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ABSTRACT:

Modular building blocks are used to represent frequently
recurring operations in health facilities. These modules
permit the health analyst to describe a system under study
concisely at an adequate level of detail. Representative
health facility problems are modeled:

a. Parametric study of patient flow in an Air Force
radiology facility.

b. Emergency admission procedures.

c. Waiting lines for nursing home attendance.

Results of simulation runs are interpreted and examined in
terms of effectiveness of modeling procedures. Modeling
procedures are presented.

PLANNING NEEDS FOR HOSPITAL FACILITIES

Where is Planning Deficiency?

The effective utilization of hospital facilities is often
limited by congestion in a few critical areas. Congestion
of patient and material flows particular hamper the inter-
facing of the different treatment modes which converge
within the hospital. Remedial efforts in redesigning
health facilities and updating operations for treatment,
service and material handling routes frequently fail with
increased patient flux. Primarily because of improved
patient treatment modes, many hospitals now face a stagger-
ing task of updating their facilities to accommodate new
equipment and material flow.

To maintain adequate patient care, hospital management

and planning personnel must continually evaluate equipment,
functional relationships between departments, and patient
and physician flow. There is ample evidence that failure

to promptly identify potential congestion hazards in build-
ing design commonly impel building users to change
facilities to suit their needs, diverting rooms from their
intended use or avoiding areas that have no relevance to
their activities. All too often, shortcomings in traffic
flow through examination facilities are met by procuring
more facilities and more equipment. Until the concurrent
correction of design deficiencies is provided, this is
frequently a remedial solution. Support facilities, traf-
fic patterns, and patient management policies are factors
susceptible to operational analysis and deserve to be
considered to provide efficient utilization of equipment

and facilities. Reliable user-oriented modeling techniques,
which permit timely evaluation of decision options available
to hospital planning personnel, are at present lacking.

How Can Congestion be Detected and Examined?

Patient flow parameters depend upon facility layout con-
struction and on available equipment such as x-ray, emer-
gency stations, storage areas, and material conveyors.
Whenever hospital design proves inadequate, makeshift mea-
sures such as augmenting inadequate x-ray facilities with
portable equipment are the usual resort. Had the flow
patterns due to increased patient influx been simulated to
predict bottlenecks and slack areas in health facilities,
deficiencies in facility design and utilization could have
been detected before they occurred, thus alleviating the
need for costly remedial action afterwards. Obsolescence
and congestion present an ever-present threat to any
hospital facility. Its layout, location oflequipment and
services require constant vigilance by hospital management
of procedures and factors affecting the uti}ization of )
physical facilities. This necessitates eff1c@ent planning
techniques preceded by effective data collection and

analysis.

How is the Gap Between Management and the Systems Analyst
Bridged?

Modular modeling and simulation techniques to facilitate

data analysis and projection of needs prior to or concurrent

with systems planning, have been developed, which:

Serve the planner and operations manager and presupposes
no programming background,

Can help pinpoint design-induced bottlenecks, often from
the arthitect's sketches, before construction begins.

Provides a step-by-step description of patient/personnel
decision flow.

Allow consecutive updating in the event that modernization
or expansion programs become necessary.

Allow construction strategies to be quantitatively examined
by simulated parameter variation and, therefore,

Reduce costly mistakes in planning prior to implementation.

The modules to be discussed serve as a common communication
tool which facilitates a productive interdisciplinary team
approach among hospital administrators and their technical
staff. This is important since an increasing degree of ab-
straction exists when modeling organizational and patient
processing problems.

MODULAR NETWORK TERMINOLOGY
Currently Available Modeling Systems

Widely used modeling systems are denoted by such acronyms as:
GPSS - General Purpose Simulation System

GASP - General All-Purpose Simulation Programming

PERT - Program Evaluation and Review Technique

CPS - Critical Path Method

GERTS - an acronym for Graphical Evaluation and Review

Techniques for Simulation.

Some useful terms commonly used in GERTS are:

+ GERTS network - graphical network representing each
activity in the project as a branch and each event as a
node.

Branch - an activity relating to two successive events or
nodes .

Nodes - decision-making elements denoting events func-
tionally related by branches.

Realization - occurrence of the event represented by a node.

Release - realization of an event, exactly once, as an
entity transverses an activity branch to enter a node.

Scheduling an activity - initiating an activity along a
branch which departs from a node upon its realization.

In addition, this investigation will employ the following
terminology:

- Project - a one-time chain of events resulting in the
successive realization of an interrelated set of activities
and events.

