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CHAPTER I 

INTRODUCTION 

Fire protection is one of the primary community services provided 

by most municipal governments. In larger cities, fire protection is 

provided by a full-time, professional fire department. 

With limited budgets and increasing manpower costs, fire service 

management is faced with problems of developing innovative concepts for 

resource utilization. There are some indications that the fire service 

function is being appropriated an increasingly larger portion of the 

overall city budgets [53]. Also, the largest single cost in the opera-

tion of a municipal fire department is manpower. On the average, over 

95% of the fire department budget is allocated to manpower [46]. This 

study investigates an alternative method of manning a fire company, 

which is the basic fire fighting unit and is usually manned by 4 to 6 

fire fighters, in order to reduce the total manning requirements of a 

fire department. 

Problem Description 

The research presented in this thesis is based on the concept of 

a flying squad as a manpower transport vehicle. As presently concep-

tualized, a flying squad is to be dispatched to the origin of an alarm 

where it will join the engine and ladder companies to form a complete 

response force. Each company will be manned with less than the usual 
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4 to 6 fire fighters, and the additional manpower will be supplied by 

a flying squad. 

The decision problem involves determining whether it would be 

advantageous to introduce a flying squad into municipal fire depart-

ments, and if it is used, to determine (a) the number of flying squads 

required, (b) the locations/allocations of flying squads, (c) the size 

of each squad and the job skill levels of each member of a flying squad, 

and (d) the deployment strategy of a flying squad (i.e., fixed base 

versus patrolling base). 

The objective function minimizes an estimate of a cost to society 

which includes the estimated fire losses and the cost of operating 

flying squads. The constraints that will be placed on the use of a 

flying squad will include (a) the allowable response time, (b) the 

potential demand for fire suppression services, (c) the workload of a 

flying squad, and (d) the number of flying squads to have. 

Purpose of Study 

The purpose of this research is to define and structure the plan-

ning problems encountered in the use of a flying squad in municipal fire 

suppression operations. In addition, the formulation of a mathematical 

model of these problems and the development of a solution procedure are 

also part of the goals of this research. The research is intended to 

provide decision-makers, such as fire chiefs and city managers, with an 

aid to use in determining the applicability of a flying squad in their 

municipal fire departments. 



3 

Scope of Research 

All of the four planning problems mentioned earlier will be dis-

cussed in this research. In the problems of determining the location/ 

allocation and the deployment strategy of a flying squad, only a fixed 

base situation will be considered. 

The problems as it actually .exists in the Roanoke Virginia Fire 

Department is used as a case study to apply the solution procedure 

developed for this research. The actual data was collected from the 

Roanoke Fire Department and the Roanoke City Planning Department. 

Solution Approach 

In developing a solution procedure for the problem under consi-

deration, the first step was to clearly define the problem. The second 

step was to take the problem definition and develop a mathematical model 

of it. In formulating the model, the opinions of professionals in the 

field as gathered through a written survey were also utilized to develop 

the appropriate constraints and objective function [6,7,15,17,23,49]. 

The four decision problems under investigation are interrelated in 

that the solution to one affects the solution of the others. The ap-

proach used in this research is to treat the problems of "location/allo-

cation" and "how many" flying squads simultaneously, and the problems 

of the "deployment strategy" and "size and type" independently. The 

mathematical model developed is a mixed integer programming problem 

having a similar structure to the Capacitated Warehouse Location Problem 

(CWLP). 
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After a mathematical model of the problem had been developed, the 

third step in the solution approach was to formulate the solution pro-

cedure. Several different solution algorithms of CWLP were considered 

as a possible basis for the solution of the model in this research. Of 

these algorithms, the heuristic developed by Akinc and Khumawala [l] 

was chosen because of its computational efficiency in terms of both 

computer time and storage requirements. 

In the present research, the algorithm developed by Akinc and Khu-

mawala was modified so that the restrictions on the number of flying 

squads to use can be met. In addition, other minor changes were made 

to accomodate the specific mathematical model being solved. 

Thesis Organization 

The first section of the body of this report (i.e., Chapter II) 

concerns the background information necessary for understanding the 

problems under consideration. The associated planning problems of fire 

suppression services are described, and relevant literature is also 

mentioned. 

The third chapter of this study is concerned with the development 

of the decision model. The discussion in this chapter includes the 

constraints and criteria involved with each problem. In Chapter IV, the 

parameters used in the model along with their function in the model it-

self are discussed. The mathematical model is then presented and a 

discussion is given concerning its various components and their purpose. 

The solution procedure is presented in Chapte.r V. A description 
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of several algorithms is given along with a detailed presentation of the 

Akinc and Khumawala procedure. This is followed by a discussion of the 

modifications that were made to the Akinc and Khumawala procedure in 

order to make it compatible with the decision problem being solved in 

this study. 

The application of the solution procedure developed for this re-

search to the Roanoke Virginia Fire Department is discussed in Chapter 

VI. The associated data and the solution results are presented. 

The conclusions of the research are given in Chapter VII, along 

with a description of potential extensions to the current research. The 

appendices that are included in this thesis contain information con-

cerning (a) a questionnaire survey sent to fire departments, (b~ the 

Akinc and Khumawala procedure, and (c) the computer program used in the 

solution procedure. 



CHAPTER II 

BACKGROUND INFORMATION 

As mentioned earlier, part of the purpose of this research is to 

define and structure the planning problems encountered in the use of 

flying squads in municipal fire suppression operations, and to develop 

a solution procedure for these problems. 

This chapter is concerned with a description of literature rele-

vant to the analysis of the problem. The literature surveyed include 

such topics as (a) fire department operations, (b) planning fire depart-

ment operations, (c) relation of response time and distance, (d) fire 

hazard and focal points, and (e) special squads and new fire apparatus. 

A discussion of literature surveyed on the solution methodology is pre-

sented in Chapter V. 

Fire Department Operations 

Fire protection is one of the primary community services provided 

by most municipal governments. The types of public protection organi-

zations are widely varied. One of the most familiar type in most larger 

cities is the public fire department. It is a department of the munici-

pal government in which the head of the department is directly responsi-

ble for all fire protection activities in his municipality. A less 

common type is a fire protection agency in a department of public safety. 

In such organization, the public safety department performs several im-

6 
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portant functions including police service [46]. 

In organized fire fighting, the job is divided into functions 

carried out by teams called "companies" [46]. In large cities, companies 

may be grouped into districts, divisions, or battalions for command and 

administrative purposes. Basically, fire companies are of two general 

types: (a) engine company and (b) ladder company. An engine company is 

a specially modified truck which carries hose in several sizes, a pump 

capable of drafting water and increasing or regulating the pressure, and 

a water tank with a typical capacity of 500-1,000 gallons. In addition, 

an engine company is usually equipped with an assortment of fire fighting 

tools and appliances, including self-contained masks, hand-held extingui-

shers, and salvage covers and equipment. The ladder company commonly 

carries a hydraulically operated aerial ladder of 65 to 100 feet in leng-

th plus an assortment of several ladders for manual use of 10 to 30 feet 

in length. The ladder company carries a greater assortment of ladders, 

tools, and rescue devices than can be accommodated by an engine company. 

On the fire scene, the engine company undertakes the actual fire extin-

guishment by applying extinguishing agents such as water to the fire. 

The ladder company conducts forcible entry, rescue, ventilation, and 

salvage. 

Studies by the National Fire Protection Agency suggests that five 

to six fire fighters for each company are needed for effective opera-

tion [46]. Although in smaller cities, companies are sometimes equipped 

with fewer fire fighters per company, but not less than four men are 

considered as efficient unit. In modern fire service practice, fire 
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fighters are trained for basic tasks, and there is great flexibility in 

company operations as circumstances demand (46]. 

Fire alarms are received via public telephones, call boxes, police 

units, and other means. When an alarm is received, some combination of 

suppression resources is dispatched. The types and number of resources 

dispatched as a response force depends on the nature of the alarm and 

the location of the alarm. Regardness of how companies are organized, 

a response force would include at least one chief officer. A chief 

officer is responsible for all operations on the fire scene including 

placing "help calls" as he determines additional equipment and manpower 

are needed. 

Normally, a minimum response force to alarms originating from 

"low value" structures (such as single family dwellings, small merchan-

tiles or shops) would be two engines, one ladder, and a chief officer. 

To "high value" structures (such as large merchantiles, manufacturing 

or storage establishments, hotels, schools, and hospitals) four engines, 

two ladders, and at least one chief officer would be dispatched (46]. 

Planning Fire Department Operations 

A large portion of research conducted in recent years concentrates 

on fire suppression resource allocation and concerns the positioning 

and repositioning of vehicles, and determination of response districts. 

Literature relevant to these planning problems is presented below. 

The problem of positioning is the problem of deciding where to 
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locate fire stations and/or fire companies. This problem has received 

most of the attention of recent researchers. A decision on a position-

ing policy is a fairly permanent one. Thus, fire stations will be 

positioned over a long period of time at assigned locations. The most 

widely researched case is where the region to be protected is homoge-

neous, i.e., the rate and nature· of fires are equal throughout the 

region. It is probably unrealistic to believe that any region behaves 

exactly this way. However, this case has been considered worthy of 

attention because (a) it is easy to deal with mathematically, and (b) 

empirical evidence has indicated that more realistic situations are 

often effectively approximated by results from the homogeneous case [12]. 

Another case is where the region to be protected by a positioning 

policy has heterogeneous demand, i.e., the variations in the rate and 

nature of fires in different parts of the region. In the problem of 

positioning, two possible situations can be assumed. In one case, the 

fire stations can be placed anywhere. In the second case, the number 

of possible locations is limited to a fixed set of candidates because 

of economic limitations, availability of lands, political considerations, 

etc. The former case is the one in which the location space is conti-

nuous, and the latter case the space is discrete. 

Historically, the first systematic approach to this problem was 

developed by Valinsky [47] in the early 1950's. His analysis proceeded 

in four general steps. First, a set of positions was developed which 

satisfied the maximum response distance criteria of the Insurance Service 

Office (ISO). Second, an analysis of the burnable material in each part 
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of the city was made in order to increase the coverage in areas with 

high risk. The last two steps involved a further refinment of the po-

sitioning policy on the basis of its ability to handle short term emer-

gencies. Recently, more mathematical positioning approaches have been 

developed. Several of these approaches are mentioned below. Using 

historical information about the. rate and nature of emergencies in the 

district, Raouf [35] calculated the value of a position as the weighted 

sum of the rectilinear distances from the location to the points where 

alarms originated. Santone and Berlin's [40] study also adopted this 

approach. However, in contrast to Raouf's analysis of rectilinear dis-

dance, response time was calculated by determining the shortest time 

path from the street netwrok. In Jane Hogg's [18] study for Glasgow, 

Scotland, travel times through the street pattern of Glasgow were esti-

mated and the best combination of "t" station sites from a set of "n" 

possible sites which yield the minimum total travel time to fires were 

selected. In her master's thesis [19], Hogg formulated a model to 

minimize the costs to society by estimating the fire loss to be antici-

pated with a given response pattern and the cost of providing the fire 

stations. She indicated that the results obtained from this additional 

criteria function were superior to those obtained by merely minimizing 

average response time. Stacey [43] modeled the positioning problem as 

one of allocating a given number of fire stations over possible locations 

in a fashion which would maximize the service to a set of demand points. 

A set-covering approach has also been performed by several authors. 

ReVelle, Marks, and Liebman [36], Toregas, Swain, ReVelle, and Bergman 
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[45], and Colmer and Gilsinn [4] have reported efforts on such approa-

ches. They indicated that when any set-covering procedure is to be used, 

both the accuracy of the assumptions and the efficiency of the·technique 

must be considered. The exact solution of a set-covering problem is 

generally difficult, and normally large formulations can not be solved 

exactly by any known means due to excessive computer time and storage 

requirements. Most authors adopted heuristic procedures, i.e., schemes 

which produce good approximate solutions, but may not yield a truly op-

timal solution. A variety of heuristic set-covering procedures which 

are known to give nearly optimal solutions have been developed. Several 

satisfactory schemes are surveyed by Colmer and Gilsinn [4]. 

A closely related planning problem to the positioning problem is 

the repositioning problem. This problem deals with emergency situations 

such as when a substantial amount of fire suppression resources are 

involved with a working fire, it may be necessary to "move up" some 

available units from neighboring fire stations to avoid leaving that 

particular area unprotected. Though repositioning is a common practice 

in fire protection jurisdictions, the only published researches on 

this problem known to the author are by Swersey [44], Walker and Shinnar 

[SO], Chaiken [3], and Kolesar and Walker [25]. In Swersey's report, 

the positioning was formulated to minimize a combination of city-wide 

average response time and the cost of company movements. His model was 

based on a warehouse location problem format. Walker and Shinnar inves-

tigated techniques for determining both the exact optimal solution 
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and heuristic solutions to a warehouse location problem. Their results 

indicated that the heuristic approach provides solutions which are 

nearly as good as the exact technique solution, and the computer time 

required by the exact scheme is too large to be efficiently utilized 

in an operational system for repositioning. Chaiken [3] suggested that 

a repositioning procedure should p·ermit neighborhoods to maintain some 

minimum level of coverage after repositioning. Chaiken mentioned that 

in practice the objective of repositioning is usually to minimize the 

number of neighborhoods without minimum coverage, rather than minimize 

city-wide average response time. Kolesar and Walker's report corrected 

this deficiency. The repositioning problem is addressed sequentially 

in four steps: (a) identifying the need for relocation, (b) selecting 

the empty locations which must be covered by a repositioning, (c) deter-

mining units which should be moved, and (d) refining the repositioning 

plan by considering the cost of relocating units. 

Another planning problems which has received recent attention is 

the determination of response districts. That is, the determination of 
I 

the area of the city to which a given company is to respond on a first 

alarm call. Second and higher alarm ~istricts must also be set for 

each company. The approach normally a~opted is to construct these 

areas so as to minimize average city-wide response time. Carter, Chai-

ken, and Ignall [2] studied the question of the best boundary between 

the response of two cooperating emergency units. Their results were 

that the best dispatch policy depend on the workload of the two units. 

When units are not very busy, the best policy is always to send the 
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closest unit. When one of the units becomes much busier than the other, 

it may be a better policy to dispatch the less busy unit even if it is 

not closer to the alarm. Larson and Stevenson [30] viewed the problem 

as the design of response districts which minimizes the average response 

time. Under the assumptions of a homogeneous region, they investigated 

the variations in average response time resulting from non-optimal 

positionings of response units. They concluded that due to insensiti-

vities it may not be necessary to quantize geographical data finely and 

to try laboriously to find the "optimal" solutions to redistricting and 

facility location problems. They also claimed that redistricting and 

facility location based on rather crude assumptions may yield mean tra-

vel times very near the minimum possible. 

Relation of Response Time and Distance 

It seems generally agreed among fire researchers that the ideal 

measure of the effects of a suppression allocation would be the reduct-

ion in loss of life and property resulting from the plan. However, it 

also seems generally agreed that estimation of such losses is difficult 

to obtain, at least prior to implementation of the plan [12]. For this 

reason, many researchers have turned to surrogate measures which are 

more easily quantified and closely related to fire losses. 

The most widely used of these measures is response time, i.e., the 

time duration between the report of a fire and the arrival of fire supp-

ression forces. The popularity of this criterion has derived from the 

following assumptions: 
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(a) Fire losses increase as the time from the ignition of fire to 

arrival of suppression forces increases. 

(b) Response time is more closely measured and studied than fire 

losses. 

Though it is a well conceived fact that the fire spread will tend 

to increase with pre-burn time, the pattern of this loss is not well 

defined. For example, if fire tends to reach a dangerous size at about 

the same time it is reported, then response time would become a very 

important element. If, on the other hand, fires tend to remain in a 

minor state for a fairly long time, the time would be relatively un-

important to fire loss. 

Hogg's [19] report analyzed fires in the United Kingdom during 1963 

and 1967 to identify the extent of fires with respect to the response 

time. In the analysis, fires were divided into three stages of growth. 

Stage 1 was the period when the fire was contained to its room of origin; 

Stage 2 was the period during which the fire had spread beyond its room 

of origin; and Stage 3 was the period after the fire had spread to a 

different floor of the building. The proportion of fires which had 

advanced to each of the stages was recorded with the associated response 

time of suppression forces. Table 1 shows the results of this analysis 

for dwellings. The results indicate a tendency for fires to be found 

in more advanced stages when response times are longer. 

The development of a fire within a structure and the effects of 

fire fighting operations were investigated by Labes (28]. As shown in 

Figure 1, the first significant event following the start of a fire is 
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Table 1 

Dwelling Fires Observed by Fire Stage Reached and Response Time [19] 

Response Time Stage 1 Sta~e 2 Stage 3 Observed 
in minutes Observed Observed Observed Frequency 

2 .842 .088 .070 57 
3 .801 .079 .120 316 
4 .793 .089 .118 1212 
5 .780 .096 .124 2092 
6 .768 .093 .139 2209 

7 • 771 • 094 .136 1665 
8 .783 .078 .139 1186 
9 .736 .083 .182 749 

10 .733 .102 .165 570 
11 .744 • 091 .165 328 

12 • 730 .073 .197 274 
:)..3 .739 .085 .176 176 
14 .702 .083 .215 121 
15 .638 .079 .283 127 
16 .570 .038 .392 79 

17 .684 .053 .263 57 
18 .533 .117 .350 60 
19 .636 .000 .364 33 
20 .507 .090 .403 67 
21 .515 .056 .429 231 

All fires with response time of less than two minutes or greater 
than twenty-one minutes were treated as if the time was two minu-
tes or twenty-one minutes, respectively. 
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flashover. His experimental evidence indicates that in the absence of 

fire fighting operations, the fire spread would proceed at an exponential 

rate, as shown by Curve I in Figure 1. The activity of the fire fighting 

decreases this rate of development (Curve II), and the fire area after 

reaching some maximum value (A2) begins to decrease (Curve III). 

Several studies on the estimation of response time have been report-

ed. In most cases, response time is estimated from distance obtained by 

consideration of the geographic locations of fires and the responding 

companies. The various studies employed several different measures of 

distance for this purpose. More often, one of two measures was employed. 

The first of these is Euclidean distance, i.e., the straight line path 

from the fire station to the fire scene. The second is rectilinear dis-

tance, i.e., the path from the fire station to the fire scene through 

a rectangular grid street patte~n. Each of these approximate distances 

can be readily determined if the locations of a fire station and fire 

scene are known. 

Mitchell's [32] analysis of travel time and distance relation was 

based on 922 incidents recorded in Fullerton, California during 1968. 

Applications of linear regression to the data produced the following 

relationships: 

{ 

2.377 + 1.587 x (Euclidean distance) 

Response Time = 
2.328 + 1.302 x (rectilinear distance) 

The response time and distance are measured in minutes and miles, re-

spectively. 
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In the study by Kolesar and Walker [26], data on response time and 

actual response distance, D, were recorded on 1722 incidents in New 

York City. Through the statistical regression procedure employed, they 

concluded that the square root relationship provided a better fit when 

response distances were short, while the linear relationship was better 

for larger runs. Direct fitting.of such a relationship to the data 

produced the following expression: 

Response Time in Minutes ~ ( 
3.05 ;-rs- if D<l.2 miles, 

1.67 + 1.39 x (D) if D>l.2 miles: 

Fire Hazard and Focal Points 

It will also be necessary to develop measures for specifying the 

spacial distribution of demand for service within a given region. San-

tone and Berlin [40] measured this variation in fire hazard by a "weigh-

ting function". The weighting function is defined as a heuristic func~ 

tion which quantifies a judgment of the professional authorities. This 

judgment concerns the relative significance of each of the structural 

and human factors as related to the hazard of a potential fire on a 

given property. In their study, the following were defined as the 

critical variables. 

(a) the number of persons endangered, 

(b) the number of stories in each building, 

(c) construction type, 

(d) age of the structure, and 

(e) square area of each floor. 
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The weighting function was devised by systematically correlating struc-

tural and demographic characteristics of all land use types with the 

statistical results of an analysis of the fire history data. The explicit 

physical characteristics of each structure, as well as implicit charact-

eristics according to land use classification, were quantified subjecti-

vely as they related to the need ·for fire protection. The formulation 

of the weighting function is expressed as: 

Structure = population + height in stories + construction type 

+ age +area in square feet, 

Weighting Function = Structure x Occupancy type. 

Stacey [43) considered two other measures of the fire risk in a 

neighborhood. He argued that the fire risk should be proportional to the 

size of the things protected. Thus, he suggested using the population of 

a neighborhood and the value of the property in a given region as surro-

gate measures of the fire risk. Both measures were calculated for each 

of 44 areas in Dayton, Ohio, and a weighted sum of the two were used as 

a criterion for positioning suppression companies. 

A much more detailed approach was employed by Valinsky [48] in New 

York City. A fire proneness index was calculated by dividing the average 

number of buildings with a particular occupancy which reported fires by 

the number of such buildings. This index represented the average number 

of fires per thousand structures having a particular occupancy type. 

Values obtained for different types are shown in Table 2. 

In Colmer and Gilsinn's [4] report, two concepts of fire demand zone 
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Table 2 

New York City Fire-Proneness Index [48] 

Ratio of Fires 
Type to 1,000 

Structures 

Dwellings 0.3 
Tenements 8.2 
Warehouses 9.3 
Factories 6.9 
Garages 1.4 
Hotels 36.1 
Theaters 9.0 
Store Buildings 1.4 
Grocery Stores 1.8 
Restaurants 4.2 
Loft Buildings 10.6 
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and focal points were mentioned. A fire demand zone was defined as a 

section of a city with relatively homogeneous land use. The demand 

for fire service for the zone was assumed to occur at one point called 

the focal point. They indicated that these concepts can be made opera-

tional in the following manner: 

(a) The ultimate size of the fire demand zone should be related 

to a non-critical travel time. For example, if the city considers that 

30 seconds is a critical response time, then the fire demand zone should 

not be larger than 30 seconds travelling time. 

(b) A fire demand zone can be a single complex of buildings, i.e., 

a factory or a hospital, or an area of relatively homogeneous structures. 

