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_ This report désgribés in ncq;echniqal terms a computer program'
called the Hypercube Queuing Model. It was written to help emergency
service agenéy administrators and other local government officials
understand how the model can be used to design response districts for
ambulances, police patrol cars, and fire-fighting units.

Preparation of this report was funded under contract H-2164
between The New York City-Rand Institute and the Office of Policy
Development and Research of the U.5. Department of Housing and Urban
Development (HUD). Among the objectives of this HUD contract are the
development, field testing, and documentation of methods for improving
the deployment of municipal emergency services.

The Hypercube Model was designed, programmed, and documented by
Richard Larson, partly under the HUD contragt mentioned above and partly
under a grant fyrom the National Science Foundation (Research Applied to
National Needs) to‘theﬂlnnovative Regource Planning Project of the |
Magsachusetts Institute of Technology. For more detailed information .
about the model, readers should consult Larson's publications cited in
the text. |

Documentation of the Hypercube Model constitutes part of a series
of HUD-funded reports describing several different emergency service
deployment models and their applications in several cities. Further
information about these reports can be obtained from the author at the
address shown in the Appendix.
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I. INTRODUCTION

The Hypercube Queuing Model is a cbmputer program that can help
police departments, fire departments, and emergency medical agencies
plan the locations and response districts of their mobile‘units.* The
program stores geographical information that can be pictured as répre—
sénting-a map to be used by a dispatcher.

If the units have fixed "home" locations when they are not buSy
(e.g., fire stations or ambulance garages), such a map would typically

show these locations. It might also show the response district of each

”ﬁnit, which consists of all places in the city whetre the unit is the

dispatcher's first choice to respond to incidents. For patrol cars,
the map would usually show their patrol areas.(also called sectors or
beats), which are the areas the cars: cruise around when not otherwise
busy. -Elaborate maps of this type could have colored overlays showing
the regions covered by special units such as sergeants' cars or cardiac
care units. .

For planning purposes, a variety of changes in the operations of
the agency might be considered. Any changes that could possibly be shown
on 'a dispatcher's map are suitable for analysis using the Hypercube Model.
Examples of such changes include:

® Adding new units

® Fliminating an existing unit

® . Moving units from one location.to another

® . Redrawing the boundariss of patrol areas

® Changing response . districts without moving any units

® - Moving the overlays representing special units.

*The word hypercube in the model's name comes from the way the
emergency units are described in the computer program. If a city hap-
pened to have exactly three emergency units, the program would describe
them mathematically in terms of the corners of a cube; so more than
three units are represented as the corners of a "hypercube.'" The word
queuing refers to the type of equations used in the model. For brevity,
we will use the name Hypercube Model.




@

The Hypercube Model assists in the planning process by describing

the consequences of a proposed change in terms of performance measures

N

such as workloads of units and travel times to emergency incidents.

« If several possible changes are under consideration, the output from it

the computer program may indicate that one of them is best. More com-
monly, the infofmation generéted by the model shows that no one proposal
is best'in regard to all performance measures,. and this leads the plan-
ner to invent new proposals that may achieve a better balance among con-—
flicting objectives than any of the ones originally presented.

The value of the model lies in the fact that most agencies' opera-
tions involve sufficient complications that it is nearly impossible for
anplanner to look at a map and make accurate ''guesses' regarding the
workloads of the units or the parts of the city where travel times may
be high. In many cases, when the existing configuration is described
to the model, the resulting output is illuminating, because the agency
may never have collected data permitting it to calculate the performance
measures generated. by the computer program.

AIt should be noted that the Hypercube Model does mnot suggest any
kind of change as being desirable. It simply helps the agency evaluate
alternative plans that agency personnel create themselves. The model
provides detailed quantitatiwe information about each of the designs
they c¢reate, thereby permitting careful analysis of which ones appear
best. It should also be noted that it is not actually necessary to draw
maps showing each design to be tested by the model, although often it
will be useful to do so.

