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CHAPTER 1

INTRODUCTION

Statement of the Problem

A significant problem area related to air freight
transportation is the assignment of aircraft to routes that
encompass one or more transloading points. This problem is
complicated by the fact that shipping quantities fluctuate
at each transloading point, and there may be wide varia-
tions in freight demand over time. If cargo quantities
were to remain stable there would be no need to assign
vehicles with excess capacity, and load requirements along
any route could easily be computed. Such an approach is
taken by some land shippers with low priority goods who
simply wait for enough freight to form a full load before
transporting the merchandise. The air cargo industry, how-
ever, ships high priority goods requiring rapid delivery,
and thus cannot afford the luxury of freight consolidation.

| The rapid delivery time expected by shippers using
air freight often precludes the possibility of allowing

cargo to accumulate until aircraft are loaded to capacity.
Consequently, most aircraft depart at scheduled intervals

with some unused capacity. In addition, many aircraft are



scheduled to stop at one or mcre terminals where some ship-
ments are delivered and different shipments are taken
aboard. This exchange of cargo at transloading points
either results in aircraft with unused capacity or forces
some shipment to be left behind. Thus, there is clearly a
tradeoff between the level of service obtainable and the
desired capacity utilization of the aircraft.

In the air cargo industry, aircraft are generally
assigned with sufficient capacity to accomodate peak loads
likely to be encountered rather than normal loads. Thus,
the usual practice is to allow a safety margin of excess
capacity above forecasted demand and hope that the air-
craft will not experience an excessive number of overloads
(shipments which cannot be locaded aboard the aircraft).
The stochastic nature of shipment quantities determines
the extent of this safety margin and the probability that
it will be exceeded. (Figure 1-1 illustrates the effects
of fcorecasted changes or shifts in demand on aircraft load
capacity.) Even with a safety margin, aircraft capacity
is likely to be exceeded occasionally. An increase in the
mean number of shipment units can result in an e#cessive
numbar of overloads, while a decrease in the mean number
of shivment units can result in an excess aircraft load
capacity. Changes in the variance or spread of the ship-

ment distribution will have a similar effect.
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The problem facing air transportation planners, in
general, is that of evaluating aircraft and route pattern
combinations so that zappropriate vehicles are assigned and
a desired level of service is maintained without creating
excess capacity. Improved selection and assignment of air-
craft could reduce the cost of operation while maintaining
acceptable service levels. Both commercial and military
air transport systems share similar problems when assigning
aircraft to networks of varying degrees of complexity. (A
list of terms associated with air cargo transportation is
contained in Appendix A.)

Figure 1-1 illustrates the capacity problem when the
nature of shipment distributions is known and the route is
a simple one served by a single aircraft. When shipment
gquantities are represented by a distribution such as that
shown in Figure 1-1, a slight increase in the mean number
of units (yu) can result in a shift to the right which will
lower the safety margin and dramatically increase the num-
ber of overloads. However, larger air transportation net-
works include transloading points where cargo is delivered
and picked up before the aircraft reaches a final destina-
tion. Consequently, the aircraft carries a different load
quantity on each leg of the flight, and the aggregate effect
on load capacity must be taken into account. This situa-

tion can be shown using a "flight load profile" depicted in



Figure 1-2. This illustration shows a flight pattern con-
sisting of five flight legs and six terminals identified by
their three-letter codes. The horizontal scale represents
miles traveled, while the vertical scale represents tons of
cargo. The solid line near the top of the chart indicates
the capacity of the aircraft. The profile is formed by
line segments that represent the total tonnage carried from
point to point. The profile will vary from flight to
flight over the same five flight legs due to the variabili-
ty of cargo quantities and their combined effects on air-
craft load requirements.

Shipment arrivals at each terminal create a demand
for aircraft services that is satisfied only when the ship-
ments have been delivered to their destination. A particu-
lar aircraft can meet the demand for service only if the
following conditions are met:

(1) The aircraft stops at the terminal where the
cargo is to be loaded. |

(2) The destination terminal for each shipment is
on the aircraft's itinerary.

{3) The capacity of the aircraft is not exceeded.

In this context, a flight pattern may be regarded as
a single-channel, multi-station queue problem in which the
aircraft provides a channel for the service of goods arriv-
ing at various stations and departing at subsequent sta-

tions along the route. 1If more than one aircraft is used
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to provide services, the flight pattern becomes a multi-
channel, multi-station queueing network of some complexity,
as illustrated in Pigu?e 1-3.

The gueueing features of an air cargo network are
further complicated by the inability to regard shipments as
homogeneous entities. Shipments can be in various sizes
and shapes and require service over varying distances to
any of a number of destinations. Different priorities and
handling characteristics apply to various shipments; and
these features affect the loading and unloading character-
istics of the aircraft.

The complexity of aircraft operations creates some
difficult problems for air transportation planners. For
instance, what is the most appropriate sequence of terminals
to include on an aircraft's itinerary? Which aircraft
should be assigned to a given route? With what frequency
should a given route pattern be flown? To physically ex-
periment with the changes indicated in these questions
would be time consuming and expensive. Alternatively, a
computer simulation model representing an air cargo system
would provide air cargo planners with a valuable analysis
tooi. 1In particular, an appropriately designed model can
be used to evaluate aircraft and route pattern combinations
so that appropriate vehicles are assigned and a desired

level of service is maintained without creating excessive
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capacity. Better selZction and use of aircraft can reduce
the cost of operation without significant deterioration of

. 1
service.

Purpose of the Research

This research has been directed toward the develop-
ment of a computer simulation model and a decision-making
framework which will facilitate the selection of aircraft
and route pattern combinations in an air transport system
involving several aircraft and a number of transloading
points. By representing the air cargo system as a dynamic,
multi-channel, multi-station, queueing model, the stochas-
tic.nature of shipments will be taken into account. The
simulation model, called CARGOSIM, has been specifically
@esigned for air transport systems using the terminology
and nomenclature appropriate for air cargo distribution
networks.. However, it is believed that the results of the
research will have implications for freight transportation
systems in general.

A cargo distribution system has characteristics in
common regardless of the particular transportation mode.

A network of depots or terminals at varying distances from

1 . . .

According to a source in the Navy's Material Trans-
portation Office, improved selection cof aircraft alone can
save the organization over $1 million a year.
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each other receive gobds to be transported to other depots
in the network. Vehicles of limited capacity are routed
to the depots where freight or commodities are picked up
and delivered accordirg to the needs of the system. Dis-
tribution managers must assign the vehicles and schedule
itineraries to insure the orderly flow of materials and
maintain efficient use of resources. Consequently, the
simulation approach developed through this research effort
extends beyond the air transport application described
herein. The value of this model with respect to other
distribution systems is discussed in Chapter VI.

The model has been designed to produce statistics
which will enable managers to evaluate proposed aircraft
and route pattern cocmbinations before resources (manpower,
money and material) are committed to actual operations.
Examples of the statistics are as follows:

(1) Load factor (i.e., utilization) of each air-

craft over each route;

(2) Delayed shipments at each terminal where
queues develop;

(3) Load profile and statistics reflecting the
load carried over each leg of a flight
itinerary;

(4) Total miles, ton miles, and aircraft landings

for specified periods of time; and



11

(5) Total cost of operation including estimated

cost of service delays.

The simulation mcdel developed in this research will
enable air cargo planners to view their air transport
system as a total system over time, and to estimate resource
requirements and operational capabilities for a given level
cf activity. Air transportation planners are able to input
such characteristics as proposed aircraft and route itiner-
aries, and observe the resulting changes in the system.

For example, it may be suspected that a smaller aircraft
could serve a segment of the route structure without caus-
ing a deterioration of service. The simulation model will
indicate the likely effects of such a change. Another con-
sideration might be the addition or deletion of a terminal
from a service route. Again, the impact of the change can
be evaluated using the simulation model.

The research, however, is not complete without an
appropriate decision framework for evaluating the ouﬁput
cf various simulation runs. The simulation model can pro-
vide useful measures of performance, but its effectiveness
depends upon a well-designed decision structure that will
facilitate the selection of appropriate aircraft and route
pattern combinations. Consequently, a specific decision-
making framework has been developed for selecting the least

cost aircraft routing schedule that meets the requirements
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of an air transportation network.

The development of a decision-making framework re-
quires a precise statement of the problem and a design
leading to a solution of that problem. For this reason,
the problem is restated as follows:

From a set of available aircraft and possible

route patterns, select a workable routing schedule

which will minimize total operating cost subject
to given time and service level constraints.

In the literature, this problem falls under the
general class of "vehicle scheduling" problems. According
to Kelly,

No optimizing algorithms presently exist for deal-

ing with general vehicle scheduling problems and

it appears that even if such algorithms did exist,
they would probably be computationally very com-

plicated and impractical to use (41, p. 9).
However, it should not be construed from this statement
that good or efficient solutions cannot be found. There
are several techniques that may be employed in a decision-

making framework for this type of problem. These tech-

niques are discussed in greater detail in Chapter 1IV.

Significance of the Research

Transportation planners are often faced with the
problem of assigning carriers to transport cargo when the

exact size of shipments cannot be predicted in advance.
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This problem may be further compounded by a requirement to
pick up and deliver additional shipments at various points
along the transportation rcute 1If some shipments cannot

be accomodated, they must wait for available space on
another carrier or be transported by an alternative method.
These difficulties can cause delays or reguire special
arrangements to be made in order to maintain the flow of
materials. In either case, additional costs can be expect-
ed. Alternatively, assigning carriers with excess capacity
results in inefficiencies and under-utilization, which also
drives up costs.

The problem of balancing capacity and service is
particularly notable in the air transport industry. Ship-
pers employ air freight primarily for the delivery of
products that must reach their destination in a short period
of time. The air freight market consists primarily of such
critical items as spare parts, medical itemé, film, high-
priority documents, electronic components, chemicals, etc.
By actual tonnage statistics, less than one percent of all
intercity freight in the U.S. moves by air (72). However,
the value of mest air cargo is quite high, as this small
volume makes up over 25 percent of the total value of
domestic commerce (13).

The air freight industry has been cited as one of

the fastest growing transportation industries in the nation.
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Conservative long-range forecasts indicate that demand for
domestic air caréo shipments will grow by 8 to 10 percent
annually for at least the next decade (13). Thus, it is
not surprising that a number of air freight companies have
recently come into existence, and others are expected to
appear on the scene in order to exploit this trend. Dur-
ing this period of growth, commercial scheduled airlines
which previously received the bulk of the air freight
business have experienced serious declines. Statistics
published by the Air Transport Association (the scheduled
airlines trade group) reveal that total freight tonnage
was down 3.8 percent in 1979. One reason for this decline
is a shift in forwarder tonnage (i.e., tonnage handled by
air freight forwarding companies) to privately owned
charter aircraft. 1In the past, air freight forwarding
companies relied primarily on commercial scheduled airlines
to transport cargo between major cities. Joseph N. Berg,
President of Air Express International, states that the
air forwarding industry is becoming increasingly indepen-
dent of the airlines (52).

One of the most important statistics for air car-
riers is cargo load factor, which is the percentage of
carrier capacity actually used. For passenger airlines,
load factors of 80 percent are rarely achieved, and 65

percent is considered a reasonable goal (75). Statistics
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published by the Air Transport Association for air car-
riers in 1979 revealed that for all-cargo carriers (air-
craft transporting cargo only), the load factor was 63.5
percent, and for combination (passenger and freight) air-
lines, the load factor was only 27.1 percent (52).. Vambery
(75, p. 29), writing about the excess capacity problem in
air transportation, stated that the balancing of capacity
and service is "one of the most difficult tasks faced by
transportation management companies involved in common
carrier service."

The air freight industry is not the only transporta-
tion group facing the problem of balancing capacity and
service (54). For years, the Interstate Commerce Commission
published separate rate schedules for full truck lcads (TL)
and less~-than-truckloads (LTL). Part of the cost of unused
capacity was passed on to consumers. In other distribution
systems, the efficient use of specialized vehicles such as
mail trucks, delivery vans, tank trucks, and garbage trucks
requires careful scheduling and routing to use their respec-
tive capacities wisely. Virtually all transportation
activities call for some measure of tradeoff between capa-
city utilization and the provision of adeguate service.

In air freight, and in many other distribution
systems, the cargo delivery requirements vary such that it

is impossible to predict with certainty the amount of cargo



to be picked up and delivered at each depot on a regular
basis. Most facilities use average cargo figures when
projecting their distribution needs, and hope that the
highs and lows will "sort themselves out." The basis for
this research is the assumption that cargo quantities can-
not be treated in a simple and arbitrary way. Fluctuations
in demand should be analyzed and incorpcrated into models
used for distribution analysis. The stochastic simulation
approach described in this document takes this essential
feature into account.

The model developed in this research was applied to
a specific air transport system in order to demonstrate its
value within a realistic framework. The simulation model
was used to analyze the distribution requirements of the
U.S. Navy's QUICKTRANS network described in the next sec-

tion.

The QUICKTRANS Air Network

Agencies of the U.S. Government frequently hire
charter aircraft companies to provide air freight service
on a contract basis. This is particularly true of the
military services which consign a significant proportion of
their airlift requirements to commercially owned and oper-
ated aircraft. The military organizations maintaining the

most elaborate air transportation netwcrks are: The
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Military Air Lift Command (MAC}, The U.S. Air Force
Logistics Command (LOGAIR), and the U.S. Navy's Domestic
Air Cargo Transportation System (QUICKTRANS).

QUICKTRANS (74) is the Navy air-truck transportation
network, designed to provide a controlled, flexible, and
responsive means of transporting urgently required cargo
between terminals of major Navy interest within the con-
tinental United States (CONUS). The goal of the QUICKTRANS
transport facility is to move high priority cargo between
any two QUICKTRANS terminals in a time interval no greater
than 48 hours. The QUICKTRANS transportation system uti-
lizes both air and truck transport units and operates daily
on predeternined time schedules and routes between commer-
cial and military terminals. Eight terminals in the network
are served primarily by air over established trunk lines.
The air service is supplemented by motor carrier freight
delivery to numerous additional points in the overall net-
work. The network is typical of several air distribution
networks incorporating major trunk lines and feeder route
channels (29). The research reported in this dissertation
is focused on the air transpecrtation portion of the Navy
QCUICKTRANS system.

The QUICKTRANS transportation system is operated by
the Navy Material Transportation Office (NAVMTO), head-

quartered in Norfolk, Virginia. Currently the information
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required to develop the QUICKTRANS route structure is com-
puted manually at considerable expense in manpower and time
(47). Thus, a need exists for a more efficient and reli-
able method of determining QUICKTRANS route patterns and
airlift requirements information for planning purpdses (35).

This problem has existed for the Navy for quite some
time. 1In 1976, a simulation model called QUAM (47) was
developed for the Navy's QUICKTRANS system. The QUAM model,
written in FORTRAN, used a static accumulation method to
simulate the fixed route segment structure of QUICKTRANS
(47). The program made use of historic cargo load data to
determine aggregate cargo flow and assigned routes and
vehicles according to available segment transport space and
cargo space required. It was partially implemented and
then abandoned for the following reasons:

(1) An insufficient data base to provide meaning-

| ful results;
(2) The program required manual reentry until a
satisfactory solution was reached;
(3) It did not take into account fluctuating cargo
quantities; and

(4) The output was difficult to read and interpret.
The model did not account for day-to-day fluctuations in
cargo gquantities, nor did it measure the build-up of ship-

ment gueues at terminals likely to occur. QUAM required
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the input of maximum aillowable lcad factors for each route
rather than allowing the aircraft to be loaded to capacity.
Thus, locad factors were constrained at the cutset instead
of being computed as a result of process simulation.

Although not recognized at the time, the a priori
setting of load factors was a major weakness in this early
simulation endeavor. Any solution under these constraints
would be limited. Other problems encountered in the use of
QUAM by staff members at the Navy Material Transportation
Office included maintaining an adequate data base, provid-
ing appropriate input to the program, reading and interpret-
ing the output, and accepting solutions which did not
recognize loading restrictions, oversize cargo, etc. Exper-
imentation with the computer program was eventually termi-
pated.2

Discussion with NAVMTO perscnnel revealed that a
satisfactbry solution to the problem had yet to be develop-
ed.3 Transportation planners in the organization indicated
their desire to retain control over the route pattern and

aircraft selection process. This enables them to insure

2Personal communication with A. A. Holloman, Director,
Operations Management Department, Naval Material Transporta-
tion Office, Norfolk, Va., 1978.

3Personal communication with Harry Bordon, Operations
Manager, Naval Material Transportation Office, Norfolk, Va.,
1979.
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that all important variables enter into the decision pro-
ceés before a'chénge in route pattern structure is pro-
posed. Since contracts with commercial air carriers are
let on a fiscal year basis, NAVMTO must live with whatever
changes are made for a period of one year before major
alterations can be made.

The NAVMTO planning staff developed several route
patterns and aircraft assignment strategies to be considered
for fiscal year 1979. The projected costs of the various
strategies were compared, and a somewhat laborious procedure
called arrival/departure load analysis was applied to test
the feasibility of each alternative. This procedure was
not always successful in detecting potential bottlenecks
in the system, and it failed to provide reliable measures
of performance efficiency. Thus, the need existed for a
more efficient and reliable method of determining the per-
formance of proposed operational strategies.

The problem confronting the Naval Material Trans-
portation Office had been described in part by a letter
from the Military Airlift Command to the Naval Supply
Systems Command. The letter, dated 2 February 1978, des-
cribed revised procurement requirements for domestic
military cargo air transportation services and the need to
consider alternative carriers in an emerging competitive

environment. Specifically, the Navy had been called upon
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to provide the folléwing infermation:

(1) Domestic cargo airlift requirements, including
the number of aircraft and their characteris-
tics;

(2) The route patterns acccmpanied with recommended
types of aircraft to perform various patterns;
and

(3) An evaluation of the ability of the various
types of aircraft to meet air cargo require-
ments.

The third requirement was the most difficult to
satisfy and constituted a major problem of concern to the
Navy's transportation planners. The air transport planning
personnel were able to assess the performance of current
gircraft and route patterns using the manual procedure of
arrival/departure load analysis. However, they were unable
to evaluafe the performance of proposed aircraft and route
pattern combinations using the same process. The manual
analysis procedure was too time consuming and did not pro-
vide results with sufficient accuracy to make adequate
comparisons.

In evaluating the performance of untried aircraft
over proposed routes, it was not known whether the aircraft
could accomodate the cargo quantities at sequential trans-
loading points (pick-up and delivery depots). At that time,

only monthly cargo statistics were available. The aggregate
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statistics tended to blur the actual cargo quantities and
leave one guessing as to how well the aircraft would perform
on a day-to-day basis. It was suspected that unacceptable
queues might develop at variocus depots if insufficient air-
craft capacity was assigned. Alternatively, over-assign-
ment of aircraft capacity could lead to under-utilization
and inefficiency.