(c) The focal points are chosen to be points within the fire demand 

zone representing the principal hazard, or the centroid of the zone 

computed by weighting all hazards in the zone. 

Special Squads and New Fire Apparatus 

Recently several reports on the use of "special squads" and newly 

introduced fire apparatus to reduce the total manning requirements have 

been made in a few cities. Some of these are mentioned below. 

Gerhard [14] recommends the use of a "Task force" in San Jose, Cali--

fornia. The essence of the plan is that manpower and equipment will be 

measured against the job to be accomplished. The term task force came 

to public attention during World War II in the course of naval operations 

in the Pacific. This method of utilizing men and equipment is considered 

to be adoptable to the fire service, and experience for brush fires in 
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Los Angeles, California starting in 1952 has proved this to be a fact. 

Under the plan, the task force will consist of a two-piece engine com-

pany and a two-piece ladder company, both apparatus of the engine company 

will be a triple combination pumper (i.e., tanker-pumper-hose wagon). 

The single-engine companies under this plan are called "satellites" and 

consist of a single triple combination pumper. The task force will be 

manned by 10 personnel that always respond from a single station. The 

satellite engine companies responding from single-company stations will 

be generally manned by 3 men. When the first-arriving is a satellite 

company, it is expected to perform only one basic operation. The engine 

company with a 500 gallon tank of water and manned with 3 men can per-

form one of the following but not two or more simultaneously, in the 

following order of priority: 

(a) rescue, 

(b) protect exposures from fire, 

(c) confine the fire, 

(d) extinguish, using the water and equipment on 

the apparatus, or, 

(e) when the fire is determined to be greater than the 

satellite can handle, lay two 1. 5 inch lines from 

the hydrant to the fire. 

The task force connnander is the f ireground officer in charge until the 

arrival of the battalion chief. Individual company officers are respon-

sible to this commander and will perform those functions which he deter-
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mines are necessary at the fire scene. This allows units to respond as 

a single group without staggering their arrival and fragmenting fire 

ground operations. 

Paddock (34] reported the use of a "flying squad" which went into 

service in 1969 in the city of Orange, California. This unit consisted 

of a specially equipped 3/4-ton pick-up truck and two men per shift who 

were centrally located. The special equipment includes a skid-mounted 

200-gallon water tank, a portable pump, hose, tools, and map compartments. 

Men assigned to the flying squad have cross-trained so that they could 

handle any situation. Further, they have received extensive courses in 

Fire Science, Rescue Tech~ique, and Advanced First Aid. Due to speed 

and versatility, the unit was mainly used for fire patrol and as a backup 

unit to larger equipment. The squad was also used for off-the-road 

situations such as brush fires, where large apparatus are too large and 

heavy to be efficiently utilized. 

Cookingham [5] reported the use of a "Hot-Shot Squad",which is simi-

lar to but more heavily manned than a flying squad, currently being used 

in Fort Worth, Texas. Twenty-three men are assigned to the squad. Cook-

ingham claims that this provides approximately the same level of fire 

fighting strength as 46 men assigned in the conventional manner to fire 

stations. The squad is made up of selected men who receive specialized 

in-service training in all phases of fire fighting. The men have the 

aptitudes and skills for handling electric, hydraulic, and mechanical 

tools and equipment. They are also experts in rescue and salvage work. 

The squad uses a specially designed truck which is equipped with salvage, 
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rescue, and forcible entry tools. Its most important activity is to 

provide additional, highly skilled manpower to fight critical fires. It 

also handles many other emergency assignments in all areas of the city. 

Also, the Chicago Fire Department describes a special "Snorkel Squad 

No. l" which served principally as a rescue unit [55). 

Among the newly introduced fire apparatus are the Quick Response 

Vehicle (QRV) and the Quint [54). The QRV is a small pumper unit on a 

four wheel drive truck chassis of 11,000 pounds gross vehicular weight 

capacity. This unit carries 250 gallons of water, approximately 1,500 

feet of fire hose, and a 400 gallon per minute fire pump. First aid 

equipment, breathing apparatus, and a few hand tools are also equipped. 

The QRV's are manned with two fire fighters but will be able to carry 

up to 6 men when necessary to act as a squad or manpower transport unit, 

The unit is expected to meet several needs. First, many non-fire emer-

gencies can be efficiently handled by two men and a small vehicle, 

Second, compared to heavy pumpers, fuel consumption and maintenance will 

be reduced. Third, this small vehicle is very maneuverable and has quick 

acceleration, thus response times will be decreased in many areas. Four-

th, the QRV allows heavy equipment to be kept available for serious fires. 

The Quint is so named because it contains five basic fire fighting 

components: a pump, a water tank, a load of hose, a number of portable 

ladders, and a powered elevating device. The Quint is manned with four 

fire fighters. The unit is able to perform as ladder companies presently 

operate. Second, the Qu~nt can act as an attack unit within a task force 

since it can provide elevated streams of water supplied by other pumpers. 



25 

Flying Squad 

The term flying is indebted to police patrol operations. In police 

circles, the phenomenon of police forces crossing sector boundaries to 

respond to calls in nearby sectors has been labelled "flying" (31]. 

To better understand the concept of a flying squad being used in 

the current research, the traditional method of dispatching is briefly 

mentioned below. As mentioned earlier, the two basic fire fighting appa-

ratus in most fire departments are the engine and ladder company which 

are usually manned by 5 to 6 fire fighters for each company. Every fire 

station houses at least one engine company, and ladder companies are 

distributed among some of these stations. The basic response force to 

a structure fire usually consists of two engine companies and one ladder 

company, and therefore, requires response from at least two stations. 

Figure 2a and 2b describe the situations where an engine company is the 

nearest unit and the second arriving engine and ladder companies respond 

from the same location and where the first arriving is an engine and 

ladder companies from the same location and the second arriving is an 

engine company, respectively. Figure 2c varies in that the second arri-

ving is nearer than the ladder company and all units are dispatched from 

three seperate locations. 

The basic concept of a flying squad (i.e., manpower transport vehi-

cle) is to dispatch this unit to the origin of an alarm where it will join 

the engine and ladder companies to form a complete response force. Each 

company will be manned by less than the usual five to six fire fighters, 

and the additional manpower will be supplied by a flying squad. By intro-

ducing a flying squad, it is intended to develop an alternative method of 
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Fig. 2a Situation A 
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EN 
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Fig. 2c Situation C 

EN 

Fig. 2b Situation B 

EN 

Figure 2. Traditional Dispatching Method 

• 

Key: EN and LD denote the engine company and ladder company, respectively. 
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manning the companies. It is anticipated that a flying squad will reduce 

the total manpower requirements. For example, if the fire protection 

provided by 14 conventionally manned companies (e.g., 5 men each) can be 

effectively substituted for 14 companies manned by 3 men each and 2 stra-

tigically located flying squads with 6 men each, then a reduction of 16 

fire fighters or 23% of manpower· can be realized. Figure 3 illustrates 

the deployment of the complete basic response force if a flying squad is 

housed in an existing fire station. Figures 3a, 3b, and 3c are the same 

as Figures 2a, 2b, and 2c except for that a flying squad is housed with 

an engine company, engine and ladder companies, and a ladder company, 

respectively. Similarly, the situations where a flying squad is housed 

other than the existing fire stations can be illustrated. 

There are four basic problems in planning the operations of a flying 

squad. These are determination ot (a) the number of flying squads to 

have, (b) the locations/allocations of flying squads, (c) the size of a 

squad and the job skill levels of each member of the flying squad, and 

(d) the deployment strategy of a flying squad. To the author's knowledge 

no research has been reported on any of these problems. 

The current research focuses on these planning problems for the 

operations of a flying squad. Detailed discussion of the problems is 

presented in Chapter III. 
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Fig. 3c Situation C 

Figure 3. Proposed Dispatching Method 

Note: FS is used to denote a flying squad. 



CHAPTER III 

THE DECISION PROBLEM 

The current research is concerned with these following problems: 

determination of (a) the number of flying squads to have, (b) the loca-

tion/ allocation of a flying squad, (c) the deployment strategy of a 

flying squad, and (d) the size and the job skill levels of each member 

of a flying squad. 

As a part of the research, a survey was sent to major fire depart-

ment chief officers (see Appendix A for a copy of this survey) in order 

to ascertain what factors should be considered in the use of flying 

squads. The opinions of chief officers were utilized to develop the 

appropriate constraints and objective function. The results of the 

responses received are shown in Table 3. In the remainder of this 

chapter, the above mentioned problems and the objective function for the 

decision problem are discussed. 

The Number of Flying Squads 

Decisions are to be made by each individual city as to the level of 

service they wish to maintain. For example, if a city wishes to maintain 

a high level of service, a large number of squads is likely needed. If, 

on the other hand, a city considers that a high level of service is not 

necessary (e.g., due to its physical composition), a smaller number of 

squads would be sufficient. Thus, the figure to be considered will vary 

29 
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Table 3 

Factors to be Considered in the Use of a Flying Squad 

A. The Number of Squads to Have 

(a) response time element 

(b) level of service to maintain 

(c) area of the city 

(d) degree of manpower reduction necessary 

(e) number of alarms requiring their service 

(f) fire problem (i.e., types of fire responses) 

(g) number of companies presently in service 

B. Location/Allocation of a Squad 

(a) response time and distance 

(b) physical characteristics (i.e., availability of land, 
accessibility to main throughfare, etc.) 

(c) number of present fire stations and capacitY of a squad 

(d) within a region, locate as centrally as possible 

(e) locate in heavy fire incident area 

C. Deployment Strategy 

(a) whether the squads to respond on an initial alarm or on 
the report of an actual fire 

(b) as needed, unit or fragment 

(c) travel distances should be short enough to give the 
back-up men when vitally needed 

(d) problem of other company awareness of their location 
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Table 3 (continued) 

D. Size and Job Skill Levels 

(a) size of squad to be pre-determined by the size of initial 
response assignments 

(b) teamwork training 

(c) the squad unit to be cross-trained including skills in 
rescue work 

(d) the size depends on manpower reduction on a company 

(e) the squad to have its own leadership (company officer rank) 

(f) should only be used for manpower not to replace company 
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in each city such as an industrial city versus a residential community. 

This figure may also be affected by several other factors such as eco-

nomics, political situations, areas to be covered, etc. 

The group of decision-makers who will be concerned with the number 

of squads to have will include the fire chief and city manager. It will 

be their decision that will determine the maximum number of squads to 

have when a budgetary limitation has been considered. The decision pro-

blem is to determine the optimum number of squads which optimizes the 

objective function to be discussed later in this chapter and satisfies a 

given set of constraints. In the research, a sensitivity analysis will 

be employed. The effect of additional squads on the system after ob-

taining a feasible solution will be observed. 

After analyzing the survey responses received from fire chiefs and 

related journal literature, it was determined that the dominant consi-

derations by a decision-maker in deciding on the number of squads to use 

appear to be (a) the level of service, (b) the fire service demand, and 

(c) the manpower consideration. In a mathematical model to be developed 

in Chapter IV, all three factors will be included as constraints. A dis-

cussion of each of these factors is presented below. 

Level of Service 

Response time has been considered as a major indicator of the level 

of service because it is widely believed that the faster the response, 

the less the loss to life and property involved in the fire assuming all 

other factors remains the same [41]. It is also one of the main ways in 
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which a citizen may evaluate the effectiveness of his fire protection 

service. Response time is defined as the time from the report of a 

fire to the arrival of suppression forces at the fire scene. Ideally, 

the time from the ignition to the report of a fire should also be consi-

dered, but the fire department generally has less control over the "time 

to report" than it does of the "time from report to arrival". Response 

time depends on fire department connnunications, the number and position-

ing of fire stations, and the ability of the drivers to identify the 

optimum route and to drive to the scene of fire. But response time also 

depends on non-controllable factors, such as weather conditions, the 

road network of a city, traffic conditions, etc. 

There are several response time measures that are being used among 

fire operation researchers. Among these are (a) the percent of calls 

responded to in less than "t" minutes, and (b) the average response time. 

More discussion of this response time is presented in the following 

section. 

Fire Service Demand 

The fire service demand can be measured by the number and severity 

of alarms received. Areas with high densities of serious alarms have 

high fire service demand, while areas with infrequent and inconsequential 

alarms have low demand. The most elementary measure of fire service 

demand is the number of alarms received and the type of alarms, i.e., 

residential, commercial, industrial, false alarm, etc. The level of such 

demand provides a criterion which is even more obvious than response 
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time. Thus, relatively heavier suppression forces should be allocated 

to areas with high alarm rates and serious fire risks. 

The geographical distribution of alarms was analyzed by Nilsson and 

Swartz [33] on data from Alexandria, Virginia. The land area of the city 

of Alexandria was divided into 1500 square feet areas, and the number of 

alarms in each area tabulated. Results of this analysis showed that the 

number of alarms per area ranged from 0 to 62. Thus, a substantial 

geographical distribution of alarms in certain areas was indicated. Simi-

lar studies done in Fullerton, California, Wichita Falls, Texas, and 

New York, New York, also reached such a conclusion (12]. 

Manpower Restriction 

At a time when a reduction of manpower level within a fire department 

organization is increasingly pressured by budget cuts and inflationary 

costs, the manpower restriction plays a very important role [14]. With 

its limited budget, a fire department must assume the responsibilities 

of developing ways of providing the best possible service and offering 

equitable service to all citizens and areas. As shown in Table 4, by 

far the largest portion of fire department expenditures is allocated to 

manpower. As mentioned earlier, on the average over 95% of the fire 

department budget is allocated to manpower [46]. Since flying squads are 

manpower transport vehicles, this constraint affects the number of squads 

to have and the crew size of both squads and companies. 

Location/Allocation of a Flying Squad 

Another important issue in the use of a flying squad is the determi-
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Table 4 

Fire Department Budgets[53] 

(1970) 

1970 F.D. 1970 F.D. 1970 
City Budget % Expenditures Salaries % 

of General (in thousand of F.D. 
Revenue dollars)· Budget 

Chicago, Ill. 12 $ 68,478 98 
Los Angeles, Cal. 12 62,348 98 
New York City, N.Y. 4 233,296 99 
Atlanta, Ga. 10 8,544 89 
Pittsburgh, Pa. 13 11,181 98 

St. Louis, Mo. 9 12,211 98 
Washington, D. c. 4 22,683 94 
Cincinnati, Ohio 5 11,215 96 
Long Beach, Cal. 10 8,137 96 
Miami, Fla. 19 7,619 99 

Portland, Ore. 14 8,857 95 
San Jose, Cal. 12 6,855 87 
Wichita, Kan. 12 4,445 91 
Baton Rouge, La. 10 3,246 89 
Columbia, S. C. 18 1,391 94 

Lansing, Mich. 13 3,325 91 
Montgomery, Ala. 19 2,503 96 
Richmond, Va. 7 5,620 77 
Wichita Falls, Tex. 8 962 92 
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nation of the locations of squads and the design of their response dis-

tricts in the face of spatially distributed demand patterns. When a 

limited number of squads is strategically located, it is possible to 

better service the community than if it was randomly located. 

When locating flying squads, two possible situations are considered. 

In one case, the squads can be positioned anywhere (i.e., a continuous 

space problem). In the second case, the number of potential locations 

is limited to a fixed set of candidates (i.e., a discrete space problem). 

The opinions of professionals gathered through the survey mentioned ear-

lier indicate that the latter case is more appropriate to the position-

ing of fire suppression forces. The set of candidates may include al-

ready existing fire stations as well as any other potential sites. The 

potential sites should possess the physical characteristics such as 

accessibility to main throughfare, availability of land, etc. 

The design of response districts involves determining what por-

tion of a city to assign to each squad. Districts are formed by com-

bining seperate areas or regions of the city into mutually exclusive 

sets or groups. As the basic areas, fire station first alarm terri-

tories (e.g., there are 30 such areas in the city of Atlanta, Georgia), 

census tracks (e.g., there are 109 tracks in Atlanta), and others can be 

used. However, the use of the smaller basic areas is more desirable 

because this allows more refined and flexible response district defini-

tions. The major constraints for this planning problem are response time 

and workload feasibility. They are discussed below. 
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Response Time 

As in the previous planning problem, a dominant concern in the 

location of squads is response time. Ideally, minimizing its average 

response time to fires while providing equal average response time is 

desired. However, it is very difficult, if not impossible, to attain 

both at the same time. If the squads are positioned to minimize the 

average response time in the city, many more squads will be assigned 

to the high incidence region than to the low incidence region, and the 

resulting response times within two regions will not be equal. If this 

criteria is used, the residents of the low incidence region will possibly 

be concerned that they are being penalized for having fewer fires. If, 

on the other hand, the response time is made equal in both regions, the 

response time to many fires in the high incidence region will be increas-

ed in order to reduce those in the low incidence region, and the average 

response time throughout the city will be larger than its feasible mini-

mum. Under this policy, the squads in the high incidence region would 

have a larger workload than the squads in the low incidence region. An 

illustration of this situation for two regions of a city having widely 

varying rates of fire incidence is given in Figure 4. 

Because of this situation, some compromise is usually made between 

the above mentioned two objectives in order to attain a reasonable and 

useful allocation of squads. The criteria used in this research esta-

blishes the maximum limits in terms of response time to different physi-

cal compositions (e.g., 3 minutes to commercial regions and 5 minutes to 

residential regions). To utilize this criteria, an adequate representa-
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High Demand Low Demand 

This solution minimizes total travel time to all fires 

0 
This solution equalizes coverage (but total time is 

higher) 

Legend: x indicates an area of the city with a high 
alarm density 

8 indicates a fire station location 

Figure 4. Two Allocation Strategies for Fire Companies 
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tion of the street network is necessary. Fortunately, in many cities, 

the highway department has coded the street network for present and 

future years [40]. Such a network is represented by a uniquely numbered 

series of nodes and links. The data listed includes distance between 

intersections (i.e., links between nodes). With this street network, the 

shortest response time from one node, representing a potential squad site, 

to all other nodes can be approximated by using the distance-to-response 

time relationships mentioned in Chapter II. 

Workload Feasibility 

Another concern in the location/allocation of squads is workload 

feasibility. Besides the duty of answering alarms, fire fighters are 

involved with training and housekeeping required by the "live-in" system. 

Even though fire fighters devote only a small portion of their time ans-

wering alarms, preventing any unit from being overtaxed is very important 

because this may affect the morale and productivity of fire fighters [12]. 

As mentioned in the previous section, one of the appropriate measures 

of defining the workload of a squad is by the number and type of alarms 

responded. Most fire departments keep records of the number of calls 

they received and the types of services they provided. Obviously, the 

squad responding to a structural fire may consume more time and effort 

than if it were dispatched to a trash bin fire. The workload associated 

with a region depends on the frequency and type of alarms received. In 

the research, the estimated mean value of the workload is used to compute 

the level of workload in a region. The workload requirement of a region 
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is defined as the product of structural fire occurence probability and 

the number of structures assuming that the region consists of homogeneous 

structures. 

The available squad-hours limits the number of fires a squad can 

respond. The workload of a squad will be limited to a pre-determined 

number of structural fires, such as 120 fires. 

Deployment Strategy of a Flying Squad 

The problem associated with a deployment strategy is how to dispatch 

a flying squad. Flying squads can be dispatched from fixed-base stations 

or from patrolling units. 

Fixed-base stations are those which respond to an alarm from fixed 

locations. Included in the fixed-base category are nearly all fire com-

panies and most ambulances. The best known and most widely researched 

class of problems in the location of fire stations are of this type. Such 

problems are generally static in that the locations selected are main-

tained for a relatively long period of time, usually several years. 

Patrolling situations are those which respond to an alarm from constantly 

moving vehicles. The police and security patrols are among the best 

examples of this. 

In order to fully describe a deployment strategy, two questions are 

to be answered: (a) how many squads should be dispatched, and (b) which 

units should be dispatched? The procedure for dispatching appears to be 

similar in most fire departments. When an alarm is received and the 

location of an alarm is determined, dispatchers consult a "running card" 
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to see which units should be dispatched. This card also contains infor-

mation concerning how many units to send. In major cities, computerized 

dispatching system is being implemented. Study (14] shows that this new 

system can better response time by about a minute which is a considerable 

contribution to emergency situations. 

The first element of a policy for dispatching flying squads to an 

alarm is a plan of designating how many squads to dispatch to various 

types of alarms. If too many units are dispatched, suppression forces 

will be left in a poor position to respond to subsequent alarms. If too 

few are dispatched, additional injuries and property losses may be incu-

rred before adequate forces can be brought to the fire scene. The majo-

rity of the modern fire jurisdictions deal with this problem by establi-

shing fixed responses for various types of alarms. A complete suppress-

ion force usually requires responses from several fire stations. For 

example, two engine and one ladder companies manned by a total of 15 

fire fighters dispatched from stations A and B might always be assigned 

to a reported dwelling house fire in region C. Additional units are 

dispatched when the chief officer at the fire scene determines that the 

initially dispatched forces will be inadequate. In the research, this 

question is answered by locating at least one flying squad within a 

response time of S. from the focal point with respect to fire service 
J 

demand of a region, where j is the region index. 

The question of which units to dispatch is also to be answered. In 

the overwhelming number of modern fire protection jurisdictions, this 

decision is made on the basis of the closest units (12]. If two flying 
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squads are required, the two closest units are to be chosen for dispatch. 

The Size and the Job Skill Levels of Each Member of a Flying Squad 

In addition to the previously mentioned three problems, it will 

also be necessary to determine the size and the job skill levels of. each 

member of a squad. For example, a decision must be made as to how many 

men are to be assigned to each squad, and what are the job responsibili-

ties for each member of a squad. The manpower needed with flying squads 

is to be borrowed from the existing companies by reducing the crew size 

of present companies. The results of a survey indicate that a flying 

squad is to be manned by sufficient personnel so that upon response to 

an alarm the same number of personnel be present as presently experienced. 

Also, the size of a squad is to be pre-determined by the size of initial 

response assignments. 