The computer program that constitutes the Hypercube Queuing Model
is now avallable to any emergency service agency for the cost of dupli-
cation, by request to any of the addresseg shown in the Appendix. It
is supplied with a complete user's manual: Richard Larson, Hypercube

Queuing Model: User's Manual, R~1688/2-HUD. Also available are two

- reports that describe the mathematical principles that underlie the

Hypercuhe Model:

'3 Richard Larson, 4 Hypercube Qﬂeuing Model for Facility Location
and Redistricting in Urban Emergency Services, R-1238~HUD

T T Y o

® Richard Larson, Urban EMergeﬂcy Service Systems: An Iterative
Procedure for Approximating Performance Characteristics,
R-1493-HUD.

This executive summary is a companion to the.technical reports and

user's manual. It tells how the Hypercube Model differs from other com-

puter programs available to emergency service agencies for analysis of
station location and response district design, how the model works, how

it is used, and the amount of effort and expertise required to use it.

i g
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- II. WHEN TC USE THE HYPERCUBE MODEL

Emergency service agencies have a choilce of several different com-
puter models that can be uséd for similar purposes. Depending on the
planning 1sgues to be addresséd and certain details of the agency's oper-
ationsg, the Hypercube Queuing Model may or may not be the most suitable
one. This section discusses how to make this choice, first for fire and

ambulance agencies, and then for police departments.

FIRE AND AMBULANCE AGENCIES

For emergency services whose units have fixed home locations
(primarily ambulance agencies and fire departments), there are several
computer programs other than the Hypercube Model that have been designed
specifically to help an agency decide how many units should be on duty
and where they should be located.

One of these, the Parametric Allocation Model,(l) provides the user
with a general picture of the number of units needed in different parts
of the city. It is very quick and inexpensive to use, primarily because
it requires very little data to be collected. But it cannot evaluate
specific locations for the units in any detail. Its primary purpose is
for assistance in the initial steps of a study of the locations of fire
stations or ambulance garages.

For detailed evaluation of locations of units, the following com—
puter programs are suitable for ambulance agencies and fire departments,

although they were designed primarily for fire departments:

® The Fire Station Location Package, designed by Public Technology,

(2)

Incorporated,
¢ The Firehouse Sits Evaluation Model, developed by The New York
City-Rand Institute,cs) and
®  The Station Configuration Information Model, developed by the

(4)

Denver fire services research project.

All three of these site evaluation models operate on the assumption that
units will nearly always be available at their home locations to respond

to emergencies. This is a reasonable assumption for fire-fighting units

_tionfModel.

—~5—

in most cities, but it may be a poor aﬁproximation for emergency medical
services, whether provided by a fire department or by some other agency.

By contrast, the Hypercube Model specifically takes into account
the~fact"that unilts may be unavailable when needed, because of a.previous
diépatch to another incident. Therefore, the Hypercube Model will pro;
vide more accurate estimates of average travel times‘and workloads than
any of the site evaluation models, if an agency often has 10 percent
or more of its units busy at one time. Fire departments and ambulance
agencies that do not encounter this situation have no reason to use the
Hypercube Model, or indeed any model more compiicated than!the ones men-
tioned above, for analysis of alternative configurations of locations
for their units.

Ankambulance agency that does frequently have many units unavail-
able would. be well advised to use the Hypercube Model for analysis of
alternative configurations of 1lts ambulance locations. The Hypercube
Model is just as easy to use as the site evaluation models, requires
approximately the game kinds of data, and gives a more accurate picture
of the operations of the agency.

For a fire department that falls in the category of having 10 per-
cent or more of its fire-fighting units busy at one time, whether or not
to use the Hypercube Model 1s a more difficult choice than in the case
of ambulance agencies. This is because the Hypercube Model operates on
the assumption that only one fire-fighting unit is ordinarily dispatched
to each incident. If, by considering engine (pumper) companies and lad-
der (truck) companies separately, this is a reasonable assumption, then
the Hypercube Model is appropriate.  Otherwise, a fire department in
which many units are busy at once would have to use a more complicated
model, such as the Simulation Model of Fire Department Operations,(5’6)
for final evaluation of a proposed configuration of stations. In any
event, if a fire department is considering changes in dispatch policy
or in policies related to the relocation (move up) of units when coverage
is inadequate, as well as changes in station locations, the Simulation
Model will be needed, and the Hypercube,Model ghould not be used.

