EVALUATION OF VARIOUS SCHEDULING

DISCIPLINES BY COMPUTER SYSTEMS

ABSTRACT

The assignment of patients to exami-
nation rooms in a diagnostic radiology de-
partment can be categorized as a job-shop
scheduling problem. This paper shows a way
of using a GPSS (General Purpose Simulation
System) discrete event simulation model to
test, analyze and find the best heuristie
scheduling algorithms that can be applied to
patient flow in a diagnostic radiclogy de-
partment. Four main measures of performance
are considered; waiting time before exami-
nation, total time in the system, utili-
zation of staff and equipment, and the num-
ber of patients in the system at the end of
a working day. Among the scheduling disci-
plines tested include the following six;
smallest number of patients in each queue,
smallest work load in each queue, shortest
processing time (SPT), truncated SPT (with
priorities), common queue (patients join a
single queue versus multiple queues based on
examination type), and truncated common
gqueue. Numerical data of Temple University's
Radiology Department are included, and re-
sults indicate that two scheduling disci-
plines are superior to the others. Finally,
a feasibility study of implementing the fin-
dings with and without a computer are dis-
cussed. .

I. INTRODUCTION

The operation of a radiology department
can be viewed as a complex queueing network
where each patient passes through a series
of service stations in order to complete his
processing. Analytical models have been de-
veloped for some multiple-server gueueing
systems, however, several characteristics of
the radiology department make it difficult,
if not impossible, to apply such models.
Each server in the department is not iden-
tical. For example, some examination rooms
are dedicated solely to one type of radio-
logical study, while others can perform many
types. Patient flow in the department is
subject to priorities that can be changed
depending on system status. In addition, the
structure of the system does not conform to
the standard M/M/S models developed in the
literature. Input in such systems is served
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by several parallel service stations, each of
which performs the identical service. The
radiology department consists of several dif-
ferent service stations, some of which are
arranged in tandem, while others are parallel.
To analyze such a system requires the develop-
ment of a computer- simulation model that can
take into account the combined effects of the
interactions between patients and system en-
tities.

A discrete event simulation model of -
patient flow in a radiology department was
written using GPSS simulation language with
FORTRAN subroutines incorporated to handle
complex decision processes and data manipu-
lation. The program consists of approxi-
mately 750 GPSS blocks and 300 FORTRAN state-
ments. It is run on an IBM 370/165 computer
requiring 300K bytes of core. Each run re-
presents one working day (160 patients) and
costs about 10 dollars. The model was used
to evaluate several patient scheduling pro-
cedures which assign patients to examination
rooms given that the patient has arrived to
the department. Each scheduling procedure
was evaluated in terms of parameters which
describe the performance of the system.

Four main measures were considered:

1. Waiting time prior to examination,

2. Total time in the system.

3. The distributions of waiting time

and total time.

4. The number of patients in the system

at W4:30 PM,
Based on these measures a "best" procedure
was determined.

II. DESCRIPTION OF SYSTEM

The radiology department under study is
that -of Temple University's Hospital. It
serves approximately 160 patients per day
and consists of 14 examination rooms, 10
x-ray technicians, 10 orderlies and 16 dres-
sing rooms. (This represents the core radi-
ology department not including special stu-
dies, emergency, portables, ete.). In ad-
dition, several personnel are involved in
administering patients as they arrive to
the department. Illustration 1 repre-
sents the flow of patients through the de-
partment.
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ILLUSTRATION 1

Patient Flow
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Patients are divided into inpatients
(65%) and outpatients (35%) . Outpatients
report to the reception desk where initial
data is colleeted. Some of the outpatients
have to dress for the examination (80%),
while others report directly to the control
desk. At the control desk a room assignment
is made based on patient characteristics and
the status of the system. Various assign-
ment or scheduling policies can be evaluated
to see which produces the best result in -
terms of system performance. Once an assign-
ment is made the patient waits until the room
and necessary personnel become available,
When the room and personnel are available
the examination is conducted and the patient
returns to the waiting room until his film
is processed and checked for technical qua-
lity. If the film is acceptable the patient
reports to the reception desk for final pro-
cessing and departs from the system. Ap~
proximately 5% of the films are rejected.
These patients re-enter the system at the
control desk with a higher priority assigned
and repeat the processing.