For example, if two engine and one ladder companies manned by five 

men on each apparatus are usually dispatched to a given type of alarm, 

and if the crew size is reduced to three men each, then the appropriate 

size of a flying squad would be six men. Spillman [42] reported a study 

done by the Dallas Fire Department which consisted of a series of actual 

tests in an effort to determine comparative effectiveness of various 

manpower levels in performing fire suppression operations. A brief out-

line of what an engine company is capable of performing in the delivery 

of water on various manning levels is shown in Table 5. 

As to the job skill levels, men on the squad unit would have to be 

cross-trained so that they could operate any piece of equipment. In 

modern fire service practice, most fire fighters are trained for basic 
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Table 5 

Comparative Effectiveness of Fire Crews[42] 

A. Three-man Engine Company Can: 

(a) provide back-up water supply from a hydrant and then man 
one 2.5" hose lines, or 

(b) lay two 2.5" hose lines and man one 2.5" hose line using 
the water in the engine tank, or 

(c) lay and man two 1.5" hose lines, for a total water carried 
in the engine tank. 

B. Four-man Engine Company Can: 

provide back-up water supply from a hydrant and lay and man: 

(a) one 2.5" hose line, or 

(b) two 1. 5" hose lines. 

C. Five-man Engine Company Can: 

provide back-up water supply from a hydrant and lay and 
man one 2.5" and one 1.5" hose lines. 
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tasks and there is great flexibility in company operations as circumstan-

ces demand [46]. Therefore, no difficulties seem to arise in achieving 

this goal. It may be desirable to divide the squad members into personnel 

assigned to assist engine and/or ladder companies. This simplifies the 

integration of the forces at the fire scene. The squad must be capable 

of operating independently with its own leadership since they might res-

pond to small fires or car accidents with no other equipment being dis-

patched. This gives the ability to work as a unit with no supervision. 

Objective Function for the Decision Problem 

The criterion used in this research concerns the expected cost to 

society. This societal cost may include capital costs for constructing 

facilities, variable costs for operating the facilities, and the expected 

fire losses. Though, this cost to society has been considered as the 

ultimate measure of fire protection effectiveness [12], only a limited 

amount of related research using a societal cost criteria has been repor-

ted. These reports include those by Guild and Rollin [16] and Hogg [19, 

20]. They are briefly discussed below. 

The model of Guild and Rollin estimates the average societal cost 

of assigning a given number of companies to the area to be protected. 

Included in the societal cost are costs of maintaining the companies and 

costs due to anticipated fire losses. However, the anticipated fire 

losses are assumed to be simple multiple of response time which is not 

a true reflection of the actual situation. Hogg's model involves a non-

linear functional relationship between loss and response time. Hogg 

reports that results derived from the cost based resource allocation were 
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superior to the ones based entirely on response time. 

In the research, a non-linear functional relationship between fire 

loss and response time for different types of structures in different 

regions will be incorporated (see PP• 14 for a discussion of this func-

tion). Fires in different types of structures (e.g., a residential 

versus an industrial) and different region of a city (e.g., a dwelling 

house in high-income versus low-income family residential areas) may 

result in varying degree of fire related damages for a given response 

time of suppression forces. This non-linear scheme enables the squads 

to be located closer to the high-value areas. The expected fire losses 

at each region can then be determined by applying the fire loss to 

response time relationships to the expected number of fires and the 

response time of the closest unit. A detailed discussion of this rela-

tionship is given in Chapter IV. 

Each time an additional squad is located, there are incurred costs 

associated with manpower, facilities, etc. It is abvious that a higher 

facility construction cost will be incurred if a facility is to be built 

in down town areas than if it is in rural areas, mainly because of 

higher lot cost in the down town area. Also, some cost savings can be 

realized if a squad is housed in an already existing station instead of 

in a new building to be built. Thus, a squad will have a variable con-

struction cost depending on the alternative site to be located. 

The sum of the expected fire losses in a city and the manpower cost 

associated with squads and companies will be considered as a cost to 

society. The criterion for the decision problem minimizes such a cost. 



CHAPTER IV 

DECISION MODEL 

The purpose of this chapter is to describe the development of the 

model of the decision problem involved in using flying squads. This 

discussion of the decision model includes (a) the description of the 

decision variables and objective function that are to be used, (b) the 

constraints involved in the problem, (c) a concise problem statement, 

and (d) the mathematical model itself. The notation that is used in 

this chapter is also used in the discussion of the solution procedure 

in Chapter v. 

Description of the Decision Variables and Objective Function 

For a particular period of time (usually one year) under considera-

tion, each region of a city has potential fire service demand. The level 

of service provided by a flying squad must satisfy its potential demand. 

The measure of potential fire service demand for region j used in this 

research is expressed in terms of structural fires as follows: when it 

is assumed that a city is divided into regions of homogeneous type k 

structures, then 

Potential Fire Service Demand 

= (the probability of fire occurence per type k 

structure, Pkj) x (the number of type k 

structures, wkj). 

46 
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Then, the sum of these potential fire service demands for all regions 

represents total fire service demand of a city. 

The product of Pkj and Wkj represents the expected number of type k 

structural fires in region j. Unfortunately, little is known about the 

relationship between the fire loss and response time of a suppression 

force. However, this expression can be obtained by either of the follow-

ing ways: (a) by conducting a series of actual fires, or (b) by quanti-

fying the subjective opinions of the professionals in the field (see 

pages 14 and 42 for a discussion of this approach). Assume that the fire 

loss (e.g., property damage) for a single type k structural fire as a 

function of response time, t .. , of a flying squad located at site i for 
l.J 

a given company crew size, m1 , can be expressed as: 

(1) 

where akj and bkj are constants which may assume alternative values for 

different values of m1 , and F kj represents the median value of a struc-

ture in region j which consists of homogeneous type k 

Then, the expected fire losses from region j is: 

2 
L: [Pk. wk. Fk. (ak. t .. + bk.) ] x .. 
i J J J J l.J J l.J 

structures. 

where the decision variable xij represents the fraction of demand at 

region j which is supplied by a flying squad located at site i. The 

(2) 

value of x .. will be greater than 0 but less than or equal to 1 if region 
l.J 

j is protected by a flying squad located at site i, and will be 0, other-

wise. Another decision variable used in the model concerns where to 

locate a flying squad. Specifically, let y. assume the value of 1, if l. 
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a flying squad is located at potential site i, and O, otherwise. 

As mentioned earlier in Chapter III, the objective function consists 

of manpower costs for operating flying squads and companies, and the ex-

pected fire losses. The manpower cost associated with a new system can 

be expressed as follows: 

Manpower Cost = (Manpower Cost for Flying Squads) 

+ (Manpower Cost for Companies) 

= C m3 E y. + C n m1 1 

= C(m3 E yi + n m1) (3) 

where C, m3 , and n denote the average salary of a fire fighter, the crew 

size of a flying squad, and the number of companies presently in use in a 

city, respectively. 

Then, the combined cost of (2) for all regions and (3) represents 

a cost to society when a flying squad is introduced as an alternative 

method of manning the companies. The objective function is to minimize 

this cost. This objective function, F, can be expressed mathematically 

as follows: 

[Pkj Wkj 
2 

+ bkj)] F = E E Fkj (akj tij x .. 
i j 1] 

(4) 

+ C(m3 E y. + n m1). 
• 1 
1 

The last decision variable under consideration is the crew size of 

a flying squad and/or a company(assumed homogeneous throughout the region). 

As mentioned earlier in Chapter III, the former is to be found as a func-

tion of the latter, and vice versa. For example, if "r" companies manned 
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by m2 men on each apparatus are usually dispatched as an initial response 

force and the proposed company crew size is m1 , where m2 > m1 , then the 

crew size of a flying squad can be found as: 

when it is assumed that the complementary manpower is supplied by one 

flying squad. Therefore, the combined manpower of a flying squad and "r" 

companies manned by m1 men each constitutes the manpower level of initial 

response force presently being experienced. The value of this decision 

variable will be found by solving the same problem for all crew size under 

consideration with appropriate expressions of (2) and (3). Therefore, 

the crew size which yields the minimum objective function value will be 

selected. 

The purpose of this study can then be stated as trying to find 

values of decision variables x ., y., and m1 or m3 that will minimize F. 
iJ 1 

This objective function will be subject to constraints that will be dis-

cussed in the following section. 

Problem Constraints 

In formulating the planning problems of "how many squads to have" 

and "locations/allocations of flying squads", several constraints are 

placed upon the fire protection system. Some of these constraints were 

mentioned in Chapter III. These constraints can be summarized as either 

(a) response time constraints, (b) fire service demand constraints, (c) 

manpower constraints, or (d) workload feasibility constraints. Each of 
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these restrictions will be discussed below. 

Response Time 

An acceptable response time may vary from region to region as a 

decision-maker determines the level of service to be provided. Regions 

with high fire hazard in terms of both frequency and value of fire loss 

should be better protected than those with low fire hazard. Since most 

cities are composed of several physical compositions such as residential, 

commercial, industrial, etc. the variations in the level of service to 

be provided must be considered in the model. For example, a typical 

constraint may be to locate at least one flying squad within 5 minutes 

of response time for residential area and 3 minutes for commercial area. 

Fire Service Demand 

This constraint is concerned with restrictions that each region of 

a city is properly protected by a squad. As mentioned earlier in the 

previous section, the measure for fire service demand used in this 

research is the number of expected structural fires occuring in a region. 

The variations of demand for a different type of region are also to be 

reflected in the model. 

Manpower Constraint 

The decision-maker would be responsible for supplying this cons-

traint. When the amount of capital available for manpower is trans-

formed into the number of men, this figure along with the company crew 

size limits the number of flying squads to operate. 
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Workload Feasibility 

This constraint is placed so that nbne of the flying squads is 

physically overtaxed. Even though most of the fire fighter's duty time 

is said to be unproductive (in most cases over 80% of the time is 

"idle") [12], fire fighters must always be in good physical condition to 

respond to an alarm. The measure for this constraint used in this 

research is the number of structural fires to respond (e.g., 90 fires). 

This constraint is also to be supplied by a decision-maker. 

Once these constraints have been formulated, they can be combined 

with the objective function discussed in the previous section to form 

a model of the decision model. The following sections will present 

a concise statement of the problem being considered and its mathematical 

model. 

Concise Problem Statement 

The problem that will be considered in this research will be to 

determine (a) the number of flying squads to have, (b) the locations/ 

allocations of flying squads, and (c) the crew size of flying squads 

and companies. The problem will be subject to the following cons-

traints: (aJ the response time should not exceed the predetermined 

threshold, e.g., 5 minutes and 3 minutes for residential and commer-

cial areas, respectively, (b) the potential fire service demand for 

each region must be satisfied, (c) the total manpower level should 

not exceed specified manpower restrictions, and (d) the expected 

workload of a flying squad should not exceed its workload feasibility. 
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Assumptions 

The formulation of the problem is based on the following assumptions: 

(a) All the squads are identical and indivisible. 

(p) Each region consists of homogeneous physical composition, i.e., 

residential, commercial, industrial, etc. 

(c) The area is divided into regions so that the response time within 

a region does not exceed travel time threshold. 

(d) The demand for fire service for a region is assumed to occur at 

the focal point. 

(e) All the companies are already strategically located, therefore, 

only the locations of flying squads are to be considered. 

(f) The function expressing fire loss in terms of response time for 

a given company crew size is known. 

Mathematical Model 

The following is a mathematical representation of the problem 

described in the previous section. Consider the following notation: 

i represents the .th alternative site for a flying squad, l. 

j represents h .th t e J demand region, 

k. represents an index of th the k type physical composition of 

demand region j (e.g., if k = 1 => residnetial, if k = 2 => 

commercial, etc.), 

I represents the maximum value of i, 

J represents the maximum value of j, 

K represents the maximum value of k, 
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Pkj represents the fire occurence probability for type k structures 

in demand region j, 

Wkj represents the number of type k structures in demand region j, 

Fkj represents the median value of a type k structure in demand 

region j, 

n represents the number of companies presently in use, 

m1 represents the proposed company crew size, 

m2 represents the present company crew size (used in page 49), 

m3 represents the flying squad crew size, 

t .. represents the shortest response time path from potential 
l.J 

site i to demand region j, 

~(tijlm1 ) represents the function expressing the fire loss for 

a type k structure in terms of response time of a flying 

squad, t .. , for a given m1 level, 
l.J 

akj and bkj represent constants associated with the fire loss 

estimating function, gk(tij lm1), 

S. represents the response time threshold for demand region j, 
J 

N. represents the set of potential sites for flying squads which 
J 

are within the response time threshold, S., from demand 
J 

region j (i.e. , N. = {i It .. <S. } ) , 
J l.J- J 

x represents the fraction of fire service demand at region j ij 
which is supplied by a·flying squad located at potential 

site i (0 < x .. < 1), 
- l.J -
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yi represents a zero-one decision variable, i.e., 

if a flying squad is located at potential site i, 

otherwise 

c represents the average annual salary of a fire fighter, 

~ represents the lower bound on the number of flying squads 

to have which is to be computed from a set-covering problem 

(model (M2) ) , 

M2 represents the upper bound on the number of flying squads to 

have, set by the decision-maker, 

a .. and z. represent a coefficient and decision variable 
1J 1 

associated with a set-covering problem, i.e., 

[ if demand region j is covered by potential 

a .. = 
1J 

otherwise, and 

site i 

c if a squad is located at potential site i 

z. = 
1 

0 otherwise, 

a. represents the maximum number of structural fires flying squad i 
1 

can respond to, set by a decision-maker. 



55 

The decision problem described previously can be expressed mathe-

matically as follows: 

(Ml) 

Subject To: 

Find xij' yi for V i and j, and m1 and m3 

to minimize 

J 2 
l: l: [P . wkJ. FkJ" (akJ. tiJ. + bkJ.)] 

j=l ieN. kJ 
J 

I 
+ C(m3 l: Yi+ n ml) 

i=l 

x .. 
l.J 

(A) Fire service demand and response time threshold for each demand 
region must be satisfied. 

E xij = 1, V j 
ieN. 

J 

(1) 

(2) 

(B) Manpower restrictions must be satisfied, i.e., the number of 
located flying squads must not exceed the maximum number of squads 
to have, M2 , and be equal to or greater than_ the number of flying 
squads so that the problem is to be feasible, M1 . 

where, 

(M2) 

I 
M < l: y. < M

2 1 - i=l l. -

I 
Ml = minimum l: z. 

S. T. 

z 

I 
l: 

i=l 

i=l l. 

a .. z. > 1, 
l.J l. -

and z. = 0, 1 V i 
l. 

j 

(3) 

(4) 
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(C) The workload feasibility must be satisfied. 

x .. < a., 
1] - 1 

i 

(D) The demand region can be served only if it is assigned to the 
flying squad located. 

y . > x .. , V i and j 
1 - 1] 

(E) The following structure requirements must be satisfied. 

and 

y. = 0, 1 v i 
1 

x .. € [O,l], V i and j 
1] 

(5) 

(6) 

(7) 

(8) 

Model (Ml) is a mixed integer programming program having a similar 

structure to the Capacitated Warehouse Location Problem (see [24] for 

an example of this). The solution procedure developed for this problem 

will be discussed in Chapter V. 



CHAPTER V 

SOLUTION PROCEDURE 

This chapter is concerned with the solution of the decision problem 

that was developed in the previous chapter. The mathematical model (Ml) 

presented in Chapter IV is a mixed integer programming problem having a 

similar structure to the Capacitated Warehouse Location Problem (CWLP). 1 

Recently many different procedures have been discussed in the litera-

ture that have dealt with the solution of CWLP models by mathematical 

programming methods. Several of these methods will be mentioned in the 

next section, and then the solution procedure developed for the problem 

in the current research will be presented. This procedure is a modifica-

tion of an efficient branch and bound algorithm by Akinc and Khumawala. 

The required modifications for the solution of the problem in this study 

are discussed in this chapter. A small sample problem is solved to fur-

ther illustrate the entire solution procedure. 

Background 

The CWLP is a generic name given to the following problem. A number 

of potential sites are selected where warehouses may be positioned, each 

Although the problem is called the warehouse location problem, it 
occurs in many other operational situations: vendor selection, missile 
site selection, facility location-allocation, drilling site selection, 
lock-box problems, etc. [9]. 
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site having a fixed cost to be incurred if the warehouse is opened there. 

In addition to the fixed cost, there are transportation costs from the 

warehouses to the customers and the capacity limitations of the open 

warehouses. The CWLP is then to select the subset of the potential sites 

to open which (a) satisfy customer demands (i.e., product sales), and (b) 

minimizes the sum of the fixed and transportation costs. 

The flying squad problem and the CWLP are analogous in the following 

-manner. A number of potential squad sites (i.e., "warehouse" location 

sites) are known to be available where squads can be housed. Associated 

with each potential site, there are incurred operating costs associated 

with manpower, facilities, etc., if a squad is housed there. In addition 

to the operating cost, there are expected fire losses from the squad 

locations to the fire scene. The flying squad problem is then to select 

the subset of potential sites to locate flying squads which (a) satisfy 

the fire service demand in terms of structural fires (i.e., "product 

sales") of each region of a city, and (b) minimizes the sum of the flying 

squad operating costs and expected fire loss. 

In its simplest mathematical form, the capacitated warehouse loca-

tion problem can be expressed as a mixed integer program as follows (with 

m customers and n potential warehouse sites) [24]: 

(Pl) minimize z 

subject to: 

m 
E 

i=l 

n 
r 

i=l 

m 
E 

j=l 
c .. x .. + 

l.J l.J 

x .. > D 
l.J - j 

v j 

n 
E 

i=l 
F.y. 

l. l. 
(1) 

(2) 



where c .. 
l.J 

x .. 
l.J 

F. 
l. 

D. 
J 
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m 
E x .. < S.y. v i (3) 

l.J - l. l. j=l 

x .. > 0 "SJ. i, j (4) 
l.J -

and = 0 or 1 v i (5) 

= the per unit cost of shipping goods from warehouse i 
to customer j, 

the decision variable denoting the amount of goods 
shipped from warehouse i to customer j, 

= the fixed cost associated with warehouse i, 

= the decision variable indicating whether warehouse is 
opened (y.=l) or closed (y.=O), 

l. l. 

=the demand at customer j, 

and S. =the capacity of warehouse i. 
l. 

The majority of the literature on the CWLP can be classified under 

two broad catagories: (a) research directed towards developing exact 

methods to obtain an optimum solution to the problem, and (b) heuristic 

algorithm for finding "good" solutions to problems with large number of 

potential warehouses and customers. The exact methods are generally the 

outgrowth of application of the implicit enumeration method which was 

first introduced by Land and Doig [29]. The literature on exact algori-
I 

thms for the CWLP includes the branch and Bound applications by Sa [38] 

and Davis and Ray [8]; and a modified B&B approach by Ellwein [9]. 

The heuristic algorithms are computationally efficient methods for 

finding "good" solution to large sized problems. However, their major 
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drawback is the fact that they yield solutions which can not be guaran-

teed to be optimum. Heuristic algorithms developed for the CWLP include 
I 

those of Jandy [22], Sa [39], Khumawala [24], and Akinc and Khumawala 

[l] (which represents the basis for this study). Each of these approach-

es will be briefly discussed before presenting the algorithm developed 

for the problem in the current research. 

I 

Sa (1968) 
I 

Sa applies a branch and bound technique to solve the CWLP. His 

algorithm applies several dominance rules at each of the B&B tree nodes, 

in addition to determining a lower and an upper bound. The lower bound 

at each node is obtained in the usual manner, by ignoring the zero-one 

restrictions on free y. 's and solving the resultant linear programming 
1 

problem. The upper bound at each node is found by considering all free 

y. equal to one. Finding the upper bound in this manner facilitates one 
1 

of his dominance rules that will be discussed later. The minimum of the 

upper bounds found to date in the tree search constitutes the current 

upper bound. 

In an effort to reduce the size of the B&B tree, Sa uses two domi-

nance rules which identify those nodes that can not contain optimum 

solution. These rules are as follows: 

(a) Maximum Fixed Cost Rule. An upper bound, FMAX, is 

found on the total fixed cost that a solution can occur. Any solution 

which has fixed costs in excess of this upper bound is discarded. This 

bound is calculated as follows: 
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FMAX = g* - VMIN (6) 

where g* is the current lower bound and VMIN is a lower bound on the 

variable cost that any solution can have. The VMIN is obtained from 

the solution of the transportation problem which uses all the ware-

houses. Clearly, any node at which the fixed cost of the open ware-

houses is greater than FMAX can not have any solution better than g*. 

Thus, such node can be discarded. 
I 

(b) Upper Bound Rule. Sa's use of this rule can be expla-

ined as follows. Consider branching by constraining yk, where k is a 

free warehouse at some non-terminal node. If the upper bound of the 

closed branch (along yk = O) exceeds that the open branch (along yk = 

1), the node resulting from the closed branch need not be considered 

any further. 

Sa suggests that the success of his algorithm depends partly on 

the manner in which the next warehouse is chosen to be constrained. He 

considered two branching decision rules, which are based on the yi 
I 

obtained when solving the relaxed problem for the lower bound. Sa's 

computational experience has shown that the maximum y. rule makes better 
l. 

use of the upper bound rule, i.e., many branches are pruned. The minimum 

y, rule, on the other hand, leads to a good solution (current upper 
l. 

bound) relatively soon, but takes longer to verify optimality due to the 

ineffectiveness of the upper bound rule. 
I 

Sa tested his method on several problems. A majority of these pro-

blems were derived from the original data of Kuehn and Hamburger [27]. 

His B&B method was capable of solving some 16 x 50 and 12 x 12 problems 
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in reasonable time on an IBM 360/65. However, it failed to converge on 

25 x 50 problems within 15 minutes of computer time. 

Davis and Ray (1969) 

Davis and Ray formulated the CWLP in a slightly different manner 

than given in (Pl). Their formulation is "tightier" in the sense that 

they change constraint set (3) in (Pl) into: 

x . . - Minimum (D . , S . ) y . < 0 
~ J 1 1 

(7) 

The presence of constraint (7) forces y. to take the value of one if 
1 

any customer's demand is supplied entirely by warehouse i, or if the 

full capacity of warehouse i is used to supply a single customer. 

The B&B algorithm is then applied to the problem in the usual manner. 