Module - a subsystem consisting of several nodes and
branches to simulate a frequently recurring entity-
handling operation.

Queue - represents a holding action or temporary storage
in a waiting line.




+ Stochastic - a random phenomenon with predictable long-
run regularitics such as mecan value and stundard deviation.

Entity flow network - a graphical presentation of inter-
connected elements within the decision structure describ-
ing the flow of entities: decisions, information and
commoditics.

Nodes as Decision Making Elcments

Nodes provide decisions with propertics summarized in
Tables 1-3 using the following terminology.

Realization of a deterministic node causcs all output
activities emanating from the nodc to be scheduled.

Realization of a probabilistic node causes only one ran-

domly selected output branch to be scheduled.

The number of releases necded to realize a node of cither
of the above types is a user-prescribed parameter.

Nodes, user-specified as statistical nodes, count events
at strategically selected points in the nctwork compiling
statistical summaries on the time for realization.

The Q node provides a storage or waiting capability for
activities which are in progress and replaces the require-
ment of a prescribed number of releases in order to sche-
dule an output activity.

The term item represents an entity, a transaction, or an
information bit which arrives at a node to permit a ser-
vice activity.

Branches Representing Activities

When branches are initiated, the time for completion obeys
a prescribed time distribution which include: constant,
uniform, erlang, lognormal, poisson, beta, gamma, and beta
fitted to three parameters as in PERT.

Only one randomly selected output branch of a probabilistic
node is scheduled whenever it is realized. Thus a complete
exccution of the network may not include all activities in
the network. This feature, unique to the GERTS technique,
permits modeling probabilistic processes by direct insertion
of alternatives into the network structure. Each time an
activity or branch is realized, associated characteristics
such as total time incurred by execution of the complete
network arc then included.

Network Modification

The GERTS III Q program permits simulation of complex
queuing networks utilizing several unique features:

Network modification, structural alterations made while
the simulation is actually in progress.

Activity numbers are placed on particular branches to
identify activities whose completion will trigger switch-
ing actions, which restructure the network. Subsequent
activity realizations may, upon the user's option, be
utilized to revert to the original structure.

Removal, cancellation of all in-progress activities al-
ready scheduled into a node immediately upon its release,
may be requested by the user during problem input.

The Modular Library for Systems Planning

The library of modules provide a further step intended to
facilitate modeling with accuracy and versatility. ‘Modules
now in use havc been tested and are compatible not only
internally, but with all primitives utilized in GERTS 111 Q.

Table 47 lists the criteria to consider:

- the relationship between the number of entities incident
to a module and the number of entities emitted from the
module over a significant time interval;

the priority of flow of incident or emitted entities, for
example, patient traffic control; or the character of
emergency patient 'processing."

Other relevant factors such as delay.

These modules consist of four categories identified by
input/output relationships (Table JB).

Proliferative Modules - emits a greater number of
entitics

than the number of incoming impulses; function
as sources of entitics or as multipliers of the entity
flow.

Consolidative Modules - emit fewer entities than entered,

thereby consolidating the ontity flow.

h Modules - cntity flow is emitted altered

1y or storage.
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1Istraints.

priority e

Modular models have significant advantages over other
techniques:

+ they represent a standard and convenient translation from
concept to model

they constitute a user-oricnted technique which replaces
intuitive approaches of formulating models

they arc casicr to formulate than GERTS networks which
consist of interlinked deterministic and probabilistic
summing and sampling nodes

they constitute a step upward within a hierarchy of flow
modeling concepts

they closely rcsemble operations as they are perceived by
the unalyst

they allow an intimate correspondence between the modular
network and the entity flow network of the project

they reduce the modeling procedure to a succession of
""translations" from conceptualization through final com-
puter print-out.

Simulation Using Modular Components

Modular models permit assembly procedures which draw from a
library of standard network modules. For example, for a
modular representation of the hospital facility, architects
sketches often provide adequate data. Modular modeling
facilities experimentation with facilities modifications by
the hospital planning team.

Simulation modules, in common with other modeling techniques,
have these advantages:

* they prcsuppose no programming background

they provide an adaptive approach to systems analysis

+ they serve to evaluate the impact of alternative system
configurations

* they permit comparison of strategies for resource alloca-
tion

they provide visual display of system interrelations

they allow ready interjection of personal system knowledge

they assure proper recognition of levels of detail

they are adaptable appropriately to the intended utiliza-
tion, and

+ they are capable of consecutive updating.