The Navy acknowledged that meaningful cost reductions
were possible if appropriate aircraft assignments and flight
frequencies could be determined. The air portion of the
QUICKTRANS network costs over $20 million annually and
efficient changes in route schedules of aircraft assignments
could result in savings of more than $1 million a year.
Because of this potential, the Naval Material Transportation
Office provided a special series of computer runs for use
in this research consisting of 90 days of detailed shipping
information that included total tonnage to and frcm all
origin-destination points in the air network.

Thus, the NAVMTO planners needed a means to evaluate
proposed combinations of aircraft and route schedules, tak-
ing into account the frequency of flights and the stochastic
nature of shipping quantities. The daily shipment figures
provided by the Material Transportation Office were intended
for this purpose. The simulation model and decision frame-
work developed as a result of this research effort is adapt-

able enough to be utilized by other air transport systems
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with minor modifications. The availability of a general
simulation model for air transpcrt evaluation provides a
means of system analysis that has not been previously
available. The model has the potential to satisfy a
demand for management information required by other air

transportation services, commercial as well as military.

Scope and Limitations

This research effort has been directed primarily at
developing a dynamic queueing simulation model and decision
heuristic to be used by air transport managers for the effi-
cient selection and assignment of aircraft and route itin-
eraries. The identification of cargo distribution patterns,
development of the simulation model, and the writing of a
decision heuristic constituted the bulk of this research
effort. The simulati m model and its associated heuristic
are general enough to allow for the testing of alternative
strategies not specifically identified by NAVMTO for use
in QUICKTRANS.

The most crucial aspects of the research are the
development of a simulation model which takes into account
the stcchastic nature of shipping quantities, and a deci-
sion heuristic which leads to a least cost aircraft and
coute schedule combination. The simulation model can be

used to represent flight patterns consisting of up to nine
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flights in a network of ten depots with as many as five
different types of aircraft included in the aircraft mix.
(With additional dimensioning, the number of flights,
depots and aircraft represented in a single run can be
increased.) Alternative flight patterns can be represented
by subsequent simulation runs in order to observe the
effects of:

(1) Substituting different types of aircraft;

(2) Altering the frequency of one or more flights;

and

(3) Adding or deleting terminals from the network.
Each run results in a number of performance statistics en-
abling managers tc review and evaluate the various alter-
natives.

The simulation model provides information on system
performance and service. The formulation and testing of
alternative flight pattern combinations 1is airected toward
selecting aircraft of appropriate capacity and maintain-
ing a desired level of service. The primary response
variable is the cargo load factor which is used to evalu-
ate the performance of proposed aircraft over various route
patterns. Service is measured by the number ard percent of
delayed shipments at different terminals. The model is
used to identify the effects of various flight pattern

combinations on system performance.
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Even though the simulation is primarily a perform-
ance evaluation model, it includes the option of producing
cost statistics for each of the alternatives tested. The
model output includes the costs for total miles traveled,
terminal fees for the total number of landings, and total
operating costs. These costs are compared tc the cost of
the current system as pért of the evaluation procedure.
Examples of model output from the Navy's QUICKTRANS opera-
tion are presented in Chapters III and V.

The simulation model provides transportation managers
with information suggesting the consequences of implementing
different flight patterns. From the output produced by
testing different alternatives, they are able to discard
inefficient selections and select an appropriate strategy.4
The computer simulation model provides the requisite infor-
mation. However, a decision-making framework is essential
for the efficient use of the simulation program. The design
and development of a decision framework led.to the construc-
tion of a heuristic which facilitates the process of select-
ing a least-cost solution.

The heuristic accepts mean values from several iter-
ations of the simulation model, evaluates the feasibility

of an initial solution, and determines whether or not

4Naval Material Transportation Office, Norfolk, Va.,
personal communication and correspondence, 1979.



improvement 1is possible. 1If so, the heuristic changes one
or more inputs ta the simulation model, accepts mean values
from several more iterations, and evaluates the feasibility
again. This process continues until a feasible least=-cost
solution is found. The primary response variable is total
operating cost (including a service reduction penalty).

The primary control variables are aircraft type and fre-
quency of service for each flight.

By using the simulation model and decision-making
heuristic, a large number of aircraft and route schedule
combinations can be analyzed. A logical search technique
insures that good solutions are not overlooked and that
both the cost of operation and the cost of delayed service
to various terminals are taken into account. This tandem
approach to the analysis of the Navy's QUICKTRANS operation
results in an improved aircraft routing schedule and signi-
ficant cost reduction.

One embellishment of the decision-making heuristic
was not tested in this resesarch application. The heuristic
was used to consider only one type of aircraft while search-
ing for the best combination of flight frequencies. When
a least-cost solution was reached for one type of aircraft
assigned to all flights, another type of aircraft was
assigned and tested by the same process. Any number of

aircraft could be tested in this fashion, and so could a
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mix of aircraft (i.e., different aircraft assigned to
different flights within 2 given flight pattern). However,
the number of possible combinations increases exponentially
when aircraft mixes are considered. The amount of computer
time rises correspondingly and can only be justified if the
nature of the problem requires a thorough evaluation of all
aircraft-flight combinations. Accordingly, an exhaustive
analysis of all possible aircraft mixes was deemed to be
beyond the scope of this research effort.

The primary thrust of the research was to develop a
combination of procedures for analyzing, evaluating, and
selecting appropriate aircraft and flight frequency combi-
nations within an existing network. For this reason, the
problem of optimal rcute selection (which has been treated
extensively in the literature) was not a major concern.

The Naval Material Transportation Office has only a small
subset of‘flight paths to consider when making changes in
the routing of aircraft since many routes are governed by
regulation, strategic requirements, and the need to main-
tain a basic defense logistics capability (74). Further
restrainté on large scale route changes are determined by
cargo load requirements between major depots. Some flights
must be a2ble to accomodate and transport oversized and out-
sized cargo even when smaller aircraft may appear to serve

a route more economically. These restrictions tend to
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reduce the number of practical routing alternatives to a
manageable few. Even though the current problem did not
necessitate the application of a route finding algorithm,
the simulation model is sufficiently flexible to allow for
the testing of alternative flight paths in which depots may
be added or deleted. To this extent, the model may be of
value to organizations evaluating a reasonable subset of
alternative flight patterns.

A major limitation encountered by others involved in
this field of research has been the lack of available data
(78) . Department of Transportation statistics aggregate
all freight data, losing the all-important mode and origin-
destination information essential for statistical analysis.
Intercarrier competition in the private sector precludes
access to information agout many specific companies. With-
out data on which to base intercity freight demand fore-
casting, commercial air cargo routes cannot be evaluated
effectively (19).

The data for this research project was collected
from the U.S. Navy Material Transportation Office (NAVMTO),
in Norfolk, Virginia. As indicated previously, this organ-
ization operates a domestic air cargo transportation service

that covers the continental United States and includes eight

terminals in the network served primarily by air.
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Some of the findings cf this research study are
limited to the NAVMTO network in terms of applicability and
implementation. There are aspects of a military system that
are not duplicated in the private sector enterprise. Even
so, there are sufficient similarities to expect that some
of the findings may be applicable to other transportation
networks. The changes required for implementation in the

private sector are discussed in Chapter VI.

Prior Research Related to This Study

The transportation of air freight has been studied
by a number of organizations including government, military,
commercial, and academic institutions. Government agencies
or institutions involved in this research include the Civil
Aeronautics Board (CAB), the Department of Transportation
(DOT) , and the American Enterprise Institute (AEI). Each
of these organizations was queried with regard to air cargo
studies, and a total of 47 documents were identified.

Military organizations involved in air cargo trans-
portation research are the Military Airlift Command (MAC),
the U.S. Air Force Logistics Command (LOGAIR), and the U.S.
Navy's Domestic Air Cargo Transportaticn Service (QUICK-
TRANS). Inquiries directed toward the appropriate depart-
ment in these organizations resulted in the identification

of another 112 publications related to air cargo. Commercial
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sources include varicus airlines and air cargo companies,
of which the primary all-cargo carriers are Emery Air
Freight, Flying Tiger Airlines, and Federal Express Cor-
poration. These companies were willing to make available
information not considered propriestary, and another 52
documents were identified. Academic sources are quite
numerous and include institutions in Canada and the United
Kingdom as well as in the United States. Collectively,
another 152 references related to air cargo were identified.

The search for related literature was not limited to
references involving air freight alone. A considerable
body of knowledge has been developed in the field of logis-
tics and transportation planning. This field includes
related studies in network analysis, vehicle scheduling,
load planning, distribution, and simulation. Since it was
considered likely that computer models developed for systems
other thén air freight transport might be applicable to air
cargo distribution, research efforts in these topics were
reviewed as well.

Vehicle scheduling mcdels and algorithms are abun-
dant in the literature. Ever since Clark and Wright (15)
developed a "petal" expansion model for scheduling vehicles
from a central depot in 1963, many variations and improve-
ments have been reported. Vehicle scheduling techniques

generally emplcy either integer programming or heuristic
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programming to produce efficient solutions for problems
which are essentially deterministic. Researchers generally
attempt to improve the applicability of their models by
introducing a wider range of variables, such as multiple
vehicles, variable capacities, and daily alterations in the
number of delivery points (60). Some of the more success-
ful models handle real-life constraints by taking time,
distance, fuel consumption, personnel, and geographic fea-
tures into account. A primary shortcoming of most of these
models is their failure to respond to the fluctuating demand
inherent in the vast majority of distribution systems.

The literature search revealed a number of computer
models designed to solve problems in transportation planning.
However, none of these models considered the stochastic
nature of shipping quantities in a transportation network
involving delivery and pick-up at numerous transloading
points. 1In almost all cases involving lcad planning or
vehicle scheduling, fixed cargo quantities were assumed.

A few computer mcdels took variable delivery times into
account, but did not provide for variable shipment gquanti-
ties (5, 12, 20). When delivery volume varies, these models
project different sclutions for each load and vehicles are
reschedﬁled accordingly (41, 65). Such mcdels are useful

in vehicle dispatching when an organization has sufficient

flexibility to reassign vehicles on a daily basis, but this
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arrangement cannot be applied to systems in which vehicle
assignments and foute schedules are fixed for periods of
time.

Some research has been applied to the problem of
fluctuating demand. Baumol and Vinod (5) applied a theo-
retical model with the assumption that the stochastic ele-
ments of the problem satisfy a Poisson distribution. Cook
and Russell (20) considered stochastic demand and travel
times in a vehicle routing model applied to a refuse
collection problem. GPSS simulation was used to analyze
travel times and develop frequency distributions of pick-up
time error and travel time error. Other logistic simula-
tion models give some consideration to stochastic cargo
guantities, but most attention is directed toward stochas-
tic lead times and delivery times (9, 10, 17). The cumu-
lative effect of uncertain pick-up and delivery quantities
on various routes can frustrate a seemingly manageable
solution. None of the above models address the probiem of
’multiple transloading points.

Transloading provides for the delivery and pick-up
of merchandise by a single vehicle at several points along
a route; whereas, transhipping provides for the transfer of
goods from one vehicle to another at an intermediate point,
such as a warehouse or a depot. Transloading is preferred

by shippers to avoid excess cargo handling and loss of
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accompanying paperwork {27). Scire vehicle scheduling
models have been developed to ccnsider delivery and pick-
up at various depots. 2Zgin and Cullin (3) describe a trans-
portation routing and vehicle locading model called TRAVEL
which has been applied to aircraft routing. The model aids
the planner by developing movement plans on a period-by-
period basis using a time phased network formulation.

Kelly (41) developed an algorithm for routing a vehicle with
limited capacity such that its available capacity increases
and decreases by various amounts along a tour. This
algorithm accounts for pick-up and delivery activities, but
only when load sizes are known in advance. Hersh and Ladany
(33) constructed a mathematical model for assigning passen-
ger seats aboard aircraft with one intermediate stop. A
@istribution of reservations and cancellations is included
in the model, and a Bayesian reassessment of probabilities
is incorpbrated in a sequential decision procedure. The
authors suggest that the model may be extended to include
multiple intermediate stops. Jansson (38) developed a
computational procedure for optimizing service frequency
and vehicle size on passenger bus routes. His approach
seeks to identify total social cost to passengers as a
measure of service level, and then minimize this cost.
Jansson's approach may be extended to air cargo if a ser-

vice cost comparable to social cost could be formulated.
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At any rate, bus stcps are transioading points, and the
model is applicable in that respect. Each of the models
described above is deterministic, except for the Hersh-
Ladeny model which is designed for operational use in con-
junction with a passenger reservation system. Other
heuristics and optimization models under study are strictly
deterministic and address the assignment of existing or
proposed aircraft to a predetermined network (40).

Simulation has also been used as a modeling approach
for the analysis of air transportation. An early attempt
at simulating air cargo transport was reported by D'Esopo,
Dixon, and Lefkowitz in 1960 (22). This analysis dealt with
a transitory situation in which the start-up phase of an
airlift was simulated for a network containing transloading
points. The model was able to select the number of trans-
port aircraft of each type required when exact cargo quanti-
ties were known at all depots. The analysis was considered
to be complete when the subsequent flow of cargo to the
final destinations could be approximated by a rate of
delivery. The model was deterministic and not designed to
handle uncertain demand or fluctuating cargo quantities.

A more recent simulation effort undertaken in 1976
resulted in the development of a computer model called QUAM,
which used a static accumulation method to simulate the

fixed route segment structure of the Navy's domestic air
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cargo system (47). As mentioned previously, the model used
historic cargo load data to determine aggregate cargo flow,
and it assigned routes and vehicles according to available
segment transport space and cargo space required. The
model did not account for day-to-day fluctuations in cargo
quantities, nor did it detect delays in shipments likely to
occur.

A number of dynamic simulation models have been
successful at representing and analyzing stochastic systems
in physical distribution (9, 10). Dynamic system simula-
tion has become a widely used technique for solving complex
problems involving stochastic variables and the analysis
of queues (26). Many of the problems in air transportation
and logistics have been recognized as queueing problems.
Recent articles have suggested that GERT, a network-
oriented language, and Q-GERT, a queueing simulation lan-
guage, could be used more extensively to help analyze
problems in logistics (49, 70). Smith (66) conducted two
major simulation studies in air transportation which were
identified essentially as queueing applications. Several
examples of the use of Q-GERT in air transportation have
been published in the literature (2, 16, 34, 59). It is
expected that other applications will be fcrthcoming.

A survey of private companies currently engaged in

air cargo transport reveal considerable activity with regard
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to computer applications and operations research techniques.
A survey of 12 airline companies revealed that systems
analysis and modeling techniques were being applied pri-
marily in five functional areas: regulation, finance,
marketing, traffic forecasting, and operations (14). The
area receiving the most attention is operations, which
includes scheduling of flights and crews, airport opera-
tions, reservations, maintenance, and inventory planning.
Some of the more advanced techniques have been adopted by
air freight companies as their computer facilities reach
the degree of sophistication required to implement various
route-finding algorithms and simulation packages. Federal
Express Corporation uses a computer model based upon the
Clark and Wright (15) vehicle scheduling algorithm to
develop the route structure for a monthly airline schedule.
The model incorporates load factors and demand projections
in order to build an optimized route structure to pick up
and deliver packages expected to be in the system. Another
computer model creates output files that produce flight
plans, traffic control reports, and crew assignment sched-
ules (13). Similar management tools are currently being
used by Flying Tiger Airlines and Emery Air Freight. How-
ever, there is no evidence that simulation models are being
used to analyze aircraft and route pattern combinations in

these ccmpanies.



Large-scale efforts to improve air cargo distribu-
tion are being conducted by the U.S. Government and the
three military services. The Management Science Office of
the U.S. Air Force uses operaticns research and network
analysis to optimize logistics airlift systems (23). The
Military Airlift Command has applied similar studies to
aircraft scheduling and airlift requirements forecasting.
The U.S. Army developed a2 network simulation model for an
air cargo terminal to analyze the flow of cargo from sort-
ing to staging and loading for a mission (46). Other simu-
lation projects using origin-destination matrices for both
trucks ard aircraft were developed by the David W. Taylor
Naval Research Center in Washington, D.C. (47). In most
cases, the models applied to these systems are tailcred to
the specific requirements of the organization. None of the
studies took into account stochastic shipping quantities
in the analysis of transport aircraft and route pattern
combinations, even though it was acknowledged that demand
fluctuation constitutes a major consideration that cannot
be ignored (19, 37, 75). Gunn described the problem as
follows:

Cargo as a payload... has been handled in a
very simple and arbitrary way because (1) time

and budget have not permitted a more sophisticated

treatment, and (2) the data available on an origin-

destination basis are regarded as inadeguate (31,
p. 219).
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This review of pricr research revealed a number of
air cargo considerations that have implications for this
study. Many of the research reports indicate that cargo
load factor is an important measure of aircraft capacity
utilization. Several studies address the problem of im-
proving cargo load factors while maintaining adequate levels
of service.5 Accordingly, this study will provide for an
evaluation of cargo load factors as a primary measure of
aircraft utilization.

Prior research studies have also been helpful to the
extent that a number of convenient data formats have been
devised to facilitate the representation of essential infor-
mation for computer analysis. Examples include origin-des-
tination matrices, network diagrams, transport code names,
and city-pair distance tables. Some of these features sug-
gested by previous studies are used in this study to stream-
line data input and output representation.

A number of research studies also address the prob-
lem of fluctuating demand for air cargo service. Several
recommendations have emerged from such studies in an attempt
to accomodate fluctuations in demand. An air cargo system
is effective only if freight can be delivered on time in a

consistent manner. In addition, there is considerable

5An extensive discussion of this problem is included
in Vambery (75).
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evidence that prior research studiz=s have suffered from a
lack of available data pertaining to air cargo shipment.
This may explain why many air transport studies regard
shipment quantities as fixed entities despite the fact that
load demand is rarely constant. Very little research has
been directed toward identification of actual air cargo
demand distributions.6 Since such distributions apparently
were not identifiable, prior researchers did not undertake
the development of queueing models requiring stochastic
input. Consequently, this study may well be the first to
treat air shipments as arrivals in a dynamic gueueing

framework.

Plan of Presentation

Chapter II is entitled Description of an Air Trans-
port System. A complete description of the U.S. Navy's
domestic air transportaticn service is included along with
a brief illustration showing how commercial air freight
service compares with the Navy system. Evaluation consid-
erations are listed and explained alcng with the performance
measures used to assess the efficiency of flights and air-

craft assignments. Some of the specific problems of air

6Keaton {40) suggests that better utilization of air-
craft might result from a more even distribution of total
demand; however, the true nature of air cargo demand is
highly speculative.
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flight scheduling are illustrated and the method of arrival-
departure lcad analysis is explained. The air cargo system
is described and analyzed as a queueing problem in which
shipments are regarded as "arrivals" to be serviced by the
aircraft. The complexity of the system is examined and the
need for identifying the stochastic behavior of shipment
distributions is discussed.