When lower bounds are computed at the nodes, the values of the free yi 

usually turn out to be integers (one or zero) due to constraint (7). The 

faster convergence of nodes to terminal nodes necessitates only a small 

number of branches to be made. Finding the lower bound by solving this 

tightier version of the problem is more difficult. The presence of 

constraint (7) increases the number of constraints to be considered, and 

wipes out the efficiencies that can be derived from the use of transpor-

tation codes. Therefore, the computational efficiency of this algorithm 

is very much a function of how rapidly the lower bounds are obtained for 

each node. 

Davis and Ray report that using this technique they have solved pro-

blems with from 20 to 50 potential warehouses in less than 25 minutes on 
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a Burroughs 5500. Since information on the types of problems solved is 

not available, it is difficult to comment on the computational efficiency 

of this algorithm. 

Ellwein (1970) 

Ellwein developed and used several optimality and feasibility tests 

that reduce the number of nodes which need to be constrained. These tests 

are summarized below. 

(a) FMAX. The y-vectors having the fixed cost component in 

excess of FMAX are discarded. 

(b) CMIN. For any solution vector y to be feasible, it must 

have enough capacity to accommodate all the customers' demand. If CMIN = 
r D., then any solution vector encompassing a total capacity level (sum 

J 

of the capacities of open warehouses) which is less than CMIN is dropped 

from consideration. 

(c) VMIN. When all the warehouses are considered open, the 

solution (VMIN) to the resultant transportation problem is a lower bound 

on the transportation cost of any other solution. When warehouse i is 

deleted from the transportation problem resulting in VMIN, the optimum 

cost will clearly increase; say to VMIN., i.e., 
1 

VMIN. - VMIN 
1 

t.i.V. > 0 
1-

(8) 

t.i.V. can be termed the lower bound on the reduction in transportation 
1 

costs due to having warehouse i in the solution as opposed to not having 

it. If, for any warehouse k, this bounds exceeds its fixed cost, then 
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warehouse k must be open in the optimum solution, thus all the y-vectors 

with y = 0 can be dropped from consideration. 
k 

Ellwein applies this test only at the initial node when all the 

warehouses are free because applying this test at every nodes can be 

computationally very expensive. Note that the application of the VMIN 

rule would require the solution of S[K2 (t)] + 1 transportation problems. 2 

(d) Duality Constraints. Several constraints are obtained 

from the duality properties of the transportation problems to further 

reduce the number of y-vectors to be evaluated explicitly. These 

constraints are found and used as follows: Given a particular solution 

vector y, the dual of (Pl), DL(y) can be written as 

n m n 
Max g = l: F.y. + l: v.D. l: u.S.y. 

i=l 1 1 j=l J J i=l 1 1 1 
(9) 

DL(y) subject to: v. u. < c .. v. i and j 
J 1 ...;.. 1J 

(10) 

and ui, v. > 0 v. i and j 
J - (11) 

Let (y*, g*) be the incumbent solution and u* and v* be the corresponding 

vectors of dual activities. For any other vector y to have a solution 

value less than g*, it must satisfy the following "duality constraints": 

n m n 
t: F.9. + t: v~D. t: u~:s .9. < g* (12) 

i=l 1 1 j=l J J i=l 1 1 1 

2 
S[K (t)] is used to denote the number of free warehouses at the 

tth node. 2 
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* therefore, any y not satisfying constraint (12) can not have g < g , and 

it can be dropped from further consideration. 

Ellwein reports that his algorithm was able to solve the 16 site 

' problems of Sa [38] in less than 3 minutes on IBM 360/67. 

Jandy (1967) 

Jandy obtains an approximation solution to the CWLP by solving a 

sequence of transportation problems. To describe the procedure, let 

[c .. (v)] be the per unit transportation cost used for the solution of 
l.J 

the vth transportation problem, and [x .. (v)] be the corresponding solution. 
l.J 

c .. (v) is given by: 
l.J 

(v) c.. = 
l.J 

l.J l. l. 

(13) t 
c .. + F ./S. , if v=l 

(v-1) 
c . . + F . I l: x . . , if v> 1 

l.J l. j l.J 

These transportation problems are iteratively solved until x .. (v-l) = 
l.J 

x .. (v), for all i and j, i.e., the solution converges to 
l.J 

corresponding design, y is obtained from: 

{ 

1 if ~ xij > 

y = 

0 otherwise. 

0 

(v) x.. • The 
l.J 

At this point the algorithm considers pairwise interchanges between 

open and closed warehouses. The algorithm terminates when no more pair-

wise exchanges can profitably be made. 
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Jandy does not report any computational results except for four small 

sample problems that can be solved by hand. Therefore, the quantity of 

the procedure for large problems is not known. 

I 

Sa (1969) 
I 

As mentioned earlier, Sa's B&B procedure was incapable of solving 

large sized problems with a reasonable computational effort. This led 

him to devise a heuristic method which consists of two phases. Phase I 

is similar to the "add" heuristic of Kuehn and Hamburger [27) and the 

"drop" heuristic of Feldman, Lehrer and Ray [11). Phase II, on the 

other hand, considers profitable pairwise exchange of closed and open 

warehouses in an attempt to improve the solution found at the end of 

Phase I. 

The algorithm starts with all the warehouses open and closes one 

warehouse at a time whenever doing this reduces the total cost. This 

"drop" process is carried out until no more drops can be made without 

increasing the total cost. At this point, the algorithm attempts to 

"add" previously closed warehouses. Whenever a warehouse is profitably 

added, i.e., with a resultant decrease in the total cost, the algorithm 

returns to the "drop" process to see if any other warehouses can now be 

dropped. When no "drop" or "add" is possible Phase I ends with a solu-

tion which represents a total optimum. 

The above solution indicates that the solution at hand can only 

be improved by interchanging elements taken from the sets of open and 
I 

closed warehouses. In Phase II, Sa proposes to consider not all, but 
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only simple exchanges, i.e., replacing an open warehouse with a closed 

one. Whenever a single exchange is found profitable, the algorithm 

leaves Phase II after making the interchange, and enters Phase I to 

investigate the possibility of further "drops" and "adds". When no 

single exchanges are possible in Phase II the procedure terminates with 

the heuristic solution. 

' Sa reports favorable computational results on the modified Kuehn 

and Hamburger [27] problems. 

Khumawala (1973) 

Khumawala's method aims at tracing a few paths (from the initial 

node to a terminal node) of the B&B tree to reach candidate solutions. 

The basis of the algorithm is the computation of lower and upper bounds 

(~. and n., respectively) on the savings in variable costs that accrue 
l. l. 

from having a warehouse i in the solution as opposed to not having it. 

They are computed as follows: 

(a) Lower Bound (~.). 
l. 

When the warehouse i is added to the 

problem, the solution improves for each customer's unit demand by 

\J • • = 
l.J 

(14) 

where K1 and K2 are used to denote sets containing the indices of opened 

and free warehouses, respectively. 

following simple knapsack problem: 

(P2) Max E 'i/ •• D.t. 
j l.J J J 

Then, ~. is the solution to the 
l. 

(15) 
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and 

(b) Upper Bound (n.). 
1 
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s. 
1 

¥ i 

0 < t. < 1 ¥ j 
J 

(16) 

(17) 

Let u, rEK1 and V. (j=l,2, ••• ,n,n+l) 
r J 

be the optimum dual variables associated with the solution Zr(K1) where 

n+l is the dummy customer and Zr(~) is the optimal solution to the 

transportation problem with only the warehouses contained in the set K1 . 

Let, 

w. . = Min ( c . . + V 1 - V. , 0) j = 1, 2 , ..• , n 
1J 1J n- J 

(18) 

Note that w .. > 0 and measures the per unit savings in the variable cost 
1J 

of customer j's demand if supplied from warehouse i. Then, the upper 

bound is the solution to the following simple knapsack problem: 

(P3) Max ~ w .. D.h. (19) 
j 1J J J 

s.t. ~ D.h. < s. ¥ i (20) 
J J - 1 j 

0 < h 
j 

< 1 "Sf j. (21) 

The algorithm starts by tracing a "good" path with all the ware-

houses free and computes~- for all the warehouses. If ~.>F. for any i, 1 1 1 

then warehouse i is fixed open. Given the set of fixed open warehouses, 

n.'s are computed as the upper bound on the savings in variable costs if 
1 

warehouse i's were opened. If n. < F. for any i, then warehouse i is 
1 1 

fixed closed. Note that whenever a warehouse is fixed open (closed), 

then.(~.) of the remaining free warehouses change. This allows for 
1 1 
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repetitive attempts to fix the warehouses open and closed. This cycle 

is carried out until no more warehouses can be fixed open or fixed 

closed. At this time, the algorithm selects a free warehouse to be cons-

trained (open or closed). The algorithm alternates between fixing ware-

houses open or closed whenever possible, and constraining until a ter-

minal solution is reached. This terminal solution is an upper bound to 

the problem. The heuristic decision rules that guide the selection of 

warehouses to be constrained are based on~., n., and S. of the free 
i i i 

warehouses. 

Depending on the six particular branch selection rules used, the 

procedure generates several candidate solutions, all of which may not 

necessarily be different. Since each solution is very efficiently 

obtained, Khumawala suggests generating all of these solutions and then 

naming the one with the least cost as the heuristic solution to the 

problem. 

Khumawala reports quiet encouraging computational results, in terms 

of both the quality of the solution and the computational time and sto-

rage requirements. The computational tests were made on a large class of 

' problems including all the test problems used by Sa [38] and Ellwein [9]. 

The Akinc and Khumawala Procedure 

The procedure that will be used to solve the problem of the current 

decision model is based on an efficient branch and bound algorithm that 

was developed by Akinc and Khumawala in 1977. One of the major reasons 

that this procedure was selected over those mentioned in the previous 
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section is that this procedure appears to be computationally the most 

efficient. Its computational efficiency enables it to obtain rapidly 

"good" solutions to large problems. Akinc and Khumawala claim that 

their procedure obtained optimal solutions to the majority of relatively 
I 

large problems at reasonable computational time and storage, whereas Sa 

and Ellwein either had not attempted these problems, or had to terminate 

computation prematurely due to excessive computer time and/or storage [l]. 

The basic steps in the Akinc and Khumawala procedure are determin-

ing (a) the criterion for fixing free3 squads to open, (b) the criterion 

for fixing free squads closed, (c) the lower bound, (d) the upper bound, 

(e) node selection rules, and (f) branch selection rules. The procedure 

ends when no further improvement can be made, i.e., lower bound is as 

large as the best solution obtained so far. A detailed discussion of the 

various parts of this procedure is given in Appendix B. 

Modifications to the Akinc and Khumawala Procedure 

Several modifications were required in order to use the basic pro-

cedure developed by Akinc and Khumawala for the solution of the problem 

in this study. In essence, the Akinc and Khumawala procedure was <level-

oped to obtain a "good" solution without the limitation on the number of 

warehouses to open. Their procedure for solving a CWLP, like all B&B 

procedures, generates a sequence of partial assignments and analyzes the 

3The terms "open" "closed", and "free" squads will respectively 
mean a potential squad assigned to be use, a potential squad assigned 
not to be used, and a potential squad assigned not yet assigned either 
open or closed. 
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completions of each in search of successively better feasible solutions. 

Their procedure opens and closes as many warehouses at a time as they can 

be profitably (when a decrease in a total cost is realized) opened and 

closed, and terminates when no better feasible solution can be obtained. 

The mathematical model developed in Chapter IV contains a constraint 

which limits the number of flying squads to open. Also, the model devel-

oped for the current research has an imbedded set-covering problem which 

allows the determination of the lower bound of the number of squads to 

open so that the problem is feasible. Further, the transportation costs 

from warehouse to customer used in the Akinc and Khumawala procedure is 

expressed as a simple multiple of the distance between two points, whereas 

the flying squad problem deals with a non-linear fire loss function. 

The modifications required to adjust the above mentioned structural 

differences between the models of a CWLP and a flying squad problem will 

be described in detail below. 

The first modification required was to open the squads one at a 

time. This approach is similar to the "add" heuristic of Kuehn and Ham-

burger [27]. By doing so, the solution can be obtained without exceeding 

the maximum allowable number of squads to open, i.e., the procedure ter-

minates when the number of open squads reaches the maximun allowable 

number of squads. Also, a sensitivity analysis on the system such as 

cost/benefit ratio as an additional squad is added to the system can be 

done with already available information, thereby avoiding additional 

computations. This modification is accomplished by opening squad "t" from 
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the set of free squads with the largest non-negative difference between 

the lower bound on the savings in fire losses due to having squad t open, 

and the operating cost associated with flying squad t. 

In a mathematical form, this modification is expressed as follows: 

when squad i is added to the problem, the solution improves for each 

region's unit demand by [8], 

v .. = 
l.J 

min {max(ckj -
ke:K1UK2-{i} 

c .. ' 
J.J 

O)} (22) 

The lower bound on the savings in fire losses, ~-' is the solution to 
J. 

(P4) max ~- = l: 'i/ •• x 
J. l.J ij x j 

(23) 

s.t. l: x .. < s. v i 
l.J - J. j 

(24) 

and 0 < x .. < D. 
J.J - J 

(25) 

where, K1 and K2 represent the sets containing the indices of squads to 

be opened and unconstrained (free), respectively, 

c .. represents the per unit fire loss from squad i to region j, 
J.J 

D. represents the fire service demand of region j, 
J 

x .. represents the amount of fire service demand supplied from 
J.J 

squad i to region j, 

S. represents an upper limit on the workload of squad i, 
J. 

F. represents the operating cost associated with squad i. 
J. 

Then, select squad "t" such that 

F = 
t 

max (~. - F.) > 0 
. K J. J. 
J.E: 2 

(26) 
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and open the squad t. 

The second modification of the Akinc and Khumawala procedure con-

cerns an imbedded set-covering problem. The solution to this set-

covering problem constitutes the lower bound on the number of squads to 

have so that the solution is feasible. Since the solution is found only 

with regard to response time constraints, it is the lower bound to the 

problem. When the workload of the squad is large compared to the fire 

service demand, this lower bound would also be one of the feasible solu-

tions to the problem. This second modification allows terminating the 

procedure when the lower bound computed from the set-covering problem 

exceeds the maximum allowable number of squads to open, thereby avoiding 

further computations. When this is the case, there is no solution to 

the problem. 

The computation of this lower bound is based on a set-covering 

problem as follows: 

I 
(PS) minimum Ml = L: z. 

i l. 

I 
s.t. L: a .. z. > 1, v j 

i l.J i-

and zi = 0, 1 V i 

where, M1 represents the lower bound on the number of squads so that 

the problem is feasible, 

z. = 
l. 

J 1, if squad i is open, 

l 0, otherwise 

(27) 

(28) 

(29) 
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l 1, if region j is covered (i.e., region j is located within 

the response time threshold from squad i) by squad i 

O, otherwise 

I represents the number of potential sites for squads, 

J represents the number of regions in a city. 

To solve the set-covering problem, exact and heuristic algorithms 

may be applied. When the number of decision variables is small, the exact 

B&B method of Land & Doig [29) would be appropriate.4 However, when the 

number of decision variables becomes large, a heuristic method should be 

used. Ignizio [21) reports that his heuristic solution to set-covering 

problem is able to handle problems upto 800 x 800 with reasonable com-

puter time and storage requirements. The size of flying squad problem 

may vary from city to city depending on its population and area. If the 

census track is used as a basic area (region) and if each census track is 

to have a potential site for a squad, then the size of the problem will 

be m by m, where m is the number of census tracks in a city. In Table 6, 

the number of census tracks for many cities are listed. 

The last modification in the Akinc and Khumawala procedure concerns 

with the variable cost matrix from squads to regions. Akinc and Khumawala 

tested their procedure against problems of which transportation cost is 

expressed as a linear function of distance. As mentioned earlier, the 

4using the Toregas, et. al [45) test problem of I = 30 and J = 30, 
the optimum solution to model (PS) was obtained using the Land & Doig 
algorithm with a CPU time of 4 seconds on an IBM 370/165. 
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Table 6. Census Track [52] 

(1960) 

City, State No. of Census Population No. of Housing 
Tracks in 1,000 Units in 1,000 

Albuquerque, N.M. 43 201 60 
Atlanta, GA. 109 487 154 
Chicage, IL. 939 3,550 1,124 
Columbia, s.c. 28 97 28 
Denver, CO. 98 493 174 

Fort Worth, TX. 80 456 125 
Indianapolis, ID. 145 476 158 
Las Vegas, NV. 14 64 22 
Lincoln, NB. 34 128 43 
Long Beach, CA. 71 344 133 

Manhattan, N.Y. 323 1,698 727 
Memphis, TN. 103 497 151 
lvf.iami, FA. 59 291 120 
Nashville, TN. 43 170 53 
New Orleans, LA. 162 627 202 

Philadelphia, PA. 378 2,002 649 
Pittsburg, PA. 189 604 196 
Richmond, VA. 61 219 69 
San Francisco, CA. 135 740 310 
San Jose, CA. 67 204 68 

St. Louis, MO. 126 750 262 
Salt Lake, City, UT. 49 189 64 
Seattle, WA. 120 557 215 
Washington, D.C. 96 763 262 
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fire loss function used in the model developed in Chapter IV is to be 

expressed as a non-linear relationship with response time. This last 

modification can be easily accomplished by assigning the values of non-

linear fire loss function from sites to each region in a city into a 

"fire loss" matrix. For example, the fire loss matrix can be constructed 

from a "response time" matrix, T, as follows: 

Response Time Matrix (T) 
Potential Demand Regions 

sites 1 2 3 4 5 6 

A 1 2 3 4 M* 4 
B 3 2 1 3 M 2 
c 4 3 M 2 1 1 
D 3 4 1 M 2 3 

M* is used to denote that the route is not 
permitted. 

2 If the fire loss function is expressed as, say, t .. + 5, substitute each 
l.J 

element in a "T" matrix into the fire loss function, and construct a fire 

loss matrix, F, as follows: 

Fire Loss Matrix (F) 

Potential Demand Regions 
sites 1 2 3 4 5 6 

A 6 9 14 21 co 21 
B 14 9 6 14 co 9 
c 21 llf co 9 6 6 
D 14 21 6 co 9 14 

With these modifications in mind, in the next section the solution 

procedure that has been developed for the problem being considered in 

this study, (Ml), will be presented. 
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Solution Procedure for "Flying-squad" Problem 

A detailed step by step statement of the solution procedure for 

model (Ml) is presented in this section. A flow chart is given in 

Figure 5 to facilitate its exposition. A small sample problem is also 

solved to further illustrate the entire solution procedure. In addition 

to the notation presented in Chapter IV, the following terminology will 

be used to present the solution procedure. 

Terminology 

K(t) 
0 represents the closed station set at node t, 

K(t) 
1 represents the open station set at node t, 

K(t) 
2 represents the free station set at node t, 

NS represents the number of open station, 

z* represents the current upper bound, 

u<t) represents the upper bound for node t, 

L (t) represents the lower bound for node t, 

TD represents total fire service demand, 

P(t) represents the total capacity (i.e., workload) of the open 
1 stations at node t. This can be obtained by adding the capacity 

of the stations that are opened, 

P;t) represents the maximum capacity of any complete design of the 
current node t. This is given by 

l: a. . 
i~K1UK2 

1
' 

~- represents a lower bound on the savings in fire losses due to 
1 having station i open, 

n. represents an upper bound on the savings in fire losses due 
1 to opening station i. 
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The computations of U(t), L(t), A., and Q. are presented in Appendix B. 
1 1 

Step 1: Data Input. Obtain and input necessary data concerning the 

problem under consideration. 

Step 2: Problem Formulation. Formulate the decision problem model 

as presented in model (Ml). 

Step 3: Set-Covering Problem (Al-A3)~ Solve the set-covering problem 

(model M(2)) and find the lower bound, M1 , on the number of stations to 

open. If this lower bound exceeds the maximum allowable number of sta-

tions to open, M2 , the problem is infeasible and stop. Otherwise, con-

tinue. 

Step 4: Initialization (A4). Start with all the potential stations 

as free stations. At node 1, therefore, the free stations, i.e., set 

(K~l)) consists of the indices of all the potential stations; the open 

and the closed stations sets, K~l), and K~l) are empty. The current 

upper bound, z*, and initial lower bound, L(l), are set equal to oo and 

0 by default, respectively. The number of open stations, NS, is zero 

at the initial node. The total capacity of the open stations at the 

initial node (P~l)) is set to zero. P~l) is computed as the sum of the 

capacities of all stations. This quantity is computed at every node in 

order to avoid branching to infeasible nodes, i.e., nodes from which no 

feasible designs can emanate. 

Step 5: Fixing Free Station Open (AS-All). The A 's are computed for i 

5Figure in the parenthesis refer to the steps in flow chart in 
Figure 5. 
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all free stations to see if a station can be fixed open. If there are 

some stations with positive 6., the corresponding station with the lar-
i 

gest 6. is fixed open by 
i 

to the open set Kit) and 

transferring its index from the free set K~t) 

adding its capacity to Pit). Also, increase 

the number of open stations, NS, by one. If the number of open stations 

thus far reaches the maximum allowable number of stations, M
2

, the pro-

cedure stops, and the incumbent is the best solution. If the 6. 's com-
i 

puted for the free stations are all negative, go to Step 7. If the free 

station set K~t) is empty, go to Step 7. Otherwise, go to Step 6. 

Step 6: Fixing Free Stations Closed (Bl-B6). As can be seen from 

the flow chart in Figure 5, the 6. and n. are applied cyclically, i.e., i i 
if the 6. test is applied and if it is successful in fixing open a i 
station, then the n. test is applied to see if any stations can be fixed i 
closed. The cycle stops when no more stations can be fixed open or fixed 

closed. The procedure now computes the Q~t) for all free stations. If 
i 

the open set Kit) is such that Pit) is less than the total fire service 

demand, TD, no stations can be fixed closed. If there is sufficient 

. b . d . h K(t) h d . . h capacity o taine in t e set 1 , t e proce ure investigates t e poss-

ibility of fixing stations closed on the basis of their negative Q~t). 
i 

If there are free stations with negative Q~t), they are fixed closed by 
i 

updating the appropriate sets and quantities. If the free station set 

Kit) is empty, go to Step 7, otherwise go to Step 5. 