Exploring alternative configurations provides insight into
hospital operations to help identify '"bottlenecks" and fore-
cast critical parameters without disturbing the physical
system.

Modeling Procedure
fseling Yrocedure
Four sequential steps identify:

a concept definition in words only describing the process,
Loncept definition

entity flow network depicts the entity flows through the
T B -
network,

the modular network is a translation of the entity flow
network with the aid of the library of modules and

the nodal metwork represents the modular network in which
each module is replaced by its GERTS micro network.

In a typical case of a hospital, the planning committee
#ould generate the concept definitions and, with the aid of
the systems analyst, the entity flow network. The modular



network is obtained by replacing concepts by modular net-
works from the library. An alternative view of this step

is a comparison with a 'dictionary" for translating concepts
into network modules.

The following examples provide a detailed procedure for
implementing this approach.

CASE STUDY: SIMULATION OF AN X-RAY FACILITY
Need for Simulation Study

Management of a recently completed Air Force hospital
located near Sacramento, California, recognized design de-
ficiencies impairing the efficiency of its Xx-ray department.
Obvious problems included inefficient facilities for cxami-
nation and film processing and an excessive main waiting
room. To identify subtler problems and to examine alter-
natives, the x-ray department was modeled using modular
networks. Repeated simulations based on strategies of
parameter changes blocked out performance envelopes over a
range of configurations.

Facility Structure and Patient Flow

The department provides adjunct diagnostic and therapeutic
radiology services as required for medical examinations and
radiologic treatment procedures. Examinations encompass
''routine' procedures as well as special diagnostic proce-
dures such as: intravenous pyelograms, upper G.I.'s or
gall bladder diagnosis which requires that the patient fast
or that he be injected with radio-opaque dyes.

The entity flow network (Figure 1) identifies eight sources
of patient flow through the x-ray department:

emergency unit orthopedics
dermatology surgery

medicine aerospace medicine
pediatrics psychiatry

An entering patient checks into the x-ray facility with the
clerk who validates the appointment. If the patient's
record is in order, he receives a number, is routed to the
main waiting room, and is assigned to one of three
categories:

Scheduled routine - This patient requires no pre-
examination treatment, such as injections of radio-

opaque dye. Typically the patient needs x-rays for broken
bones and is routinely seen on afternoons only.

Scheduled special procedure - This patient requires
special preparation for the x-ray examination such as
fasting prior to appointment or ingestion and injection
with contrast media. Special procedures require a 'scout'
x-ray which confirms that the patient has been properly
prepared and which must be proof-read by the radiologist
prior to this procedure. Examples include intravenous
pyelogram, barium enema, and upper G.I. tract examina-
tions. Special procedures are scheduled during morning
hours.

Non-scheduled emergency - The emergency patient always
has priority by preempting any routine and special proce-
dure patient.

Examination Facilities and Patient Flow

Examination facilities - There are three examination rooms,
one room for routine examination and two rooms for special
procedures. Emergency cases, however, are immediately
routed to any available room.

X-ray facilities - The patient is requircd to wait while
the x-rays are developed and 'proof-read" by technicians.
If there are technical errors, the x-ray is repeated.
Occasionally the dark room becomes inoperable, as when
waste water from the film processors overloads inadequately
planned plumbing, and usually occurs when paFient flow is
high. Also, x-ray films may become trapped in the tunne}
transporting them into the dark room from the three exami-

nation rooms.
Work flow in x-ray processing requires:

X-Ray Operations
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Receive patients from wards, emergency room and out-
patient medical clinic.

+ Make x-ray, cxamine by diagnostic procedures.

+ Process x-ray film.

+ Technician proof-reads film to identify technical errors.

. Radiologist cxamincs the film to determine extent and
internal pathology or injury.

Operational Parameters

Time parameters are described in Table 6.

Number of examination rooms.

Number of x-ray technicians.

Number of radiologists to examine x-rays.

Time to process x-ray film.

Time to proof-read x-ray film.

Time for radiologist to critique films.

Number of emergency radiology units.

Number of special radiology procedures.

Constructing the Modular Network

The modular network in Figure 2 is obtained by substituting
modules from the library of modules for the conceptual
description of the entity flow network. A subsequent second
translation replaces each modular network with a micro-
network composed of GERTS nodes. Modules in the network are
assigned parametric specifications such as time durations
for different activities, such as probabilities and arrival
rates.