Chapter III, entitled Construction of the Simulation
Model, provides a general discussion of simulation and sim-
ulation languages, followed by a clarification of the
reasons for the selection of an alternative modeling pack-
age called SLAM. The process of identifying stochastic
shipment distributions from actual data is described and the
nature of these distributions is examined. Distribution
parameters are identified ard organized for input into the
simulation model. The model itself is described in detail
with specifications for input, variable names, file names,
and cutput statistics. Examples of input and output are
illustrated. The logic of the simulation model is explained
in terms of the use of subroutines and files to represent
air cargo transactions and events. The chapter concludes
with a description of the verificiation and validation pro-
cess and the results of statistical hypothesis tests used

to compare model output with flight performance records.



41

In Chapter IV, entitled A Decision Framework for the
Simulation Model; the model is refined to improve its value
as a tool for estimating performance measures within accept-
able limits. Statistical concerns are discussed, and a
total-cost response function is defined and tested for
sensitivity. Its margin of error is determined, and the
development of a decision framework is discussed. The
decision process includes three iterative steps calling for
successive simulation runs within a logical framework. The
programming of a heuristic and the search procedure for a
least-cost solution is detailed in the latter portion of
the chapter.

In Chapter V, entitled Mocdel Application Within A
Decision Framework, the simulaticn and its associated
heuristic are demonstrated by using the model for flight
pattern analysis and selection of a least-cost solution.

A six-flight pattern is tested with five different aircraft
until a least-cost schedule is obtained. The same is done
with a four-flight pattern. The search process is illus-

rated by reducing flight frequencies until an efficient
solution for each aircraft is found. Computer results are
tabulated and output is evaluated from the standpoint of
problem constraints and final selection procedure.

In Chapter 1V, entitled Summary and Recommendations,

the results of the research are summarized and certain
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features of combined simulation and search procedure are
noted. The model is presented as a generalized air trans-
port simulation model with potential application in both
military and commercial air transport. Prospective uses
of the model are discussed and wider industry implications
are addressed. The extent to which this research resulted
in improved methodology is considered and avenues for

further research are suggested.



CHAPTER 1II

DESCRIPTION OF AN AIR TRANSPORT SYSTEM

The QUICKTRANS Air Cargo Network

The domestic air cargo network (QUICKTRANS) maintained
by the U.S. Navy Material Transportation Office consists of
eight terminals served primarily by air. These terminals

are listed below:

Terminal Code
Norfolk, Virginia NGU
Indianapolis, Indiana IND
San Diego, California NZY
Travis AFB, California suu
Charleston, South Carolina CHS
Jacksonville, Florida NIP
Dover, Delaware DOV
McChord AFB, Washington TCM

A ninth terminal at Pensacola, Florida (Code NPA)} currently
served by truck, is under consideration to be served by air.
Three additional terminals in Florida (Patrick,

MacDill, and Key West) and one in Texas (Kelly) are served
by the U.S. Air Force and are not under the operational con-

trol of the Navy. With the exception of Pensacola, there

43
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are no current plans to include any other terminals in the
air network. Additional depots are served by motor carrier.

In order for air freight delivery service to be main-
tained at an acceptable level, the following shipment deliv-
ery times are applicable:

Percent Shipped

Transportation Priority Delivery Time by Air
TP 1 2 days 55%
TP 2 7 days 453
TP .3 30 days (negligible)

A complete description of the QUICKTRANS network with
route patterns, aircraft, and flight frequencies is given in

Table 2-1 and illustrated by the network diagram in Figure 2-1.

System Operation and Evaluation Considerations

The QUICKTRANS air network differs from commercial air
freight networks in several important aspects. Commercial
air freight companies rarely inélude as many transloading
points in their flight patterns. The "hub and spoke" network
developed by Federal Express uses a design which has flights
radiating out from central processing points where all air
cargo is sorted and assigned to appropriate destinations (13).
Aircraft depart at night from the central processing facility
to various outlier points, deliver their cargo, pick up addi-
tional freight, and return to the central processing point.

Changes are made to various route patterns on a daily basis,
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TABLE 2-1: Route Pattern for L-100-30

Patterns Flown and Frequency of Service:

Item: 46,000 pound capacity aircraft, able to carry

eight 88 x 108 inch pallets

Flight 172, 7 flights per week

Originate Travis AFB, CA
To NAS North Island, CA
To Indianapolis, IN (Weir Cook Airport)
To NAS Norfolk, VA
To Charleston AFB, SC
To NAS Jacksonville, FL
TOTAL

Flight 672, 7 flights per week

Originate NAS Jacksonville, FL
To Charleston AFB, SC
To NAS Norfolk, VA
To Dover AFB, DE
. TOTAL

Flight 171, 7 flights per week

Originate Dover AFB, DE
To NAS Norfolk, VA
To Indianapolis, IN (Weir Cook Airport)
To NAS North Island, CA
To Travis AFB, CA
TOTAL

Flight 252, 5 flights per week

Originate Travis AFB, CA
To McChord AFB, VA
To Travis AFB, CA
TOTAL

Great Circle
Statute Miles

207
350
158
715

158
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and a vehicle scheduling a2lgorithm is used to assign air-
craft and destination points. Emery Air Freight and Flying
Tiger Airlines use similar aircraft scheduling techniques.

The QUICKTRANS air system is not reevaluated on a
daily basis. All flights are prescheduled and remain basic-
ally unchanged for at least a year. Another unique charac-
teristic of the Navy's air cargo system is the assignment of
extended flights, particularly on transcontinental routes,
which include a number of transloading points. A substan-
tial amount of air cargo is bound for destinations on the
opposite coast. This situation requires a high degree of
air transport activity on east-west routes as indicated in
the route pattern description in Table 2-1. Furthermore,
air cargo may be destined for any one of a number of termi-
nals, all of which must be served in order to meet the re-
quirements of the system. The quantity of air cargo fluc-
tuates considerably over time, and in any given mcnth there
is likely to be some cargo shipped between every point in
the network. An example of one month's cargo generation is
given in the origin-destination matrix shown in Table 2-2.
It should be noted that there is not a single empty cell in
the origin-destination matrix.

The Navy does not own the aircraft assigned to the
QUICKTRANS network. Each fiscal year, a new contrast is let

to a charter aircraft company which provides the aircraft



TABLE 2-2:

Origin-Destination Matrix, Fiscal Year 1979, First Quarter

Destination

Origin DOV NGU IND CHS NIP NZY Suu TCH Total
DOV 155.6 10.2 75.2 36.2 55.2 67.1 41.5 441.0
NGU 157.4 4.8 129.7 173.2 199.7 142.4 50.1 857.3
IND 10.5 19.3 10.8 4.6 17.0 16.1 9.2 87.5
CHS 48.4 97.5 9.9 29.9 17.0 34.0 14.3 251.0
NIP 34.3 167.9 5.2 27.1 53.4 58.2 17.8 363.9
NZY 32.4 145.5 5.2 20.2 50.8 217.7v 62.3 534.1
Suu 57.2 158.7 11.9 45.2 64.6 255.4 167.0 760.0
TCM 31.2 39.9 10.7 14.5 7.2 42.6 120.4 266.5
Total 371.4 784.4 57.9 322.7 366.5 640.3 655.9 362.2 3561.3
NOTE: All figures represent average tons per month.

8V



and crews to fly route patterns and schedules assigned by
the Navy. The contracts are specific as to types of air-
craft and frequency of flights, and changes must be renego-
tiated by both parties. The current contract is held by
TIA, a charter aircraft company providing Lockheed L-100-30
air transport service for the U.S. Navy.

There are a number of considerations to be taken into
account when assigning aircraft and route patterns. These
include the following:

‘Cargo quantities between origin-destination points;

‘Air cargo density;

‘Number of terminals in the network;

‘Frequency of service;

“Capacity of different aircraft types;

*Aircraft loading characteristics;

‘Crew changes and refueling points; and

‘Origin and destination of aircraft.

A number of these considerations are of an operational
nature which are, in some respects, unique to the QUICKTRANS
system. For instance, most air cargo is secured .on pallets
or half-pallets which are standard throughout the system
(88" X 108" and 88" X 54", respectively). However, some
items extend beyond the dimensions of the pallet and cannot
be loaded as conveniently as others. There are large items,
such as propeller shafts or blades, which must be mounted on

pallet trains before being lcaded aboard an aircraft. Pallet
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trains consist of two or more pallets joined together to
accomodate a particularly bulky load. Shipments of these
types are faifly common along some routes.

Consequently, the loading characteristics of each
aircraft must be taken into account. These combinations
include cargo loading door height and width, side loading
or rear loading capability, and cargo compartment cross-
sectional curvature and dimensions. These specifications
must be considered when assigning aircraft to particular
route segments.

Another consideration is air cargo density, which
is the weight-to-volume ratio of air shipments. Most ship-
ments are measured by weight, but a number of large volume
shipments could cause the aircraft to "cube out" during
loading before the weight capacity is reached. 1If this
happens with any reqularity, utilization statistics based
on weight alone will tend to indicate that an aircraft is
operating at less than full capacity, when in fact it may
be loaded to full volume capacity. To account for average
cargo density, the Navy uses a simple formula that matches
air cargo load (ACL) in tons with volume capacity and aver-
age cargo density to come up with maximum "cubed out"
capacity for each aircraft. This figure is a more realistic
measure of the true capacity of each aircraft. Table 1-3
contains a list of capacity figures for the aircraft under

consideration.
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TABLE 2-3: Capacity of Selected Aircraft Considered for
Use in the QUICKTRANS System

. Maximum Contract
Maximum "Cubed Out" "Cubed Out" Air Cargo
Aircraft Capacity in Pounds Capacity in Tons Load (ACL)*

L-100 43,500 21.75 23.0
L-188 30,430 15.215 17.3
DC-9 30,220 15.11 17.4
B-727 35,790 17.895 17.9
DC-8-33F 46,540 23.27 26.0

*ACL is determined by-the contractor after taking
into account the length of flight segments and the amount
of fuel required. For instance, if the full load capacity
of an aircraft is 24.5 tons and the fuel requirement at
take-off is 1.5 tons, then the air cargo load (ACL) would
be 23.0 tons.
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Important considerations in determining flight itin-
eraries include fuel stops, crew changes, total flight
times, and the location of aircraft. The system must be
balanced in the sense thdt an aircraft must be available
at the originating terminal for each assigned flight, and
end up at a terminal where it will be available for a sub-
sequent flight. A study of the route pattern presented in
Table 2-1 reveals that few of the flights originate and
terminate at the same terminal. The actual schedules are
arranged so that Flight 172 originates at Travis Air Force
Base and arrives at Naval 2Zir Station, Jacksonville, during
the early morning hours. Flight 672 uses the same aircraft
to fly to Dover Air Force Base. From there, Flight 171 em-
ploys the aircraft to return to Travis. A pool of back-up
aircraft and maintenance facilities may be maintained at
any one or more of these terminals. This decision is
normally left to the contractor, but the schedule is designed
to facilitate such considerations. A typical schedule is
given in Table 2-4.

The flight schedule format in Table 2-4 is familiar
to most air transportation managers. The schedule‘is

rranged so that the terminals, listed by code name in the
center column, are matched by arrivals and departures with
"A" for arrive and "L" for leave in adjacent columns.

Flight schedules are shown in remaining columns, with
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TABLE 2-4: QUICKTRANS Flight Schedule (All times and days
given in Greenwich Mean Time, effective
9 March 1978)

252 171 Trip Identity 172 672
L-100 L-100 Equipment L-100 L-100
Sun & Oper Oper
Tue-Fri Daily Days Terminal Days Daily Daily
Orig Term
0950 L DOV A 0720
1045 A L 0630
1200 L NGU A 0515
A L 0355
L CHS A 0255
A L Term 0200
L NIP A 0030 Orig
A L 2330
L CHS A 2230
A L 2055
L NGU A 1940
1420 A L 1740
1520 L IND A 1640
2140 A L 1105
2255 L NZY A 0950
Orig 0050 A L 0800
0450 Term L suu A Orig
0710 A L
0840 L TCM A
1050 A L
Term L sSuu A



54

TABLE 2-4--Continued

L5Q Trip Identity* L5Q 730
1L-188 Equipment L-188 Truck
Mon- Oper Cper Mon- Tues-
Fri Days Terminal Days Fri Sat

1925 A L Term
2010 L NIP A 1200
2050 A ‘ L
2135 L COF A
A L 0340
L MCF A 0140 Orig
2355 A L 0040
L NOX A

*L5Q flights are under the operational control of
the U.S. Air Force.
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light number, aircraft type, days operational, and times
of arrival and départure at each terminal. Flight times in
columns to the left should be read from the top down;
flight times in columns to the right should be»read from
the bottom up. By using this flight schedule format,
arrival and departure activity at any terminal can be seen
at a glance.

The various factors associated with aircraft selec-
tion just described are typical of the real-life constraints
which often complicate a process to the extent that simple
mathematical models cannot be applied. The scheduling and
assignment of various aircraft to particular roﬁte patterns
is currently a trial-and-error procedure built upon experi-
ence and lengthy manual computations. The process does not
lend itself to computer analysis as easily as one might
imagine for a relatively small network.

Under the current arrival-departure load analysis
procedure, an existing (or proposed) aircraft and flight
pattern combination is decomposed into flight segments.
Monthly load figures (such as those contained in Table 2-2)
are then used to develop total tonnage per flight segment.
Ton-miles per segment are computed by multiplying monthly
load figures by segment distances. These ton-miles are
divided by ton-miles available (based on the capacity of the

aircraft) to yield cargo load factors. Cargo load factors
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are then used to analyze a fliaght pattern segment-by-segment
to determine if aircraft are properly utilized and whether
or not changes in the route structure or flight frequency
are necessary.

The problem is further compounded by the stochastic
nature of shipping quantities to and from each of the
terminals. Although monthly or quarterly figures may be
used as averages, the exact size and quantity of shipments
cannot be predicted on a daily basis. The build-up of
shipments at one terminal or another sometimes results in
unacceptable queues or delayed shipments where the aircraft
assigned cannot accomodate all cargo. In this event, ship-
ments must await subsequent aircraft or be rerouted by
truck. In either case, delays occur which force agencies
served by the QUICKTRANS system to seek alternative trans-
port service or complain about a system which is not meet-
ing their‘needs.

The only flexibility the Navy has when this situation
is encountered is to divert cargo by truck. If the destin-
ation is not too distant, delivery by truck may be an
acceptable alterntive. Consequently, the Navy has been ex-
perimenting with a system by which shippers are asked if
their cargo could be diverted to truck without undue hard-
ship resulting from slower delivery. If so, the shipment

is designated as cargo which may be diverted if it cannot
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fit aboard scheduled aircraft. In essence, this is a
priority system within the overall priority system by which
most TPl cargo is brought intc the air network. Monthly
cargo reports are now reflecting this "diversion" designa-
tion by listing separately the tonnage to be shipped by air
and the tonnage which may be diverted to truck.

The use of a diversion strategy may be seen largely
as a stop-gap measure which could conceivably be alleviated
with better scheduling or improved assignment of aircraft.
More aircraft capacity could be allocated to specific route
segments either by increasing the frequency of service or
by increasing the size of the aircraft. Of course, this
action may result in excess unused capacity in other seg-
ments of the route pattern and under-utilization of the air-
craft. The route pattern must be such that it strikes a
balance between the occasional build-up of a queue, with
some diversion of cargo, and efficient utilization of air-

craft over all route segments.

Problem Analysis

An evaluation of alternative route pattern and air-
craft combinations calls for an understanding of basic
system performance. The underlying system is, in fact, a
queueing system in which cargo quantities to be shipped may

be regarded as arrivals, while the aircraft in the system
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provide service by tiransporting the cargo. A queueing
system includes entities which come into the system as
arrivals to be serviced. Each entity has attributes which
may have é bearing on the type of service it receives. The
servicing mechanism must accomodate each entity according
to a service discipline. Since queues are likely to occur,
rules are applied which may limit their size and provide a
queue discipline for handling priorities.

In the QUICKTRANS air transport system, cargo ship-
ments are entities with the following attributes:

(1) Size: 1length, width, height, volume;

(2) Weight in pounds or tons;

(3) Originating terminal;

(4) Destination terminal; and

(5) Transportation priority.

Entities come into the system when they arrive at a terminal
for transhipment to another terminal in the air network.
They depart the system when they reach the destination
terminal or are rerouted to transportation facilities out-
side of the air network.

There are a number of useful measures which enable
managers to evaluate the performance of aircraft and route
pattern combinations. These include such measures as tons
carried per mile, tons carried from point-to-point, total

tons delivered on time, total tons delayed, percent
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delivered on time, percent delayed, time distribution of
delayed shipments, total ton-miles carried, total ton-miles
available, and utilization of aircraft (load factor). Some
of these measures are equivalent to results obtained from
queueing analysis, such as average queue length, average
waiting time, average time in system, server utilization,
etc. The two primary measures of performance in the air
transport system are:

(1) Load factor (utilization) of aircraft; and

(2) Number of tons and percent of cargo delivered

on time versus number of tons and percent of
cargo delayed.

The above measures make it possible to compare the effect
of alternative strategies with current system performance.
Furthermore, the two measures show clearly the tradeoff
resulting from changes in aircraft utilization and desired
service méasured by on-time and delayed shipments. Load
factor is determined by dividing the number of ton-miles
carried by the number of ton-miles available. (Ton-miles
available is a hypothetical figure that would result if the
aircraft were fully loaded over all flight segments. It is
computed by multiplying maximum "cubed out" capacity by the
number of miles traveled.)

The air transport system can be regarded as a fairly

complex multi-channel, multi-station, gueueing system. A
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system of this complexity cannot be analyzed by using
traditional gueueing apprcaches. To do so, a number of
simplifying assumptions would have to be made (assumptions
such as homogeneous arrival entities, first-come, first-
served queue discipline, no balking, no jockeying, etc.),
and arrival distributions would have to fit theoretical
distributions for which analytical formulas have been de-
rived. Unless the problem lends itself to an analytical
solution, extensive modification to fit an existing mathe-
matical model would defeat the purpose for which this study
is intended.

The number of origin-destination pairs in a directed
(two~-way) network is determined from the formula:

nP2 = n(n-1)
where n = number of nodes {terminals) in the network. Thus,
a netwqu consisting of eight nodes could have shipments
between 56 origin-destination pcints, each of which must be
accomodated by the transportation system. The addition of
one node in the network increases the number of origin-
destination shipment pairs to 72.

Shipments are generated at every node in the network
and can be destined for any other node. Sizes and weights
of shipments varied considerably and frequency distributions
needed to be determined for each origin-destination pair.

Initially, the probability distributions of shipment
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arrivals were unknown. This exercise was a primary acti-
vity in the research effort, and a computer program called
SIMFIT was used to facilitate the identification of ship-
ment distributions.

Since the air transport system has been interpreted
as a fairly complex gqueueing system, an appropriate vehicle
for its analysis would be a discrete event simulatiocn pro-
gram. A simulation model is preferred for this analysis
for several reasons:

(1) Actual cargo distributions can be simulated
using random number generators. Distribution
patterns may not meet the assumptions of
theoretical models which generally reduce
probability assessments to certainty formu-
lations for computational purposes.