Step 7: Node Evaluation (Cl-C9). \Vhen the cycle ends, the node 

evaluation procedure starts. First the upper bound for the current node, 

U(t), is computed. A check is made to see if U(t) is better (smaller) 
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than the current upper bound, z*. If so, the current upper bound is 

updated, i.e., z* = U(t), and all the nodes whose lower bound, L(t), is 

greater than the current upper bound, z*, are discarded (C4). Whenever 

the current node becomes terminal, i.e., K~t) = 0, it is discarded since 

no more branches can be made from it. If the current node is not terminal, 

the corresponding lower bound is computed, and the node is added to the 

list of active nodes if its lower bound does not exceed the current upper 

bound, z*. 

If the upper bound is not any better than the current upper bound, 

i.e., U(t) ~ z*, a check is made to see if the current node is terminal. 

If so, it is discarded from the list of active nodes. If the current node 

is not terminal, i.e., K~t) ~ 0, the lower bound is computed. If the 

lower bound exceeds the value of the incumbent solution, the current node 

is again discarded. Otherwise, the node is added to the list of the 

active nodes, and the procedure goes to Step 8. 

Step 8: Node Selection (D5-D7). A node is selected for further 

branching only if the previous branching operation is complete (see Step 

9), i.e., the nodes corresponding to both open and the closed branches 

have been evaluated. A check is made to insure that the list of the 

active nodes is not empty. If the list is empty, the procedure termi-

nates and the incumbent is the best solution. If some active nodes 

still exist, a node with the least lower bound is selected to be bran-

ched from. 

Step 9: Branch Selection (Dl-D4, D8-D9). A free station is selected 

according to some Branch Selection Rule, i.e., the largest n rule (see 
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Appendix B for a discussion of this). The selected free station k is 

constrained open by updating sets Kit), K~t), and the quantities NS and 

Pit). The procedure goes to Step 6 to see if any free stations can be 

fixed closed. When the open branch operation is complete, the closed 

branch is to be evaluated. A test is made to insure that closing the 

selected station does not result in an infeasible node. If infeasibility 

does not arise, the procedure closes the selected station by updating 
(t) (t) . (t) the sets K0 , K2 , and the quantity P2 . The procedure now enters 

Step 5 to_ see if a station can be fixed open for the remaining free 

stations. 

Example Problem 

A small example problem is now solved in order to better understand 

the solution procedure for Steps 3 through 9. The data for this problem 

is given is Table 7. A complete B&B tree corresponding to this problem 

is presented in Figure 6. The maximum allowable number of stations to 

open, M2, is set to equal to 4 in this problem. 

Step 3: Set-Covering Problem. A set-covering problem is solved 

using the set-covering coefficient matrix given below. The coefficient 

was assigned the value of 1 if the route is permitted, and 0, otherwise. 

The lower bound, M1 , is found to be 3 which is less than the maximum 

allowable number of stations to open, M2 • Therefore, there exists a 

feasible solution, and the procedure proceeds to Step 4. 

Step 4: Initialization. Initialize the sets: 

K~l) = K~l) = 0, K~l) = {A,B,C,D}, 
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Table 7. Problem Data for the Sample Problem 

Fire Losses [g(t .. jm1)] 
Operating Potential l.J Workload 
Cost Sites (i) Demand Regions (j) (a..) 

1 2 3 4 5 6 7 l. 

100 A 6 5 16 M* M 17 11 35 

70 B M 16 5 9 21 M M 30 

60 c 16 9 M 16 M 9 11 35 

110 D M 14 15 7 9 13 M 50 

Fire Service Demand 15 10 10 15 5 15 20 
(Pkj Wkj) 

M* indicates that the route is not permitted. 



87 

and the quantities: 

NS = 0, z* = ""• L (1) = 0, p (1) = O, 1 
p (1) = 150, and TD = 90. 

2 

Set-Covering Coefficient Matrix 
Potential Demand Regions 

Sites 1 2 3 4 5 6 7 

A 1 1 1 0 0 1 1 
B 0 1 1 1 1 0 0 
c 1 1 0 1 0 1 1 
D 0 1 1 1 1 1 0 

Step 5: Fixing Free Station Open. Applying the ~. procedure on the 
l. 

free stations A, B, C, and D the values are computed as: 

~A = 90, ~B = 30, ~C = 0, ~D = -20. 

Since station A has the largest positive~ .• station A is fixed open. 
l. 

The sets and quantities are updated as: 

K(l) 
1 

NS = 

= K(l)U{A} = {A} 
1 

NS + 1, and Pil) = 

K(l) = K(l)_{A} 
2 2 {B,C,D} 

0 + 35 = 35. 

The number of open stations so far is less than M? and the free station 

K(l) . set 2 is not empty. Therefore, the procedure goes to Step 6. 

Step 6: Fixing Free Stations Closed. Q~l),s for all free stations 

are computed which yield: 

QB = 40, Q = -60 and Q = -100. C ' D 
Since TD = 90 > 35 =. Pil), no free stations can be fixed closed. The 

procedure goes to Step 7. 

Step 7: Node Evaluation. Since Pil) is less than TD, the upper 

bound remains 00 • The test at (C7) indicates that the node is not terminal. 
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Thus L(l) is computed which gives 840. This initial node is added to the 

list of active nodes, and the procedure goes to Step 8. 

Step 8: Node Selection. The initial node which is the only active 

node so far is selected to be branched from (D7). 

Step 9: Branch Selection. Since this is the first time to branch, 

the procedure starts from step D8. Using the largest Q selection rule, 

station B is selected. Therefore, for the open branch node,the sets ~2) 

and K~2) are updated as: 

Ki2) = Kil)U{B} = {A,B}, K~2 ) = K~l)_{B} = {C,D} 

and Pi2) = Pil) + aB = 35 + 30 = 65. 

The procedure now goes to Step 6 to see if any free stations can be fixed 

closed. 

Step 6: Fixing Free Stations Closed. 

D are computed as: 

QC = 60, and QD = 40. 

n~2 ) for free stations C and 
1 

Since TD= 90 > 65 = Pi2), no free stations can be fixed closed (B2). 

The procedure goes to Step 7 to evaluate L(2) and u(2). 

Step 7: Node Evaluation. Pi2)< TD implies that U( 2) = oo • The 

tests at step C2 and C7 lead the procedure to compute the lower bound for 

the current node 2. The lower bound, L(Z), is found as 900. This current 

node 2 is added to the list of active nodes. The last branching operation 

is not complete, hence the closed branch (corresponding to station B) is 

now evaluated. The test at step D2 reveals that station B can be constra-
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ined closed since P (l) = 150 - 30 = 120 > TD 
2 90. The sets are updated 

as: 
K(l) 

0 

K(l) 
2 

= 

= 

K(l)U{B} = {B} 
0 

K(l) - {B} = {C D} 2 , • 

Now, the procedure goes to Step 5 to see if a free station can be fixed 

open. 

Step 5: Fixing Free Station Open. ~- for free stations C and D are 
l. 

computed as: 
~c = 0, and ~D = 4985. 

Since station D has the largest positive ~., 
1. 

station D is fixed open. The 

sets and quantities are updated as: 

K(l) = K (l)U{D} = {A,D} K(l) = K(l) - {D} = {C} 1 1 , 2 2 

p (1) = P(l) +a = 35 + 50 = 85, NS = NS + 1 = 2. 1 1 D 

The number of open stations is still less than four. Therefore the pro-

cedure goes to Step 6 to see if free station c can be fixed closed. 

Step 6: Fixing Free Station Closed. Q(l) for free station C is 
i 

found as 190. Since TD> Pil), free station C can not be fixed closed(B2). 

The procedure goes to Step 7 to evaluate L(l) and U(l). 

Step 7: Node Evaluation. Again, Pil) < TD implies that U(l) = oo • 

The lower bound is calculated as 1,020. 

Up to this point one full branching operation is completed. Presently 

there are two (2) active nodes with the information given in Table 8. 

Having a branch operation completed, the procedure now goes to Step 8 to 
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Table 8 

Information on the Active Nodes 

Node 1 Node 2 
Closed Branch Open Branch 

K(t) 
0 B 

K(t) 
1 A, D A, B 

K(t) 
2 c C, D 

u<t) 00 co 

L(t) 1,020 900 
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select a node from the list of active nodes for further branching. The 

active node 2 which has the smallest lower bound is selected. 

Step 9: Branch Selection. Among two free stations C and D, station C 

is selected according to the largest n selection rule. For the open 

branch (node 3), the following sets and quantities are updated: 

K(3) K(2)U{C} = {A,B,C} 1 1 

K(3) = K( 2 )-{C} = {D}, K~3 ) = r/J 2 2 

NS =NS + 1 = 3, and p(3) = p (2) + ac = 100. 1 1 

Now, the procedure goes to Step 6 to see if free station D can be fixed 

closed. 

Step 6: Fixing Free Station Closed. n(3) for free station D is 
l. 

found as -20. Since TD< p (3) 
1 and n(3) 

D ..::. 0, station D is fixed closed. 

The sets are updated as: 

K( 3) K(2 )U{D} = {D} 
0 0 

K (3) { } l = A,B,C 

and K(3) = K( 2)-{D} = r/J. 
2 2 

As there are no more free stations left, Step 5 is bypassed, and the 

procedure goes to Step 7 to evaluate UC 3) and LC 3). 

Step 7: Node Evaluation. For the current node 3, the upper and 

lower bounds are computed as 1,015 and 1,015, respectively. Now u(3) < 

z*. Thus, z* is updated, i.e., z* = u(3) since it is terminal, i.e., 

K = r/J, the current node is discarded. The last branching is not complete; 2 
hence, the closed branch (corresponding to station C) is now evaluated. 
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The test at step D2 reveals that station C can be constrained closed 

since P~2 ) > TD. The sets are updated as: 

K( 2) = K( 2)U{C} = {C}, and 
0 0 

K~ 2 ) = K~2 )-{C} = {C}. 

Now, the procedure goes to Step 5 to see if free station D can be fixed 

open. 

Step 5: Fixing Free Station Open. ~. for free station D is com-
l. 

puted as 40. Since station D has the positive~., station Dis fixed 
l. 

open. The sets and quantities are updated as: 

K(2)U{D} = {A B D} 
1 ' ' 

K(Z)_{D} = r/J 
2 

(2) (2) 
and P1 = P1 + aD = 115. 

As there are no more free stations left, Step 6 is bypassed and the 

procedure goes to Step 7. 

Step 7: Node Evaluation. For node 2, the upper and lower bounds 

are computed as 1,125 and 1,035, respectively. Nodes 1 and 2 are dis-

carded because U(l) and u(2) are greater than z*, and the node is ter-

minal. When the procedure attempts to select a new node to branch fur-

ther, it will not find any active nodes. Thus, the current solution is 

the best solution to the problem with stations A, B, and C are opened. 

The corresponding allocations to the demand regions are given in 

Table 9. 
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Table 9 

Best Allocations 

Stations Demand Regions 
1 2 3 4 5 6 7 

A 15 10 0 0 0 0 0 

B 0 0 10 15 5 0 0 

c 0 0 0 0 0 15 20 
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Algorithm Convergence 

Convergence, as it is used for this algorithm, implies that the 

algorithm will reach a solution that the decision-maker finds acceptable. 

This can be broken down into two different convergence considerations. 

The first consideration is the attainment of a solution in a finite 

number of steps. The second consideration is the achievement of a satis-

factory solution. 

The first consideration of convergence, that of the attainment of 

a solution in a finite number of steps, is dependent upon the types of 

data characteristics. In other words, as is the case with most mixed 

integer programming algorithms, the procedure is usually more efficient 

for certain types of data than for others. The performance of the al-

gorithm is affected not only by the size of the problems but also by the 

level of the operating costs of a flying squad. The number of possible 

solutions to the problems increases at an exponential rate with an in-

crease in the number of potential stations [l]. However, the computation 

time does not parallel this growth. The rate of increase of computing 

time is claimed to be considerably less than the rate of increase in the 

number of solutions. The effect of the number of regions on the com-

puting time is relatively minor [l]. 

Relatively large operating costs affect the power of the lower 

bounds. Thus, more frequent prunings are made due to fixing more stations 

closed. The rate of convergence will mainly depend on the number of po-

tential stations and the level of operating costs of a flying squad. 

Akinc and Khumawala [l] claim that the basic algorithm terminates in a 
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finite number of steps even for large practical problems. 

The second convergence consideration is that of the achievement of 

an optimum solution. Many heuristic algorithms are capable of handling 

large problems, but they have the inherent disadvantage that their so-

lutions can not be guaranteed to be optimal. Besides proper testing of 

the heuristic algorithms for their "goodness" depends in many cases on 

the availability of efficient exact algorithms, so that the heuristic 

solutions can be compared with the exact solutions. Unfortunately, 

exact algorithms capable of solving large problems are not known to the 

author. Akinc and Khumawala [l] report that they obtained optimal 

solutions to the majority of the 25 x 50 Kuehn and Hamburger [27] pro-

blems with reasonable computing time. 

In order to consider a more complete discussion of the convergence 

of this algorithm, readers are recommended to consult the work of Akinc 

and Khumawala [l]. 

Computer Program 

The computer program coded in FORTRAN IV that was developed to 

affect the solution procedure described in this chapter is listed in 

Appendix C. The computer program was validated by comparison to a total 

enumeration result for a small sample problem. 

The size of problem that can be solved using this computer program 

is limited by the dimension size of the program. The computer program 

as it is set up in Appendix C is arranged to work problems with 25 po-

tential stations and 40 demand regions. Storage for this program was 
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done using computer core only because the size of the example problems 

worked presented no storage problem. The next chapter will consider 

applications of the solution procedure to the Roanoke Virginia Fire 

Department as a case study. 



CHAPTER VI 

APPLICATION OF SOLUTION PROCEDURE 

This chapter illustrates the application of the solution procedure 

presented in Chapter V. To illustrate the use of the solution proce-

dure, a problem as it actually exists in the Roanoke Virginia Fire 

Department is modeled and solved. 

Estimation of Parameters 

The City of Roanoke is an urban area covering 28 square miles with 

a population of approximately 92,000 people (1970 census)[51]. There 

are areas within the city with high value commercial and industrial 

construction and others with medium value residential construction. 

The high value areas contain most of the high rise structures in the 

city. 

The Roanoke Fire Department maintains 10 engine and 4 ladder 

companies manned by an average of 5 fire fighters per apparatus. Those 

14 companies are housed in 9 fire stations located throughout the 

city. 

The development of an estimate of each parameter will now be 

described. In this example, unless otherwise specified, the same value 

of the parameters will be used for all regions under consideration. 

Potential Flying Squad Sites: i. The existing 9 fire stations 

in the city are chosen as potential sites for a flying squad, primary 

because those already existing fire stations meet the physical character-

98 
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istics requirements needed to house a flying squad. The locations of 

present fire stations are shown in Figure 7. 

Demand Regions: j. A census track is chosen as a basic area 

because available data such as the number of structures from a census 

track report can be directly used. There are 20 such areas in the city 

of Roanoke. The census tracks along with the locations of fire stations 

are also shown in Figure 7. 