Inpatients are escorted to and from the
department by orderlies. The mode of trans-
portation can ambulatory (5%) , wheelchair
(66%) , or stretcher (29%). Upon arrival in-
patients report to the control desk where
the room assignment is made. From this point
until departure processing is the same as
that of outpatients. Repeats are recycled
while completed patients are escorted back
to their room.

ITI. DESIGN OF EXPERIMENT

Details of the simulation model itself
have been reported on elsewhere (2). The
objective of this analysis is to improve the
operating efficiency of the radiology de-
partment. Efficiency here is difficult to
define. It might be any combination of the
following factors:

1. The amount of time a patient waits
from the time he enters the depart-
ment until his examination starts
(WTl).

2. The amount of time a patient waits
from the time a room is assigned
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until his examination starts (WI2).
3. Total time spent in the department
(IT).
4, The number of patients in the depart-
ment at the end of a working day

(4:30 PM).

These measures might be different for
inpatients and outpatients. One measure
might be above another, but with different
weights assigned for inpatients and out-
patients. Also, different weights can be
given to the different examinations (there
are 13 major categories). For example, em-
hasis can be placed on trying to reduce the
waiting times of those patients who require
short examinations (10 minutes or less)
rather than those who require lengthy studies
(greater than 60 minutes).

Each scheduling procedure is evaluated
on the basis of a combination of all the men-
tioned measures. Utilization figures cannot
directly indicate performance, however, a re-
duction in waiting time, due to improved
scheduling procedures, results in additional
time available for processing patients. Since
patient load is expected to increase, the
ability to handle these additional patients
increases the utilization of staff and equip-
ment.

To evaluate the alternative scheduling
procedures the simulation was run four times,
each run representing a different patient
mix. This was done to eliminate the effect
of a particular mix on the solution. All
other variables were held constant. Thus,
variation in results is attributed to patient
mix and scheduling procedures. If the pro-
cedures perform consistently over all mixes,
than the average statistics of the four runs
can be compared to determined which proecedure
produces the best results. If one procedure
is not consistent, then to determine which is
best requires the administrator to decide the
order of importance for the various measures
of performance. Weights can be assigned to
each measure, and with these weights the best
scheduling procedure can be selected.

IV, SCHEDULING ALTERNATIVES

SCHEDULE I - PS

The present scheduling system (PS) was
used to compare the various alternative pro-
cedures. There are 13 major examination
categories, each of which can be served by a
particular subset of examination rooms. Once
a subset is chosen, a decision is made at the
control desk to determine which room apatient
will enter. The decision is based on the
number of patients waiting for service in
front of each room contained in the subset.
These queues are represented by request cards
that are placed on an assignment board behind
the control desk. As the day progresses, the



board is updated and assignments are made
accordingly. A schematic diagram depicting
the queueing process is as follows:

ILLUSTRATION 2,
;
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Such a process does not give a true
picture of the amount of work in front of
each room. For example, in the schematic
room 5 would be selected despite the fact
that an IVP examination is contained in the
queue. This particular examination is a
lengthy one taking approximately 60 minutes.
Room 3 or 6 would be a better choice because
the queues contain relatively short exami-
nations. For this reason, patients experi-
ence excessive waits that could be eliminated
if the work load in each queue was taken in-
to account.

Schedule IT MWL

The first alternative scheduling pro-
cedure tested considered the queue mix and
work load when assignhing rooms. Given a
subset of rooms, a decision is made based
upon the expected amount of work in front of
each room, The gueueing process is similar
to the present system shown in Illustration
2. Instead of recording the number of pa-
tients waiting for a room, however, the a-
mount of work in front of each room is noted.
As a patient joins a particular gqueue his
mean processing time is added to a load vec-
tor that accumulates the mean or expected
work load for each room., This load vector
is updated as patients enter and leave ex-
amination rooms:. The patient is assigned
to the room with the minimum work load (MWL).