(2) Existing and proposed aircraft and route pat-

' tern combinations can be evaluated without the
cost, risk, and expenditure of time involved
in experimenting with the real process.

(3) A simulation model that successfully represents
a real-world system can assist in identifying
interactions and repercussions of various flight
pattern combinations. Important variables can
be identified with regard to their interaction

and effect upon system performance.
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(4) Successive simulation experiments used in con-
juncfion with an appropriate decision heuristic
can provide the information needed to develop
improved solutions subject to realistic opera-

tional constraints.
Summar

This chapter has included a description of the QUICK-
TRANS air cargo network and the means by which each of the
terminals is served. Some differences between commercial
and military operations were noted, and specific features
of the Navy's air cargo system were discussed. Also listed
were a number of considerations to be taken into account
when assigning aircraft and route patterns.

The chapter included an explanation of aircraft
loading characteristics, weight-to-volume ratios, and cargo
density. These features are taken into account when comput-
ing the capacity of aircraft. Some of the specific problems
of air flight scheduling were illustrated, and the method
of arrival/departure load analysis was explained. Cargo
load factor was identified as an important measure for the
assessment of flight and aircraft efficiency.

The air cargo system was described as a complex
queueing problem in which the number and size of shipments

vary from day to day and from terminal to terminal. The
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need to identify the stochastic behavior of shipment dis-
tributions was discussed, and a simulation model was
suggested as an appropriate vehicle for analysis. Chapter
I1I presents a specific model for the simulation of the

air cargo system, and describes its construction.



CHAPTER III

CONSTRUCTION OF THE SIMULATION MODEL

System Modeling and Simulation Language

Simulation is a method for deriving solutions to a
problem when analytic and numerical solution methods break
down. Mize and Cox (50) state that analytical methods are
simply not available for many complex system problems, such
as large scale queueiﬁg problems; and numerical methods are
too costly in many cases when the system being studied con-
tains random variable components. Simulation has been found
to be an extremely effective tool for dealing with queueing
problems involving multiple channels in parallel or in ser-
ies (51). Some computer simulation languages have been
written for the express purpose of solving or providing
insight into queueing type problems.

There are several programming languages which may be
used for this class of problems. A general purpose language
such as FORTRAN or ALGOL provides the analyst with consider-
able flexibility and the option cf tailoring components of
the program to meet the particular needs of the problem
under study. There is less rigidity in the structure of

these languaces, and their program repertoires contain
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numerous instructions and statements. Special purpose
languages, on the other hand, have been written specifi-
cally for simulation applications. These include such
languages as GPSS, SIMSCRIPT, GASP, DYNAMO, Q-GERT, SIMULA,
TRANSIM and SLAM. These program packages have been devel-
oped to: provide a generalized structure for designing
simulation models; facilitate the conversion of a model
into a computer program; allow changes to be made without
extensive reprogramming; and provide a number of useful out-
puts for statistical analysis. They permit an analyst to
achieve considerable reductions in programming time and make
use of pre-programmed characteristics common to most simula-
tion models. The simulation language best suited for a
particular study depends upon the nature of the system and
the programming skill of the analyst.1

The selection of a simulation programming language
was made'quite easily with the emergence of SLAM (Simulation
Language for Alternative Modeling) in 1979. SLAM provides
a framework by which simulation models may be designed using
network symbols, process statements, differential equations,
or any combination cf the above. Network modeling is most

appropriate when the system under study can be represented

1A further discussion and compariscn of simulation
languages may be found in Naylor, et al. (51, Ch. 7) and
Fishman (26, Ch. 4).
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by the combined relationship of events and activities repre-
sented by symbols and the process statements that identify
them. Differential egquations may be used to represent
system status variables over time when the rate of change
can be determined by specific functional relationships.
The behavior of a system may be categorized as discrete
when status variables change only at event times, or con-
tinuous when status variables change continuously over
simulated time. SLAM provides the capability for modeling
discrete, continuous, and combined interactions using net-
work, discrete event, or continuous simulation techniques
(57).

The air transport problem has already been described
as a complex queueing problem for which the simulation
approach offers considerabie potential. Since the status
of the system changes when an aircraft loads, transloads,
or unloads at a terminal, these occurrences can be regarded
as events in simulation terminology. These events precipi-
tate changes in aircraft load, shipment gqueue lengths, and
other variables which tend to remain relatively fixed be-
tween event times. In addition, the arrival cf shipments
as air freight at various depots also affects the queue of
waiting shipments. For the purpose of simulation modeling,
however, significant system chnges do not occur while the

aircraft is in flight. (Minor in-flight alterations, such
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as fuel consumption and cost-per-mile considerations can

be computed at event times, thus eliminating the need for
continuous activity scanning.) Consequently, a simulation
model for the air transport system can be developed using
discrete simulation and a "next event" methodology. A com-
plete dynamic portrayal of the state of the system can be
obtained by advancing simulated time from one event to the
next.

The discrete simulation features of SLAM are used
to develop a model that can simulate the pick-up and deli-
very of shipments at various points, compile flight load
and summary statistics, and produce output showing the
effect of various strategies and options managers may wish
to implement. Discrete-event simulation methodology is em-
ployed to represent the lcading and unloading of aircraft
over time and distance.

Another feature of SLAM which makes the language
particularly desirable for this type of modeling is the
extent to which user provided subroutines can be used in
conjunction with SLAM functions and subroutines. A set of
standard sub-programs is provided by SLAM for use by the
modeler to perform common discrete event functions such as
event scheduling, file manipulation, statistics collection,
and random sample generation. All SLAM subroutines are

written in FORTRAN, and the modeler can develop additional
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subroutines in the same language for the purpose of defin-
ing events and changes that occur at event times. The SLAM
executive program controls the simulation by advancing time
and initiating calls to the appropriate event subroutines.
The power of the language and the flexibility afforded the
user make SLAM particularly suitable as the vehicle for
this simulaticn endeavor.

It should not be construed, however, that SLAM is the
only simulation package that could have been selected for
simulating an air cargo transpcrt system. Other languages
and methodologies have been used to simulate air cargo and
related transportation/distribution systems (9, 17, 30, 66,
70) . SLAM is only unique to the extent that it embodies
the capabilities of several other languages, such as GASP,
Q-GERT, dnd DYNAMO, and offers a number of additional
features as well. Furthermore, the language is readily
available'and can be compiled on any sizeable system with

FORTRAN compiler capabilities.

Preparation cf Stochastic Input

For a 91-day period from January 6 to April 1, 1979,
the Naval Material Transportation Office kept daily records
of the amount of shipping coming into the air system. These
records included the tonnage originating at each of the

QUICKTRANS flight points for transportation by air. 1In a
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gueueing sense, these shipments.represented "arrivals" which
were to be served by the transport system. (Some could not
be accomodated by available aircraft and had to be diverted
to truck, usually after several days delay.) For each
origin-destination pair, this data contained a sample of 91
individual values measured in tons of cargo available for
shipment. There were a total of 56 such samples in this
application.

Each origin-destination (0-D) pair represents a pop-
ulation of shipments, past, present and future, for which
the underlying probability distribution had to be identi-
fied. In order to prepare this data for a simulation model,
each sample was subjected to frequency distribution analysis
using a program called SIMFIT. The SIMFIT program was
developed by the Air Force Institute of Technology to facili-
tate the application of curve-fitting techniques on samples
representative of total populations (28). The program pro-
vides for the fitting of data using any of the classical
distributions, and testing with the Chi-square and Kolmogorov-
Smirnov hypothesis tests. A sample histogram and test for
an Erlang distribution is illustrated in Figure 3-1 and
Table 3-1.

Each of the 56 samples was subjected to the curve-
fitting and hypothesis testing procedure. A 95 percent con-

fidence level was applied throughout. The results are
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Table 3-1: An Example of SIMFTT Analysis sShowing the Computed Value of Cells Generated for An
Erlang Distribution (Variable X represents Tons of Cargo Shipped Daily from NZU to
N2Y, Second Quarter FY 80.)

Sanple Ave = 6.27

Sample Std = 3.28
Max Error = 0.076
Prob (0.05, tham 91) = 0.143

If error is IE Prob Accept the Distribution

Cell Probability Frequency Absolute Chi

lo. X aMm Per Cell Actual Theory Lrror Square
1 0.5 0.007 0.007 2 0.7 0.015
2 1.5 0.045 0.038 4 3.5 0.021
3 2.5 0.131 0.086 10 7.8 0.045 0.6178
4 3.5 0.255 0.124 7 11.3 0.002 1.6142
5 4.5 0.395 0.140 13 12.7 0.001 0.0058
6 5.5 0.531 0.136 15 12.4 0.030 0.5601
7 6.5 0.650 0.119 7 10.9 0.013 1.3703
8 7.5 0.747 0.097 7 6.8 0.033 0.3910
9 8.5 0.823 0.075 7 6.8 0.031 0.0034

10 9.5 0.878 0.056 1 5.1 0.076 3.2686

11 10.5 0.918 0.040 7 3.6 0.039

12 11.5 0.946 0.028 6 2.5 0.001

13 21.5 0.565 0.019 2 1.7 0.002

14 13.5 0.978 0.013 3 1.1 0.022

15 14.5 0.986 0.008 0 0.8 0.014

16 15.5 0.991 0.005 0 0.5 0.009

17 16.5 0.997 0.003 0 0.3 0.005

18 17.5 0.997 0.002 0 0.2 0.003

19 18.5 0.998 0.001 0 0.1 0.002

20 19.5 0.999 0.001 0 0.1 0.001

21 20.5 0.999 0.001 0 0.0 0.001

22 21.5 1.00 0.000 0 0.0 0.000

K=4 Chi sq 11.0700 s  7.8310

TL
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summarized as follows:

(1) Exponential distributions - 21;

(2) Erlang distributions - 16;

(3) Mixed discrete-exponential distributions - 17;

and

(4) Unidentified (empirical) distributions - 2.

In addition to identifying the nature of each origin-
destination shipment distribution, various parameters were
estimated by computing sample statistics. Each distribution
can be identified by key parameters which become the input
for the simulation model. Furthermore, each distribution
(except for those that remain unidentified) can be repre-
sented by two parameters. The first parameter, named
fARAMETER ONE, identifies the nature of the distribution,
and is used by the simulation model to branch to whatever
logic will generate an apprcopriate random value. The
second parameter, named PARAMETER TWO, is a point estimate
of the mean for each shipment population. This value is
also used by the random number generator.

The most convenient method for preparing these para-
meters for simulation input was to use two matrices, one
for PARAMETER ONE, and the other for PARAMETER TWO. The
two matrices are illustrated as the second and third matrix
in Table 3-2. The values in the PARAMETER ONE matrix require

further explanation.
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TABLE 3-2: 1Input Data For Route Pattern Simulation of
Transport Network Cecnsisting of 8 Terminals

DISTANCE MATRIX

Destination
Origin TCM SUU NZY IND DOV ~ NGU CMS " NIP

TCM 0. 614. 1035. 1873. 2402. 244n. 2420. 2458.
Suu 614. 0. 467. 1909. 2484. 2480. 2368. 2350.
NZY 1035. 467. 0. 1785. 2362. 2327. 2152. 2096.
IND 1873. 1909. 1785. 0. 5%0. 576. 585. 704.
DOV 2402, 2484. 2382. 590. 0. 0. 500. 707.
NGU 2440. 2480 2327. 578. 158. 350. 350. 556.
CMS 2420. 2368. 2152. 585. 500. 556. 0. 207.
NIP 2458, 2350. 2096. 704. 707. 207. 0.

STOCHASTIC SHIPMENT VALUES FOR PARAMETER ONE

TCM 0.0 2.0 1.0 99.C 1.0 1.0 29.0 46.0
SuU 2.0 0.0 2.0 33.0 1.0 2.0 1.0 1.0
NZY 2.0 4.0 0.0 41.0 1.0 3.0 14.0 1.0
IND 43.0 31.0 29.0 0.0 45.0 24.0 34.0 99.0
DOV 1.0 1.0 1.0 49.0 0.0 2.0 1.0 1.0
NGU 2.0 2.0 4.0 38.0 2.0 0.0 2.0 2.0
CMS 1.0 1.0 1.0 54.0 1.0 2.0 0.0 18.0
NIP 1.0 1.0 1.0 52.0 1.0 2.0 44.0 0.0
STOCHASTIC SHIPMENT VALUES FOR PARAMETER TWO
TCM 0.0 5.43 1.70 0.0 1.43 0.99 0.64 0.39
SUU 8.64 0.0 7.12 0.81 1.88 5.76 1.65 1.72
NZY 2.59 7.75 0.0 0.50 1.83 5.95 1.15 0.94
IND 0.42 0.52 0.59 0.0 0.43 0.76 0.42 0.0
DOV 1.36 2.44 1.89 0.35 0.0 5.32 2.29 0.91
NGU 2.28 4.83 6.27 0.50 5.91 0.0 4.09 3.66
CMS 0.59 1.23 0.78 0.39 1.71 3.39 0.0 0.68

NIP 0.54 1.31 0.74 0.32 1.24 4.13 0.47 0.0
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Most of the shipments were identified (with 95
percent confidence) as being Erlang distributed or expo-
nentially distributed. Since the Erlang distribution is a
convolution of k exponential distributions and there is only
one other parameter in the probability density function,
the value of k (a positive integer) serves to distinguish
between the two.2 Consequently, a PARAMETER ONE value of 1
identifies an exponential distribution, while a PARAMETER
ONE value of 2, 3, 4, or 5 identifies an Erlang distribution.
(The example in Table 3-1 shows an Erlang distribution with
a k value of 4.)

The third type of distribution identified using the
SIMFIT program was a mixed distribution with a discrete end-
point. This type of distribution was éssociated with low
volume O-D pairs containing a number of zero-shipment days.
By counting the number of zero-shipment days and dividing
by sample size, the probability of zero shipments is easily
computed. This probability constitutes the discrete end-
point of the distribution. The remainder of each mixed
distribution behaves exponentially, and a random number
generator is included in the simulation model to generate
appropriate random values. A PARAMETER ONE value repre-

senting the number of zero shipments in the sample (a number

2For a further discussion of these distributions and
their probability functions, see Naylor et al. (51, pp. 87-
88).
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between 5 and 99) signals the call to this generator.

There were only two very low volume O-D pairs which
could not be associated with any classical distribution.
These had to be treated as empirical discrete distributions
with their probability values included in the simulation
model. A call to these values (for the purpose of random
number generation) is accomplished by a PARAMETER ONE value
of 99.

The two matrices shown in Table 3-2 constitute the
stochastic input for the simulation model. The large number
of Erlang and exponential distributions obtained is not
surprising since arrivals in many queueing applications tend
to follow exponential (or a combination of exponential)
distributions (50). Additional inputs for the simulation
model are not stochastic and could be obtained through a
relatively straightforward data collection effort. These

inputs are specified in the next section of this chapter.

Model Specifications

All input for the air transport simulation model was
encoded onto 80-column punch cards. The model is designed
to accept this information and provide a recap of all input
values. The input for the model was considered in two
groups: input which remains relatively stable with regard

to the air transport network, and input which changes from
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run-to-run as a result of alternative flight pattern com-
bination strategies to be tested. The first category of
input data includes the following:
(1) The number of terminals in the air network and
their transportation codes;
(2) The distance between each terminal (represented
as a matrix); and
(3) The parameters associated with shipment arrival
distributions for each origin-destination pair
(represented by two matrices).
This category of input for the QUICKTRANS model is illus-
trated in Table 3-2. The distance matrix shows the dis-
tance in miles between each origin-destination pair. The
stochastic shipment values in the other two matrices were
described in the previous section of this chapter.
The seccond group of input values was provided by
management for each aircraft and route pattern combination:
(1) Aircraft fiight number and itinerary including
crigin, destination, and all transloading
terminals;
(2) Frequency of service (days of the week) assigned
for each flight;
(3) Aircraft type and maximum "cubed out" capacity
in tons;

(4) Aircraft cruising speed in miles per hour;
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(5) Contract cost and fuel adjustment cost per

mile;

(6) Landing or terminal fee; and

(7) Flight number to which each aircraft type is

assigned.

A recap of the input values for one QUICKTRANS flight
pattern combination is illustrated in Table 3-3. The flight
pattern description begins with a point number assigned to
each terminal code. Point numbers are used to describe the
flight path of each numbered flight. Using flight 172 as
an example, the flight path is indicated in the third column
and begins at point 2 (SUU or Travis). Shipments are loaded
for points 3, 4, 5, 6, 7 and 8 as shown under SHIPMENT
DESTINATIONS. Since point 5 (Dover) is not on the flight
path, shipments destined for Dover are off-lcaded at point
6 (NGU or Norfolk) for transhipment to Dover on a later
flight. (Note the 5 under DESTINATIONS TO BE TRANSHIPPED
in the same row as FLIGHT PATH point 6.) At each terminal,
shipments destined for that point {or a later transhipping
point) are off-loaded, and shipments destined for subsequent
points are loaded. Flight 172 terminates at point 8 (NIP
or Jacksonville) and no further shipments are loaded. Each
of the four flight itineraries can be interpreted according-
ly. A total of nine flights may be considered in one flight

pattern combination.
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TABLE 3-3: Continued

AIRCRAFT DATA

Aircraft Capacity Cost Per Cost Per Flight No.
Type in Tons Speed- Mile Landing Assigned
L-100-30 21.750 245. 7.29980 250.00 172
672
171
L-188 15.220 240. 5.76000 250.00 252

6L



80

The remaining input for the simulation model is il-
lustrated in Table 3-3 in AIRCRAFT DATA. Each of these
remaining entries is self-explanatory for the most part.

All costs are in dollars. The first type of aircraft, an
L-100-30 (Lockheed Hercules) is assigned to flights 172,
672, and 171. The second type of aircraft, an L-188 (Lock-
heed Electra) is assigned to flight 252. 1In this particular
example, the Electra was substituted for the Hercules

(which was normally assinged to all flights) for the purpose
of analyzing performance and cost with a smaller aircraft.
The simulation model can accept up to five different air-
craft types assigned to various flights.