Response. Time Threshold for Region j: S .• For this example 
~~~~~~~~~~~~~~~~~~~~~---.J 

problem, the response time threshold is set-up'in such a fashion that a 

flying squad is to arrive within 2 minutes after the first due company. 

In a mathematical form, this can be expressed as follows: 

S. = (ct .. + 2) minutes J iJ 

where, ct .. denotes the response time of the first due company located iJ 
at fire station i for demand region j. The expected arrival times of 

the first due company for 20 census tracks under consideration are 

shown in Table 12. 

The Number of Structures and the Median Value of a Structure in 

Region j: Wkj and Fkj The census track report includes information 

on the number of structures and the median value of the. structures (in 

dollars) in a given track. The 1970 census report of Roanoke, which 

is the most updated one available, will be used for this example pro-

blem. The information on the number of structures and the median 

value of the structures for 20 tracks are shown in Table 10. 
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Table 10 

Data of the City of Roanoke, VA. 

(1970) 

Census Number of Median Value of Potential Fire 
Track Structures a Structure in $ Service Demand 

1 1,480 $ 13,000 12 
2 1,407 11,900 11 
3 1,944 15,000 16 
4 1,933 16,400 16 
5 2,168 12,400 18 

6 855 8,700 7 
7 2,184 7,600 18 
8 1,281 8,300 10 
9 605 13,300 5 

10 1,628 12,300 13 

11 496 8,300 4 
12 2,697 10,100 22 
13 2,174 6,600 18 
14 1,378 8,400 11 
15 1,044 10,300 8 

16 2,244 29,900 18 
17 914 23,900 7 
18 1,982 14,700 16 
19 2,367 13,700 19 
20 2,001 18,800 16 
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Fire Occurence Probability: Pkj" Following the approach of 

Valinsky [47], the probability of fire occurence is estimated by di-

viding the number of structures which reported fires by the number of 

structures. In 1972, the Roanoke Fire Department experienced 267 

structural fires while there were approximately 33,000 structures. 

The fire service demands for each of 20 census tracks, which were 

defined in Chapter IV as the product of fire occurence probability 

and the number of structures in a given region, are included in Table 10. 

Fire Loss Function: g(t .. 1m1). As mentioned earlier in - 1J~-

Chapter IV, the fire loss function is to be expressed as a function of 

response time of a flying squad. By using the relationship developed 

by Mitchell [32]~ response times from the focal points of each census 

tracks to the potential flying squad sites are estimated from the 

corresponding Euclidean distances measured. The response time-distance 

relationship is expressed as: 

Response Time = 2.377 + 1.587 x (Euclidean distance) 

where response time and distance are measured in minutes and miles, 

respectively. The response times computed are shown in Table 11. 

The fire loss as a function of response time, t .. , is estimated 
1J 

from the graph shown in Figure 1 [28] such as: 

2 Fire Loss = (0.0628 tij + 0.148) Fkj 

where Fkj is the median value of a structure in census track j. 

Company and Flying Squad Crew Size: m1 and m3 • A company crew 

size of three is used in this example problem. A figure of three is 



~ A 

1 3.31 
2 3.31 
3 4.55 
4 5.53 
5 5.29 

6 6.03 
7 4.55 
8 3.31 
9 3.31 

10 4.05 

11 5.04 
12 5.29 
13 6.03 
14 7.01 
15 7.75 

16 6.27 
17 5.29 
18 4.79 
19 4.05 
20 5.29 
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Table 11 

Expected Response Time 
Fire Station i to Census Track j 

B c D E F 

4.55 5.53 6.03 7.01 8.25 
3.56 4.30 4.79 5.53 7.26 
4.55 4.05 5.29 5.78 7.51 
5.53 4.55 6.03 6.27 8.25 
4.55 3.07 4.55 4.79 6.52 

4.79 3.56 3.81 3.56 5.04 
3.31 3.31 3.31 4.05 5.53 
2.82 4.30 4.30 5.29 6.52 
4.55 6.03 6.03 7.01 8.25 
2.82 4.55 3.81 4.79 6.03 

3.81 4.05 2.57 3.56 4.79 
4.05 4.79 3.31 4.05 4.79 
4.79 4.30 3.07 2.57 4.05 
5.53 5.29 4.05 3.31 3.07 
6.52 6.52 5.04 4.55 2.82 

5.29 6.03 4.30 4.55 4.55 
4.79 6.27 4.79 5.53 6.03 
4.05 5.53 4.05 5.04 5.78 
4.05 6.03 5.29 6.27 7.01 
5.29 7.01 6.03 6. 77 7.26 

G H I 

7.01 4.79 5.29 
6.27 4.55 4.30 
7.26 5.78 5.04 
8.25 6. 77 6.03 
6. 77 6.03 4.79 

5.78 6.03 4.55 
5.29 4.55 3.31 
5.53 3.81 3.56 
6. 77 4.30 5.04 
4.79 3.31 2.82 

4.55 4.55 3.07 
3.56 4.05 3.31 
4.55 5.53 4.05 
4.79 6.27 5.04 
4.55 6. 77 5.78 

2.57 4.79 4.30 
3.81 3.81 4.30 
4.05 3.07 3.56 
5.29 2.82 4.30 
5.04 3.81 5.29 
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chosen because a minimum of three men are needed to ride an apparatus 

to a fire scene [6,7,23], and because most structural fires can be 

effectively put under control with a three man crew [14]. Therefore, 

the crew size of a flying squad will be 6 men according to the expre-

ssion defined in Chapter IV. 

Maximum Number of Flying Squads to Have: M2. Presently, the 

Roanoke Fire Department maintains approximately 70 fire fighters per 

shift (14 apparatus x 5 fire fighters per apparatus per shift). When 

the company crew size is reduced to three, as mentioned earlier, 28 men 

are available for flying squads. This figure consitutes over 4 but less 

than 5 flying squads manned by 6 fire fighters per squad. Since the 

purpose of introducing a flying squad to the municipal fire department 

is to reduce the manpower level, the maximum number of flying squads to 

have is limited to 4 in this example problem. 

Workload of a Flying Squad: a .• 
l. 

The workload of a flying squad 

is limited to 180 structural fires per period (1 year). This number 

represents the average number of alarms currently responded to by a 

company. 

Average Salary of a Fire Fighter: c. The annual salary of $14,000 

is used in this example problem. 

Solution 

The previously discussed parameters were inputed to a computer 

program that was developed to solve the decision problem. The computer 

program is included in Appendix C. 
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The solution requires two flying squads at stations A and E. The 

response district of each flying squad is shown in Figure 8. The total 

manpower requirement for the Roanoke Fire Department if flying squads 

are introduced is 54 men per shift (i.e., 2 flying squads manned by 6 

men each plus 14 apparatus manned by 3 men per company). This manpower 

level represents 16 men or 23% less than the present manpower level the 

City maintains (i.e., 14 apparatus manned by an average of 5 fire 

fighters minus 54 men). 

An analysis of the results of the solution reveals that for the 

fires in 25% of the census tracks a flying squad arrives at the fire 

scene at the same time as the first due company. Also, for 50% of 

the census tracks a flying squad arrives before the arrival of a complete 

response force (i.e., 2 engine and 1 ladder companies). The largest 

response time obtained for a flying squad is 5.53 minutes. However, 

this represents less than 1 minute of elapsed response time from the 

closest fire station for that particular demand region (see census 

track 4 in Table 12). The expected arrival times of the first and second 

due engine companies, a ladder company, and a flying squad are shown in 

Table 12. 

The results obtained from this study demonstrate that flying squads 

have a potential use as an alternative method of manning the fire com-

panies in municipal fire departments. 
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Table 12 

Expected Arrival Time of Units 

Census First Due Second Due Ladder Flying 
Track Engine Co. Engine Co. Co. Squad 

1 3.31 4.55 4.79 3.31 
2 3.31 3.56 4.30 3.31 
3 4.05 4.05 4.05 4.55 
4 4.55 4.55 4.55 5.53 
5 3.07 3.07 3.07 4.79 

6 3.56 3.56 3.56 3.56 
7 3.31 3.31 3.31 4.05 
8 2.82 3.31 3.56 3.31 
9 3.31 4.30 4.30 3.31 

10 2.82 2.82 2.82 4.05 

11 2.57 2.57 3.07 3.56 
12 3.31 3.31 3.31 4.05 
13 2.57 3.07 3.07 2.57 
14 3.07 3.31 4.05 3.31 
15 2.82 4.55 5.04 4.55 

16 2.57 4.30 4.30 4.55 
17 3.81 3.81 3.81 5.29 
18 3.07 3.56 3.07 4.79 
19 2.82 4.05 2.82 4.05 
20 3.81 5.29 3.81 5.29 
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RESULTS, SUMMARY, AND RECOMMENDATION 

There were three primary objectives of this study. The first was 

to define and structure the planning problems encountered in the use 

of a flying squad in municipal fire suppression operations. The res-

ponses of a written questionnaire (shown in Appendix A) sent to the 

professionals in the field were used along with related journal lite-

rature to meet this purpose. 

The second was to formulate a mathematical model which accurately 

describes the decision problem. The relevant criteria and constraints 

were described and modelled. This purpose was completed as shown in 

Chapter IV. The model itself could be expanded to include other 

cost factors, such as personal injuries and insurance premiums. 

The third purpose, that of developing a solution procedure of a 

decision model, was completed as shown in Chapter V. A solution pro-

cedure for the decision model was developed and tested on a case 

problem. Although the procedure was only applied to a relatively small 

city, Roanoke, Virginia, it did work efficiently. 

Extensions 

Extensions of this research could be made in two areas; (a) the use 

of a flying squad, and (b) additional research areas. The extensions 

108 
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in the use of a flying squad would include: 

(a) Determining the acceptability of a flying squad concept by 

Insurance Service Office (ISO) which conducts municipal fire protection 

surveys and establishes fire insurance rates. 

(b) Determining the impact of a flying squad used in municipal 

fire departments, such as the reaction of fire fighters union. 

The extension of additional research area would be: 

(a) Determining the location/allocation and a deployment stra-

tegy based on a patrolling situation using a similar concept to a 

police patrol. 

(b) Combining the flying squads and companies as a whole in a 

decision model. 

(c) Extending the present decision model to include additional 

criteria and constraints, such as insurance premiums. 

(d) Combining the present procedure with a computer simulation 

which would generate data to be used as input in the solution procedure. 

In concluding this report, it might be useful to emphasize the sig-

nificance of this research. A contribution to the existing "body of 

knowledge" resulted from four research activities. They are (a) defin-

ing and structuring a potentially useful problem which had not been 

previously researched, (b) developing a mathematical model for this 

problem, (c) developing a solution procedure for the problem, and (d) 

applying the model and solution procedure to an existing fire department. 
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APPENDIX A 

Written Survey 

This appendix includes a survey sent to the Fire Departments listed 

below: 

*Atlanta, Georgia 

*Fort Worth, Texas 

Garden Grove, Calif. 

Los Angeles, Calif. 

Miami, Florida 

*New York, New York 

*Orange, Calif. 

*St. Louis, Missouri 

*San Jose, Calif. 

The survey itself consists of an accompanying explanatory letter 

(Figure Al) and a two page questionnaire form (Figure A2). 

* These fire departments responded to the survey. 
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Dear Fire Chief: 

We are currently involved in research concerning "flying squad" (i.e., 
manpower transport vehicle), and the application of flying squad to 
municipal fire departments. We are seeking information concerning the 
factors that must be considered before a decision to use a flying squad 

· .cari be made. 

Fire department 'budgets have shown a marked increase in the past few 
years. It is also well known that the largest single cost factor in 
the operation of a municipal fire department is manpower. By intro-
ducing a flying squad we intend to develop an alternative method of 
manning the companies so as to improve the operations of a fire de-
partment. It is anticipated that a flying squad will reduce the total 
manpower requirements of a fire department. 

Under our conceptualization, a flying squad is to be dispatched to the 
origin of an alarm where it will join the engine and ladder companies 
to form a complete response force. Each truck will be manned with less 
than the usual 4-6 fire fighters, and the additional manpower will be 
supplied by a flying squad. 

As examples of the kind of information we are seeking, consider the 
following. Suppose you have been given the assignment of determining 
whether or not to use a flying squad concept in the place of the 
conventional company manning method. What factors must be considered 
in making your decision? If you decide to use a flying squad, what 
factors must be considered in determining (a) the number of flying 
squads to use, (b) the locations/allocations of flying squads, (c) the 
size of each squad and the job skill levels of each member of a flying 
squad, and (d) the deployment strategy of a flying squad (i.e., fixed 
base versus patrolling base). 

In addition to the decision problems we have thus far mentioned, many 
more will have to be looked at. Would you please include other problems 
and decision factors that you believe will present themselves when 
considering the use of a flying squad for municipal fire department 
operations? 

The following pages have been included for your convenience. They 
contain a form that can be filled out quite easily with information 
we are seeking. We hope you will take the time necessary to answer this 
letter as the results of our research may be of great value to the mana-
gement of municipal fire department operations. 

Thank you very much for your cooperation. 

Figure Al. Accompanying Letter 
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SURVEY SHEET 

A. The number of flying squds to use. 
Factors to be considered: 

a. 

b. 

c. 

d. 

Suggestions and recommendations: 

B. The locations/allocations of flying squads. 
Factors to be considered: 

a. 

b. 

c. 

d. 

Suggestions and recommendations: 

C. The size of a squad and the job skill levels of each member 
of the flying squad. Factors to be considered: 

a. 

b. 

c. 

d. 

Suggestions and recommendations: 

Figure A2. Information Form 
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D. The deployment strategy of a flying squad. 
Factors to be considered: 

a. 

b. 

c. 

d. 

Suggestions and recommendations: 

E. The· response force to a residential and high density district.should 
be at least ( I ) men, ( I ) engine truck(s), and ( / 

) ladder truck(s), respectively. 

F. The minimum number of men that should accompany the engine or ladder 
truck to start the fire suppression operation assuming that a flying 
squa4.is due within two minutes. ( ) men. 

G. For an effective operation, the time delay between the arrivals of 
the first truck and a flying squad should not exceed ( ) minute(s). 

H. Would you want a flying squad as 
( ) a manpower transport vehicle only 
( ) a manpower transport vehicle and mini pumper 
( ) other (please specify: ) 

Please include other problems and factors that you believe will present 
themselves in considering the use of a flying squad in the operation of 
municipal fire suppression activities: 

Date: Signature: 

Figure A2(cont.). Information Form 



119 

APPENDIX B 

The Ak.inc and Khumawala Procedure 

The purpose of this appendix is to describe the Branch and Bound 

algorithm for the capacitated warehouse location problem developed by 

Akinc and Khumawala. Before the procedure is discussed, the definition 

of the following notation is made. 

Let, c .. =the per unit transportation cost from warehouse i to cus-
l.J 

D. 
J 

s. 
l. 

F. 
l. 

x .. 
l.J 

Yi 

m 

n 

tomer j, 

=the demand for customer j, 

= an upper limit on the capacity of warehouse i, 

= the fixed cost associated with warehouse i, 

=amount supplied from warehouse i to customer j, 

= r 1, if warehouse i is open 

l 0, otherwise, 

= the number of customers, 

= the number of potential warehouses, 

=the sets containing the indices of y.'s which are constrained 
l. 

to be 0 (closed), 

= the sets containing the indices of y. 's which are constrained 
l. 

to be 1 (open), 

the sets containing the indices of Y. 's which are unconstrain-
i 

ed (free). 
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=the number of elements in the set K., where i = O, 1, or 2. 
l. 

In its simplest form,the capacitated warehouse location problem can 

formulated as a mixed integer program as follows: 

n m n 
minimize z = I: I: c .. x + E F. Y. 

i=l j=l l.J ij i=l l. l. 

m 
subject to: E x .. ..S. Siyi' v i 

j=l l.J 

(Pl) 
n 
E x > D.' v j 