‘ Tables 1. and 2 summarize the choices of models to be used by fire
and ambulance agencies. For a more detailed description ¢f deployment

policies for fire departments, see the executive summary nf the Simula-

(5)
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Table 1 I | : POLICE DEPARTMENTS

o ' ' The Hypercube Model was developed specifically to be useful to
. : o CHOICESrOF.MODELS‘FOR AMBULANCE AGENCIES

[

police departments for design of patrol areas. For this purpose it is-

Problem and Situation Recommendatién ' a substitute for more complex computer programs such as simulation k é

;Compared‘tb a police patrol simulation model, the Hyper-— k‘“f

models.
® . To choose the number of . . , : ; ; _ ; :
. ambulances to have on duty,
their locations and respomnse
digtricts

cube Model is much less expensive to operate, requires somewhat less , :
data to be collected, needs fewer statistical skills for interprétatipn : :

- ‘ of output, and requires dnly such programming capabilities and software
~— Rarely more than ‘10 percent Use Parametric Allocation ' »

of ambulances busy at one Model ‘and ome of the gite ‘ packages as would ordinarily be available at a city's data-processing {
time ' ' evaluation models. - ' unit. : | | ; } E
Use Parametric Allovcation

Model and Hypercube Model:

" —— Often more than 10 percent
of ambulances busy at one
time

While a gimulation model gives a more accurate representation of - 3
the operations of patrol cars, the differences will generally not be

large enough that they should be of practical concern to any police

®  To choose response districts Use Hyvercube Model.

for mobile (cruising) ambulances department. However, patrol car simulation models have many applica-
‘ / ‘ tions for studies not related to design of response districts and patrol
areas, and these are described in the executive summary of Rand's simu- :

Table 2 N : | , lation model.ts)

‘ Although the Hypercube Model can be used to analyze how many patrol
CHOICES OF MODELS FOR FIRE TEPARTMENTS o -

cars should be on duty in various parts of the city at different times ‘, . :

Problem and Situation Reéommendation of day, other computer programs are preferable for this pﬁrpose. (The

' ' , Rand Corporation provides such a patrol car allocation model.(g)) It ' E
¢ To choose the number of : R '

fire-fighting units to have

A R R e

R ——

on duty, their locations and
response districts: -

=~ Rarely more than 10 percent
of units busy at one time

-- Often more than 10 percent
of units busy at one time  °

- Usually-one éngine and/or
one ladder dispatched

- ‘Usually séveral enginéﬁ
“and ladders dispatched”

To evaluate ‘alternative station’

locations, plus changes ir other

policies such as dispatching or
relocation (move up) o

-Model,: a site,evaluation:model,

Use Parametric Allocation
Model and one of the site

" evaluation models.

Use Parametric Allocation
Model and Hypercube Model

,Use'Parametric Allocation

Model, a site evaluation model,
and the Simulation Model.

Use Parametric Allocation v ; |

BT

and the Simulation Model.

is best for a police depértment to know, before using the Hypercube

Model for design of patrol areas, how many patrol cars it wants to have

- on duty.




IIT. HOW THE HYPERCUBE MODEL WORKS

The Hypercube Model distinguishes bwa conditions for sach emer- , j

geney uwndts 1t is either avallahle for dispatch or unavailable. The P

atate of the entire collection of emergeney units ia desewvihed by ' o
gpaplfying the conditlon of each wnit, Por example, 1f there are three
units, ona possible state 1 that all three upite are availlahle, another
1a that wnit 1 is unavailable and units 2 and 3 ave available, and

theve are slx other possihle states, (This ls a total of elght states,
‘corresponding to the eight corners of a aube.) |

When an dneldent opeurs, the unik that is the dispatcher's fivst
sholce to vespond te the loecation of the dndident will be dispatehed
1f 1t 1& available. The somputer program knows the patral area of
location of the wnit and therafore can caleulate the expected travel
time of the wnit to the émergancy, Tf the first-choice unit is unavall-
able when an emergency oocpurs, the prégram figures out which unit will
respond (from dnformatdon provided by the user) and caloulates the ex-
pected travel\timei If all units are upavailable, the uaer has a
chotee of hawing the program assume elther that the inefdent will walt
untdl a wnit is available (typical for police and some ambulance agen--
cies) or that some unlt from another ageney will handle the incident
(typi@él for fire departments and some ambulance agencies),