Table 3-4 lists and defines the variables used in
the simulation model. There are five categories of vari-
ables listed. The first category consists of input varia-
bles which represents most of the values discussed earlier
in this section. The second category consists of attribute
variables which will be discussed further in connection
with particular files. The third category lists those
variables provided by SLAM for use in the simulation model.
The fourth category contains a list of intermediate or work-
ing variables used throughout the model logic for computa-
tion, témporary storage, or other purposes. The last cate-
gory lists the many variables used for statistical data

collection and output from the model.
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Simulation Model Variables and Definitions

Input Variables

Definition

NPTS
TCODE (1)
DIST(K,J)

PARL1(I,J)
PAR2(I,J)

IFLT(I)
IFREQ(I)
LOC(K,J)

ID(I,J,K)
IT(I,J,K)
TYPE (I)
TYP1(I)
TYP2(I)
CAP(I)
SPEED(I)

CPM(1I)
CPL(I)
NFLT(I,J)

Number of points in network

Terminal code

Distance between origin-
destination pairs

First shipment distribution
parameter for O-D pairs

Second shipment distribution
parameter for O-D pairs

Flight number

Flight frequency

Location or point on flight
path

Shipment destination point

Transhipment point

Aircraft types (alphanumeric)

of aircraft in tons

aircraft in miles per

Capacity
Speed of
hours

Cost per mile in flight

Cost per landing

Flight number to which aircraft
type is assigned ‘

Attribute Array Definition Buffer Array
A(l) Priority of shipment B(1)
A(2) Destination of shipment B(2)
A(3) Quantity of shipment in tons B(3)
A(4) Day shipment comes into air B(4)
system
A(5) Capacity of aircraft B(5)
A(6) Speed of aircraft B(6)
A(7) Cost per mile of aircraft in B(7)
flight
A(8) Cost per landing of aircraft B(8)
"~ A(9) Flight number B(9)
A(10) Current location of aircraft B(10)
a(31) Event code (l-load, 2-trans-
load, 3-off-load)
A(32) Day event takes place (TNOW)
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TABLE 3-4 --Continued

SLAM common Variables Definition

ATRIB(I) Attribute array equivalenced to A(I)

NCRDR Card reader access number

NPRNT Printer access number

NSET(I) File array equivalenced to QSET(I)

TNOW Current simulated time in days

XX (I) Working variable array

NCLNR File number of event file

Intermediate Variables Definition

KKVNT(I,J) Event code assigned during input

KEVNT Event code assigned to event file

DTIME Days until event takes place

KFLT Flight number, used as argument

KFREQ Flight frequency, used as argument

END Working variable for load profile plot

RLAST Working variable for load profile plot

SLOAD Current load in tons

FCAP Capacity of aircraft in tons

NSRCH Starting entry in file to be searched

NRNK Rank of entry in file to be searched

LF File number of aircraft load file

DIFF Difference between aircraft load and
capacity .

DELAY Days shipment delayed _

XLATE Flag identifying shipments to be
diverted

DAY (1) Most recent time (in days) of diversion

IS,IR,IT Random number streams

EMN Distribution mean in tons

PZERO Probability of no shipment

RN Random number (0 < RN £ 1)

CP1(I) Cumulative probability (one of four
arrays)

VAL(I) Tonnage associated with cumulative

probability
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TABLE 3-4--Continued

Statistical Variables

Definition

FDIST

FTNMI

FLND

TTNMI (I, J)
ATNMI (I, J)
TDIST (I, J)
TLND (I, J)
TNSDL (I, J)
TNSOT (I, J)
FACTR

DCOST

ACOST

TCOST

TNMI (I)
TDST (I)
ALND (I)
DCST (I)
ACST (I)
TCST (I)
TONMI

AVTMI

MILES

ALAND

TOTOT (I).
PCTOT (I)
PCTDL (I)
TTTOT (I)
TOTAL (I)

SVLEV (I)

Distance traveled by flight

Ton miles carried by flight

Number of landings

Total ton miles per flight

Available ton miles per flight

Total distance per flight

Total landings per flight

Tons of cargo delayed (more than 2 days)

Tons of cargo on time

Load factor

Distance cost

Landing cost

Total cost

Total ton miles per aircraft type

Total distance per aircraft type

Total landings per aircraft type

Distance cost per aircraft type

Landing cost per aircraft type

Total cost per aircraft type

Total ton miles carried

Total aveilable ton miles

Total distance traveled

Total number of landings

Total cargo tonnage per O-D pair

Percent of cargo on-time per O-D pair

Percent of cargo delayed per O-D pair

Total cargo on-time per destination depot

Total cargo in system per destination
depot

Service rate per destination depot
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Table 3-5 contains a list of the files used in the
simulation model. The first eight files represent queues
of waiting shipments at each of the terminals. The file
entries represent shipments, and four attributes are asso-
ciated with every shipment. These attributes include
origin, destination, day originated, and weight in tons.
These files vary in length and often represent bottlenecks
when the number of waiting shipments becomes excessive.

The ninth file is used to represent the shipments
aboard the aircraft as it proceeds along a flight path.
Additional attributes maintain characteristics of the air-
craft and flight. These attributes are stored in a file
array QSET(I) until they are called upon by the model
logic, at which time the attributes pass into an attribute
array A(I). A buffer array B(I) is used similarly for the
purpose of retaining earlier attributes drawn from a file
entry. At each event, entries in the aircraft load file
change to represent shipments aboard the aircraft as it
proceeds from one terminal to the next. The sum of the
weights of shipments in this file constitutes the aircraft
load at a given point along the flight path.

The last file is designated by SLAM as the event or
calendar file. SLAM automatically assigns a number to this
file (NCLNR) which is one greater than the number of files

designated by the user. This file is used to schedule



TABLE 3-5: File and Attribute Assignments
Dest Shpmt Wt Day Shpmt Orig
File # File Name Point in Tons Originated Point
(2) (3) (4) (10)
1 Queue of Waiting Shipments at Point 1 X X X X
2 Queue of Waiting Shipments at Point 2 X X X X
3 Queue of Waiting Shipments at Point 3 X X X X
4 Queue of Waiting Shipments at Point 4 X X X X
5 Queuve of Waiting Shipments at Point 5 X X X X
6 Queue of Waiting Shipments at Point 6 X X X X
7 Queue of Waiting Shipments at Point 7 X X X X
8 Queue of Waiting Shipments at Point 8 X X X X
(Above files ranked according to low value (LVF) of attribute (4).
Additional Attributes
Aircraft Aircraft Cost per Cost per Flight
Capacity Speed Mile Landing Number
(5) (6) (7) (8) (9)
9 Aircraft Load File X X X X X
File ranked last-in, first-out (LIFO).
10 Not used.
Event Code* Day of Event
(31) (32)
11 Flight Path Event File X X
Ranked first-in, first-out (LIFO).
*Event Code Flight Path Event
1 Load at origin
2 Transload at intermediate point
3 Off-load at destination
4 Generate shipments for new day

-1 End of simulation

G8
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events as the simulation proceeds from one event to the
next. It is the first file loaded at the start of the
simulation so that every flight may be scheduled for sub-
sequent execution. Three event codes control the loading,
transloading and off-loading of the aircraft as it proceeds
along the flight path. Essential statistics are gathered
at each event as well. A final entry in the event file

terminates the simulation after a designated number of days.

Model Output

The simulation model provides a considerable amount
of output and several options with information pertaining
to aircraft, itineraries, schedules, service and costs.
The output consists of the following:

(1) Recap of input values:

(a) Distance matrix of origin-destination
pairs

(b) Shipment distribution parameters
(c) Flight pattern description‘
(d) Aircraft data;

(2) Notice of flights exceeding 10 hours.(crew
change may be required);

(3) Aircraft performance statistics by flight
number, aircraft type, and all flights:
(a) Distance traveled

(b) Ton miles carried
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(c) Ton-miles available
(d) .Load factor;
(4) Cost statistics by flight number, aircraft
type and all flights:
(a) Miles traveled
(b) Distance cost
(c) Number of landings
(d) Landing cost

(e) Total operating cost for number of days
simulated;

(5) Origin-destination matrix of tons delivered
on time and tons delivered late;

(6) Origin-destination matrix of percent of cargo
delivered on time and percent of cargo delivered
late, with service level for each destination;

(7) SLAM Summary Reports:

(a) Shipment delays at each terminal (days
delayed)
(b) File statistics;

(8) Histogram for each terminal showing queued
shipments and number of days delayed;

(9) (Optional) Aircraft load profile:

(a) Aircraft type and flight number
(b) Maximum "cubed out" capacity

(c) Load carried per flight segment plotted
over distance.
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Many of the output items listed above can be read
guite easily from simulation printouts. Table 3-6 illus-
trates the aircraft performance statistics in a simulation
run representing 120 operating days. All values listed
are totals, with total cost for the operating period shown
in the lower right. (In this particular run, the total cost
over a four-month period using a smaller aircraft on one of
the flights turned out to be $227,000 less than before with
no significant reduction in service.)

Table 3-7 illustrates the output matrix showing tons
delivered on time and tons delivered late. The upper figure
in each row represents tons delivered on time while the
lower figure represents tons delivered late. Table 3-8
shows a similar matrix, but here the upper figure repre-
sents percent of carge delivered on time, and the lower
figure shows percent of carge delivered late. The "on-time"
percentages are consolidated into service levels for each
destination and are recorded in the bottom row. From the
service levels in this particular run, it is apparent that
TCM and SUU (Seattle and Travis) are receiving fewer on-
time shipments than other destinations. This information
is of considerable importance to air freight managers, and
serves as the basis for computing the cost of service

deterioration (presented in Chapter 1IV).



TABLE 3-6:

Alrcraft
Type

L-100-30
L-188

Aircraft
Type

L-100-30
1-188

AIRCRAFT

Aircraft Performance Statistics By Aircraft Type - Simulation

For 120 Days

Distance
Travelled

850302.
1473%0.

Miles
Travelled

850320.
147360.

Ton-Miles
Carried

16543392.
1456655.

Distance
Cost

62071.65.
848794.

PERFORMANCE STATISTICS:

All
Flights

All
Flights

Distance
Travelled

997680.

Miles
Travelled

997680.

Ton-Miles
Carried

18000032.

Distance
Cost

7055958.

Ton-Miles
Available

18494304.
2242807.

NG . O'f
Landings

1440.
240.

All Flights

Ton-Miles
Available

20737104.

No. of
Landings

1680.

Load
Factor

89.45
64.95

Landing
Cost

360000.
60000.

Total
Cost

6567165.
908794.

- Simulation for 120 Days

Load
Factor

86.80

Landing
Cost

420000.

Total
Cost

7475958.

63



Matrix of Tons Delivered on Time and Tons Delivered Late, Simulation for 120 Days

Table 3-7:

Destination

D

NGU CHS NIP

DOV

NZY

SUU

Origin

M

M

736.6

SOU

32.9

93.8

378.9

NZY

27.8

298.2

99

IND

176.1 751.7

421.1

18.0
247.2

1GU

37.0

85.9

19.1

62.5
106.7
62.2

40.8

20.8
47.9

NIP

late Shipments Are Those Exceeding Two Days Delivery



TABLE 3-8: Matrix of Percent of Cargo Delivered on Time and Delivered lLate, Simulation for

120 Days
Destination
Origin M SUU NZY IND DOV NGU CHS NIP
TCM 0.0 91.69 100.0 100.0 100.0 93.02 92.93 67.06
0.0 §.31 0.0 0.0 0.0 6.98 7.07 32.94
[S 98] 95.72 0.0 100.0 100.0 100.0 76.84 78.80 57.08
4.28 0.0 0.0 0.0 0.0 23.16 21.20 42.92
NZY 79.74 69.00 0.0 100.0 96.63 55.96 77.14 87.98
20.26 31.00 ‘0.0 0.0 3.37 44.04 22.86 12.02
IND 29.52 32.59 57.81 0.0 98.67 72.84 74.53 95.35
70.48 67.41 42.19 0.0 3.33 27.16 25.47 4.65
DOV 100.0 100.0 100.0 100.0 0.0 100.0 100.0 100.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
NGU 6.78 29.48 91.15 100.0 100.0 0.0 100.0 91.10
93.22 70.52 8.85 0.0 0.0 0.0 0.0 8.90
CHS 31.85 57.88 100.0 100.0 100.0 100.0 0.0 100.0
68.15 42.12 0.0 0.0 0.0 0.0 0.0 0.0
NIP 30.30 63.17 100.0 100.0 100.0 100.0 100.0 0.0
69.70 36.83 0.0 0.0 0.0 0.0 0.0 0.0

Service
Level 72.83 67.75 95.92 100.0 99.56 84.47 93.71 85.52

T6
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Because the nature of delayed shipments is of im-
portance, the simulation model provides a histogram for
each terminal with the number and days delay of queued
shipments. Figure 3-2 illustrates the delay pattern at
SUU (Travis) and shows that most delays (first two rows)
are of only one or twoc days duration. A shipment is not
considered late unless it takes more than two days to
reach its destination. (Long delays of 3, 4, and 5 days
constituted only 5.2%, 3.3%, and 1.9% of delayed shipments,
as noted in 3rd, 4th, and 5th entries of the second column.)

The optional output provides for a flight load pro-
file of any flight or combination of flights desired by
management. This output uses the plot capabilities of SLAM
which graphically illustrates the load being carried along
flight segments. . The profile includes the tonnage carried
and the tonnage capacity of an aircraft plotted over miles
traveled. An illustration of this output is presented in

Figure 1-2.

Model Logic

The simulation model uses a discrete event simulation
methodology to represent the pick-up and delivery of cargo
at various points. User-provided subroutines were written
to provide the logic for loading and unloading at each

terminal, selecting shipments according to destination,
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testing to see if shipments can fit aboard the aircraft,
queueing shipments that must be delayed, and maintaining
statistics on all aircraft, flight segments, and shipment
disposition. The next-event procedure does, in effect,
simulate the movement of aircraft from terminal to terminal
and update all files as shipments are loaded or unloaded
at each terminal.

As noted in the previous section, files were created
to represent the following:

(1) Aircraft load, shipments aboard each aircraft;

(2) Terminal shipment queue, shipments delayed at

each terminal; and

(3) Event file, schedule of terminals on each air-

craft's itinerary.
Each of these files play an essential role in the model
logic.

Thé first file to receive entries is the event or
calendar file. Each entry represents a point or terminal
on an aircraft flight itinerary. All flights, flight
baths, and flight frequencies are received and converted
tc file entries containing event codes and the days of the
week each event takes place. The days of the week for each
flight are computed automatically by a user-written sub-
routine acccrding to the convention shown in Table 3-9.

For example, a flight with a designated frequency of three



95

TABLE 3-9: Convention for Assigning Days of the Week to
Flight According to Flight Frequency*

Flight Frequency
(Flights per week) Day Code (DTIME) Day of the Week

1

(<))

Saturday
2 Tuesday
Friday

Monday
Wednesday
Friday

Monday
Tuesday
Thursday
Saturday

W N (S OV [, ) V)

Tuesday
Wednesday
Thursday
Friday
Sunday

ST W

Monday-
Tuesday
Wednesday
Thursday
Friday
Saturday

Monday
Tuesday
Wednesday
Thursday
Friday
Saturday
Sunday

~
NON S W AT W -

*Convention determined by NAVMTO personnel. (User
retains the option of specifying days assigned if differ-
ent from the above.)
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flights per week will be scheduled on the event calendar
for Monday, Wednésday and Friday. (This convention can
be overridden if the user wishes to specify different
days.) The same user-written subroutine decomposes each
flight into events, one for each terminal on the flight
path. Thus a flight with six terminals on its itinerary
will generate six events for each day the flight is
scheduled. The first event represents departure (load
aircraft); the next four events represent stopover points
(transload); and the last event represents arrival at
aircraft destination (off-load). Once these events become
entries on the event file, the sequencing of events is
accomplished by an executive control subroutine provided
by the simulation language (SLAM).

The next files to receive entries are the terminal
shipment queue files. For the purpose of simulation, air
freight shipments are regarded as "entities" that come into
the network daily for the purpose of being transportéd
from one location to another. 1In effect, they are "ser-
viced" by the air transport system. These entities (ship-
ment arrivals) are generated by the simulation system using
the parameters developed during the stochastic input prepar-
ation procedure described earlier in this chapter. Ship-
ments are generated daily to represent the build-up of

shipment queues between flights. The shipments become
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entries on the terminal shipment queue files. During the
course of a simulation run, these queue files will become
longer each time new shipments are generated and when
shipments are delayed at a terminal for further tranship-
ment. The gueues beccme shorter when aircraft arrive to
load and transport shipments and when shipments are diverted
to truck after excessive delays at a terminal.

The key file for monitoring service is the aircraft
load file. Although several aircraft and flights may be
represented in a simulation run, only one file is needed
since one flight is fully simulated before another one
begins. As long as the flight pattern is handled chrono-
logically, the system is represented with reasonable accur-
acy. The aircraft load file receives entries when the first
event (load) takes place. Each entry represents a shipment
removed from the terminal queue file. A service discipline
is followéd by simulating the loading of the most distant
destinations first. Simultaneously, a queue discipline is
being realized since the terminal queue files are ranked
with the oldest shipments to be accessed first. When the
simulation program can find no more shipments matching
subsequent destinations on the flight path (or no more
shipments will fit aborad the aircraft), statistics are
recorded and the executive control subroutine advances to

the next event.
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The model logic is designed so that the above pro-
cess is repeated (with some modifications) as the simula-
tion proceeds from one event to the next. A general flow-
chart of model logic is illustrated in Figure 3-3. The
key to the logic of the simulation model is represented by
the central decision block where each subsequent event code
is checked. 1If the event code represents a new day, control
shifts to subroutines that remove aged shipments and place
new shipments in terminal queues. If the event code repre-
sents loading at the beginning of a flight, a terminal queue
is searched for shipments scheduled for destinations along
the flight path. All shipments that will fit are loaded
and the aircraft advances to the next destination. Subse-
quent event codes call for transloading at each intermediate
point with similar activities taking place after shipments
destined for that point are off-loaded. An event code for
off-loading occurs at the end of a flight where remaining
shipments are removed and a check is made to insure that
the aircraft is empty. At every point, statistics are
collected prior to advancing to the next event.

The total simulated time (in days) is determined by
the user. When all flights for the designated number of
days have been simulated, an event code representing end of
simulation passes control to various statistical subroutines

which compile and compute a number of summary statistics
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printed as output. This feature ordinarily terminates the
simulation run. A number of user-written subroutines are
designed to simulate the events described above and respond
to calls from the SLAM executive control program. These
subroutines are listed and described in Table 3-10. A
complete coded listing of all user-written subroutines is
contained in Appendix B. SLAM sub-programs are described

by Pritsker and Pegden (57, Appendix A).

Verification and Validation

Once the simulation model has been constructed,
credibility had to be attained through the two-step process
of verification and validation. Verification is the process
by which the model itself was analyzed to see if it was
working properly. This consisted largely of a reexamination
of the logic of the simulation with test runs to assure that
output values were reasonable in light of various input
parameters.