The MWL policy takes into consideration
the queue mix, and thus one can expect bet-
ter results with regard to waiting time.
What is not taken into account, however, is
the amount of processing time remaining for
the patient currently in the room at the
time a room assignment is being made. The
following example will clarify this point.
Suppose a decision has to be made between
two rooms whose work loads are 50 and 30
minutes respectively. Under the MWL policy
the room with 30 minutes of work in the gueue
is selected, however, of this 30 minutes the
patient currently being processed accounts
for 20 minutes. If this patient entered the

room 5 minutes ago, he has 15 minutes of pro-
cessing remaining. Therefore, the true amount
of waiting time for a patient joining this
queue is 10 + 15 = 25 minutes. Now consider
the 50 minute queue. Of this 50 minutes, the
patient in the room accounts for U5 minutes.
If he entered the.room 35 minutes earlier he
has 10 minutes of processing time remaining.
The true amount of waiting time in this case
is 5 + 10 = 15 minutes. The 50 minute queue
should be selected to minimize waiting time.
Under the MWL policy it is not selected be-
cause the remaining processing time of the
patient in the room is not taken into account.
As a result, even if the patient in the room
only has a few minutes of processing remain-
ing, his entire mean processing time is re-
presented in the load vector until the patient
leaves the examination room.

Schedule III - MWL

The MWL rule is adjusted to include re-
maining processing time of the patient cur-
rently being served at the time a roomassign-
ment is being made. This rule is referred to
as the modified minimum work load (MMWL). The
decision variable in this policy can be writ-
ten mathematically as follows:

Min Wi =Li -Pi+[ Pi- A&-5) 1"

where:

i is the set of all rooms that can
perform this examination.
Lj = the expected work load of each
gueue i for i = 1,2,...n
P{ = mean processing time of the pa-
tient currently in room i

A = current time of the patient re-
quiring a room assignment
S = examination starting time of the

patient currently in room i

If the term [Pj -~ (A—S)]+, representing
remaining processing time of the patient cur-
rently being served, is negative, then it is
considered to be 0 for decision purposes, and
just the mean processing time is subtracted
from the load vector. This adjustment is
necessary to allow for those times when an
examination exceeds its expected duration
(Pi). (In the simulation model the expected
processing times are random variables which
frequently exceed the expected value).

Schedule IV - CO

In all of the above scheduling proce-
dures patients joined multiple queues based
on examination type and queue size. Given
an examination category the patient is di-
rected to a particular subset of rooms cap-
able of performing the examination. The pa-
tient is assigned to the room that has the
smallest queue. Once assigned, the patient
remains in the same queue until his proces-
sing is complete. This procedure eliminates
the possibility of patients being assigned
to a different room if one happens to become
available. Theorectically, service would be
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_tients.

improved if all patients were served fromone
common queue {(CQ). To test this procedure
all patients who could not immediately be
served upon leaving the control desk were
placed on a waiting list. They are placed
on the list according to departure time from
the control desk. As rooms become available,
the waiting list is scanned to find the first
patiént whose examination requirements can be
met by the freed room. Thus, the order of
selection is first-come-first-served (FCES)
as patients leave the control desk. This
common queue policy allows for the inter-
changeability of rooms, and patients are not
restricted to one room if another becomes
available.

