SIMULATION ANALYSIS OF AN AUTOMATED HOSPITAL MATERIALS HANDLING SYSTEM

ABSTRACT

A prototype simulation of the operations of an
automated hospital materials handling system is
constructed in GASP IV to investigate the feasi-
bility of the modeling scheme employed and to
evaluate some alternative rules to be used in
system operation. This paper describes the struc-
ture used in the model and illustrates two types
of investigations and operation of the actual
system.

INTRODUCTION

The COhio State University Hospitals is a 1,000 bed
teaching institute serving as the major referral
center for Central and Southeastern Ohio. The
services available include twenty-six surgical and
medical specialties, comprehensive psychiatric
treatment programs and long term physical medicine
and rehabilitation services. The Hospital operates
on an annual budget of $70,000,000 and currently
employs 3,500 full time equivalent personnel.
Admissions total more than 29,000 resulting in
over 300,000 patient days and outpatient visits
exceed 250,000 yearly.

In the Summer of 1975, OSU Hospitals began con-
struction on a major building program. The pri-
mary objectives of the program are to increase
the clinical facilities to match the increased
medical class size in the College of Medicine,

to increase and improve the number of specialized
and ancillary treatment services available and to
replace some obsolete inpatient facilities. An
integral part of the building program is instal-
lation of an automated Materials Handling System
(MHS) which will transport nearly all of the com-
modities utilized in patient care for the in-
patient medical and surgical facility. The Mate-
rials Handling System is designed to reduce costs
of material handling, to improve the availability
of needed supplies and to enhance the operation
of currently decentralized functions which will be
consolidated in the ground floor of the new facil-
ity. Basically, these functions are receiving
and break out of supplies, storage of bulk and
processed goods, linen storage and distribution
and processing of central sterile supplies and
operating room instruments.
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MATERIALS HANDLING SYSTEM DESCRIPTION

The MHS is totally automated in the sense that it
will transport commodities in carts from the
ground floor to all user levels, floors 2 through
11, utilizing both horizontal and vertical trans-
port components. Horizontal transportation of the
carts is accomplished on a monorail system which
will exist throughout the ground floor of the new
and old facility. Figure 1 is a layout of the
ground floor which illustrates the location of

the functional areas and the monorail system which
will interconnect these functions and the user
levels. The ground floor is divided into basically
two areas; a soiled area and a clean area. Nearly
all of the commodities arriving at the hospital
will be received at the loading dock, distributed
to the clean storage and processing areas and
eventually will be distributed to the user levels.
The soiled or "decontamination” area on the ground
floor will process all of the trash and soiled
Tinen, the soiled meal trays and all reusable in-
struments returned from the user levels.

Vertical transportation of the carts will be
accomplished with six dedicated elevators or Tifts.
Four of these 1ifts will service all user levels
and two 1ifts will be dedicated to service the
Operating Rooms, the Emergency Room and the cafe-
teria annex. On the user levels, transportation

of all carts will be accomplished manually. There-
fore, the 1ift system must be able to make a trans-
ition between floors which have a monorail system
and the floors which do not have a monorail system.
This is accomplished with an inject/eject mecha-
nism, a device which extends from the bottom of

‘the 1ift to pick up or deposit carts in front of

the Tift on the user levels. On the ground floor,
the cart will be accepted from or placed on the
monorail system by the 1ifts.

A wide variety of commodities will be transported
on the Materials Handling System. It is antici-
pated that on any given day, approximately 2700
cart moves will occur. Fiqure 2 illustrates a
complete cycle, composed of four cart moves, for
commodities which will be transported from Central
Sterile Supply to the user levels and returned to
decontamination. A cart begins in the clean cart
holding area and moves to Central Sterile Supply
area. At this point, the commodities ‘for the
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Materials Handling Simulation (continued)

FIGURE 1
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user levels are loaded on the cart. The cart is
then transported to the user level. At the user
Tevel, the cart is unloaded and held to return
soiled items at a later time. When the cart re-
turns with soiled items, it is unloaded in the de-
contamination area. The reprocessible items are
placed in the sterilizer system, trash is held for
pick up, and the cart is sent to the cart proces-
sor to be returned to the clean cart holding area.
Similar commodity cycles exist for general stores
jtems, patient meals, pharmaceuticals, 1inen and
miscellaneous other products.