The model was developed and tested in several stages
so that each stage could be verified before proceeding
further. First, the input subroutine was written followed
by an output (ECHO) subroutine to see that all input was
being aécepted by the model. Second, a subroutine was
written to convert input into file entries which were also

checked by printing the files. Third, additional subroutines
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TABLE 3-10: User-Written Subroutine for Air Transport
Simulation Model

INTLC Accept input data, initialize variables
ECHO Print input data with headings

SETFL Assign flights to days of the week and place
events on event calendar

EVENT Select appropriate load processing subroutines,
initialize and collect flight statistics

GQUE Accept new shipments and place in terminal ship-
ment queues

OFFLD Remove shipments from aircraft, place tranship-
ments in terminal queues

LOAD Test shipments for fit aboard aircraft, load
aircraft

TQUE Search queue for shipments to be loaded, locate

and remove from queue, collect queue statistics

DIVRT Search queues for aged shipments, remove and
divert to truck, collect delay statistics

PROFL Record aircraft load data at 50 mile 'intervals
for flight load profile plot

FSTAT Consolidate flight statistics, assign to appro-
priate arrays

LSTAT Consolidate on-time and delayed load statistics
in appropriate arrays

SHPMT Function for generating new shipments using
appropriate random number generators and prob-
ability distributions

OTPUT Call statistical output subroutines

FLTOT Compute and print flight load performance and
cost statistics
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TABLE 3-10-- Continued

TYPOT Compute and print aircraft load performance
and cost statistics, also summary statistics
for all flights

DEPOT Compute percentages and print on-time and
delayed load statistics

SVLOT Compute and print service levels for each
destination
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were wriften, tested separately, and then combined with
SLAM to see if the model performed as an integrated com-
bination. Fourth, non-stochastic values were introduced
by making all shipments exactly one ton each. This strat-
egy made it possible to compute and predict the outcome
deterministically for comparison with simulation output.
With some de-bugging, the simulation output matched the
predicted outcome, and most of the model logic could be
verified.

Schruber (62) describes validation as an attempt to
demonstrate that the simulation behaves like the actual
system. This usually involves statistical comparisons of
aggregate measures of system performance with corresponding
measures generated by simulation. The.primary response
variable in the air transport model is load factor, an
aggregate measure of the proportion of aircraft capacity
used over time. Since this figure is determined both by
the amount of freight carried and aircraft capacity, it is
an appropriate measure of system performance for compari-
son purposes. Sargent (61) discusses a number of additional
validation techniques, including face validity and sensi-
tivity analysis. The validation procedures that were used
for the air transport model are as follows:

(1) Test of Hypotheses: If the underlying assump-

tions for a test of proportions are not
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seriously violated, the load factor p can be
compared using

Ho: Ps = Pc

Hl: Ps # Pc
where Ps = simulated load factor, and

Pc computed load factor based on
NAVMTO statistics.

(2) Face Validity: Face validity is a subjective
process by which knowledgeable people are asked
to examine the logic and flow within a model
to see if it "makes sense" and reflects what
they know about the real-world system.

(3) Sensitivity Analysis: This technique consists
of changing the input parameters of a model to
determine the effact upon the model and its
output. In particular, the effect of changing
shipment variability was supplied to the air
transport model. Reduced variability should
bring about greater stability with fewer de-
layed shipments and shipment queues.

The first approach toward validation required that
the existing flight pattern be simulated and evaluated in
comparison with actual performance statistics. The results
of this early simulation run are depicted in Table 3-11.

Mileage figures match up with actual miles traveled, and
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TABLE 3-11: Comparison of Simulated and Computed Load
Factors, Samples From NAVMTO During FY1980

Aircraft Performance Statistics
By Flight Number - Simulation for 720. Days

Flight Distance Ton-Miles Ton-Miles Simulated Computed
No. Traveled Carried Available Load Factor Load Factor

172 2437200. 48055406. 53005120, 86.89 81.5

672 514800. 6845684. 11196737. 61.14 69.8

171 2149920. 44251152. 46759936. 94.63 84.8

252 631192. 9405496. 13728426. 68.51 66.7
Flight Miles Distance No. of Landing

No. Traveled Cost Landings Cost

172 2437200. 17791072. 3600. 900000.

672 514800. 3757936. 2160. 540000.

171 2149920. 15693985. 2880. 720000.

252 631192, 4607575. 1028. 257000.

Aircraft Performance Statistics
All Flights - Simulation for 720. Days

All Distance Ton-Miles Ton-Miles Simulated Computed
Flights Traveled Carried Available Load Factor Load Factor

5733112. 106557726. 124690208. 85.46 80.1
All Miles Distance No. of Landing

Flights Traveled Cost Landings Cost

5733112, 41850560. 9668. 2417000.
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the ton-mile figures are very much in line with expecta-
tions. Overall load factor for the 720 day (103 week)
simulation turned out to be slightly higher than expected.
The computed load factors from NAVMTO records for Fiscal
Year 1979 are also shown in Table 3-11.

A frequency histogram of load factors computed daily
resulted in a skewed distribution. However, a frequency
histogram of load factors computed weekly resulted in a
near normal distribution. Since all flights are replicated
weekly, and a normal distribution is assumed in most
hypothesis tests, it was appropriate to proceed with a test
of proportion. A two-sided statistical test for the differ-
ence between two population proportions may be conducted by
restating the hypotheses and statistics as follows:

Ho: Px - Pc =0

le Ps - Pc # 0

and ps = load factor from simulation sample
ns = simulated sample size (in weeks)
pc = load factors from NAVMTO records
nc = duration of NAVMTO sample (in weeks)

Using a risk of o« = .10, the rejection limits for a
two-sided test are +z(2/2) = +1.645. (An o risk of .10
insures a higher power for the test than o risks of .05 or
.01 that are commonly used.) The test statistic is deter-

mined as follows:
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TS = d4/s(4d)
where d = ps - pc
_ (ns) (ps) + (nc) (pc)
P ns + nc
s (d) =v/(p)(l-p)(l/ns + 1/nc)

From Table 3-11, the sample values for a test of the

load factor for all flights resulted in the following:

ps = .8546 d = .0536
ns = 103 p = .8366
pc = .801 s(d) = .0629
nc = 52 TS = .852

Since TS < z(o/2), there is insufficient evidence to reject
Ho. The load factor represented by the simulation is
within a statistically acceptable range of the load factor
experienced by NAVMTO flights.

' The above test used an aggregate measure which may
have yielded promising results due to the combined effect
of averaging several different load factors. A more con-
vincing indication of simulation validity would be obtained
by testing the individual load factors for each flight
against the load factors computed by NAVMTO. The results

at an a risk of .10 are summarized as follows:

Flight 172 z(.05) = 1.645
ps = .8689 TS = .889
pc = .8150 Accept Ho
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Flight 672 z(.05) = 1.645
ps = .6114 TS =-1.06
pc = .698 Accept Ho
Flight 171 z(.05) = 1.645
ps = .9463 TS = 1.90
pc = .848 Reject Ho
Flight 252 z(.05) = 1.645
ps = .6851 TS = .228
pc = .667 Accept Ho

It is apparent that all flight load factors except
one are within statistically acceptable bounds. However,
load factors rarely exceed 90 percent in actual flight
operations, and Flight 171 simulated a load factor perform-
ance higher than the norm. A review of this outcome with
NAVMTO personnel revealed that Flight 171 travels a west-
bound route which from time to time requires a special
charter to carry cargo not loaded aboard the regular flight.
When the special charter was taken into account in a subse-
quent simulation run, all load factors fell well within
statistically acceptable bounds.

Face validity was determined by having NAVMTO per-
sonnel review the flight load profiles produced by the simu-
lation model and compare them to their own records of
flight load performance. The logic and flow within the

model was fully explained, and all assumptions were discussed
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in detail. Minor improvements were suggested, and addi-
tional computer runs were made to test some slight modifi-
cations. Finally, the sensitivity of the model was put to
the test by first reducing the variability of a number of
shipment distributions which resulted in fewer delayed
shipments and generally shorter queues. When the varia-
bility of shipment distributions was increased, the number
of delayed shipments and queue lengths increased as well.
Thus, the model appeared to be working satisfactorily and
gave initial indications that the simulation was able to
represent the QUICKTRANS system. The model was reviewed by
the NAVMTO director and found to be both suitable and

acceptable for application purposes.

Illustration of Model Value

The information contained in the output of each simu-
lation run can be of considerable value to transportation
planners. The usefulness of the model is best iilustrated
by an example. The flight pattern described in Table 2-1
uses L-100-30 aircraft on all four flights. Shipping
records obtained over time reveaied that Flight 252 (a
round-trip flight between Travis and McChord 5 days a week)
was carrying less cargo than other flights. It was sug-
gested that a smaller aircraft might be able to handle the

cargo load at less cost with minimal reduction of service.
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To test this proposal, & simulation of the four-flight
pattern was conducted with an L-188 aircraft assigned to
Flight 252. The L-188 has a capacity which is five and
one-half tons less than that of the L-100, but costs only
$5.76 per mile to operate compared to the $7.30 per mile
cost of the larger aircraft.

Table 3-6 illustrates the performance statistics
obtained from a 120-day simulation run. The load factor
for the L-188 turned out to be approximately 65 percent.
This load factor is relatively low, suggesting that the
smaller aircraft could perform the task without difficulty.
Table 3-6 also includes the simulated distance traveled,
ton-miles carried, ton-miles available, and the cost of
operation. The total cost of operation for the 120-day
simulated period was approximately $7,476,000, a savings
of $227,000.

Aircraft performance measures, however, indicate
only a portion of the total picture. To illustrate the
level of service provided, the output matrix in Table 3-8
reveals that service from Travis (SUU) to McChord (TCM) was
over 95 percent, while service from McChord to Travis was
over 91 percent. These service levels are very favorable
and further suggest the feasibility of substituting a
smaller aircraft for the flight shuttling between the two

terminals,
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Another measure of service efficiency can be ob-
served in Figure 3-2 where it is revealed that out of 1,439
shipments experiencing some delay at Travis Air Force Base,
1,138 experienced only a one-day delay and 151 were delayed
only two days. These figures apply to shipments originat-
ing or being transloaded at Travis. Similar histograms are
generated for all terminals in the network.

A summary of the performance measures used in this

comparison are recapitulated below:

L-100 L-188

Capacity in tons 21.75 15.215
Cost per mile $7.30 $5.76
Load factor (%) 49.07 64.95
Service level (%)

SUU to TCM 98.41 95.72

TCM to SUU 96.13 91.69
Shipments delayed at SUU

One-day delay 1104 1138

Two-day delay 152 _ 151
Cost of Flight 252 $1,135,699 $908,794
Cost of total operation $7,702,864 $7,475,958

Savings with smaller aircraft. . . . . . . . . .$226,906
People familiar with air cargo transportation gen-

erally agree that statistics similar to those illustrated

in this computer simulation are extremely useful in the

evaluation of aircraft and flight pattern combinations (35).
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Even though the measures represent approximations or point
estimates of actuél performance (due to the effect of ran-
dom error in stochastically generated shipment values),
they provide valuable indications of likely performance
when and if the simulated strategies are implemented.
Further examples of air transport simulation output and

interpretation are presented in Chapter V.

Summarz

This chapter began with a general discussion of
simulation and simulation languages, followed by a clari-
fication of the reasons for selecting SLAM as the simula-
tion modeling package used in this research. The SLAM
language allows for a high level of user interaction and
provides a number of useful subroutines for modeling a
queueing process.

The preparation of stochastic input required a care-
ful analysis of shipping data provided by the Naval Mater-
ial Transportation Office. A program called SIMFIT was
used for frequency distribution analysis. Parameters iden-
tifying shipment distributions were computed and organized
for input into the simulation model. Specifications for
the model were described in detail. They include input
categories, variable names, file names, and output statis-

tics.
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The logic of the simulation model was explained in
terms of the use of subroutines and files to represent air
cargo transactions and events. A general flowchart of
model logic was included to illustrate the interaction of
various subroutines and steps in the simulation process.
Verification and validation procedures were described with
statistical hypotheses tests used to compare model output
and flight performance records. The value of the simula-
tion model was discussed with reference to the output in-
formation made available. Chapter IV presents a decision
framework which enhances the value of the model by provid-
ing an efficient search procedure to develcp least-cost

solutions.



CHAPTER IV

A DECISTON FRAMEWORK FOR THE SIMULATION MODEL

Statistical Considerations

A decision framework requires some criteria for
selecting from alternatives generated by repeated applica-
tions of the simulation model. 1In order to establish this
criteria, certain statistical considerations must be taken
into account. A description of the decision framework fol-
lows the next two sections which explain the statistical
basis for the decisions to be made.

Shannon (63) describes a number of actions which must
be carried out before an experimentor can draw statistically
significant inferences from the data generated by computer
simulatibn. One of these pertains to the fact that the out-
put of a model may be biased by a set of initial values un-
til the model has warmed up or reached a steady state
cqndition. McMillan and Gonzalez (45) define stéady state
as an arbitrarily close approximation to the system's
equilibrium state.

The starting condition in many queueing simulation
models is described by Fishman (26) as "empty and idle.”

This condition is frequently used when the analyst has little

114
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or no a priori knowledge of starting conditions that would
minimize or shorten the warm-up period. Consequently, an
early portion of the output from a simulation run may have
to be deleted to eliminate the bias introduced. The ana-
lyst has to determine how much of the simulation will be
truncated so that the initial series of measurements will
not affect the final result.

To perform this task, the average queue lengths of
the four most active terminals were recorded and plotted
every 15 days in simulation runs of 720 days each. Seed
values for the random number generators were changed with
each run so that different stochastic values would be gen-
erated. The resulting plots were reviewed and analyzed for
the point at which the simulation appeared to settle into
equilibrium. A truncation point was selected from the plot
requiring the longest warm-up period, illustrated in Figure
4-1. 1t was determined that data generated during the
first 150 days of simulated time would be deleted so as not
to biaslsubsequent results. Figure 4-1 indicates that the
model reached and maintained a steady state condition after
the first 150 days.

In order to derive meaningful output from the simu-
lation model, it was recognized that each measure from a
simulation run could be regarded only as a single observa-

tion. Law (43) notes that one realization or replication



116

15 20 25 30 35 40

10

DAYS

R R R R R
-
- -
z [ -
-

e bbrrrees

E+02

N
oo
* +
uw

E+02
E+02
E+02
E+Q3
E+03

mm
OO
+ >
w

0000000000
00OV O0INOND
nonNOMQONMIN
O N IO O\t et ™t v
® ® ¢ 8 & 6 0 8 o & o

0O00O000O00O00

=2 _ZZ zZZ2222 zZ ZZ22Z2Z2Z22Z22
zZ Z 22Z2Z Z2ZZ2Z 4 2222
TR R SR R I R R S IR R R IR R R SR R R AR AR S A ST o o o
= - [l ol ol ol ol ol o B ol ol o ol ol ol o
i = -

(%]
) NN NNNNNNNNNY VTNV NN N NNV NNV NNNNNVLNNVNW

alemlalieiemimlelalalal el ol o L P Ll L L e L e e e e e e e R e Ll e L L L]

PRI R R R AR R R IR I R R A AR d Lk i 2 I R SR MR R SRR

M 0N 0N 0N MM M) ) (N N AN (M) M N AN (N M N M N AN O N N N QN M MO MM N MM
0000000000V OOOO0ODODOCTOOVOCLOODDOOO0
U R R I R R R I I I SRR I I I R I R R 2 2 R R A
WL W AU W s L i )y Ly Wi g s agupu e ) s b Ly w W Q) W Wi kuw)

E+03
£+03

aYeYolulateYoleYelalololoJolotoTolololoYolulololatelololeloleloldYo Yo rale!
IN OO OoONOINOINOINOINONONONOINDINVOINTDN OO INOINONO
FO OO =N TN OO~ T OGO NMIN DOR =N FINDO M F OO
b~ A1 N NANNNNOAONANOO T T TS T INNODHNNN O OO OO DO~

@ 0 0 6 &6 0 0 0 & & 0 O O O 0 0 g & 80 @ T o O 4 0 e 0 ¢ 6 4 s 00 0 00

=lolslelolelolololelelslololefulolale lolelolvolelalolulalolololelo jo lole [o)

Plot of Cumulative Average Number of Shipments

Waiting at Four Most Active Terminals.

FIGURE 4-1:

(Horizontal Line Marks Truncation of First 150

Days Simulated.)



117

is generally not sufficient to cbtain an acceptable esti-
mate of a measure of performance. Two approaches may be
used to gain additional measures for the purpose of sta-
tistical analysis. One approach calls for replicating a
number of simulation runs changing only the seed values
from one run to the next; while another approach calls for
a single experimental run to be subdivided into segments
so that a sequence of internal measures may be obtained.
Conway (18) and others seem to prefer the latter method.
Performance measures are based on an entire run (except
for a warm-up period), and the precision of the results may
be estimated using confidence intervals.

It is tempting under the latter alternative to create
runs of considerable length, but economy usually rules
against such a practice. Variances are reduced through
time, but at a cost that needs to be appraised in terms of
the precision gained. If a number of alternatives are
going toc ke tested, some tradeoff is necessary. The QUICK-
TRANS model had to be evaluated with these considerations
in mind.

A convenient segmentation for the air transport model
was selected by having simulation segment times correspond
with actual data collection periods used by the Navy. Since
statistics were aggregated on a monthly basis, simulation

runs were divided into 30-day segments with performance and
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cost variables recorded at the end of each period. Thus,
each simulation run yielded a sample of 19 monthly observa-
tions (720 days minus 150-day warm-up period, divided by 30).
Whether or not this sample size would suffice depended upon
the precision of the results. The approach used for assess-
ing the accuracy of the estimates was to construct a confi-

dence interval of the true measures.

Sensitivity of the Response Function

A primary consideration in the design of a decision-
making process is the determination of a measure of effect-
iveness or response variable. In this particular applica-
tion, total operating cost is an appropriate response
variable. The key factors having an iﬁpact on total oper-
ating cost for the problem are listed as follows:

‘Type of aircraft flown;

‘Frequency of service to each point;

‘Service level at each point;

‘Total distance flown;

‘Total number of landings.

The total operating cost identified as OCOST is expressed
as a function of the factors listed above.

A sample of monthly OCOST values was generated from
a simulation run and found to approximate a normal distri-

bution. A 95 percent confidence interval for the mean
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OCOST was constructed as follows:

n =19

Std. deviation = 113,500

Std. error = 26,752

Degrees of freedom = 18

t(18,.05) = 2.101

Sampling error = $56,200
Mean OCOST interval estimate = $2,527,000 + $56,200.

Before the response variable can be used for decision-
making purposes, the sensitivity of the response function
must be determined. A sensitivity analysis was performed
using the predictor variable most affected by the stochastic
input to the model. This predictor variable, identified as
COD, is the cost of delay per day for each percent decrease
in overall service level. The COD value is perhaps the
most difficult figure to obtain. It requires some judge-
ment as fo the effect that each percentage decrease in the
service level has on the cost of operations. In essence,
this amounts to a "penalty" cost for reduction in service,
and can only be estimated in the absence of hard data. The
U.S. Navy did not maintain statistics on the cost of ser-
vice delays. (COD was not included in earlier simulation
runs but was incorporated as part of the total cost func-
tion for the decision-making model described in this chapter.)