Schedule V - MCOQ

A modification of the CQ rule was tried
in order to minimize total time spent in the
department. As previously mentioned, input
to the department consists of inpatients and
outpatients. Inpatients arrival time is re-
corded when they report to the control desk.
Total time for inpatients is the interval be-
tween arrival at the control desk, and de-
parture after processing. Outpatients ar-
rival timeé is recorded when they report to
the reception desk. After data is collected
at the reception desk 80% of the outpatients
have to dress for the examinations. Because
of this preprocessing, outpatients usually
report to the control desk 15 minutes after
their arrival to the department. Conse-
quently, outpatients join the waiting line
for rooms behind inpatients who report di-
rectly to the control desk. As a result,
the outpatient, who arrived earlier, is
served after an inpatient who arrived at a
later point in time. This procedure (CQ)
tends to increase the total time of outpa-
To change this the CQ rule is modi-
fied by selecting from the gueue according
to arrival time. This rule gives priority
to those patients who arrived earlier to the
department, but were delayed prior to re-
porting to the control desk.

Schedule VI - SPT

As can be seen, the sequencing of pa-
tients through the system consists of two
separate decision processes, 1) the selec-
tion of a room in which to perform the ex-
amination, and 2) the selection of patients
from their respective gqueues. Room selec-
tion has been based on the number of pa-
tients in each queue and the amount of work
in each queue. Patients for the most part
have been selected from the gueues on a
first-come-first-served (FCFS) basis. The
PS and MWL rules required patients to join
multiple queues on a FCFS basis, while the
CQ rules had patients join a single queue
on a FCFS rule. To reduce average waiting
time of all patients the shortest-proces-
sing-time (SPT) discipline is evaluated.

Instead of selecting patients on a FCFS basis,
priority is given to those examinations with
small mean processing times. Highest priority
is assigned to those examinations with the
smallest mean processing time. SPT is re-
ported in the literature as a good scheduling
policy to minimize average waiting time and
total time in a system (1).

Schedule VII - TSPT

When applying the SPT rule, the lengthy
examinations run the risk of constantly being
preempted by shorter ones. This may result
in excessive delays for those patients whose
examinations require large amounts of pro-
cessing time. To avoid this, the SPT rule is
modified by a truncation process. A critical
limit for waiting time is established: Each
time a room becomes available the waiting
list is searched to see if any patient's
waiting time had reached this critical limit.
If so, this patient is given top priority
and selected from the queue. If the critical
limit has not been reached by any one patient,
the SPT selection process continues. The
critical 1limit serves as a control on waiting
time, it does not guarantee that all patients
will be served in this amount of time.

V. EVALUATION OF SCHEDULING PROCEDURES

In evaluating the various scheduling
procedures each measure of performance is
first analyzed separately to determine which
procedure produces the best results. After
each is examined séparateély, a combined
analysis is conducted to determine a best
procedure for all measures of performance.

The first performance measure analyzed
is patient waiting time. It can be evaluated
in terms of mean waiting time for all patients
and the distribution of these waiting times.
When evaluating the various scheduling pro-
cedures we cannot simply look at mean figures
because this alone does not indicate how the
department is operating. The objective of
this work is to reduce the waiting time of
all patients and at the same time eliminate
those patients who experience excessive de-
lays (greater than 60 nminutes)., The second
part of this objective requires a truncation
of the waiting time distribution. If the
mean waiting time remains the same while the
tail of the distribution is eliminated (re-
duce the number of patients whose wait ex-
ceeds 60 minutes) we can conclude that an
improvement has taken place. On the other
hand, if the tail is eliminated and mean
waiting time increases sharply, a judgmental
decision has to be made to determine whether
or not an iImprovement has occurred. Ideally,
the mean will decrease and the distribution
will be truncated. Total time spent in the
department can be analyzed in the same
fashion.
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Table 18 |
scheduling alternative,)
S MCQ cQ MWL MMWL SPT TSPT
WT1
oP 33 30 32 28 26 35 31
Ip 18 19 19 12 12 19 19
BOTH 23 23 23 18 17 24 23
WI2
opP 17 12 15 11 8 17 13
Ip 17 18 14 12 11 17 17
BOTH 17 16 17 11 . 10 18 16
T
op 79 77 78 75 72 81 77
IP, 62 65 67 57 56 63 66
BOTH 68 69 71 64 62 70 70
No. at
4:30PM 20 18 18 14 15 18 18