The carts. specified for this system will be open
carts of four basic types all approximately 2'
wide, 4.5' Tong and §' high. The first type is
the surgical case cart which will be utilized to
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transport surgical instruments and other products
necessary for one complete surgical procedure. The
second type of cart is a dietary tray cart, speci-
fically designed to transport 18 individual meal
trays for patients. The third type of cart is a
general purpose cart which will be used to trans-
port a wide variety of commodities including gen-
eral and central sterile supply products. The
fourth type of cart, which is similar to the gen-
eral supply cart, is the Tinen cart which will
transport all clean and soiled linens. The dietary
and surgical case carts are designed to be one half
the length of a general purpose or linen cart and
can be transported either in tandem (two carts end
to end) or singly on the MHS.



FIGURE 2
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PROBLEM ORIENTATION

The Ohio State University Hospitals is faced with
several major decisions related to the start up and
operation of the Materials Handling System.
the design constraints of the MHS and the architec-
tural features of the facility, the following are
four major areas which need to be addressed:

1) The number of carts to be purchased.

2) Designation of a commodity shipment
schedule.

3) Ident1f1cat1on of Tabor resources requ1red
to operate the system, and

4) Specification of alternative operating
procedures when certain components of
the MHS are inoperable.

Given .

The cart purchase decision is a capital investment
decision. If enough carts are not purchased, the
system will not be able to meet commodity shipment
schedules and it is expected that an excessive num-
ber of personnel will be necessary to keep carts
moving rather than sitting idle at some process
point in the system. On the other hand, if too
many carts are purchased, excessive capital will be
tied up in the system, which could be better uti-
1ized on other projects. Specification of labor
resources required to operate the system is comple-
mentary to the cart purchase decision. If not
enough personnel are available to operate the 'sys-
tem, commodities may not be delivered at their ap-
propriate destination on time, if at all, and if
too many personnel are allocated to the system,
this too is a misuse of Timited funds.

The MHS will be available for a diverse group of
ancillary and support services. The hospital
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Materials Handling Simulation (continued)

management wishes to accommodate these departments
by providing them the opportunity to request de-
sired delivery schedules. Once all of the users
have specified what they would 1ike to see as
their desired utilization of the system, it will
be necessary to ascertain whether the system, as

a whole, will be able to handle the commodity vol-
ume during the hours of operation and if the sys-
tem will in fact be balanced as far as utilization
of personnet.

The final decision which must be evaluated is how
the system will operate during periods in which
redundant components of the system are inoperable.
These components are the parallel 1ifts to the
user levels and the two cart processors which wash
and dry soiled carts and return them to the clean
holding area. The total system need not shut down
if one of these components is unavailable for ser-
vice. However, shipments may have to be reduced
or held depending upon the system demand and .com~
modity priority.

Due to the size and complexity of the Materials
Handling System and the volume of commodities

which will be transported on this system, the Of-
fice of Planning and Development and the Hospital
Administration has elected to construct a simula-
tion model to assist in evaluation of the system
operation prior to its actual implementation. Such
a model would be utilized in the planning phases of
the system operation to address the four problems
stated above. Once the MHS becomes operational,
the simulation model will be used to replicate the
actual system and to test alternative operating
procedures to fine tune the MHS and reduce oper-
ating costs in the long run. The Materials Hand-
1ing System is a major capital expenditure and an
integral part of the new inpatient facility. It

is imperative that successful start up and reliable
operation of the system occur in order to gain the
confidence of the many users and to meet the needs

of material distribution throughout the institution.

PROTOTYPE MATERIALS HANDLING SYSTEM

When faced with the problem of developing a simu-
lation model of the Materials Handling System, the
management engineering team considered several fac-
tors in selecting a project plan or strategy.
First of all, it is important to- develop a model
which will lend itself to the analysis of the four
basic issues stated in the previous section. Sec-
ond, it is important to develop a model which will
be used as an educational tool for the various
users within the Hospital. Third, the model must
be looked upon as a credible source for reliable
information in developing implementation plans.
Finally, it is necessary to construct a model
which could handle the complexity and size of the
Materials Handling System, yet be adaptable and
easily usable on an IBM model 370/158 which was
available in the Hospital Computer Center.