The results of the sensitivity analysis are shown in

Table 4-1. A series of simulation runs were made changing
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TABLE 4-1: Sensitivity of Total Operating Cost to Changes
in Delay Penalty

Mean Total Operating Cost (OCOST)

Delay Penalty (COD)* From Samples of 19 Months Each
$ O $1,929,093
100 1,989,423
200 2,049,766
300 2,110,117
400 2,170,446
500 2,230,778
600 2,291,116
700 2,351,460
800 2,411,802
900 2,472,135
1000 2,532,464
1100 2,592,793
1200 2,653,128
1300 2,713,483
1400 2,773,822
1500 2,834,150

Average difference in OCOST response values - $60,337

*
CCD - Cost of delay per day for each percent decrease
in service level.
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only the COD variable from one run to the next. The COD
values ranged'frém zero to $1500 in $100 increments. OCOST
output values were recorded for each change in COD input.
Differences of over $60,000 per month resulted when mean
OCOST values were recordad. The significance of these
differences can be determined from the sampling error in the
confidence interval estimate. Each $100 increase in COD
resulted in a monthly OCOST increase of over $60,000 which
was greater than the margin of error due to sampling
($56,200). Mean OCCST values derived from simulation runs
could then be used as estimates of total monthly operating
cost as long as differences in outcomes below $56,200 were

not regarded as statistically significant.

Description of the Decisicn Framework

One of the purposes of this research project was to
provide a specific decision-making framework for selecting
the least-cost aircraft routing schedule that meets the
requirements of the air transportation network described
in Chapter I. 1In simulation modeling where many variables
are involved, several techniques may be used appropriately
in a decision framework. The procedure most commonly
applied to vehicle scheduling problems are heuristic or
search techniques, or a combination of the two. The tech-

nique chosen for this decisicn-making process is an
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iterative improvement scheme which sequentially improves

upon a starting solution until a minimum cost solution is

found or a constraint is violated. To keep the problem

within manageable bounds and demonstrate the usefulness of

the model, some values remain fixed throughout the process

while others are varied. These are indicated in Table 4-2.

This table includes the objective function, constraints,

exogenous and endogenous variables, and the control or

predictor variables that are used in the decision framework.

The decision-making process consists of three iter-

ative steps:

(1)

(2)

(3)

Develop a routing itinerary which will serve
all points in the network. Assign the largest
aircraft;

Set a maximum frequency of service to all
points, then successively reduce service to
low demand points until the minimum operating
cost is reached.

Assign the next largest aircraft and repeat
Step (2). When all aircraft have been tested,

record the least-cost solution and stop.

A general description of the methodology and its execution

is delineated as follows:

Step 1 requires that an initial starting itinerary

be developed. This may be accomplished by making arbitrary
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TABLE 4-2. Summary of Pertinent Factors and Variables Used
in the Decision Making Model

Objective Function (Response Variable)

OCOST = Total Operating Cost (expressed as a fupction
of aircraft type, frequency of service, ser-
vice level, distance flown, and number of
landings).

Constraints

Service level (minimum 60% on-time at any terminal)

Daily operating time per air craw (maximum 10 hours)

Variables
Control (Predictor) Variables:

Capacity of aircraft (varies by type)
Speed of aircraft (varies by type)
Cost of operation (varies by type)
Service reduction penalty

Exogenous Variables:

Shipping quantities (in tons) at each terminal
(stochastic)

Shipping priority, 48-hour requirement (fixed)
Endogenous Variables:

Number of flights

Number of terminals
Frequency of service
Distance between terminals
Route pattern
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assignments or by using prior knowledge of a feasible
routinq'séhedule'already demonstrated to be workable.
Conway (18) notes that a priori knowledge of the system is
not unuéﬁal, and the selection of a "good" route pattern
at the outset may shorten the evaluation procedure. (In
the QUICKTRANS problem, a route pattern designed to serve
the eight points in the network was readily obtained for
this purpose.)

Step 2 allows for the evaluation of any aircraft
type for which speed, capacity, and per-unit operating costs
are known. Once the values for each variable are input
into the system, the frequency reduction process begins.

All points are set initially to receive flights seven times
weekly. After each simulation run, frequency of service is
reduced on any flight path in which service level constraints
are not violated. Fregquency may be reduced to as low as one
flight per week if no constraints are violated. Frequency
reductions are made simultaneously at terminals on the

same flight path, and service level violations usually
occur well before all combinations are exhausted. When a
service level violation does occur, the flight frequency is
reset at its earlier (non-violating) value. When no more
frequency reductions can be made, a message to that effect

is printed and total operating cost is recorded.
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Step 3 repeats the above process for each aircraft
type beginning with the largest. The process stops when
all aircraft have been evaluated and a "best" solution has
been obtained for each aircraft type. The decision cri-
terion calls for the selection of the aircraft and frequency-
of service combination which results in the least total
operating cost.

Clearly, the decision framework described above
requires careful selection of representative values from
successive simulation runs. Conway recommends the following:

...a single experimental run should be made for

each alternative tested. Variability should be

reduced and replication prcovided by extending the

length of the run rather than executing completely
separate and independent runs. Performance measures
will be based on the entire run (except for the

"warm-up"... period at the beginning of the run),

but the run must be subdivided and a sequence of

interval measures obtained in order to estimate the

precision of the results (18, p. 34).

The expanded output is then treated as a single sample to

provide the response values for each step in the decision

process.

Developmrent of a Heuristic

In order to implement the decision framework des-
cribed in the previous section, a heuristic was develcped
and included in the simulation model as a separate sub-
routine. The subroutine contains provisions for evaluating

the output of each simulation run, changing the frequency
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of flights, re-running the simulation with changed values,
and stopping the simulation when no more improvements can
be made. A flowchart cof the decision process is illustrat-
ed in Figure 4-2.

A major function of the heuristic is to carry out
the procedure described in Step 2 of the decision process.
This step calls for setting a maximum frequency of service
to all points, and then successively reducing service to
low demand points until a minimum operating cost is reached.
The heuristic incorporates several rules of thumb which
improve the efficiency of the search procedure and reduce
the number of simulation runs required to obtain an effi-
cient solution. Since it is theoretically possible to
reduce service at each terminal from seven to one flight
per week, 78 or 5,764,801 combinations are possible with
eight terminals in the network. Several techniques are
used to eliminate the necessity of exploring all combina-
tions. One technique is to make frequency reductions at
all terminals on the same flight path simultaneously.
Another is to reduce the frequency of all flights having
load factors less than 85 percent as long as no service
level constraints are violated. These features provide
for the'rapid reduction of feasible alternatives to a small
region of alternatives having the greatest promise. This

remaining region is searched until the most efficient
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solution is found.

The program which performs the necessary logic is a
user written FORTRAN subroutine called EVAL. A coded list-
ing of this subroutine is contained in Appendix C. The
program reviews the results of a simulation run by first
checking to assure that the service level of on-time ship-
ments has not dropped below 60 percent at any terminal.
Next, the frequency of each flight with a load factor less
than 85 percent is reduced by one. The figure 85 percent
was chosen (after several experimental runs) to hold the
frequency constant for flights nearing the upper bound
until other flights with lower load factors could have their
flight frequencies decremented. When one or more flights
is reduced in frequency, summary statiétics are recorded and
another simulation run is initiated with the altered flight
frequencies as input.

In the event that all flights have load factors
greater than or equal to 85 percent, and a service level
constraint is not violated, the program will reduce the
frequency of the flightwith the least load factor (the one
with the greatest potential for improvement). Flight fre-
quencies are reduced one at a time until a service level
constraint is violated. When this happens, the previous
flight frequency is restored to the flight which caused

the constraint violation. An arbitrary load factor of 100
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percent is assigned so that this flight cannot be decre-
mented again.

The program will attempt to reduce the frequency of
each remaining flight in turn until all have been given
dummy load factor values of 100 percent for constraint
violations. At this point, the simulation stops and a
message is printed stating the number of iterations com-
pleted. Since no further improvement is possible, the
least-cost solution can be selected from the printed
results of the last few iterations.

A summary printout of performance énd cost statistics
is provided after each iteration. The information provided
consists of the following:

‘Frequency of each flight (number of flights per

week) ;

‘Load factor for each flight (dummy load factors

are not included);

‘Average load factor for all flights;

‘Monthly operating cost without delay penalty;

“Service level for each destination terminal;

‘Overall service level; and

‘Total monthly operating cost with delay penalty.
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Summarz

This chapter presented a decision framework for the
simulation model which calls for successive simulation runs
to find a least-cost solution. A heuristic subroutine
designed to effect an efficient search was described as
part of the decision procedure.

Statistical considerations were discussed with em-
phasis on output since stochastic simulation results are
affected by random error. The margin of error was deter-
mined for the primary response variable. Demonstrations
of the decision process and simulation results are presented

in Chapter V.



CHAPTER V

MODEL APPLICATION WITHIN A DECISION FRAMEWORK

Flight Patterns and Aircraft Types

This chapter presents the results of the simulation
procedure applied to the U.S. Navy's QUICKTRANS air cargo
system. The first step in the simulation procedure was
to select one or more route patterns which could be tested
with a variety of aircraft and flight frequencies. The
selection of a route pattern may be accomplished by apply-
ing one or more of the route finding algorithms available
for this purpose (48), or by using the input of experienced
professionals in the transportation industry familiar with
the routing requirements of a particular network. Generally,
the number of feasible route patterns can be reduced to a
relatively small subset of flight path combinations worthy
of detailed evaluation.

A flight pattern selected for detailed evaluation and
demonstration purposes consists of six flights with the
following general orientation (flights assigned numbers 101

through 106 for reference purposes):
Flight 101; West to east, southern corridor, cross-
country;
Flight 102: East to west, southern corridor, cross-

country;

131
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Flight 103: West to east, middle corridor, cross-

country;

Flight 104: South to north, Atlantic coastal route;

Flight 105: East to west, middle corridor, cross-

country; and

Flight 106: Round-trip, Pacific coastal route.

Table 5-1 contains a detailed itinerary of all flights, termi-
nals, and distances.

This flight pattern satisfies most of the requirements
for efficient service to all eight points in the QUiCKTRANS
network, yet it affords greater flexibility than the current
four-flight pattern. By flying the southern corridor cross-
country, terminals such as North Island (San Diego) in the
west and Charleston and Jacksonville in the east would get
faster and more direct service on some flights. Furthermore,
if Pensacola were to be included in the air system, the
added stoéover would require no major revision of the flight
pattern. Special flights to Pensacola would no longer be
required.

It should be noted also that the six-flight pattern is
balanced in the sense that the last terminal on each flight
path is the originating terminal on the next flight path.
This pattern facilitates the distribution of aircraft and
eliminates the need for unscheduled return flights. This

is a basic requirement for a transport system of this type.
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TABLE 5-1 Six-Flight Route Pattern Selected for Evaluation

Great Circle

FLIGHT 101 Statute Miles

Originate Travis AFB CA

To NAS North Island CA 467

To NAS Jacksonville FL 2096

To Charleston AFB SC . 207

To NAS Norfolk VA . 350

To Dover AFB DE 158
3278

FLIGHT 102

Originate Dover AFB DE

To NAS Norfolk VA , 158

To Charleston AFB SC 350

To NAS Jacksonville FL 207

To NAS North Island CA 2096

To Travis AFB CA 467
3278

FLIGHT 103

Originate Travis AFB CA

To NAS North Island CA 467

To Indianapolis IN (Weir Cook Airport) 1785

To NAS Norfolk VA 576

To Charleston AFB SC 350

To NAS Jacksonville FL. 207
3385

FLIGHT 104

Originate NAS Jacksonville FL

To Charleston AFB SC 207

To NAS Norfolk VA . 350

To Dover AFB DE : 158

' 715

FLIGHT 105

Originaﬁe Dover AFB DE

To NAS Norfolk VA 158

To Indianapolis IN (Weir Cook Airport) 576

To NAS North Island CA 1785

To Travis AFB CA 467



134

TABLE 5.)--Continued

FLIGHT 106

Originate Travis AFB CA
To McChord AFB WA
To Travis AFB CA

Great Circle
Statute Miles
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Further input is required before a flight pattern
can be evaluated using the simulation model. The total cost
variable is a function of certain characteristics and costs
associated with each aircraft type as well as the route
pattern to be tested. Five aircraft are included in the
evaluation procedure. Each of these aircraft types are
eligible for inclusion in the QUICKTRANS air system and may
be leased on a contract basis for annual service at the
start of each fiscal year. The contract costs and other
characteristics associated with each aircraft type are in-
cluded in Table 5-2.

As a further demonstration of the simulation model
and its associated heuristic, the current four-flight pat-
tern is also evaluated and revised to effect a least-cost
.solution. This flight pattern has already been described
in Chapter II and presented in Table 2-1. Both flight
patterns'are simulated using different combinations of air-
craft and flight frequencies according to the decision
framework outlined in the previous chapter. The demonstra-

tion of this procedure is described in the next section.

Demonstration of Model Application

A starting itinerary consisting of the six flights
described in the previous section was prepared as input for

the computer simulation. Matrices consisting of mileages
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TABLE 5-2: Aircraft Performance Characteristics and Costs

Cépacity Speed in Cost per Cost per

Type in Tons Knots Mile Landing
DC-8 23.27 310 $8.60 $250
L-100 21.75 245 7.2998 250
B-727 17.90 345 6.24 250
L-188 15.22 240 5.76 250

DC-9 15.11 325 5.59 250
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between all points and parameters identifying stochastic
shipment distribﬁtions were also entered as input. Per-
formance and cost data on the DC-8 (see Table 5-2) was
prepared for entry in the first series of simulation runs.
The service delay cost was estimated at $1000 per day for
each percent below 100.

The computer simulation was performed using the SLAM
simulation package on an IMB 370/158 with three megabytes
of memory. The CPU time varied depending on the number of
iterations in the search procedure. Each iteration used an
average of 53.6 seconds of CPU time. A run of 18 iterations,
therefore, required approximately 16 minutes.

When the data for a particular flight-pattern and
aircraft combination was entered, no fﬁrther human interven-
tion was required. All flights were automatically assigned
a flight frequency of seven days per week in the initial
simulation. For the six-flight pattern, this meant that
the total number of flights per week began at 42. The
heuristic subroutine decremented this number according to
the logic described in the previous chapter. As the number
of flights per week was reduced, the simulation was repeated
until there were no more feasible flight-pattern/frequency
combinations to be evaluated in the least-cost region. This

process required 18 iterations.
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Figure 5-1 illustrates the output provided by the
first three iterations, while Figure 5-2 illustrates the
output from the last three iterations. Similar output is
produced for all iterations in the simulation and search
prccedure. Both figures illustrate the output available
from each iteration. Figure 5-1 shows how the frequency of
each flight is decremented as the heuristic proceeds from
one simulation to another. Output data for each iteration
is separated by a horizontal dashed line. (The frequency
of each flight in the first iteration is understood to be
seven, and does not appear in the output.)

Figure 5-2 shows the output for iterations 16, 17 and
18. Iteration 16 represents a total of 22 flights per week
(a reduction of 20 flights from the first iteration) at a
.total cost of $3,047,8C00. This solution is feasible since
no service level drops below 60 percent. Iterations 17 and
18 show a total of 21 flights per week each; however, the
service level constraint is violated at one or more termi-
nals making these solutions unacceptable to the originator.
The user is able to scan the output values and select an
acceptable least-cost solution.

A summary of the results from all iterations in the
first heuristic search trial is contained in Table 5-3.
Iteration 11 yielded a least-total-cost solution of

$3,013,000, but the difference between this.solution and
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AIRCRAFT DATA

AIRCRAFT  CAFACITY €osT CosT FLIGHT NO.
TYPE IN TONS SPEED PER Ki.  PER LDG. ASSIGNED
nc-8 23.270 310. 8.60000 250.00 101
102
103
1ok
105
106
FLIGHT NUMBER 10! LOAD FACTOR 76.77
FLIGHT NUMBER 102 LOAD FACTOR 72.77
FLIGHT NUMBER 103 LOAD FACTOR 23.61
FLIGHT NUMBER 104 LOAD FACTOR 14.02
"FLIGHT NUMBER i05 LOAD FACTOR 34.45
FLIGHT NUMBER 108 LOAD FACTOR 52.42

LOAD FACTOR FOR ALL FLIGHTS 50.26
TOTAL COST 4023506
SERVICE
LEVEL 98.66 97.71 98.58 99.85 99.64 99.07 99.48 99.96
OVERALL SERVICE LEVEL 98.84
TOTAL COST WITH DELAY PENALTY Los8217.

- - e e e e e e e ® e e e e e e e e e e ® e e ® e ®® &5 ®® e > ®

FLIGHT NUMBER 101 6 FLIGHTS PER WEEK
FLIGHT NUMBER 102 6 FLIGHTS PER WEEK
FLIGHT NUMBER 103 6 FLIGHTS PER WEEK
FLIGHT NUMBER 104 6 FLIGHTS PER WEEK
FLIGHT NUMBER 105 6 FLIGHTS PER WEEK
FLIGHT NUMBER 106 6 FLIGHTS PER WEEK
FLIGHT NUMSER 101 LOAD FACTOR 81.28
FLIGHT NUMBER 102 LOAD FACTOR 74.20
FLIGHT NUMBER 103 LOAD FACTOK 35.61
FLIGHT NUMBER 104 LOAD FACTOR 20.37
FLIGHT. NUMBER 105 LOAD FACTOR 51.43
FLIGHT MUMBER 106 LOAD FACTOR 61.40

LOAD FACTGR FOR ALL FLIGHTS 58.76
TOTAL COST  3452746.
SERVICE
LEVEL 93.56 95.2¢ 96.38 97.24 <6.03 96.39 97.16 98.77
OVERALL SERVICE LEVEL 96.00
TOTAL COST WITH DELAY PENALTY 3572722.

FLIGHT NUMBER 101 5 FLIGHTS PER WEEK
FLIGHT NUMBER 102 5 FLIGHTS PER WEEK
FLIGHT NUMBER 103 5 FLIGHTS PER WEEK
FLIGHT NUMBER 104 5 FLIGHTS PER WEEK
FLIGHT NUMBER 105 5 FLIGHTS PER WEEK
FLIGHT NUMBER 106 5 FLIGHTS PER WEEK
FLIGHT NUMBER 101 LOAD FACTOR 84.85
FLIGHT NUMBER 102 LOAD FACTOR 76.43
FLIGHT NUMBER 103 LOAD FACTOR 51.21
FLIGHT NUMBER 104 LOAD FACTOR 27.13
FLIGHT NUMBER 105 LOAD FACTOR 70.51
FLIGHT NUMBER 106 LOAD FACTOR 72.54

LOAD FACTOR FOR ALL FLIGHTS 68.67
TOTAL COST  z874939.
SERVICE
LEVEL 77.69 89.55 88.45 93.96 91.88 90.27 94.77 96.51
OVERALL SERVICE LEVEL 89.36
TOTAL COST WITH DELAY PENALTY 3194217,

- e e e e e e e e e e e e T e W e e e " e e e - ® e ee ® e e

FIGURE 5-1: 1Illustration of Output - First Three Iterations of
Six=-Flight Pattern Evaluation With GC-8.