Table 1B Average Values Over Four Simulation Runs
for the Meagures of Performance in Table 14,

Table 1 presents data concerning mean
waiting time and mean total time in the de-
partment divided among inpatients and out-~
patients. Each number in the table is an
average for the 160 patients representing
one working day. Waiting time-is tabulated
in two ways. The first (WTl) measures the
interval from when a patient arrives to the
department until he starts his examination.
This includes all preprocessing of outpa-
tients. The second (WI2) excludes the pre-
processing and only measures the interval
from when a patient leaves the control desk
until he starts his examination. The divi-
sion of waiting time is necessary to note
the effects of various scheduling procedures
on outpatient waiting time.

For these measures of performance the
MMWL procedure produced the best results.
In the majority of cases this procedure re-
sulted in a mean waiting time that was less
than or equal to the mean time produced by
the other scheduling alternatives. The re-
duction in WT2 (compared to the present sys-
tem) over the U4 patient mixes ranged from
28% to 56% for all patients. The average
reduction for all 4 simulation runs was U1%,
This amounts to reducing waiting time 18.5
hours per working day. Since patient load
is expected to increase this freed time can
be used to process the additional workload.
The MWL policy produced results similar to
the MMWL in terms of mean performance mea-
surements. Additional simulation runs are
necessary to determine whether or not the
observed differences are statistically signi-
ficant. The MMWL and MWL procedures are

clearly better than the other scheduling al-

ternatives. The differences between the re-

maining 5 procedures ave slight, and it would
be difficult to say which, if any, is better

than another.

Table 1 also includes data pertaining to
the number of patients in the system at 4:30
PM., With regard to this measure, the MWL and
MMWL policies again seem to be superior to
the other scheduling alternatives. In one of
the U simulations, however, the TSPT rule pro-
duced a better result.

In.order to determine which procedure
performed the best in terms of the distri-
bution of waiting time (WI1l), the number of
patients who experienced waits in excess of
60 minutes was recorded. Results are shown
in Table 2.

PS  MCQ CQ ML MWL SPT  TSPT
Run 1 12 17 28 . 3 22 23
Run 2 18 20 - 2% 16 18 21 23
Run 3 9 18 19 8 8 15 11
Run 4 25 3 28 14 15 23 22
X 16 22 25 12 1 20 20

Table 2 Number of Patients Waiting Greater Than 60
Minutes to Receidve Service

The MWL policy performed consistently better
than the other alternatives over all Y simu-

-lation runs. The MMWL policy produced re-

sults close to those of the MWL policy. When
comparing the MWL and MMWL procedures with
the present policy (PS) the differences are
not as great as those observed in Table 1.
Here it seems that the PS performance can be
grouped with the MWL and MMWL procedures, and
not with the remaining alternatives which was
the case when analyzing mean waiting time and
mean total time.

Another way of intevpreting the distri-
bution of waiting time is to note the number
of patients who obtain service in a speci-
fied amount of time. If,for example, under
the PS alternative 95% of all patients re-
ceived service in 75 minutes or less, while
under the MWL policy 95% received service in
67 minutes or less, we can conclude that the
MWL policy is an Improvement in terms of trun-
cating the distribution of waiting time. Such
results are presented in Table 3.

Ps MCQ cQ MWL MMWL SPT TSPT

Run 1 60 75 90 60 52 105 90
Run 2 75 90 105 67 67 105 | 105
Run 3 60 97 90 60 55 82 67
Run 4 82 109 109 70 75 111 90

il

69 93 99 64 62 101 88

Table 3 Distribution of WIl (Numbers in the table
represent the amount of time in minutes
within which 95% of all patients received
gservice.)
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The MMWL and MWL alternatives have a greater
number of patients receiving service in a
shorter amount of time. The distribution of
total time was analyzed in the same fashion.
Results are shown in Table 4.