The management engineering team decided to start

with a simulation model of a prototype Materials
Handling System. It was necessary to develop a
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prototype system which would retain as many of the
characteristics of the actual system as possible,
yet be much smaller in scope, such that a variety
of alternative modeling techniques could be easily
evaluated. It was also hoped that by beginping
with a model of a prototype system, it would be
possible to transfer results and insights gained

at this level, when the model of the actual MHS

was constructed. Finally, using this approach
would be a convenient method of educating the ad-
ministrative and department head staff about the
new MHS and the methods of simulation analysis. It
is very important that this group thoroughly under-
stand the implications of decisions which they make
and how they relate to the actual operation of the
MHS.

The prototype system is designed to retain as many
of the characteristics of the actual MHS as possible
yet be much smaller in scope. Figure 3 is a layout
of the ground floor of the prototype Materials Hand-
ling System. There are three functional areas on
the ground floor of this system; a dietary station,
a processed stores station, (both on the clean side
of the system) and the decontamination area which
composes the soiled side of the system. In addition,
there is one cart processor, which processes carts
from the soiled side to the clean side and one ver-
tical Tift which transports carts from the ground
floor to the user levels. The prototype system is
designed with two user levels. These are patient
floors with a variable number of beds (typically
150-200 beds per floor).

The monorajl system on the ground floor consists of
two powered loops which transports carts from point
to point. Physically, carts will transition between
the powered monorail tracks, the vertical 1ift, the
cart processor and all process stations via gravity
flow tracks. Carts will travel from their origin

to their destination by the decision points in the
system. These points are numbered one through four-
teen. An example sequence of a cart traveling from
processed stores to floor 2 would be the decision
points 13-9-11-14-1-2. Likewise, carts returning
from the user levels would be sent to the soiled
side, unloaded and then sent to the clean side
through the cart processor.

Each of the process points in the system, i.e. proc-
essed stores, dietary, decontamination and the user
levels 2 and 3, are characterized by a set of vari-
ables. First is the number of servers available

by hour of the day- to process carts, second is the
maximum number of empty carts to be held at that
location by hour of the day and third is the mini-
mum number of empty carts to be held at that loca-
tion by the hour of the day. It is. assumed, in
this model, that each process point on the ground
floor has an infinite entry and exit queue for
carts. on the track.

The 1ift must transition between the ground floor
which has a monorail system and the user levels
which do not. Therefore, the 1ift is designed to
operate with an inject/eject device similar to the
actual MHS. On the ground floor, the entry queue
to the 1ift will hold a maximum of three carts and
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the exit queue will hold six carts. On the user
Tevels where no monorail system exists, the entry
queue is restricted to one cart. The exit queue
however, is specified to hold a maximum of two
carts. When this queue becomes full, the 1ift will
not eject another cart at this location but will
stop at this location and go into a holding mode.

Carts that must transition from the soiled to the
clean side of the ground floor do so through the
cart processor. The entry queue to this processor
is four carts long. The cart processor itself con-
sists of two sequential chambers. The first cham-
ber is a wash chamber, the second chamber is a dry
- chamber. Carts can be processed concurrently in
each of these chambers and the cycle time is a
variable, assumed to be two minutes in the proto-
type system design. The exit queue for the cart
processor is unlimited.

In the prototype model, two types of carts are
specified; a dietary tray cart, which transports
patient trays, and a general purpose cart which
transports all other commodities. The dietary tray
carts are marshalled or held at the dietary proces-
sing Tocation when not in use and the general pur-
pose carts are marshalled in the processed stores
area when not in use.

At each process point in the system, servers are
utilized to Toad and unload carts and ultimately
transport the commodities to their destination.

The servers are an important component of the pro-
totype system analysis. For each commodity, a load
and unload time is defined. In some situations,
the server is responsible for loading the cart as
well as placing the cart on the system, in other .

cases, the server simply gets the cart, already
loaded, from an inventory location and places it
on the system for transportation. At the unload
point or destination, a similar situation occurs.
The server may be responsible for delivering the
cart to the floor personnel or the server may be
responsible for unloading and distributing the
commodity.

On the ground floor of the facility, servers are
primarily responsible for three activities. The
first is the loading of carts, the second is the
unloading of carts and the third is placing carts
on the system for track entry. At the user level,
the server has several more responsibilities. In
addition to Toading and unloading carts, the server -
must also Toad and unload the 1ift. A disadvantage
of the inject/eject device on the 1ift is the maxi-
mum exit queue capacity of two carts. A fundamen-
tal responsibility of the servers on the user level
is to ensure that the exit queue for the 1ift re-
mains clear or at most has one cart in queue so the
T1ift is not delayed. Since it is possible to place
only one cart at a time in the entry queue for a
1ift, the servers must return to place each sub-
sequent cart in front of the Tift and call the 1ift
by specifying the destination of the cart.