Repeated program execution consists of Simulation and permits:

- Collection of statistic at key points in the system to
provide timely and pertinent information.

Evaluation of critical parameters, such as queuing lengths
or typical processing times or average busy time for each
work station.

Identification of bottlenecks and slack areas.

Forecast of performance under modified conditions, such
as the addition of more technicians or of more x-ray rooms.

Interpretation of Simulation Runs

To validate the model several simulations were run for each
month. Table 5 shows patient flow into the x-ray facility
for April, May and June, which are representative of monthly
patient flow fluctuations. After the model was validated,
tentative parameter adjustments were made to anticipate and
ameliorate design induced bottlenecks. Parameter experi-
mentation consisted of:

holding the number of exam rooms constant and varying the
patient load within the context of monthly fluctuations,
and

augmenting the number of examination rooms with patient
fluctuations for April, May and June.

By assuming that the x-ray rooms and the number of techni-
cians and radiologists remain the same, it was possible to
determine the effects of monthly patient fluctuations on
the average waiting line and the average service time.
Figures 3 and 4 chart variations in the average number of
patients waiting to bc examined over a three month period.
Figure 4 shows that the number of cmergency, routine and
special procedure patients awaiting examination declines
substantially,

Recommendations for Improvements

A. Waiting times can be substantially reduced by increasing
the number of examination rooms to four. This is
especially significant for the emergency patient who
requires immediate access to examination. Moreover,
expansion of the examination facility will prevent a
potentially serious bottleneck anticipated from projected
population increase. Such increases in patient load,
however, were not simulated.



B. Facility expansion within the scope of present structural
characteristics is possible. The floor plan for the x-
ray unit, Figure 5, provides sufficient space to expand.
Two space options for construction of a new examination
room are noted:

- use part of the excessively large waiting room or

+ utilize the seldom used interior court adjacent to the
x-ray faciltiy.

C. The addition of portable x-ray equipment was suggested
but provides at best a partial solution for the correc-
tion of design deficiencies cited. Support facilities,
traffic patterns, and patient management are essential
to efficient utilization of equipment and should be
accorded appropriate recognition as early as feasible in
the planning cycle.

CONCEPTUAL STUDY: EMERGENCY ADMISSION PROCEDURES

The decision structure for emergency processing is detailed
in a form suitable for modular translation.

Functions - The emergency room is the entry point for three
types of patients:

emergency out-patient and psychiatric

The patient arrives at the emergency unit either (1) on his
physician's orders or (2) because he needs emergency
treatment.

Emergency Record - The clerk compiles available requisite

information including the patient's physical condition and
insurance coverage. Persons without insurance or lacking

sufficient funds are routed to a social worker.

Para-Medical Screening - The patient without an apparently
serious condition is seated in the waiting room. Patients
with serious problems are routed to immediate treatment.
Access to treatment by a low priority patient is preempted
whenever a seriously ill patient enters.

Physician-Decision Flow - After a brief waiting period, the
patient sees the emergency physician who establishes a
diagnosis and administers treatment upon his discretion.

Discharge-Decision Flow - Patients who require no hospital-
ization arrange payment for services after emergency treat-
ment in accord with business office procedures before
leaving the hospital.

Modular Translation - Figure 6 describes patient flow
through the emergency unit. This is translated in terms of
network modules (Figure 7). Modules are then assigned
parametric values such as time intervals for specific ser-
vices, probability that an activity is initiated and patient
arrival rates.

TUTORIAL STUDY: NURSING HOME QUEUING MODEL

This example is intended to demonstrate by a simple appli-
cation how modules serve as elementary building blocks for
modeling. A model must be initially simple and can be
expanded later as greater detail is required. Thus the
model of a nursing home is here represented only by its
essential waiting line characteristics:

- Patient Arrivals
- Patient Queues
+ Average time patient stayvs, and

- Nursing care requirements.

Assumptions about Model

A. Characteristics governing arrivals

- Random rate of arrivals governed by the poisson dis-
tribution with a mean of about two days.

« Time to admit new patients ranges uniformly from half
to a full day.

B. Characteristics governing length of stay

+ 30% of the patients require 30-170 days of skilled
nursing care

- 50% of the patients require 10-110 days of intermediate
nursing care
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.« 20% of the patients require 40-600 days of long term
care

. Patients are admitted only as beds become available.