PSS MCQ CQ MWL MWL SPT  TSPT
Run 1 160 160 190 180 170 200 200
Run 2 160 180 180 167 160 190 180
Run 3 160 167 160 160 155 160 160
Run 4 170 190 177 180 - 173 200 190
X 163 174 177 172 165 188 183

|

Table 4 Distribution of TT (Numbers in the table
represent the amount of time in minutes
within which 95% of all patients were
in the system.) .

The PS produced the best results in terms

of this performance measurement, however,
differences between the PS and the MMWL and
MWL are small. Further experiments are
needéed to determine which policy is statisti-
cally better.

One final evaluation of the scheduling
procedures consisted of dividing the 13 ma-
jor examination categories into classes ac-
cording to their processing times. It may be
that administrators want to place emphasis
on those patients whose examinations are
short and therefore should not experience
long delays. The examinations were divided
into 3 classes and the mean waiting time
(WT1l) recorded. Results are shown in Table 5.

S MCQ C MWL MMWL  SPT TSPT

0-15 mins.| 22 24 25 17 16 27 22
16-45 wmins. | 27 25 25 20 20 27 28

> 45 mins, [ 25 25 28 27 29 26 29

Table V Mean Values of WT1 Over Four
fimulation Runs Divided into
Categories According to Expected
Processing Time

In the less than 15 minute category the MMWL
and MWL procedures produced the best results.
Again it was difficult to distinguish which
is the better of the two. The remaining
alternatives produced similar results with
the exception of the SPT rule which clearly
was the worst in this category. SPT in the-
ory should produce the best mean waiting
time, however, this result tends to diminish
as the flexibility of machine (room) selec-
tion increases (3). This seems to be the
case in the radiology department where ex-
aminations can be performed in several dif-
ferent examination rooms.

Similar results are found in the 16-U45
minute cdategory, bowever, the SPT rule cannot
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be declared the worst. In the greater than
45 minute category the differences are not as
great. The MCQ and PS procedures produce the
best results. The data in this category are
close enough to warrant further simulation
runs and statistical analysis to determine
the best procedure.

Based on the results presented in the
previous tables, each scheduling procedure
was ranked for the various measures of per-

. -
formance. These are listed in Table 6.
Maiting Tine | Mo, et 4:30m¢| > 50 mina, | 95% Complacad Sexvice | > 45 wine: §0-15atwe. | 16-45utne. |
Rk ; i
1 e, MWL MWL L HoO WL WL
2 WL L L L ” WL ne
3 we [~} ” ” T " "
4 ”wr s T T WL NeQ o«
s cQ McQ M Heq T ” ”
] ” TSPT TIT <« g ] TSPT
7 TIFT ” Q 3rr L 3T s
Toble & Ranked for “ach Heasure of

In all but one measure, the MWL and MMWL po-~
licies produced the best results. The dif-
ferences between these two procedures are
small., These two procedures showed marked im-
provement over the other 5 policies analyzed.
Among the remaining 5 policies no clear ran-
king over all measures was evident. Addi-
tional experiments with different patient
mixes and loads may indicate which is better,
but no statement can be made at this point.

When evaluating the various procedures,
attention has to be given to the feasibility
and cost of implementation. The CQ and MCQ
procedures can be implemented manually but
would require a considerable amount of book-
keeping and a means of scanning the entire
queue to see which types of examinations are
waiting. The patient whose characteristics
match the available room would be selected.
The SPT and TSPT procedures also could be im-
plemented manually with the TSPT rule re-
quiring some way to scan the queue for those
patients whose waiting time exceeded the cri-
tical limit. The MWL and MMWL rules would re-
quire a computer to constantly update the ex-
pected load vector. Since the analysis showed
little difference between these two, the MWL
policy should be the one selected since it re-
quires a simpler program to execute. A deci-
sion has to be made to determine whether or
not the reduction in waiting time brought a-
bout by the MWL and MMWL procedures is worth
the cost of implementation.
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