The volume of work at each process point in the sys-
tem changes by hour of the day. The workload is
dependent upon the commodity schedule, cart availa-
bility and system congestion at that particular
time. There are several alternatives to managing
the server workloads at the various locations.

First of all, it might be possible to alter the
commodity delivery schedules to smooth out the work-
load at the various locations. Second, it might be
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Materials Handling Simulation (continued)

possible to move servers from point to point as the
workload changes at the various process points.
Third, empty carts could be held at the process
Tocations to reduce unavailability of carts when
needed. Finally, it might be possible to use a
combination of these strategies to reduce the in-
convenience or ineffeciency in the operation of the
user departments and patient floors.

The prototype MHS is designed to transport nine
commodities in a twelve hour operating day. The
commodities are similar to the commodities which
will be transported on the actual MHS. Table One
defines the commodities which will be transported
and specifies the periods in which the commodities
must be delivered. The volume of commodities de-
Tivered daily is a function of the hospital census.
Commodity volumes do not change drastically with
small changes in the census, however significant
variations do occur throughout the weekly cycle

of the hospital census.

SIMULATION MODEL

The simulation model developed to evaluate the pro-
totype Materials Handling System is programmed uti-

1izing a Fortran based simulation language, GASP IV.

The simulation is run on the University Hospital
computer, an IBM 370/158, with an 0S/VS2 release
1.7 operating system. The simulation typically
executes in a region of 192K and requires

TABLE 1

COMMODITY HOURS .OF TRANSPORT
PATIENT TRAYS

Breakfast 8:00 a.m. - 9:30.a.m.

Lunch 11:30 a.m. - 1:00 p.m.

Dinner 4:30 p.m. - 6:00 p.m.
SOILED TRAYS

Breakfast 9:00 a.m. - 10:30 a.m

Ltunch 1:00 p.m. - 2:30 p.m

Dinner 6:00 p.m. - 7:30 p.m
CLEAN LINEN

AM 9:00 a.m. - 11:00 a.m.

PM 12:30 p.m. - 2:30 p.m.
SOILED LINEN 10:00 a.m. - 4:00 p.m.
CENTRAL STERILE SUPPLIES

AM 8:00 a.m. -~ 10:00 a.m

PM 4:00 p.m. ~ 6:30 p.m

As Needed 9:00 a.m. -~ 5:00 p.m
TRASH

AM 8:00 a.m. - 11:00 a.m.

PH 3:00 p.m. -~ 7:30 p.m.
GENERAL STORES SUPPLIES 9:00 a.m. - 1:00 p.m.
SURGICAL CASE CARTS 8:00 a.m. - 12:00 Noon
SOILED CASE CARTS 10:00 d.m. - 2:00 p.m.
EMPTY CARTS ALL DAY
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approximately 7 1/2 minutes CPU time to simulate

30 days of activity. The model is an event-oriented
simulation with 13 system related events and one
event for data collection and parameter changes.
Table Two is a 1ist of the events and a short des-
cription of each.

Much of the operation of the Materials Handling Sys-
tem is deterministic in nature, that is, the travel
time for carts between decision points and the tra-
vel time for the 1ift between floors is determined
by the design of the system. Randomness is intro-
duced into the model in five ways.

1) The time of the initial load request
for each commodity,

2) The time between subsequent load
requests for each commodity,

3) The time required to load or unload
each commodity in the system,

4) The census of the hospital for each
simulated day, and

5) The time to accomplish a track entry
event from a gravity rail to a powered
rail (given a known number of carts
already on the powered rail and the
maximum capacity of the powered rail).

The model utilizes 5 random number streams, one for
each of the above methods of introducing variation.

The prototype Materials Handling System is designed
to operate 12 hours on any given day. The commod-
ity schedule is specified such that the system
begins at rest, executes all of its deliveries
within the 12 hour period, and at the end of that
time, the system is essentially at rest again.

The same distribution of empty carts at the end of
a day is assumed to exist the next morning when the
system again begins operation. The simulation mod-
el simulates consecutive 12 hour periods of materi-
als handling system activity, each 12 hour period
corresponding to one work day. For convenience and
completeness of statistical information, the simu-
lation must beqgin at the start of a 12 hour day and
must end at the conclusion of a 12 hour day. With
this type of design, it is possible to evaluate the
MHS operation in two distinct fashions. First, it
is possible to simulate a sequence of similar 12
hour MHS days. Secondly, it is possible to simu-
late one or more sequences of seven consecutive 12
hour MHS days which might represent a weekly cycle
of operation in the hospital.