The program caleulates how often each state will cccur by uaing
equations from a fiald of mathematics known as guewing theory.  In one
node of operation, the program solvea the queuing equations exactly.
This {g practical for up to 13 wnite. In a second mode, the program
gsolves the equations approximetely. Tor 15 units or less the gpprgxiw .
mate mode is less expenslve to operate on the computer than the exact
mode; for wore than 15 units it la necessary to use the approximate
mode, The errors introduced by using the approximate mode are almost
always undey 3 percent, and typlcally under 2 ?e:qgnE\ The uger has
his choice of the wmode of QB%E&t@Q@; so for 15 or feyer units he can
¢hﬁck‘thﬁvaequnaqy of thé’apgx@ximgué mode in his application directly.

e

b gt i g

Onee the program knows the chances that pach state will oeenr and
what happens in terms of travel time and whieh unik resppndﬁ'fax eaech
gtate, it can ealeulate all the parformance measures described in the
next section, ’
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1V. HOW TO USE THE HYPERCUBE MODEL

To use the model the city or part of the city to be studied must.
be divided into small "reportlng areas.’ These are about the size of
several city blocks or, in thevcase of a fire department, can correspond
to the area‘covexed by a single alarm box. A‘reporting area must be
considerably smaller than a patrol area or a unit's response district.

The number of emergencies per hour that are expected to occur in
each reporting area must be estimated by the uger from past data. Also,
the average length of time it takes for a dnit to handle an incident
must be estimated for the part of the city being studied.* For police
patrol cars, the user must determine, in eddition, the speed of units
while on patrol and the number of patrollable street-miles in each re-
porting area. |

The program also needs to know the travel time between reporting
areas. If the user wishes, he may specify the location of the center
of each reporting area on a grid mapkof the oity and‘specify the travel
speed. of the onits; then the program will estimate the travel times.
Alternatively, the oser can find out some oreall of the trevel times by

(10)

another method, ‘such as by experiment or use of a computerized road
network.(z) These times are then input directly to the program.

- The user spec1fies a possible conflguration of the emergency units
by telling the program how many units there are, the patrol areas or
locations for each one, and the relative amounts of time the unit patrols
each(reporting area in its patrol area when not otherwise busy. (If the
unit has a fixed location, it stays in one reporting area 100 percent
of the time when notvbusy.) To do this, the user simply draws on a map
thedpatrol ateas to be tried out and sees which reporting areas fall in
each one.

The program elso needs to know which unit will be the dispatcher's

- first choice to respond into each reporting area, which will be his

The ‘exact hypercube model permits this service time to vary accord—
ing to which unit responds to the inc1dent.

e O 1

second choice’ if that unit isfbuSy,-and so _on. The user can input this
information for each reporting area or let the program calculate the
dispatcher's choices according to the length of time it would take each
unit to travel to the incident. o ,

Since the purpose of the Hypercube Model is to compare configura-
tions, the user might want to prepare descriptions of several alterna-
tive configurations. Or, he can just enter one configuration and then
later make changes to it, in response to the output information provided

to him by the model.

.. The Hypercube Model will describe all the following ‘characteristics
of a trial configuration: ‘

® For the entire city or part of the city under study:
== average travel time to an incident
~=— . the difference in workload** betWeen the busiest and
. least busy unit |
—= percent of dispatches that take units outside their
response districts (for units with fixed locatlons)
or patrol areas (for mobile units)
® Tor each emergency unit:
—- average travel time to the incidents it responds to
-~ dits wo;kload
' —- percent of its dispatches that take it outside its
response district or patrol area .
e  For each response district or patrol area:
—— average travel time to incidents in the district
-— percent of incidents handled by a unit assigned to
. the district ‘
e For each reportingearea:

—- average travel time to incidents in the area

The general idea is that the program assumes the dispatcher will
‘choose the closest available unit (closest in the sense of travel time),
but there are several variations permitted

WbrkZoad is the fraction of time the unit is busy handling in-
cidents. :

i e Smpon e SO

'
i
:
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= pereent of inoldents there that are hapdled hy each
of the wnike
cwa o (in tha case of patrol cara) the average numher of
times pey hour that a eay passea a yandomly ehesan
podnt In the area whils on patrel.