C. Characteristics governing flow

The entity flow network modular and nodal networks in
Figures 8 and 9 describe the activity of the nursing
home. The nodal network is described in Figure 10. The
parameters are described in Table 8. Statistics are
collected at critical points in the system by statistical
sampling nodes which are described in Table 9.
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TABLE 1

PURPOSE

SYMBOL

PAPANETERS

SOURCE 'NNDE

N - NODE NUMBER

NO. OF ACTIVITIES
A - FOR INITIAL
REALIZATION

NO. OF ACTIVITIES

N B - FOR SUBSEQUENT
SINK NODE REALIZATION
TACLE 2. EVENT NODES
OUTPUT SYMBOL PARAMETERS

DETERMINISTIC

PROBABILISTIC

N - NODE NUMBER

NO. OF ACTIVITIES
A - FOR INITIAL
REALIZATION

NO. OF ACTIVITIES
B - FOR SUBSEQUENT
REALIZATION
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TABLE 3.

QUEUE NODES

OUTPUT

PARAMETERS

PROBABILISTIC

DETERMINISTIC

PRO

BABILISTIC

N - NODE NUMBER

A - INITIAL NUMBER
[N QUEUE

B - MAXIMUM NUMBER
ALLOWED IN QUEUE

PROLIFERATIVE

CHANNELED

FLOW-THROUGH

CONSOLIDATE

TABLE 4B.

NETWORK MODULES

[ = MobuLe ID NumBeR

D = DiversioN DESTINATION

C = Maximum CaPACITY

PROLIFERATE NUMBER

ConsoLIDATE NUMBER

NP K

sy MU P K

4 W L ;
<:; T N <:Z : 1 D N -"3;7 1

Yy

—~

SRPG 1 FPG 00PG
:\\ >3 . N
11 <: 1
s DIST [T SELE | P ROWY T
- 1 > > 1 >4 1 >
DELY | ~JOVFL s STRG
1 T | 771 nc_\V
tPack ASSR
> L '> v
—n]1 1

A 0T
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PATIENTS ATRIL 1971 AL JONE 1974
EMERGEISY 1038 259 1137 377 831 304
REGULAR 1228 30% 1153 387 1:460| 50%
SPECIAL 3
PROCEDURE 1570 | Uus7 775] 257 SU7| 20%
TOTAL 4107 | 1007 3064) 100% 2738|1004
TARLE £
TIME FARAMETERZ (MI!IUTES)
MINUTES MIH.] A DISTRIBUTION OPERATIO!
T1 r=15.
POISSOl Patient Arrivals
T2 0. 0. CONSTANT Branch time beftween substates
TS 2. 5. UNIFORM Reception
Tu 10. 20. UNIFORM Routine waiting time
T5 10. 4o0. UNIFORM Special waiting time
T6 5. 15. IITFORM Time to retake f{ilm
T7 5. 20. JIIR0ORM Time for routine or scout film
T8 15. 40. Time for special procedure film
TAELE 2
ACTIVITY PRIFILE FOR IURSIING HOME MODEL
BRANCHES PARAMETER
NO ODUAL (n-m) Pnb (Days) DEFINITION
1 SREG 3-3 1.0 1-2 Generates 100 patient arrivals
Hone 4-5 1.0 .5-1 Admittance delay
2 APOT 5-9 0.3 0 Prob. of required skilled care
5-11 0.5 0 Prob. of required intermediate
care
— 5-13 0.2 0 Prob. of Gen. long term care
3 DELY 5-10 1.0 30-179 Time for skilled care
4y DELY 11-12 1.0 19-119 Time for intermediate care
5 DELY 15-14 1.0 90-600 Time for Gen. long term care
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TARLLE 9

STATLSTICS NODES
Sg?E ;5;% ACTIVITY
4 Q Fatients walting ror service and gates input
according to patient discharge
6 Q Patients waiting for skilled care
7 Q Patients waiting for intermediate care
3 Q Patients waiting for general care
10 Interval | X, 34, Min-Max time for skilled care
12 Interval | X, Sd, Min-Max time for intermediate care
14 Interval | %, Sd, Min-Max time for general care
15 Sampling | ¥, 24, Min-Max time between patient release
16 Sink X, Sd, Min-Max time to process 100 patients and
terminates program.

ROOM 1
ROUTTHE

ERROR
IM FILM

AERGCELTE I RECEPTION WAITING L ROOM 2 WALTING
MEDICINZ FEDLATRIC | P pezy ] Room 1 1 oPEcTAL Room 2
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FIGURE 1 - X-RAY ENTITY FLOW NETWORK
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