Several parameters are of particular interest in
the design of the prototype MHS. It is important
to be able to specify the number of servers at the
various processing points in the system. It is
also important to specify inventory levels of carts
at each particular processing point. The simulation
model allows the possibility of scheduling servers
and inventory levels for all types of carts on an
hourly basis at each processing point. "Additional




TABLE 2

TABLE 2 (Contd.

SIMULATION EVENTS EODRY ~ This event is specific.to the cart pro-

24ULATAUN LIEAD «<essor. The cart in the dry chamber s
-ejected and a TRKENT event is scheduled or
ihe cart is queued for track entry. If a
:cart s queued-for :the .dry chamber, an EQDRY
event. is scheduled.. If-a cart is.queued for
the wash .chamber, an-:EQHSH is :also.scheduled.

-7 LODREQ - The -event is commodity specific. The
X »subroutine schedules the next LODREQ, and
<.schedules an ENDLOD event if.both servers
. and empty carts are available at ‘the process
- =location. If.either a server or cart-is not
available, the.event is.queued in an appro-
-priate file, AENDLOD -'This;event;ﬁs location specific, 1f the
ocation is a user level, either the cart is
scheduled for a LFTLOD or CALIFT event depend-
ing on the 1ift entry queue. If the location
1s on the ground floor, the cart is either
queued for a track entry event or a TRKENT
.event is scheduled if the queue is empty.

SERVAV - The event is location specific. When
a server becomes available and events are
queued for the server, work is selected on
a first come, first serve basis. If no
work is available, the server becomes idle.

MOVCRT - The event is cart specific. If the
cart has arrived at its destination, a
CRTREC event is scheduled, otherwise the
next decision point is determined and a
MOVCRT event is scheduled. If the next
decision point is located on a power-free
or gravity rail, the appropriate event is
scheduled (i.e. call the 1ift, cart wash,
track entry, etc.).

LFTLOD - This event .is specific to the user levels.
If a server is available, a CALIFT event is
scheduled, otherwise the LFTLOD event is
queued, pending server availability.

HRCHG - This event is utilized to change server
and specified cart inventory levels at each
Tocation by hour of the day. Statistics are
also collected to measure system performance
for the previous hour's activity.

TRKENT - The event is location specific. The
’ next decision point is determined for the
cart and a.MOVCRT event is scheduled. If
the loop is at full'capacity, this TRKENT
event is rescheduled and no other activity

.parameters which the simulation medel requires are
an origin/destination matrix (14 x 14) which de-

.scheduled. If a second cart is waiting for
track entry, the time to that event is
determined by the current capacity of the
‘power rail loop. .

CALIFT - The event is location specific. If
the 1ift is busy, the event is queued for
the 1ift. If the 1ift is idle, the time
is determined to ‘deliver the cart based
upon the cart's location and destination
and the 1ifts current Jocation. An UNLDLF
event is scheduled, given the time required
to deliver the cart.”

UNLDLF - The event is location specific. If the
exit queue at the 1ift destination is full,
the 1ift is placed in a holding mode at the
location. If the cart can be ejected, a
CRTREC or TRKENT event is scheduled and the
1ift will look for other CALIFT events.

CRTREC - The event is location specific. If a
server is available, the time to unload the
cart is determiried and an EMPTY and SERVAV
event scheduled, If no server is available,
the event is queued. ’

EMPTY - The event is location and cart specific.
If there is an outstanding request for an
empty car (of this type) at this location,
the cart is made available for the outstand-
ing request. If no outstanding requests exist,
the cart is placed in inventory at this loca-
tion, or sent to the marshalling area on the
ground floor.

EODAY - This is an end of day event. It is uti-

~ lized to schedule the first LODREQ for each
commodity for the next day, and the maximum
number of each commodity to be sent. Various
statistics are also collected at this time.

EOWSH - This event is specific to the cart pro-
cessor. If the dry chamber 0f the processor
is empty, an- EODRY event is scheduled, other-
wise the cart is held for a few seconds until

u. the current EODRY.event occurs.