From thie information 1k night he Ffound, Fov example, that tha
buadeat wndt dn a trdal eonflguration wild be wnavallable BO peveent
of the time and will he ahle to veapond to only 20 peraent of tha calle
In dts ddatriot, This wowld auggeat that dte. vasponse diatvlet should
ba made amallar, A paw tedal eonfigurabion wonld then be daadgned, and
the nodal would indiecake whethev an adaguate dmprovemsnt has bean wada,
tage atuddes have been wrdtten ashowing tha atep-byeatep proeeag by whieh
patyal areas for police cava were daslgned in savaval cltles uwaing the
maﬂal§€llmlaé An ageney wlahing to uae the Nyparecuba Modal (whethar L
fa a pollee departwent or not) da urged to vead one or wove of thesa
aase atuddes 8o ag to see tha ateps involved dn a typloal applicatdon.

P
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V. WIAT RESOURGRS. AR NAEDED

The somputer program for tha lyparcube Madal 18 wrlbttan in a lans
guaga called PL/T, so an aganay wishing o usa tha program musl have
acosas ko a conplley for this language, It le nob neceapary for any
of the aganey's ataff to undaratand the PL/T languapa. ALL opiiona
avallabla with tha program ave chosen by means of fnpub gards deseribad
in the usar'a mauual,(l4) Bo thaya ls nevay apy naad ﬁ@v»an agenay o
maka changaa Ge the program statemenka themealves bafors . using the model.

The eost for aash vun of tha program on a compuber systam will vary
from dnsgallatleon to inatallatilon, dapending on the puiece structusa,
buk a speclal Feagura of khe program permdee rapld detarndnatien of the
costa of eaeh abage of the ealoulakions, The primary dnfluences on
coak aval

*  VWhether tha wear chocses the exact hyparcubs model, which can
be quite expenaive (but less expensive thav a simulation model),
or the approximate medal, which is Lnexpensilve,

*  Tha numbar of emexgency wndte ko ba coneiderad (which cannot
ba mora than 15 when updng the exact nmodal, hut iaA@as@hnially
unldmliad tn the approximate modal), and

*  Tha number of weporting aveas iv the elty or part of the alty
ko be modalad,

Vadng the MIT T formation Progasaing Centex'as IDM 370/L65 computer
to modal 2 alty with 120 reporting arcas, the exact hypercube program
required coxe stovaga ranging from 120K Ffor a amall number of emergency
undks up to 500K Fow 15 undta., The cost for one run of the exact modal
rangad as high as $100, Howavar, the approximatc model nevey raqulred
moxa than 200K cove storage, aud the gost for each run was under 8§10 in
all realistic cases twled. Tox most typical wuns, the cost is about
§1.00. | ' | |

g e o
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The length of time vequived to collect data fov use dn the modal

will depend en the following: 5

*  Whether tha agency has provicualy sacorded the reportlng axea , 1.
{or aquivalent goographical information) for each incidont in

computay=raadabla form. (This is nasded to calculata tha ex~ ; 2.
pacted pumbar of dncldents in aaeh vaporting area.) » N
*  Rhather tha coorvdinates of vaporting arsas on a grid wmap of : 3.

the ity ave known, ov, as a substitute, the tiwme wequilved to
travel betwaen aach palyr of repovting aveas is known.

ILE both of thesa have haen done pyreviously, the Hypercuba Model aan he : 4.,

usad after at nost two nan~wasks of data praparation, Othevwise, the
agency should plan on about four man~-months for data sollectilon.
Enargancy sevvice aganciles that wish to consider using tha Hyper-
cuba Modal may .obtain a deck of tha program and & copy of tha usan's
manual from any of tha addressas shown in the Appandix. Tha chavge fox 5,
this servica will ba the cost of duplication. Quastions about the pro-
gram wmay ba divected to Prmfagsck Laxson, bhut 1t is not possidble for him .
to provide routine ﬁsarfs soxvicas. ‘ ‘ ‘ 6.

8.

10.

11,

12.
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