i=l ij - J 

x .. ~ O, v i and j 
l.J 

Yi = 0 or 1, v i. 

The procedure begins by defining K0 K
1 

= r/J and K2 = { 1, 2 , · • • • 

n}. If at any node it can be shown that a particular free warehouse i 

is open (or closed) in the best completion reached from it, then the 

branch with y. = 0 (or 1) can be pruned at this node. This procedure 
l. 

will be referred to as fixing open (closed) a warehouse, to distinguish 

from constraining open (closed) due to branching. The particular pruning 

devices in the algorithm are based on the following result due to Erlen-

kotter [10]. 

LEMMA. If B ~A, then for reB, Z[A-{r})-Z[A) ..s_ Z[B-{r}] - Z[B], where 

Z[A] is the optimum solution value of the transportation problem having 

the sources belonging to the set A; this transportation problem will be 

referred to as T[A]. 
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Criterion for Fixing Free Warehouses Open 

At the initial node Ellwein [9] computes AVi=Z[IS_UK.2 - {i}] - Z[K1UK.2], 

where rs_=0 and K2={1, 2, . ' n}. AV. is a lower bound on the savings 
1. 

in the variable costs due to having warehouse i open in any solution reached 

from the initial node. Therefore, AV.>F. + y,=l, i.e., if the lower bound 
i- 1. 1. 

on the variable cost savings due to warehouse i at the initial node is 

sufficient enough to cover its fixed costs, then warehouse i must be open 

in the optimum solution. Both Ellwein [9] and Akinc and Khumawala limit 

the use of this test to the initial node since its greatest potential bene-

fit is realized at this stage. This test requires the solutions to IK2 1+1 
transportation problems at any non-terminal nodes of the B&B tree which 

would be computationally very expensive. Apparently for this reason Akinc 

and Khumawala use a substitute test, called "delta" test at all other 

non-terminal nodes. The delta test computes a lower bound on AV. which will 
1. 

be denoted by A .• Thus A.>F. +y
1
. = 1, i e: K2 • 

1. i- 1. 

To compute A. it is not necessary to solve any transportation problems. 
1. 

When the source i is added to this problem, the solution improves for each 

customer's unit demand by 

'V • • 
1.J 

min 
= k KUK {·} [max(ck. - c .. , O)]. e: 1 2 - 1. J 1.J 

Therefore, A. is the solution to 
1. 

max 
Q<x <D 
- ij- j 

E 'V •• x .. ] 
j 1.J 1.J 

s.t. Ex .. <S., Vi. 
j 1.J 1. 
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Criterion for Fixing Free Warehouses Closed 

A simple criterion for fixing free warehouses closed at any non-

terminal node is to compute QVi • Z[IS.l - Z[IS_U{i}], iE K2 • The P.V. is 
l. 

an upper bound on the savings in variable costs due to opening warehouse i. 

Then P.V. <Fi+ y. = 0. 
l. - l. 

However, this test requires solutions to a large number of ([K2[ + 1) 

of transportation problems. Alternatively, a weaker bound on these savings 

which will be denoted by n. 
l. 

is computed. Thus, 

The n. is computed as 
l. 

Z [1S_ U{i}] "" 

s.t. 

follows: We have 

E min rEK
1

{i} x .. >0 
l.J-

E x .. < S. 
l.J - 1 j 

E x . < S rEKl rJ - r, 

v j 

E 
j 

if Q. < F. 
l. - l. 

+ y - o. i 

c rj x rj 

(1) 

(2) 

(3) 

Let ur and vj be the optimal dual multipliers of T[K1 ]. Assign them to 

constraints (2) and (3) respectively and form the Lagrangian: L[K1U{i}] = 

min 
O<x .• <D. 
- l.J- J 

E c . x .. + 
j rJ l.J 

u (-S + r r 

E v. (D. 
j J J 

x . ) 
rJ 
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Substituting Z(K ] for L vj D - E u S , we get 
--i j j r€1S_ r r 

L[KiU{i}] ""Z(IS_] + min [ E 2: (c .-v.+u )x. - L.(vj-ciJ.)xiJ'] 
O<x .<D. rEK

1 
j rJ J r rJ J 

s.t. 

The optimality of u and r 
rEK1 , ¥ j in the above. 

L[K1U{i}] == Z [Kl] 

where, w .. 
l.J 

This leads to 

vj - cij. 

-

- rJ- J 

V, implies crj J 
Hence, 

max [ E w .. 
O<x .. <D, j l.J 
- l.J- J 

n. = Z[K1 ] - L[K1U{i}] = max 
l. O<x .. <D. - iJ- J 

- v. 
J 

x .. 1 l.J 

E w .. 
j l.J 

Note that the t:.. and n. at a node depend 
l. l. 

+ u > O; thus x = 0 for 
r~ rj 

E x .. < s.]' 
j J.J - l. 

x .. 1 LX.. < s.]. 
l.J . l.J - J. 

J 

on the sets K0 and Kl. 

Therefore, these tests are applied in a cyclic manner. Whenever a free 

warehouse is fixed open (or closed), the possibility of fixing closed 

(open) another free warehouse is investigated. The cycle stops when 

fixing another remaining free warehouse open or closed is not possible. 

The Lower Bound (LB) 

The usual method for obtaining the LB is to solve the original 

integer problem without the integrality restrictions. Accordingly, the LB 

at any node for CWLP is obtained by solving the following transportation 

problem: 



where 

LB c:: min 
xij~o 

s.t. I: 
ieK1IDS 

I: 
j 

xij 
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1: (clJ .. + g./S.)xij + 1: F. 
j l. l. ie1S_ l. 

= Dj' 'S/ j 

xij ~Si, ie 1S.IDS 

gi = lF. , if ieK2 

0: otherwise. 

The Upper Bound (UB) 

(P2) 

In the algorithm the UB at the node is simply Z[K1 ] + I: F .• The 
. IC l. i.e_J. 

LB at a node is an upper bound to (Pl) if the solution to (P2) at that 

node results in ally. = 0 or 1. 
l. 

The Node Selection Rules (NSR) 

The authors use two NSR's which are called MIN K2 and LLB rules. 

These rules are parallel to the LIFO and priority type rules discussed in 

Geoffrion and Marsten [13]. The MIN K2 rule selects the node with the 

least number of free variables. The LLB rule, on the other hand, selects 

the node with the least lower bound. 

Because of this conflict they combined two rules into a hybrid (HR). 

Two parameters a and S are specified. HR employs the LLB rule until the 

number of non-terminal nodes reaches the level $. At this time it switches 

to MIN K2 rule. When the number of non-terminal nodes is reduced to at 

the LLB is again used. By selecting the values of the parameters a and S, 

the authors claim that the computer storage requirements can be effective-

ly controlled. 
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Branch Selection Rules (BSR) 

Ak.inc and Khum.awala designed BSRs which would (a) use available 

information, thereby avoiding additional computations, and (b) offer 

greatest possible discrimination between the two emanating nodes. The 

following eight BSRs were developed: 

1. the largest omega rule - _max("_ ] 
. K ~'· F. ' l.£ 2 l. l. 

2. the smallest omega rule 

3. the largest delta rule -

4. the smallest delta rule 

5. the maximum y rule - - - - - -

6. the minimum y rule - - - - - -

7. the largest capacity ryle 

8. the smallest capacity rule - -

min [" ] 
ieK

2 
~'i - Fi ' 

inax [!:I. - F.], 
• K l. l. 
l.£ 2 
min [!:I . - F . ] , 
• K l. l. 
l.£ 2 

~Kx [y. IO<y.<l], 
l.o. 2 ]. ]. 

min [y. I O<y. <l], 
. K i i 
].£ 2 
max [S.], 
• K i 
].£ 2 
min [Si]. 
i£K2 
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APPENDIX C 

Computer Program Listing 

This appendix supplies the listing of the computer program used to 

solve the example problem in Chapter VI. The usage requirements of the 

program are listed in the program. 



C******************************************~*******~********~******************C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

THIS PROGRAM SOLVES THE FLYING SQUAD PROBLEM DISCUSSED IN THIS 
THESIS. IT FINDS THE BEST SET OF FLYING SQUAD LOCAT!O~S AMONG 
POTENTIAL SITES WHICH MINIMIZES THE SUM OF EXPECTED FIRE LOSSES 
ANO OPERATING COSTS OF FLYING SQUADS ANO FIRE CO~PANIES. 

THE PROGR~M AS IT IS SET-UP NOW CAN SOLVE THE PRJ~LEMS WITH 
UPTO 30 POTENTIAL FLYING SQUAD SITES AND 40 OEMA~D REGIONS. 

THE PROGRAM ITSELF IS S~OKEN DOWN INTO FOUR MAJO~ SECTI~NS: 

(1) MAIN PROG~AM - THIS MAIN PROGRAM IS OESIGNED TO (A) READ DATA, 
lB} INITI~LIZf THE PROG~AM, {C) CC~PUTE THE UPPEq BOUND 1 (0) 
COMPUTE THE LOWER HOUND, (E) EVALUATE A NODE, {f) PRINT PFRTI-
NENT INFORMATION, AND CG) CALL SJBPOUTINES IN SECTIONS (2), (3), 
AND (4). 

(2) SUBROUTINE DELTA - THIS SUBROUTINE COMPUTES THE LOWER BOUND 
IN THE SAVINGS OF EXPFCTEO FIRE LOSSES IF A POTENTIAL FLYING 
SQUAD SITE K IS LOCATED. THE FLYING SQUAD SITE WHICH WOULD 
YIELD A MAXIMUM N·~N-NEGATIVE OIFFEqENCE BETW[EN THE SAVINSS AND 
THE COST OF OPERATING FLYING SQUAD IS TO BE OPENED •. 

(3) SUBROUTINE OMEGA - THIS SUBROUTINE COMPUTES THE UPPER BOUND 
IN THE SAVINGS OF EXPECTED FIRE LOSSES IF A PUTE~TIAL FLYING 
SQUAD SITE J IS LOCATED. THE POTENTIAL FLYING SQUAD SITE WHOSE 
OPERATING COST EXC~EOS ITS EXPECTED SAVINGS IN FIRE LOSSES IS 
FIXED CLOSED. 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

...... 
N 
-..J 



c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

(4) SUBROUTIN~ TRALG - THIS SUBROUTINE SOLVES A TRANSPORTATICN 
PROBLE.'4 ONLY ~IITH ALREADY OPr:'.NED FLYING SQUAD S1TES AS SOURCES. 

THE USERS ARE EXPECTED TO INPUT THE FOLLOWING D~TA REQUIR~MENTS: 
NW = THE NUMBER OF POTENTIAL FLYING SQUAD SITES, 
NC = THE NUMBER OF OEM~NO REGIONS, 
STAT(!) =THE DISTANCE IN ~ILES FROM THE FOCAL POINT OF DEMAND 

REGION I TO THE CLOSEST FIRE STATION, 
OMNO(J) = THE POTENTIAL FIRE SERVICE OE~ANO OF REGION J, 
FCOST{ I> = THE OPERATINS COST OF FLYING SQUAD IF LOCATED .l\T 

THE POTENTIAL SITE I, 
CPCTY(l) =THE MAXIMUM W~RKLOAD OF FLYING SQUhD I, 
VALUE{J} = THE MEDIAN VALUE OF A STRUCTURE IN REGION J, 
TOIS(l,J) = Tllf SHORTESf PATH FROM POTEl'-ITIAL FLYING SQUAD SITE I 

TO THE FOCAL POINT OF DEMAND REGICN J, AN0 
BDR = ANY INTEGER VALUE FROM l TO 8 OR All GF THEM. 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

C*********************************************~********************~***********C 
c 
c 

IMPLICIT INTEGER (A-Z) 
REAL TTIME,TSTAT 
REAL SEN 
REAL MINX,~INY,ZIM 

REAL A,B,C 
INTEGER*2 STATUS,STND,KZERO,KONE,KTWO,KK,SOLTN 
COMMON /All/ DHN0{41) 
COMMON /BANU/ TRPC(J0,4ll,fCOST(30),CPCTY(30) .~tOOE,NW,NC,LB(lOOJ, 

1 UB(lJO),KZERO(lOOl,KONE(lOQ),KTWO(lJJ),STATUS(l00,30) 
COMMON /KERE~/ DEL( l00,33),0DELC41),KK(l00,41) 

...... 
N 
00 



c 

c 

COMMON /SERYA/ MEGA{lQ0,30),TTCAP,TOMND,TCTYlllOJ), 
1 NTR,FCPC{l00,30} 

COMMON /HELEN/ M,N,L$(30),MR(30,41),NTC,NT(30,41),MBC30,41) 
DIMENSION TCTY2( 100) rSL!L TN{ 30) ,$TND(l00) ,TVC( 100) ,.'\SSAG\!(100,30) 
DIMENSION VALUE(40),TO!S(30,41},STATl40),TSTAT(40),TTI~E(30,41) 

NUM=9999999 

C $$$$$$ READ DATA $$$$$$ 
REAO(S,1001) NW, NC 
M=NC+l 
REA0(5,1005){STAT(J},I=l,NCJ 
REA0(5,100l)(OMND(J),J=l,~C} 

READ{5,100l)(FCOST(!),J=l ,NW) 
READ(5,l00l)(CPCTY{I},I=l,NW) 
READ(5,100l){VALUE(J),J=l,NC) 
00 31 I=l,NC 

31 TSTAT(l)=2.328+1.302*STAT(l)/5.28 
WRITE(6,1006)(TSTAT(JJ,I=!,NC) 
0 0 3 3 I = 1 , N \l 
READ(5,l005J(TDISII,JJ,J=l,NC> 

33 CONTINUE 
DO 32 I= 1, NC 
TSTAT(l)=TSTATCil+2.0 

32 CONTINUE 
00 34 I= 1, NH 
DO 35 J=l,NC 
TTIME(l,J)=2.328+1.302*TO!S(I,J)/5.28 
IFCTTIMECI,J).GT.TSTAT(J)) GO TO 30 
TRPC(!,J)=VALUE(J)*(0.00d28*TTIMEC J,J)*TTINE(l,J)+0.148) 
GO TO 35 

38 TRPC(l,J)=i'IUM 

...... 
N 
\0 



c 

35 CONT I NUE 
34 CONTINUE 

DO 51 I= l 7 NW 
WRITE(6,1007) I, <TTIMEt I,J) ,J=l,NCl 

51 CONTINUE 
DO 36 I=l,NW 

36 TRPC( I ,M)=O 
1 CONTINUE 

READ(5,1003,EN0=999ll) 8DR 
DO 37 I=l,NW 
WRITE(6, 1000) I,FCOST< I), (TRPC( I,J) ,J=l,NC) ,CPCTYl I l 

37 CONTINUE 

1000 
1001 
10'.)2 
1003 
1005 
1006 
1007 

WRITE(6,lJ02J(DMNO{J),J=l,NCl 
FORMAT(I3,I7,20I6,I3} 
FORMAT(7110) 
FORMAT(T9,20I6) 
FORM/ffll615) 
FOR"'1ATl20!4) 
FORNAT(/// 7 T9,20F5.2) 
FORMAT(I5,T9,20F5.l) 
INITIALIZE •••••••••••••••••••• 
NTR=O 
IT ER=O 
CLNG=lC>O 
NOOE=l 
TQMND=O 
DO 10 J=l,i'JC 
KK(l,JJ=l 
DO 17 1=2,N'il 
IF (TRPC(I,J).GT.TRPC(KK(NOOE,J),J)) GO TO 17 
KK UhJD E , J ) =I 

17 CONTINUE 

..... w 
0 



10 TO~ND=TDMNJ+DMND(J) 
C WRITE(6,1001) TOMNO 

TTCAP=O 
00 2J l=l,NH 

20 TTCAP=TTCAP+CPCTY(l) 
C WRITE(6,1001) TTCAP 

DO 1618 I=l 1 NW 
C=FCOST< 1) 
A=C/CPCTY(l) 
FCPC( 1, I) =A 

C WRITE(6,l001} FCPC(l,I) 
1618 CONTINUE 

IF (TTCAP-TOMN!J) 30,40,50 
30 WRITE (6,299) TTCAP,TOMND 

299 FORMAT ( 1 0 1 ,•PROSLE~ INFEASIBLE 1 ,2x, 1 TOT CAP=•,5x,110,sx, 1 TOT OEM 
l=',5X,Il0) 

GO TO 9911 
40 WRITE (6 7 399) 

399 FORMAT{ 1 0 1 , 1 ALL STATIONS ARE OPEN') 
GO TO 9911 

50 00 16 I=l,CLNG 
16 STNDCl)=O 

FLAG=O 
STNO l 1) =l 
NONODE=l 
LBND=O 
UBND=999999999 
DO 1 v 0 I = 1 , ~ ~-J 

100 STATUSCNOOE,1)=2 
KZERO(NODE)=O 
KONECNODE)=O 
KTWO(NOOE)=NW 

I-' 

""' I-' 



c 

TC TY l CNUDE) =O 
TCTY2{N00El=TTCAP 
TVClNOOEl=O 
FIRST=! 

391 CALL DELTA 
TRANSD=O 
LDEL=-NU~1 

on t10 I=l,NH 
IF(STATUS(NODE,I).NE.2) GO TO 110 
IF(DEL(NODE,I).LT.J) GO TO 110 
IF(OEL(NOOE,Il.LE.LOEL) GJ TO 110 
K= 1 
LDEL =DE Lt NODE, I l 
TR.J\f\JSO= 1 

110 CONTINUE 
IF(TRANSD.EQ.Q) GO TO 2JJ 
WR1TE(6,2220) K,OEL(NODE,K) 
STATUS(NOOE,K)=l 
KONECNOOE)=KONE(NOOEJ+l 
KTWO(NJDE)=KTWO(NOOE)-1 
TCTYl(NODE>=TCTYl(NODE)+CPCTY(K) 

1172 CALL O~EGA 
TVC(NODE>=NTC 
FI~ST=O 

IF (TCTYl(NODEl.LE.TOMND) GO TO 200 
TRANSO=O 
DO 140 I=l,NW 
IFCSTATUS(NUOE,Il.NE.2) GD TO 140 
IF (MEGA(NODE,I).GT.O} GO TO 140 
KZEROCNOOE)=KZERO(NODE)+l 
KTWO(NODE)=KTWOCNODE)-1 

....... w 
N 



TCTYZ(NODE)=TCTY2(N00El-CPCTY(!) 
STATUS(NODE,l)=O 
DO 18 J=l,NC 
IF (KK(NOOE,Jl.NE.I) GO TO 18 
MI Nl=NU~~ 
DO 19 L=l ,l'l\-J 
IF(STATUS(~OOE,L).EQ.o.o~.TRPC{L,J).GE.MINl) GO TO 19 
KK(NODE,J)=l 
MINl=TRPC(L,J} 

19 CONT!'JUE 
18 CONTINUE 

TRANSO=l 
WRITE(6,222ll I,MEGACNOO~,I) 

140 CONTINUE 
IF (TRANSO.EQ.l) GO TO 391 

200 WRITE(6,2222) (STATUS(NODE,I),I=lrNW) 
c 
C UPPE~ BOUND ••••••••••••••••••• 

c 
c 

ITER=ITER+l 
ua (NODE) =Nur1 
IF (TCTYl(NOOE).LT.TDMND) GO TO 39 
UB(NOQE)=TVC(NODE) 
DO 435 I=l, N~·J 
ASSAGN(NOOE,Il=O 
IF (STATUS(NOOE,I).NE.l) GO TO 435 
UB(NOOE)=UB(NOOE)+FCOST(l) 

435 CCNTINUE 
39 CONTINUE 

LOWER BOUND 
LB(tWOE) =O 
00 48 J=l,NC 

.................. 

....... w w 



SMLL=NUM 
DO 43 I=l,NW 
ASSAGN(NUOE,1)=0 
IF (STATUS(NOD~,I)-1) 43,42,41 

42 IF (SMLL.LE.TRPC(I,J)) GO TO 43 
SMLL=TRPCCl,J) 
K=I 
GD TO 43 

41 IF (SNLL.LE.(TRPC(l,J)+FCPC(NOOE,I))) GO TO 43 
SMLL=TRPC(I,Jl+FCPC(NOOE,I) 
K=I 

43 CONTINUE 
LB(NODE)=LBCNOOE)+SMLL*DMNO(J) 
ASSAGM<NOOE,Kl=ASSAGNCNOO~,K)+OMNO(J) 

48 CONTINUE 

481 

DO 481 I=l,NW 
IF (STATUSCNOOE,Il.NE.l) GO TO 481 
LB(NODE)=LB(NODE)+FCOST(l) 
CONTINUE 

2226 
c 

WRITE(6,2226) NODE,UB(NOO~l,LBCNOOE),SWHS,FLAG 
FORMAT {'0',5125) 

c 

5012 

249 

NODE EVALUATION 
UBALT='.) 

•••••••••••••••••••• 

IF (KTWO(NOOE).NE.0) GO TO 251 
IF (UBCNODEl.GE.UBND) GO TO 250 
UBND=U5(NODEJ 
WRITE (6,5012) NDNOOE 
FORMAT ( 1 't'NEW SOLUTIJ;~•,Jl5,• 
UBALT=l 
DO 249 I=l,NrJ 
SOLTN(ll=STATUS(NOOE,I> 

NODES REMAIN' J 

....... w 

.p. 



SHID(NCJOE)=O 
NmJODE=NOl'JOOE-1 
GO TO 253 

251 IF (LB{NOOE).LT.UHNO) GO TO 255 
250 STNDCNOD~)=O 

NONODE=NONOOE-1 
vJRITE {6,5013) 

5013 FORMAT ( 1 0 1 ,'NODE TF~MIN~TE0 1 ) 

GO TO 253 
255 IF {UB<NODEl.GE.UBND) GO TO 253 

UBND=UB(NODEl 
WRITE (6 7 5012) NONOOE 
UBALT=l 
DO 2 51t I= 1, M·I 
IF tSTATUS(NOOE,IJ.NE.ll GO TO 256 
SOLTN{l)=l 
GO TO 25't ...... 

w 
256 SOLTN(l)=O V1 

254 CONTINUE 
WRITE (6,5015) (SOLTN{!),l=l,NWJ 

5015 FORMAT(l615) 
253 IF ( U~l\l T .NE. U GO TO 329 

TERM=O 
DO 327 K=l,CLNG 
lf(STND(K).EW.0) GO TO 327 
T ERM=l 
IF(LB(K).LE.UBNDl GO TO 327 
STNDCK>=O 
NONODE=NONOOE-1 

327 CONTINUE 
IF (TERM.EQ.O) GO TO 10001 

c 



C NSR 
329 IF (FLAG.EQ.l) GO TO 4444 

IF (NONOOE.G~.75) S~ITCH=2 
lf(NONODE.LE.40) SWITCH=l 
WITCH=SWITCH 
IF (WITCH.EQ.SWlTCHl GO TO 333 
WRITE (6,2224) S~ITCH 

2224 FORMAT ( 1 0 1 , 1 SWITCHED T0',15) 
DO 5966 I=l,CUliG 
IF CST~D{l).EQ.O) GO TO 5966 
W R I T ~ ( o , 5 9 6 7 ) I , ( S T J\ TU S ( I , J ) , J = l , N ~! ) , K HJO ( I } 

5967 FORMAT ( 1 1 ,I5,"'.'**',25!lr,Il0) 
5966 CO~JT I NUE 

333 IF (Si!ITCH.EQ.2) GO TO 2951 
NODE=J 
LBND=NU~! 

DO 252 I=l,CLNG 
IF (STND(!).~Q.J) GO TO 252 
IF (LB(l).GE.LBNO} GO TO 252 
LBND=LB(l} 
NODE= I 

252 CONTINUJ: 
GO TO 7983 

2951 NODE=O 
K2~IN=NUM 

DO 7967 I=l,CLNG 
IF {STNDCil.EQ.0} GO TO 7967 
IF (KTWOCI1.GT.K2MIN) GO TO 7967 
IF (KTWO(l).EQ.KZMIN.AND.LB(NODE).LE.LB(l)) GO TO 7967 
MOOE= I 
K2MI N=KTHO (I) 

7967 CONTHlUE 

...... 
w 
0\ 



7933 IF (NODE.EQ.0) GO TO 100Jl 
WRITE (6,5016) NODE 

5016 FORM~T{'O','NODE CHJOSEN TO BE BRANCHfD FROM IS: 1 ,l5) 
C l LARG~ST OMEGA 
C 2 SMALLEST OMEGA 
C 3 LARGEST DELTA 
C 4 SMALLEST DELTA 
C 5 LARG~ST CAPACITY 
C 6 SMALLEST CAPACITY 
C 7 LARGEST Y 
C 8 S~ALLEST Y 

GO TO (7936,7946,7956,7966 1 7976 1 7986,7996,8006),BDR 
7936 LOMEG=-NUM 

DO 6 4 3 I= l , NW 
IF (STATUS{NJDE,I).N~.2) GO TO 643 
IF (~EGA(NODE,Il.LE.LOMEG) GO TO 643 
LO~EG=MEGA(NOOE,I) 
SWHS=I 

643 cor-.:T I NUE 
GO TO 7979 

7946 SMOMF:G=NUM 
DO 6't5 I= l, 1-..:i.-J 
IF (STATUS(NUOE,I).NE.2) GO TO 645 
IF (MEGA(NODE,I>.GE.SM0~0G) GO TO 645 
S'tJHS= I 
SMOMEG=MEGA(NOOc, I) 

645 CIJNTl~UE 
GO TO 7979 

7956 LGDEL=-NUM 
DO 655 I=l,NW 
IF CSTATUS<tWOE,Il.NE.2) GO TO 655 
IF (O[l.(NODE,I>.LE. LGDE:L) GO TO 655 

I-' 
w 
"' 



S\·JHS= I 
LGD~L=OEL(~OOE, I) 

655 co;nINUE 
GO TO 7979 

7966 SMDEL-=NUM 
DO 665 I==l,NW 
IF(STATUS(NODE,I).NE.2) GO TO 665 