EA

fines the next location for the cart given the cur-
rent location and ultimate destination, and a ma-
trix (14 x 14) which specifies the time to travel
from a given point in the system to the next deci-
sion point. Each of ‘the nine commodities to be
transported on the system have six associated para-
meters. Two of the parameters, alpha and beta, are
parameters of the Erlang distribution used to deter-
mine the time between load requests for that com-
modity. Two other parameters are the start and
stop times for each commodity as defined in the com-
modity shipment schedule, Table One. Finally, it
is necessary to provide an estimate of the load and
unload times as an average for each commodity as it
will be handied by the MHS personnel. The load or
unload times are not necessarily the time to load
or unload the cart, but simply the time required of
the server to handle the commodity either at the
origin or destination on the Materials Handling
System. Finally, it is necessary to provide an
estimate of the expected hospital census as a per-
cent of the total beds available for a seven day
period. The simulation will repeat the occupancy
sequence until reaching the time specified to
terminate the simulation.

ANALYSIS OF SIMULATION RESULTS

As noted at the start of this paper, a primary ob-
jective of the MHS simulation is to assist in de-
termining the levels of equipment and personnel

required for efficient, balanced operation of the
system. In working with the prototype simulation,

our objective has been to gain information about

the general operating characteristics of the system

-and to:begin-an investigation-of:the.alternatives

in:cart supplys personnel. reguinements, -and -com-

.modity fhow sehedules:that.will shelp to 1imit the

rangerof-alternatives that must.be ultimately eval-
uated-with the use of the more expensive simulation
of the actual system. In addition, we rhave used
the prototype simulation to evaluate the perform-
ance of the simulation model and to aid in our
understanding of the amount of detail that must
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Materials Handling Simulation (continued) ,

be included in the larger simulation in order to
adequately indicate the performance of the actual
system.

In this section, we discuss our initial investiga-~
tion 'of the cart and personnel allocation problems
as performed with the prototype model. Each of the
prototype simulation runs spans a period of 12
hours for 30 simulated days. Thé average number
of commodity moves during a simulated day is 263
(roughly 20% of the anticipated moves in the actual
fuli-scale system), utilization of the cart pro-
cessor is approximately 6.5 hours per day (53%),
and the 1ift is utilized about 7.0 hours per simu-
lated day (58%).1in all of the simulation trials.

CART ALLOCATION

In order to maintain the level of delay in ship-
ments at a reasonable level, it appears that some
system of allocating carts to the various load
generating stations is necessary. Use of a cart
allocation policy to anticipate future demands for
shipment from a point also tend to reduce the num-
ber of empty cdart moves through the system. In
the prototype system, cart allocation rules are
applicable only on the user levels, floors 2 and
3, and only for the general purpose carts. (Diet-
ary carts are transported on an exchange basis.
Each meal is transported to the user level and
back on the same carts, thus the flow up and back
is equal.) For all commodities, on the average per
day, 6.91 more carts are sent than received on

-floor 2 and 6.32 more carts are sent than received
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on floor 3 due primarily to expansion in the vol-
ume of trash and soiled linens. Overall this is
not a very large imbalance, but on an hour by hour
basis the relative imbalance is much greater.
Table 3 summarizes the simulated cart flows to and
from each floor, assuming that a Targe number of

servers and carts are available each hour of the
day. ’

Specification of a cart allocation plan consists of
determining a maximum and a minimum number of empty
carts to be held at each location for each hour of
the day. The primary performance measure is the
average total delay time. For exampie, if five

shipments are delayed, each for 6 minutes (.10 hours)

‘because of the unavailability of carts, then the

total delay for that hour is .50 hours. Given a
sample of 30 simulated days., the average total delay
time is determined for each of the 12 hours of the
day and each user level.

Two cart allocation plans have been tested to find
an acceptable plan for operation. The first cart
allocation plan is based on the following decision
rule:

X

Round [a Sij + MAX ﬁ(sm,j-Rm,a‘) ’ O)J
=0

ij
Y'ij
where:

Xij is the maximum number of carts in inventory
for hour i at location j
Y:: is the minimum number of carts in inventory
for hour i at Tocation j

. is the expected number of carts sent in hour i
from location J

is the expected number of carts received in
hour i at location j.

a,b 0; i=1,...,n5 Jj=2,3

The intent is to save a portion of the carts re-
ceived for the commodities to be transported each
hour, and to save extra carts if a deficit of

carts will occur in the next hour. There is no
attempt to maintain a minimum inventory of carts by
specifying Yi5 = 0 for all i and j. The decision
rule is applied in the following manner. If the
inventory at location j for hour i is equal to Xij
and another empty cart is generated at the loca-
tion, it is sent to the marshalling area on the
ground floor when a server is available to do so.
If the inventory is less than Xjj for hour i and

an empty cart is generated, it 1S placed in inven-
tory on the user level. ’

