 1.600 <190
RESIDUAL 1962.763 30 65,425
TOTAL 2u86.124 35 T1.032

The results of the other tests of hypo-
theses are shown in Tables 3, 4, and 5.
These indicate that the utilization rate of
nurses may be improved by the scheduling
change for both doctors and nurses, but that
little improvement in physician utilization
would occur. Physicians are busy about 35%
of the time and nurses between 40 and 45% of
the time. These rates indicate the nature of
the work and likely could not be improved no
matter what combination of scheduling poli-
cies was followed.

Table 3:
ANOVA Results For Ho(2), Ho(6), Ho(10)

SUH OF MEAN SIGNIF
SOURCE_OF VARIATION SQUARES DE SQUARE F OF F
MAIN EFFECTS 802.448 3 267.483 5.423 .00k

DOCPOL 790.753 V 790.753 16.033 .001

NURPOL 11.695 2 5.848 19 .889
2-HAY INTERACTIONS 16,764 2 8,382 170 845

DOCPOL  NURPOL 16.764 2 8.382 70 .815
EXPLAINED 819.212 5 163.842 3.322 017
RESIDUAL 1479.638 30 49.321
TOTAL 2298.850 35 65.681

Table 4:
ANOVA Results For Ho(3), Ho(7), Ho(11l)
UM OF MEAN SIGNIF
SOURCE OF VARIATION ~  SQUARES DE SQUARE E SEFE
BAIN EFFECTS .002 3 .001 o .47

DOCPOL .002 1 .002 1.230 .276

NURPOL .000 2 .000 .000 .999
2-WAY INTERACTIONS .000 2 .000 .04 .996

DOCPOL  NURPOL .000 2 .000 004 .996
EXPLAINED .002 H .000 .2u8 .938
RESIDUAL .052 30 .002
TOTAL .054 35 .002
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Table 5
ANOVA Results For Ho(4), Ho(8), Ho(l2)

SUM OF MEAN
SQUARE SQUARE

SIGNIF

SOURCE OF VARIATION DE F OF F
080
+011

069

.027
2011
035

.00%
.004

10,674
4:388
13.817

.001
045
«001

MAIN EFFECTS
DOCPOL

NURPOL

-

2-WAY INTERACTIONS
DOCPOL  NURPOL

008
008

1,656
1.656

+208
.208

wonm

EXPLAINED .089 .018 7.067 .001

RESIDUAL 075

L1684

30
35

.003

TOTAL .005

As mentioned earlier it
test a multivariate response

is possible to
model of the

form:

Yijk + Wijk + Xijk + Zijk = u + Bj + Ok +
BBk * €14k

where:

Y is the average time a patient waits
to see a doctor after transportation
and triage.

W is the average system time for a
patient.

X is the utilization rate for doctors.
7 is the utilization rate for nurses.
and the other wvariables are as before.

With this formulation, the hypothesis tested
iss

B3 = By = V5 = kg
where u, is a vector of the means of the re-
sponse ~variables for each possible policy
in the design matrix. 8ix replications of
each policy were conducted. The values of
Hotelling's Trace€, Wilk's lamda, and Pillais'
statistic indicate both nurse and doctor
scheduling policy have a significant effect
on system behavior. The Eigenvalues for the
:roots indicate that the second nurse schedu-
ling policy is significantly different than
the others. This means that following a
scheduling policy for doctors and nurses dif-
ferent from the current policies will im-
prove system behavior. It appears the com-
bination of doctor scheduling policy number
two and nurse scheduling policy number two

is the best course to follow.

5. SUMMARY AND CONCLUSIONS

A SLAM model of a typical Trauma Center
was presented and discussed. Operation of
the model and experiments with it were il-
lustrated. The model provides the flexibil-
ity to test a number of staff scheduling
alternatives and provides data that are use-
ful for a variety of different statistical
analysis approaches. To continue develop-
ment, experiments with alternative transpor-
tation structures would be beneficial.
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