IFlOEL(NODE,I).GE.SMOEL) GO TO 665 
StmS=I 
SMOEL-=DELtNODE,I) 

665 CONTINUE 
GO TO 7979 

7976 LAi<.CAP==NUM 
DO 675 I=l,NW 
IF (STATUS(NOOE,t).NE.2) GO TO 675 
IF <FCPC(N~DE,I).G~.LAPC~P) GO TO 675 
S~4HS=I 

LAqCAP=FCPC(NOOt,I) 
675 CONT rnuE 

GO TO 7979 
7986 SMCAP==-NUM 

DO 635 I=l,NW 
IF tSTATUS(NOOE,Il.NE.2) GO TO 685 
IF (FCPC(NODE,I).LE.SMCAP) GO TO 685 
SWHS== I 
SMCAP==FCPC(NODE,I) 

685 CO"'JTINUE 
GO T'J 7979 

7996 LGVAY=-NUM 
DO 695 1=1,NW 
IF ISTATUS(NODE,Il.ME.2) GO TO 695 
IF lASSAGN(NO~E,Il.LE.LGVAY> GO TO 695 

-
~ 
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s~ms=I 
LGVAY=ASSAG~CNOOE,I) 

695 CONTINUE 
GO TO 7979 

8006 SHVAY=iW,-1 
DO 705 I=l, N~·I 
IF (STATUSC~OD~,I).~E.2) GO TO 705 
IF IASSAGNCNODc,I).SE.sr1v~w> GO TO 705 
S11JHS=I 
S~VAY=ASSAGN(NODE,1) 

705 CONTINUE 
7979 CONT PWE 

WRITE(6,5Ql7) SWHS 
5017 FO~MAT( •o•, 'STATION CHOSEN TO BE FORCED IS:',!5) 

C BRANCHI"JG 
c 
C OPEN 

ONOOE=rrnoE 
DO 4884 I=l,CLNr, 
IF(STND(l).EQ.0) GO TO 4774 

4884 CO:-.JTINUE 
GO TO 10002 

477't NOOE=! 
WRITEC6,9921) NOOE,S~HS 

9921 FOR;~.-\T ('0 1 , 1 FUR N::~.: NUOt: 1 ,I5,110,' IS BEING UPE'~ED') 
DO 392 I= 1, NH 
DEL(NOOE,Il=DEL(ONODE, l) 

3q2 STATUS(NODE,I l=STATUS(OfJJDE, I} 
STATUS(NOOE,SWHS)=l 
TCTYl(NODE)=TCTYL(ONODE)+CPCTYCSWHS) 
TCTY2(NODE)=TCTY2(0NOOEl 
KZERO(NOOE)=KZEPOCO~UDE) 

I-' 
w 
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KQNElNOOE)=KON~(ONOnEl+l 
KT~O(NODE}=KTWO{ONC~E}-1 

DO 393 J=l, NC 
393 KK{NODE,J)=KK(ONOOE,J) 

C DO 393 I=l,NW DELTAS ARE ~OT UPDATED 
STNDCNODE)=l 

c 
c 

4444 

9923 

119 
118 

NmlOOE=NONODE+ l 
FLAG=l 
GO TO 1172 

CLOSE 
NOOE=ONODE 
TCTY2(N00El=TCTY2(NODE)-CPCTY(SWHS) 
IF (TO~NO.GT.TCTY2CNOOE)) GO TO 1175 
WRITE (6,9923) NODE,SWHS 
FORMAT <•o•,•oTHER B~ANCY OF•,15,15,• IS BEING CLJSED') 
STATUS(NOOE,S~HS)=Q 

DO 118 J=l,NC 
IF lKK(NUDE,J).NE.SWHS) GO TO 118 
MINl=NUM 
OQ 119 l=l,~W 
IF (STATUS(NGDE,I).fQ.O.OR.TRPC(l,J).GE.MINl) CO TO 119 
KK(N1DE,J)=l 
MINl=TRPC(I,J) 
CONTINUE 
CONTINUE 
KTWO(NODE)=KTWO{NODE>-1 
KZEROCNOOE)=KZCRO(NOOE)+l 
FLAG=O 
GO TO 391 

1175 WRITE (6,1176) S~HS 

1176 FO~MAT ('0' t'CLOSING',15,' LEAVES INSUFFICIENT c~aACITY') 

..... 

.i:--
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ST :\J 0 ( ~lCJ 0 E ) = 0 
N 0 'J C1 DE= WJ ~W lJ E - 1 
FLAG=O 
GO TO 329 

l 0 0 0 l !:J r. I T ;:: ( 6 , 5 3 2 ) ( S CL T: l ( I ) , J = 1 , M: I) 
532 FO~.'·lAT ( 1 1.l', 'OPTHlU>l SOLJTIOl'J' ,2015) 

HRITc(6,279) Ut~i';Q,!\JTR, IT~R. 

279 For~M.\T ('0','CJPTI;·1UM COST= 1 ,Ilo,• fl. TRANS= 1 ,I5, 1 11 ITER= 1 ,!5) 
GO TO 9911 

10002 WRITE (6 1 5817) CSOLTN{l),I=l,NW) 
5017 FORM~T ( 1 0 1 , 1 BEST SOLUTION FOUND: 1 ,2JI5) 

~-JR I T r. ( 3 , 4 7 9 2 ) U d N iJ , N l R , IT E P. 
4792 FrJ~ l•\T( 1 0 1

1 1 CCST=' ,110 1 ' #TRANS=', 15,' ~ITE:~= 1 1 15) 
9911 GO TO 1 

99911 STCJP 

c 
c 

c 

2222 FCR~AT ( 1 0 1 7 2515) 
2 2 2 o F o R. i ·I I\ 1 c • o • , • s TA T I ml • , 1 i o , 5 x , • u PE N c: o • , 1 1 5 > 
2 2 2 l F 0 ;~ '-I A T ( ' 0 1 , ' S T AT Ill \J ' , I 1 0 , 5 X , 1 C L 0 S En ' , I 15 ) 

END 

SUBROUTINE DELTA 
IMPLICIT INTEGER (A-Z) 
I NT E Gt R * 2 5 TATU S , K Z E ~ 0 , K 0 ~ l E , Kn.; 0, K K 
COMMON /ALI/ Dr1ND{41) 
C0:--1MON /BANU/ TRPC(3u,ttl) ,FCOST(30) ,cPCTY(1')) ,i·lQI)'.:, l''W,~JC,Lf.3(100)' 

1 U0(100),KZERJ(l00),KONE(l00),KTWO(l00),STATUS(l00 1 30) 
COMMON /KEREM/ OEL(lJJ,31),0DEL{41),~K(lOJ,41J 

NU."1=9999999 
DO 11 J=l,MC 
MIN l =NU:-1 

I-' 
.i::-. 
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DO 12 I= 1, ~l;.i 
IF (l.EO.KK(~D~E,J).OR.ST\TUS(~~0~,I).E1.J.C~.T~PC(l,J).GE. 

HI l."H) G1J TO 12 
M I '11 = T KP C ( I , J ) 

12 CO~TPJUE 

c 
C2JOJ 

11 

DD~L(J)=MI~l-l~PC(KKCNDOE,J),J) 

~~ITEE6,2000) KK(NGDC,J), J, DOEL(J) 
F 0 R M .~ T ( T 1 5 ' t t) E L T i\ ( I ' I 2 ' ' ' ' ' I 2 ' I ) . = • ' ! 3 ) 
CONT PJU ': 
D '.l l 5 I = l , N ~-J 
DEL CN1DE, I )=0 
CTY=CPCTY {I) 

19 MAX=) 
K=O 
TR=O 
DO 2Q J=l,NC 
I F ( K K { N 0 D E , J ) • M !:: • I • UR • D •) E L ( J ) • u: • ~A X } G 0 T 0 2 0 
T~= l 
K=J 
MAX=OD!:L{J) 

20 CONTINUE 
IF(TR.~~.l) GO TO 25 
IF{D~NO(Kl.GE.CTY) GO TO 18 
DEL(N09E,!)=DEL(NO~E,Il+~~X*D~~O(K) 
CTY=CTY-DMND(K) 
OOEL(K)=O 
GO TO 19 

18 DEL(NODE,I)=OEL(NOOE,Il•~AX*CTY 
25 OEL(NODE,I)=OEL(~OOE,Il-FCOST(I) 
15 CONTINUE 

00 35 l=l,NW 
IF(STATUS(NOOE,Il.EQ.l) 0EL(NOOE,Il=O 

t-' 
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35 CO~HINUE 
c 
C8534 
c 
C2222 

c 
c 

c 
c 

\·JR IT E ( 6, 8 5Vt) 
F 0 R~·l ,\ T { I 0 I ' I DE l Ti\ s I ) 

WRITE(6,2222) (DEL(~OOE,I),I=l,NWl 

FJ~IUT (1618) 
RE TUP.N 
EMO 

SUBRGUTI NE 0:-.IEGA 
IMPLICIT INTEGF.R (A-Z) 
INTE~ER*2 STATUS,KZE~O,K~NE,KTWO,KK 

REAL USt3CJ\P ,C 
co~~ON /ALI/ OMN0(41) 
COMMON /BA~U/ T~PC(3J,41),FCGST(30},C?CTYC3J),N00E,NW,NC,LB{l00), 

l UB{ 100) ,:<ZERC1{100) ,K~Nt(lOO) ,KT'.HHlJO) ,srnus tlGO,~'.)} 
C 0:; ;.\ 0 ~·J IKE;\ t: i·i I DEL ( l '.) 0 , J J ) 1 ~; :.1 f: G [ ·'.r l ) , i< \.\ l 0 i), It ll 
COMMON /SERVA/ MEGA(lJJ,JJ),TTCAP,TDV~1,TCTYl(lJJt, 

l NTk,FCPC(l00,30) 
CO~MON /HELEN/ M,N,LS(30},~R(30,41J,NTC,NT(3J,41),MB(3J,41) 
OJ;.~ENSIOi'l U(30) ,V{4l) 

M-=NC+l 
N=KO:'JE ( iWOE l 
LK=l 
I= l 
Or-'.i'W ( M) =O 
IF lTCTYl CNOOE} .GE.T0>1ND) D~i~-iO(M)=TCTYlPJOfJEJ-TQ,\l:JO 

WRITE (6,97821) TCTYl(NOLlE) ,TO~l~JD,DflW~(i1) 
97821 FORMAT ('0', 'Kl CAP' ,110,' TDl'.1\JfJ=' ,Ilt.),' SLACK=' ,I 10) 

2.22 DO 1102 K=LK ,n.-J 

I-' 
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c 
c 

c 

c 

.c 

c 

IF {STATUS(NODE,K).~~.l} GO TO 1103 
1102 CO~f INUE 

GO TCl 177 

1103 LK=K+l 
on i1.:Ft J=l,~JC 

1104 MR(l,J)=TRPC(K,J) 
MR (I, ~1) =O 
LS( Il=CPCTY(K} 
1F (l.GE.Nl GO TO 177 
I=T+l 
GO TO 222 

177 CO~JT UlU E 
NTR=;\JTR+l 

CALL TRALG 
00 l I=l,N 
U{ I )=-MB( I ,M) 
WRITE(6,1001) I,U{I) 

1 CONTINUE 
DO 2 J=l,M 
DO 3 l=l,N 
IF (NT(!,J).EQ.J) GO TO 3 
V C J ) = U { I ) +t-1 K ( I , J l 
WRITE(6,1000) J,V(J} 
GO TO 2 

3 CONTINUE 
V(J)=O 

2 CONTINUE 

IF (KHJO(NlJDE).EQ.0) RETU~N 

...... 
""'" ""'" 



c 
c 

00 21 J 1 I = 1 , f'..l\~ 

IF (STATUS(NOOE,I).NE.2) GO TO 2101 
U ( I ) = V I ;'.l } 
USt)CAP=O 
IF {TCTYl(NODE).LT.T0MN8) US3CfP=TO~N0-TCTYl(NCDE) 
CTY=CPCTY{ I) 
MEGA(NODE,I)=O 
DO 2102 J=l,NC 

2102 O~EG(J)=V(J)-U{!)-TRPC(l,J) 
444 NAX==O 

K=O 
DO 2103 J=l,NC 
IF (D~EG(J).LE.MAX) GO TO 2103 
r-'AX=O'.'lEG( J) 
K=J 

2103 COr'l!TI NUE 
IF CK.EQ.0) GO TO 2107 
ZAR=DM\JO(K) 
IF (ZA~.GE.CTY) GO TQ 123 
USBCAP=USBCAP+ZAR 
MEGA{NOOE,1}=ME3A(N00E,Il+MAX*ZAR 
0 ",IE G ( K ) = 0 
CTY=CTY-ZAR 
GO Tu 444 

128 ~EGACNODE1I)=MEGACNOOE,I)+MAX*CTY 
US8CAP=USBCAP+CTY 

2107 IF (USDCAP.EQ.J) GO TO 2101 
MINX=FCOST(I)/USJCAP 
FCPC(NODE,l)=MINX 

2101 CD,'HINUE 

...... 

.i:--
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c 
2114 

Cl.JOO 
ClOOl 
C8535 
c 
c 
C4121 
C4122 
c 
c 
c 

c 
c 

00 211 ft I= l, i'-n-1 
IFlSTATUS(NCOE,I).NE.2) GQ TO 2114 
MEGAUJODE, I) =i·H::.G..t\( NfJD!:, I )-FCOST (I) 
WRITE(6,8535) I,~EGA{NCOE 1 !) 
co;,n I ;-.iu E 
fO~~ill\T( '0', 'V(' ,12,' )= 1 , I5) 
FOPM,A1T{ 1 0 1 , 'U(', 12,' )= 1 , 15) 
FOR.'-1AT( 1 0 1 ,'OMEGA (' ,12,' )=' ,JSJ 

TE~·1PORA RY '.I~ IT E UP PF C/1 :GAS 
F 0 Q. M L\ T ( I \) ' ' • 0 :·1 E G .4 s I ) 

F ORi·l AT { / / 10 I 13) 
T~~PORARY hRITE UPS OF OAEGAS 

RETURN 
ENQ 
SUJRJUTIN~ T~ALG 

IMPLICIT INTEGER (A-lJ 
COM~ON /All/ l0(41) 
co~~ON /HELEN/ M,N,L5(30),MR(30,41),NTC,NT(30,41),MB(30,41) 
OIMENSION ~A(30,41J,ACR(30),ACC(41),LRS(30),LC0(41) 
OI~E~SION RKI(30),RKJ(41) 
DIMENSION NZR(30), NlC(41),~Z(30,41), NXR(30), NXC(41) 

LG~N=99999999 

LGNSS=LGN~+l 
ITN=O 
DO l l=l,N 
LRSCil=LGNSS 
DO l J=l,M 

..... 
~ 

°' 



I F p1 R {I , J ) • l T • l RS ( I ) ) L R S { I ) = :-i?. { I , J } 
1 COJ>JT I NUE 

DO 3 I=l,N 
Dll 3 J=l,M 
~·18 { I , J ) = :· 1 R t I , J ) 
IFtMd(l,J).EQ.LGM~)GO TO 3 
MD(l,J)=MB{T,J)-LRS(I) 

3 CONTH!Uc 
DO 4 J=l,M 
LC!J(J)=LGNSS 
DO 4 I=l,N 
IF P.18 { I , J ) • LT • LCD ( J J ) l CD ( J ) = M tH I , J ) 

4 CONTINUE 
DO 55 J=l,M 
IF(LCD(J).EQ.0) GO TJ 55 
DO 5 I =l, N 
IFl'·;:J{I,Jl.EJ.LGm.JlGG TO 3 
MG{l,J)=MBCI,J}-LCD{J) 

5 CONTINUE 
55 CO~H P~U E 

900 DO 200 I=l,N 
200 LRS{l)=LS(I) 

DO 201 J=l,M 
201 LCD(Jl=LD{J) 

DO 6 I=l,N 
6 NZR(ll=O 

DO 7 J=l,M 
7 NZC(J)=O 

DO 2 I=l,N 
DO 2 J=l,M 

2 NT ( I, J) = 0 
DO 8 I=l,N 

...... .p.. 
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DO 8 J=l,M 
MZ ( I, J) = 1 
IF(M~ll,J).NE.O)GO TO 8 
MZ(J,J)=:J 
Nli-Z{ I )=NZR (I) +l 
!'JZC{J)=NZC(J}+l 

a cmn I Nu;: 
DO 1500 I=l,t..! 
00 1500 J=l, .,, 
Ml\[!,J)=J 
IF(MZCI,J).nE.O)GO TO lS'JQ 
Mt. (I, J) =l RS (I) 
IF(LCD(J) .l.T.LRS(l) Hlt\{l ,J)=LCD(J) 

i soo co:n rnuE 
DO 1501 I=l,:-.J 
ACr>. ( ll=O 
DO 1502 J= 1, ;-.1 

1502 AC~(IJ=~CR(l)+MACI,J) 
ACR(l)=ACR(l)-LRS(I) 

1501 CONT rnuE 
DO 1503 J=l, ;'1 
ACC(J)=O 
D 0 1 5 0 1t I = 1 , N 

15J4 ACC{J)=ACC(J)+MACI,J) 
ACC(J)=~CC(Jl-LCO(J} 

1503 CO~T I;JUE 
1515 RKEY=J 

CKF::Y=O 
RED=O 
00 1510 I= l, N 
IF(NZR(!).EQ.0) GO TO 1510 
RED=l 

,.... 
~ 
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lF(ACR(l).GT.Ol GO TO 1510 
DO 1511 ,J=l, r.1 
IF(MZ(l,J).NE.O}GO TO 1511 
NT { I, J) =MA ( I, J ) 
MA(I,J)=O 
~Z <I, J )= l 
N Z tU I ) = NZ R ( I ) - l 
NZC(J)=\!7.C(JJ-1 
LRS(l)=LRStI>-NT(l,JJ 
LCD(J)=LCO{JJ-NT(l,J) 
DO 1512 K=l,N 
IF(~l(K,J).N~.O}GO TO 1512 
IF(LCO(J).GE.L~S(KJlGO TO 1512 
ACR(K)=ACR(KJ-~A(K,JJ+LCD(J) 
ACC(J)=ACC{Jl-MA(K,J}+LCQ{J) 
MA(K,J)=LCD(J) 
IFCNZ~l~J.EQ.0) CO TO 1516 
IF(ACR(K).GT.O) GO TO 1516 
RKEY=l 

1516 IFlNZC(J).EQ.0} GO TO 1512 
IFCACC(J}.GT.Ol GO TO 1512 
CKEY=l 

151 2 C OiH I NU E 
IFCLCO(J).t.JE.O)Gu TO 1540 
NZC(Jl=O 
DO 15 'tl l = l , N 
lf(Ml(L,J).N~.O)GO TU 1541 
MZ(L,J)=l 
NZRCU=NlR(LJ-1 

1541 CO~T PJUE 
1543 CONTINUE 

IF(NlR( I) .EQ.OlGO TO 1510 

...... 
~. 
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1511 COiHHlUE 
1510 CC:JTii'!Uc 

IFlRKCY.EQ.l)Gn TO 1515 
IF(R[8.EQ.O)GO TO 100 

1525 CKEY=v 
RKF:Y=O 
RED=O 
DO 1520 J=l,M 
IFlNlC{J).EQ.O)GO ro 1520 
RE!1=1 
IF(ACC(JJ.GT.O)GO TO 1520 
DO 1521 I=l,N 
IF{MZ(I,J).NE.J)GO TO 1521 
NT(I,J)=HA(I,J) 
MAC I,J)=O 
MZ(l,J)=l 
NZC(J)=NZC{J)-1 
LRS(l)=LRS{I)-NT(l,J) 
LCO(J)=LCO(J)-~T(l,J) 

NZR(!)=NZRt I,-1 
DO 1522 K=l,M 
IFCMZCI,K).NE.O)GO TO 1522 
lF(LRS{l).G~.LCO(K) )GO TJ 1522 
ACC(K)=ACClK)-MACl,K)+LRS(l) 
AC R ( I } = AC R ( I ) -:~ 1\ { I , K ) + l R S { I ) 
MJ\C I ,K)=LRS (I) 
IF{NZC(K).EQ.O)GO TO 1526 
IFCACC(K).GT.OJGO TO 1526 
CKEY=l 

1526 IFCNLR(l).EQ.O)GO TO 1522 
lf(ACRl ll .GT.O)GO TO 152;~ 
RKEY=l 

,_. 
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1522 CONT IilUE 
IF(LR$(1).NE.O)GO TO 1550 
NZRlil=O 
00 1551 L=l,M 
I F U I Z ( I , L) • ~ff • 0 ) G 0 T 0 15 5 l 
:-.\Z { I, L) = l 
NZC{l)=NZC(L)-1 

1551 CO\iTT:IUE 
1550 COf.JTii\JUE 

lf(NlC(J).EQ.Q)GO TO l52J 
1521 CO:\ITINUr:'. 
1520 CONT rnuE 

IFCRED.~Q.O)GO TO 100 
IF(CKEY.EQ.l)GO TO 1525 
IF(RKEY.EQ.l)GO· TO 1515 
SU~·l=O 

DO 1707 l=l,N 
1707 SU~=SUM+NZR(l} 

lFtSU~.EQ.O)GO TQ 100 
MAXs~o 

MINZ=LGNN 
DO 1528 I=l,N 
DO 1528 J=l,M 
IF{MZ(I,J).NE.OJGO TU 1528 
EX=ACR{l)+ACC(J) 
IFlMINZ.LT.EXJGO TO 1528 
SX=LRS(l)+LCD{J) 
IFCMINZ.EQ.EX.ArW.MA.XS.GE.SX)Gn TO 1523 
KI=I 
KJ=J 
MINZ=EX 
MAXS=SX 

..... 
l..rl 
I-' 



1528 CLli-!THlUE 
NT(Kl,KJ)=MA(Kl,KJ) 
~-1.!\ ( KI , K J )-= 0 
MZ{KI,KJ)=l 
NZR(Kl)=NZRlKil-1 
NZC{KJ)=NZC(KJ}-1 
L~~(~l)=LRS(Kll-NT(K!,KJ) 
LCn(KJ)=LC0(KJl-NT(KI,KJ} 
00 1530 I=l,N 
!F(MZ{I,KJ).NE.O)GQ Ta 1530 
lf{LCOCKJ).GT.LRS(I))GO TO 1530 
AC R ( I l = i\ C R ( I ) - '-1 A ( I , K J ) + L C 0 ( K J ) 
ACCCKJ)=ACC(KJl-MACI,KJ)+LCD(KJ) 
MA(l,KJl=LCD(KJl 

1 5 3 0 C Oi'JT I 11J U E 
IF(LCD(KJ).NE.OJGO T8 1570 
NZC(KJ)=J 
00 1571 L=l,f\J 
IF{~Zll,KJ).NE.O)GQ TO 1571 
MZCL,KJ)=l 
NZR(U=NZR(L)-1 

1571 COiHINUE 
1570 CONTINUi: 

00 1531 J=l,M 
IF{MZ(Kl,J).NE.J)GO TO 1531 
IF(LRS(KIJ.GT.LCO(J))GQ TQ 1531 
ACCCJl=ACC{J)-~A(Kl,J)+LRS(Kl) 

ACR(K!)=ACRtKil-MA(Kl,J)+LRS(KI) 
M 1\ ( K I , J l = L :-<. S ( K I ) 

1531 COi'JTINUi: 
If(LRS(Kl).NE.J)GO TO isqo 
NZR(K!)=O 

...... 
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DO 1581 L=l 7 M 
IF(~ZlKI,L).NE.O)GO TO 1531 
MZ{KI,L)=l 
NZC(L)=NZCtU-1 

1581 co:n INUE 
1 5 i3 0 CC 'H I i W c 

GO TO 1515 
100 DO 101 I=l,N 
101 MXiUU=O 

DO 102 J=l,M 
1 1)2 NXC(J)=O 

NOPT=O 
DO 1:)3 I=l 1 N 
IFCLRS(J).EQ.O)GO TO 103 
NXR(l)=l 
NOPT=rmp T + 1 

103 CC:!lT Ii!UE 
IF(NQPT.EQ.O)GO TO 7JJ 

115 MOPT==O 
DO 110 I=l,N 
IF(NXR(J).EQ.O)GO TO 110 
DO 111 J=l,M 
IF(NXC(J).EQ.l)GU TO 111 
IFCMB(I,Jl.NE.O)GO TO 111 
NXC(J)=l 
MOPT =1lOPT + 1 

111 CONT vrn E 
110 CONTI~UE 

IFtMOPT.EQ.J)GO TO 300 
MQR.f=O 
DO 112 J=l,M 
IF(NXC(J).EQ.OjGQ TU 112 

r' 
VI w 



DO 113 l=l,N 
IFlNXR(l).EQ.l)GO TO 113 
If(M3(1,Jl.NE.O)GO TO 113 
IFCNl(l,J).EQ.O)GO TO llJ 
NX;\(!)=l 
MOl'.t= 1 

113 CONT!'J'JE 
112 CONTI!'-JUE 

JF(~UqE.NE.O)GO TO 115 
800 Mn~X=LGNSS 

ITN=ITN+l 
NTC=O 
DD 163 I=l,N 
00 163 J=l,M 

163 NTC=:HC+NT{ I,J}*MR( I,J) 
DO 150 I=l,N 
IF(NX~(l).EQ.0)GO TO 150 
Qi~ 151 J=l,.1 
IF{NXC(J}.EQ.l)GO TO 151 
I f U·liJ ( I , J ) • LT • ~ i £ N X ) M I N X = !·1:3 ( I , J ) 

151 cmJTINUE 
150 CO:-.JTil'!Ut: 

IF(MINX.EQ.LGNSSJS~ TO 993 
IF(~JNX.EQ.LGNN)GO TQ 997 
DO 160 I=l.,N 
DO 160 J=l,M 
IFCMB{l,J).EQ.LGNNlGO TO 160 
I F ( N X R ( I ) • E Q • 0 • Ml 0 • N X C ( J ) • f Q • 1 ) '1 8 ( I , J ) = :·1 d { I , J ) + ~1 P 1 X 
IFCNXR{l).EQ.1.ANO.~XC(J).EQ.O)~a(J,J)=~3(1,J}-MINX 

160 CONT PJUE 
GO TO 930 

700 ITN=ITN+l 

~ 
VI ·' 
.i::--·· 



NTC=J 
DO 710 I=l,N 
DO 710 J=l,1'~ 

NTC=NTC+NT(I,J)*MR(I,Jl 
710 CONTINUE 

DO lJ J =l, 7'1 
WRITE{6,20) (NT(l,J), I=l,N) 
v! R IT ::; ( 6, 2 0 } P 1 R t I , J ) , I= l , N ) 

20 FOR~AT(TlJ,1018) 
10 CONT Jt'WE 

998 CC:H UJUE 
DO 22J5 I=l,N 
DO 2205 l=l,M 
MB(l,L)=MR(I,L)-M3(1,L) 

22os cmn INU:: 
GO TO 9999 

997 ~RITE(6,4J75) 
4075 FORMAT( 1 0 1 , 1 MINX EQUALS 9999 1 ) 

GO TO 9999 
993 CO,'HINUE 

DO 21DO I=l,N 
2100 NXR{I)=O 

DO 2102 J=l,M 
2 l 0 2 ~~ x c ( J ) = 0 

LKI=O 
DO 2103 I=l,N 
IF(LRS(ll.EQ.O)GO TO 2103 
NX~<Il=l 
LKI=LKI+l 
RKI(LKil=l 

2103 c o:--n HJUE 
LKJ=O 

f-' 
VI 
VI 



Du 2110 J=l, :·1 
IFCLCD(J).EQ.O)GO TO 211J 
LKJ=LKJ•l 
RKJ(LKJ)=J 

2110 CONTINUE 
2115 DO 211~ t=l,~ 

IF(NX~(l).FQ.O)GQ TO 211~ 
DO 2111 .J= 1, i'1 
IF{NXCCJJ.EQ.l)GO T3 2111 
lF(MB(I,Jl.NE.O)GO TO 2111 
NXC(J)=l 
NZCCJJ=I 
DO 2116 L=l,LKJ 
PL=L 
lF(J.EQ.RKJ(L))GO TO 2200 

2116 C 0 .\J T I NU E 
2111 CO~JTINUF: 

211 '~ C iJ >i T I:~ U !: ...... 
Vo 

DO 2112 J=l,M °' 
IF(NXC(J).EQ.O)GO TO 2112 
DO 2113 I= 1, N 
IF(~XR(l}.EQ.l)GO TO 2113 
IF<M~HI,J).NE.O)GO TU 2113 
IFCNT(l,J}.F.Q.O)GO TO 2113 
NX~(l)=l 

NZR(l)=J 
2113 CONTINUE 
2112 CONTINUE 

GO TO 2115 
2200 CONTINUE 

KJJ=RKJ(PL) 
MAX=LCO{KJJ) 



2230 KII=NZC(KJJ) 
KJJ=NZR.(KIIl 
00 2232 L=l,LKI 
QL=L 
IFCKII.EQ.RKI(L))GO TO 223l 

2232 CONT I i'~UE 
IF(MAX.GT.NT(KII,KJJ))MAX=NT(KII,KJJ} 
GIJ TO 2230 

2231 IF(MAX.GT.LRS(RKICQL)))MAX=LRS{RKl(QL)) 
KJJ=RKJ(PL) 

2241 KII=~ZC{KJJ) 
NT(KII,KJJ)=NTtKII,KJJ)+~~X 

IFCKII.EQ.RKI(QL))GO TO 2240 
KJJ=NZR(Kll) 
NT(KJI,KJJ)=~T(KII,KJJ)-MAX 
GO TO 2241 

2240 LCD(RKJ(PL) l=LCDCRKJ( PU )-;1,~x 
LRS(RKICQL))=LRS(RKICQL))-MAX 
GO TO 100 

9999 RETURN 
ENO 

~ 
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THE USE OF FLYING SQUADS IN THE OPERATION OF hUNICIPAL 
FIRE SUPPRESSION ACTIVITIES 

by 

Chang H. Park 

(ABSTRACT) 

This study is concerned with the use of "Flying squads" in municipal 

fire departments. Specifically, the research effort involves development 

of a mathematical model and solution procedure for the optimum use of 

flying squads as manpower transport vehicles. 

The exact problem considered in this thesis is that of determining 

(a) the number of flying squads to use, (b) the locations/allocations of 

each flying squad, (c) the deployment strategy of each squad, and (d) 

the size of each squad and the job skill levels of each member of the 

squads. In formulating the model, the opinions of professionals in the 

field, as gathered through a written survey, were utilized to develop 

the appropriate constraints and objective function. 

The objective function minimizes an estimate of the cost to society 

which includes the estimated fire losses and the cost of operating flying 

squads. The model involves constraints associated with (a) the maximum 

response time, (b) the potential demand for fire services, (c) the work-

load of a flying squad, and (d) the maximum number of squads to have. 

The mathematical model developed is a mixed integer programming 

problem having a similar structure to the Capacitated Warehouse Location 

Problem. A Branch and Bound type algorithm based on previous work by 



Akinc and Khumawala is developed to solve the problem. An example of 

this problem as it actually exists in the Roanoke Virginia Fire Depart-

ment is modeled and solved. 

The results obtained from this study demonstrates that flying squads 

have a potential use as an alternative method of manning the companies 

in municipal fire departments. 
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