The simulation shows that this is not a particularly
good strategy. If a deficit of carts occurs (more

TABLE 3
Floor 2 Floor 3
Average Carts/Hr. Average Carts/Hr.
Hour Sent Rec. (Sent-Rec.) Sent Rec. (Sent-Rec. )
1 6.90 11.32 -4.42 7.78 15.25 -7.47.
2 10.22 13.42 -3.20 10.92 15.13 -4,21
3 7.45  3.80 3.65 10.70  10.07 .63
4 7.75 6.10 1.65 10.30 6.98 3.32
5 2.90 7.40 -4.50 5.83 5.10 .73
6 .6.03 3.70 2.33 8.15 4.10 4.05
7 0.0 0.0 0.0 2.63 0.0 2.63
8 5.95 0.0 5.95 7.88 0.0 7.88
9 5.23 3.08 2.15 6.18 11.17 -4.99
10 0.25 2.78 -2.53 1.20 5.63 -4.43
n 5.80 0.0 5.80 7.05 0.0 7.05
B! 12 0.03 0.0 0.03 1.08 0.0 1.08
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carts are sent than received) the inventory at the
end of the hour will be zero. Therefore, it is

not possible to maintain an inventory any. larger
than the excess of carts received for any hour, and
for many hours the ending inventory would be zero.
Figure 4 is a summary of the experimental results
for the first cart allocation plan for levels of

a equal to 0.6, 0.8, 1.0, 1.2, and 1.4 and levels
of b equal to 0.0 and 1.0. The vertical axis

is the number of hours during the simulated day for

which the average total delay exceeds the speci-
fied value. The horizontal axis is the different
levels of a. The benchmark values of the average
total wait selected are 0.05 hours, 0.10 hours and
0.30 hours. The simulation experiment was run
assuming a large number of servers available at
each Tocation and assuming a large number of carts
(both types) in the system. This was done to
minimize the possibility of inadvertently intro-
ducing the effects of other constraints on the
system operation.

FIGURE 4
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The results indicate that the inclusion of the
preview factor (b) does improve the system opera-
tion, but only marginally. On floor 2 over half
of the 12 hours, on the average, have a total delay
of more than 6 minutes (0.10 hours), and for 3 or
more hours the total delay time exceeds 18 minutes
(0.30 hours). The final determination as to the
acceptability of these results rests with the sys-
tem manager, however by changing the cart alioca-
tion plan to include a minimum cart rule, as well
as a maximum cart rule, the results can be greatly
improved.

The addition of a decision rule which specifies a
minimum cart inventory, by hour of the day, pro-
vides a method of requesting empty carts without
an associated delay for loading and transporting
the commodity. The minimum cart rule would func-
tion in the following manner. Each time the inven-
tory Tevel of empty carts goes below the minimum
specified level, a cart is requested from the
ground floor marshalling area to replenish the
inventory. The maximum cart inventory rule, of
course, would still be applicable. This cart al~
location plan is specified by the following rule:

Round Einx (4(S15-Riz) > 0)] for Ry;) 0
Round Plax {d Sij » 2)] for Ri;§= 0

Max[Round B S j4ftax B(Si41,5-Ri+1,3) 0] Yij

Y'ij=

Xij

"The experimental results usiny this decision rule

are presented for levels of a equal to 0.6, 0.8,
1.0, 1.2, 1.4, b equal to 0.0 and d equal to
0.5 and 1.0. (Table 4 is an example of the cart
allocation plan for the second floor for d=0.5,
a=0.8, and b=0.0.) Figure 5 is a summary of the
results similar to those in Figure 4 for floor 2 or
the prototype MHS. The benchmark values of the
average total wait presented are 0.05 hours and
0.20 hours. The cart allocation plan for d equal
to 0.0 and b equal to 0.0 (the first plan) is also
presented for comparative purposes.

The results indicate that the decision rules for

d equal to 0.5 and 1.0 are both similar in system
performance and both superior to the previous al-
Tocation plan. In most cases, six or more of the
12 hours have an average total wait of Jess than 3
minutes (0.05 hours) which is very good compared to
2 or 3 hours of such performance under the previous
maximum cart rule plan. It is also important to
note that only 1 or 2 hours have more than a 12 min-
utes (0.20 hours) average total wait as opposed to
5 or 6 hours under the previous plan. This simula-
tion experiment was also conducted assuming a large
number of carts in the system and a large number of
servers at each location to minimize unwanted
constraints.

SERVER ALLOCATION

The allocation of servers to the system processing
stations is Tess amenable to specification with the
use of a decision rule. This is due to the diver-
sity in the types and sequences of tasks that must
be performed by the servers and due to some uncer-
tainty about the actual role of the servers in
system operation. In the prototype simulation, a
server allocation plan is proposed for each of the
process points in the model, and the performance of
the system is evaluated on the basis of 1) server
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Materials Handling Simulation (continued)

JABLE 4
HOUR 1 2 3 4 5 6 7 8 9 10 11 12
MAX CARTS 6 8 6 6 2 5 2 5 4 1] 5 2
MIN CARTS 0o 0 2 1 0 1 2 3 1 0 3 2
utilization, 2) the average processing delay due to end of the simulated day increased from .39 to 2.42.
server unavailability, 3) the average number of de- This last problem could be avoided by adding one
lays per day, and 4) the average duration of delays server during either of the last two hours of the
due to all causes (both server and cart unavaila- day, since there is little decontamination activity
bility). These measures aid in identifying the during the tenth hour of the simulated day. The
tradeoff between the level of server utilization rapid increase in average delay during the eleventh
achieved and the average amount of delay in system hour of the simulation is a result of the rapid re-
operation that can be attributed to server unavail- turn of dietary trays after dinner combined with the
ability. The latter measures are also useful in relatively long period of time required to empty a
evaluating the interactions between the supply of dietary tray at the decontamination station.
servers and the supply of carts provided in the .
system.
CONCLUSIONS
As an example of this type of investigation, Table
5 shows two plans for server allocation at the de- In this paper we have examined the simulation of a
contamination station of the prototype system. The relatively complex hospital system and made use of
number of servers provided has been specified to a prototype approach to obtain an initial under-
achieve a relatively even level of utilization standing of both modeling methods and basic system
throughout the day according to the anticipated operating characteristics. The complexity of the
demand for decontamination services. In the first actual MHS dictates the use of a simulation approach
plan, an attempt has been made to keep the utili- to the problem, and it appears that the use of the
zation level near 65%, while in the second plan an prototype is beneficial in reducing both the amount
approximate 1imit of 80% utilization has been used. of professional time and the amount of computing
For the decontamination station, there are no orig- time from the levels that would be required to debug
inated commodity moves, so there is no contribution ° and execute a simulation model of the entire system
to movement delay from the unavailability of carts, from the beginning. Many of the results obtained
and all delay at the decontamination station is due relative to the general policy for allocating carts
to the server being occupied. The results indicate and servers to the processing points in the system
that the amount of delay at the decontamination will apply to the full-scale simulation with only
area is quite sensitive to the level of utilization minor changes due to the higher utilization of some
demanded from the servers. In the first plan, the of the system resources such as the 1ifts and the
overall utilization averages 57% for all 12 hours cart processor. Results obtained relative to the
~ of the day, and the average delay over all simu- impact of reducing the cart inventory should also
lated hours is .39 hours (that is, a total of .39 extend to the full-scale system although the effects
hours delay in processing occurred during each hour of the greater distances in the full-scale system
of the average day). In the second plan, reducing may be somewhat more significant.
.the number of servers increased the average utili-
zation to 75% and the average amount of delay dur-
ing an hour increased to 2.42 hours. In addition,
the number of carts remaining to be emptied at the
TABLE §
Hour 1 2 3 4 5 6 7 8 .9 10 n 12
# Servers 2 5 2 2 1 3 3 3 3 1 2 1
% Utilized 40.2 64.7 62.0 47.6 70.5 65.5 49,6 58.6 55.9 23.4 62.4 82,5
Total 12 10 .34 .13 .51 .43 .43 .27 .28 .09 1.22 .79
Delay .
# Servers 1 3 1 1 1 2 2 2 2 1 1 1
% Utilized 88.8 94,7 90.5 88.7 88.3 79.9 92.0 74.7 90.0 . 35.8 67.1 100.0
’5:;::; 1.68 3.47 1.75 2.12 2.02 1.52. 3.88 1.20 3.10 22 2.61 5.46
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