FLIGHT NUMBER 101
FLIGHT NUMBER 102
FLIGHT NUMBER 103
FLIGHT NUMBER 104
FLIGHT NUMBER 10S
FLIGHT NUMBER 106
FLIGHT NUMBER 101
FLIGHT NUMBER 102
FLIGHT NUMBER 103
FLIGHT NUMBER 104
FLIGHT NUMBER 105
FLIGHT NUMBER 106
LOAD FACTOR FOR ALL FLIGHTS

TOTAL COST

SERVICE

LEVEL 68.96 71.99 80.04 64.k2 64.h2 67.89 92.42 90.78

2267218,

5 FLIGHTS PER WEEK
5 FLIGHTS PER WEEK

3 FLIGHTS

PER WEEK

1 FLIGHTS PER WEEK
3 FLIGHTS PER WEEK
6 FLIGHTS PER WEEK

LOAD
LCAD
LOAD
LOAD
LOAD
LOAD

FACTCR 88.70
FACTOR 79.13
FACTOR 69.86
FACTOR 81.50
FACTOR 87.23
FACTOR 69.36
80.44

OVERALL SERVICE LEVEL 73.98

TOTAL COST WITH DELAY PENALTY

- . ® e e m e e e e e e e e ® e e e e ® e e " e ®® ® & "® e ® e -

FLIGHT NUMBER 101
FLIGHT NUMBER 102
FLIGHT NUMBER 103
FLIGHT NUMBER 104
FLIGHT NUMBER 105
FLIGHT NUMBER 106
FLIGHT NUMBER 101
FLIGHT NUMBER 102
FLIGHT NUMBER 103
FLIGHT NUMBER 104
FLIGHT NUMBER 105
FLIGHT NUMBER 106
LOAD FACOTR FOR ALL FLIGHTS

TOTAL COST

SERVICE
LEVEL 36.21

FLIGHT NUMBER 101
FLIGHT NUMBER 102
FLIGHT NUMBER 103
FLIGHT NUMBER 104
FLIGHT NUMBER 105
FLIGHT NUMBER 106

2219481.

74.13 80.78 63.46 65.38 66.43 92.03 91.53
OVERALL SERVICE LEVEL 70.35
TOTAL COST WITH DELAY PENALTY

FLIGHT NUMBER 101
FLIGHT NUMBER 02
FLIGHT NUMBER 103
FLIGHT NUMBER 104
FLIGHT NUMBER 105
FLIGHT NUMBER 106
LOAD FACTOR FOR ALL FLIGHTS 80.00

TOTAL COST

SERVICE
LEVEL 69.62

2152074,

68.35 72.80 58.52 65.36 67.53 92.43 90.88
OVERALL SERYICE LEVEL 72.07
TOTAL COST WITH DELAY PENALTY

VIN - WU N

FW -

LOAD
LOAD
LOAD
LOAD
LOAD
LOAD

LOAD
LOAD
LOAD
LOAD
LOAD
LOAD

3047801.

FLIGHTS PER WEEK
FLIGHTS PER WEEK
FLIGHTS PER WEEK
FLIGHTS PER WEEK
FLIGHTS PER WEEK
FLIGHTS PER WEEK

FACTOR 88.27
FACTOR 77.73
FACTOR 71.31
FACTOR 77.50
FACTOR 85.98
FACTOR 81.90
81.24

3109096.

FLIGHTS PER WEEK
FLIGHTS PER WEEK
FLIGHTS PER WEEK
FLIGHTS PER WEEK
FLIGHTS PER WEEK
FLIGHTS PER WEEK

FACTOR 88.46
FACTOR 80.02
FACTOR 68.92
FACTOR 78.16
FACTOR 88.36
FACTOR 67.78

2990112,

SOLUTION HAS VIOLATED SERVICE LEVEL CONSTRAINT
SELECT PRIOR SOLUTIGN

FIGURE 5-2:

t1lustration of Output - Last Three lterations of

HEURISTIC REQUIRED

18 ITERATIONS

Six-Fiight Pattern Evaluation With DC-8.

.



TABLE 5-3: Heuristic Search for Least-Cost Schedule Using Six-Flight Pattern
Flown by DC-8, Capacity 23.27 Tons (All Costs in $1000)
Total Number Avg. Monthly
of Flights Mean Load Mean Service Cost w/o Delay Average Total
Iteration ‘per Week Factor Level Penalty Monthly Cost

1 42 50.26% 98.84% 4024 4058
2 36 58.76 96.00 3453 3573
3 30 68.67 89.36 2875 3194
4 24 - constraint violation - -
5 29 69.98 86.75 2845 3243
6 28 69.31 87.73 2816 3184
7 27 70.34 86.00 2786 3206
8 26 74.34 85.21 2655 3099
9 25 74.36 85.67 2626 3055

10 24 77.17 79.55 2496 3110
11 23 79.32 78.92 2381 3013*
12 22 - constraint violation - -

13 22 - constraint violation - -

14 22 - constraint violation - -

15 22 - constraint violation - -

16 22 80.44 73.98 2267 3048

17 21 - constraint violation - -

18 21 - constraint violation - STOP

*Least—cost value

9T
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two other solutions (iteration 9 and iteration 16) is not
statistically significant. This illustrates one of the
problems associated with a stochastic response variable
which is discussed in greater detail in Chapter VI. The
best that can be expected, according to Biles, is that "we
shall seek a solution which hopefully lies close to the
true solution" (6, p. 1ll).

The simulation and search procedure was undertaken
again using the six-flight pattern and a different aircraft,
the L-100. The results of this process are summarized in
Table 5-4. Again, 18 iterations were required, and a least-
cost solution was found in the 11lth iteration. Similarly,
the heuristic search procedure was applied to the remaining
three aircraft (B~727, L-188, and DC-9). The results are
summarized in Tables 5-5, 5-6 and 5-7. An evaluation of
these results which constitute the complete decision pro-
cess for the six-flight pattern is included in the next

section.

Evaluation of Output

Figure 5-3 contains a plot of each of the cost curves
interpolated from the output of the heuristic search pro-
cedure using the six-flight pattern described in the prev-
ious section. A separate curve depicts the results obtained

for each aircraft evaluated. The search procedure started



TABLE 5-4.

Total Number

Avg. Monthly

Heuristic Search for Least-Cost Schedule Using Six-Flight Pattern
Flown by L-100, Capacity 21.75 Tons (All Costs in $1000)

of IFlights Mean Load Mean Service Cost w/o Delay Average Total
Iteration _per Week Factor Level Penalty Monthly Cost
1 42 53.57% 98.19% 3442 3497
2 36 62.26 94.04 2954 3133
3 30 72.25 85.76 2460 2887
4 25 - constraint violation - -
5 29 72.19 83.84 2434 2919
6 28 72.84 83.51 2409 2903
7 27 73.67 82.37 2383 2912
8 26 77.75 80.92 2271 2843
9 25 77.79 81.58 2245 2798
10 24 - constraint violation - -
11 24 80.02 78.89 2147 2780%*
12 23 - constraint violation - -
13 23 - constraint violation - -
14 23 - constraint violation - -
15 23 - constraint violation - -
16 23 80.30 74.33 2050 2820
17 22 81.92 70.83 1939 2314
18 21 - constraint violation - STOP

*T,east-cost value

eVt



TABLE 5-5 Heuristic Search for Least-Cost Schedule Using Six-Flight Pattern
Flown by B-727, Capacity 17.90 Tons (All Costs in $1000)

Total Number

Avg. Monthly

. of Flights Mean Load Mean Service Cost w/o Delay kverage Total
Iteration per Week Factor Level Penalty Monthly Cost
1 42 63.11% 93.72% 2969 3157
2 36 72.32 85.42 2548 2985
3 30 - constraint violation - -
4 35 72.51 85.57 2525 2958
5 34 73.27 84.26 2503 2975
6 33 73.33 83.62 2481 2972
7 32 74.31 81.43 2458 3015
8 31 76.72 79.88 2361 2965
9 30 77.18 79.34 2339 2959
10 29 - constraint violation - -
11 29 79.05 77.25 2243 2925
12 28 - constraint violation - -
13 28 - constraint violation - -
14 28 81.56 76 .45 2149 2855
15 27 - constraint violation - -
16 27 - constraint violation - <
17 27 82.64 74.46 2055 2822%*
18 26 - constraint violation - STOP

*L,east-cost value

124N



TABLE 5-6 Heuristic Search for Least-Cost Schedule Using Six-Flight Pattern
Flown by L-188, Capacity 15.22 Tons (All Costs in $1000)

Total Number

Avg. Monthly

of Flights Mean Load Mean Service Cost w/o Delay Average Total
Iteration ‘per Week Factor Level Penalty Monthly Cost
1 42 70.54% 86.54% 2754 3158
2 36 - ~constraint violation - -
3 41 72.36 86.99 2734 3134
4 40 72.20 86.35 2713 3122
5 39 72.50 84.65 2692 3152
6 38 72.56 85.38 2671 3110
7 37 75.04 83.34 2582 3082
8 36 75.51 81.58 2561 3114
9 35 77.31 80.14 2472 3068
10 34 - constraint violation - -
11 34 78.29 76.93 2382 3075
12 33 - <constraint violation - -
13 33 - constraint violation - -
14 33 - <constraint violation - -
15 33 79.84 75.47 2305 3041
16 32 - constraint violation - -
17 32 80.62 73.68 2219 3008*
18 31 - constraint violation - STOP

*L,east-cost value

SP1



TABLE 5-7 Heuristic Search for Least-Cost Schedule Using Six-Flight Pattern

Flown by DC-9, Capacity 15.11 Tons (All Costs in $1000)

Total Number

Avg. Monthly

. of Flights Mean Load Mean Service Cost w/o Delay Average Total
Iteration per Week Factor Level Penalty Monthly Cost
1 42 70.77% 86.05% 2678 3097
2 36 - constraint violation - -
3 41 72.71 86.64 2658 3059
4 40 72.42 86.05 2638 3056
5 39 72.75 84.25 2617 3090
6 38 72.84 84.70 2597 3056
7 37 75.37 82.57 2511 3034
8 36 75.84 81.05 2490 3059
9 35 77.66 79.64 2403 3014
10 34 - constraint violation - -
11 34 78.65 76.05 2316 3035
12 33 - constraint violation - -
13 33 - constraint violation - -
14 33 80.69 76 .24 2233 2946
15 32 - constraint violation - -
16 32 - constraint violation - -
17 32 81.85 74.96 2148 2900%*
18 - 31 - constraint violation - STOP

*L,east-cost value

EA A
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FIGURE 5-3: Average Monthly Cost Curves by Number of Flights per Week.
Six—-Flight Pattern, Five Aircraft Evaluated.
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with a maximum of 42 flights per week with successive re-
ductions until one or more constraints were violated. The
consequent reduction in average total monthly cost may be
seen in Figure 5-3 by fcllowing each curve from the right
to the point where it stops (due to constraint violations)
or the slope flattens out to.zero. The minimum cost for
each aircraft evaluated may be approximated from the graph.
Furthermore, the least-cost solution for any feasible
schedule specifying the number of flights per week may be
determined from the graph.

As expected, the larger aircraft (DC-8 and L-100)
yielded larger costs at the high end of the scale of flights
per week. However, some costs diminished more rapidly than
others as the number of flights per week decreased. As a
result, the L-100 becomes a more economical choice than the
L-188 below 32 flights per week. Also, the B-727 becomes
a more economical choice than the DC-9 below 33 flights per
week. The cost curve for the L-100 dropped lower than all
others with a least-cost solution of 24 flights per week.

Table 5-8 contains a summary of heuristic search
results using the six-flight pattern for each aircraft type
evaluatéd. As noted, the L-100 turned out to be the most
economical choice for this flight pattern. A schedule of
24 flights per week would be expected to cost an average of

$2,780,000 per month. The next economical choice would be



TABLE 5-8 sSummary of Heuristic Search Results Using Six-Flight Pattern,
Five Aircraft Evaluated (All Costs in $1000)

Capacity Flights"

Avg. Monthly
Mean Load Mean Service Cost w/o Delay Average Total

Least

Aircraft (Tons) per Week Factor (%) Level (%) Penalty Monthly Cost
DC-8 23.27 23 79.32 78.92 2381 3048
L-100 21.75 24 80.02 78.89 2147 2780*
B-727 17.90 27 82.64 74.46 2055 2822
L-188 15.22 32 80.62 73.68 2219 2008
DC-9 15.11 32 81.85 74.96 2148 2900

*The L-100 aircraft yields a least-cost solution flying 24 flights per week

for a total average monthly cost of $2,780,000.

A
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a B-727 flying 27 flights per wesk at a monthly average
cost of $2,822,000, a difference of $42,000. This differ-
ence does not exceed the sampling error ($56,200) at 95
percent confidence, thus there is no statistical assurance
that the L-100 produces the best (or optimal) solution.
When the confidence interval of one solution overlaps the
confidence interval of another, there is always some prob-
ability that the true means may not differ to the extent
that one solution will be preferred over another. The
L-100 solution differs sufficiently from the remaining three
aircraft solutions to be significant, and therefore accept-
able as a preferred solution. The schedule for the six-

flight pattern at the L-100 solution point is as follows:

Flight Number Flights per Week Days Flown
101 5 T,W,Th,F,Su
102 5 T,W,Th,F,Su
103 4 M,T,Th,Sa
104 1 _ Sa
105 4 M,T,Th,Sa
106 5 T,W,Th,F,Su

Table 5-8 reveals additional information that may be
of value to transportation managers evaluating two or more
alternatives that are very close in cost. For instance, the
L-100 shows a simulated mean load factor of 80.02 percent

and a mean service level of 78.89 percent. The B-727 shows
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a slightly higher mean load factor of 82.64 percent, sug-
gesting better uﬁilization, and a lower mean service level
of 74.46 percent, suggesting reduced on-time delivery. Of
course, these percentages are subject to random error and
can only be regarded as point estimates in much the same
manner as costs. (Disregarding the delay penalty, the B-727
reveals a lower operating cost.) These ancillary features
may persuade a manager to select an alternative based on
considerationsother than a strict least-cost criterion.
Table 5-9 contains the results of the heuristic
search procedure using a four-flight pattern for each air-
craft type. Fewer iterations were required to arrive at a
least-cost solution. Only two aircraft types produced
feasible solutions for this alternative. The DC-8 produced
a least-cost solution of $2,733,000 while the L-100 produced
a_least—cost solution of $2,532,000, a difference of over
$200,000. This difference is substantial and proves to be
statistically significant. Therefore, the L-100 alterna-
tive may be selected with 28 flights per week (each of the
four flights flown daily). This least-cost solution is
almost identical to the schedule described in Table 2-1.
The solution produced a simulated mean load factor of 91.98
percent and a mean service level of 79.89 percent. No
improvement is possible without disregarding the delay

penalty, in which case, an L-100 solution of 25 flights per



TABLE 5-9

Heuristic Search for Least-Cost Schedule Using Four-Flight Pattern

Total Number

(A1l Costs in $1000)

Avg. Monthly

of Flights Mean Load Mean Service Cost w/o Delay Average Total

Iteration Per Week Factor Level Penalty Monthly Cost
AIRCRAFT: DC=-8, Capacity 23.27 Tons

1 28 80.45% 84.02% 2254 2733

2 26 84.04" 81.07 2177 2745

3 24 86.31. 76 .88 2100 2793

4 22 - constraint violation - -

5 23 - constraint violation - -

6 23 - constraint violation - -

7 23 - constraint violation - -

8 23 - constraint violation - STOP
AIRCRAFT: L-100, Capacity 21.75 Tons

1 28 81.98% 79.89% 1929 2532*

2 26 85.21 77.09 1863 2551

3 24 - constraint violation - -

4 25 -~ constraint violation - -

5 25 85.56 73.67 1838 2627

6 24 - constraint violation - -

7 24 - constraint violation - -

8 24 - constraint violation - STOP
AIRCRAFT: B-727, Capacity 17.90 Tons -- No feasible solution...
AIRCRAFT: L-188, Capacity 15.22 Tons -- No feasible solution...
AIRCRAFT: DC-9, Capacity 15.11 Tons -- No feasible solution...

*The L-100 aircraft yeilds a least-cost solution flying 28 flights per week

for a total average monthly cost

of $2,532,000.

¢St
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week may be considered with an average monthly operating
cost of $1,838,000. Should this solution prove to be
acceptable, a cost saving of $91,500 per month in operating

cost could be realized. The schedule would be as follows:

Flight Number* Flights per Week Days Flown
172 7 Daily
162 5 T,W,Th,F,Su
171 7 Daily
252 6 M,T,W,Th,F,Sa

*Flight numbers previously assigned, see Table 2-1.

Summarz

This chapter presented a demonstration of the simu-
lation procedure within the context of the decision-making
framework set up in Chapter IV. A six-flight pattern was
tested with five different aircraft types. The heuristic
portion 6f the decision framework was used to reduce flight
frequencies at each successive iteration until a least-cost
schedule was obtained. Total cost curves were identified
for each aircraft type. The six-flight pattern turned out
to be most efficient with the L-100 aircraft.

As a further demonstration, a four-flight pattern
was tested with the same five aircraft types. Again, the
heuristic portion of the decision framework was used to

reduce flight frequencies as long as feasible solutions
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could be obtained. Additional output features were indi-
cated to the extent that they might have a bearing on the
final selection. The four-flight pattern also produced a
least-cost solution with the L-100 aircraft.

In each case, the decision procedure, using the
simulation model and its associated heuristic, led to the
identification of a feasible schedule at reduced cost.

The next chapter summarizes the results of this research

and describes what was learned from the process. Wider use

of the model is discussed, and consideration is given to

its potential value in the air transportation industry.



CHAPTER VI

SUMMARY AND RECOMMENDATIONS

Summary of Model Development

This research effort resulted in the development of a
transport simulation model which, for the first time, treat-
ed air shipment quantities as stochastic variables rather
than fixed inputs. A distinguishing feature in this study
lies primarily in the recognition that shipment quantities
fluctuate from day to day exhibiting characteristics of
randomness and probability distribution. Virtually all of
the vehicle scheduling models in the literature treat ship-
ment quantities as fixed inputs.

By developing a simulation model which replicates the
daily fluctuations of shipment quantities, vehicle load
measures are more accurate and delayed shipments can be
detected. Shipments which cannot be loaded due to random
high demand and space/weight limitations of the aircraft are
recorded, both in number and tonnage. If "average" shipping
quantities were used, as in other models, the quantity and
préportion of delayed shipments would be undetectable. In
fact, the output of other loading algorithms is suspect be-

cause the overload possibilities resulting from random

155
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surges in demand are never revealed. The simulation model
presented in this study was designed to overcome the primary
disadvantage of previous models.

The air transport simulation model makes use of the
SLAM computer package which allows for user interaction
through the use of FORTRAN written subroutines. The SLAM
package includes random number generators which are used to
produce values representing stochastic shipment quantities
for the simulation. All input parameters are derived from
historical records provided by the Naval Material Transpor-
tation Office in Norfolk, Virginia. A curve-fitting program
called SIMFIT was used to identify the probability distri-
bution patterns for each origin-destination pair. The simu-
lation model uses a discrete (next-event) simulation metho-
dology to represent the pickup and delivery of shipments at
various depots. The model was tested by applying appropriate
statistical measures during the verification and validation
phase.

A total cost response variable was formulated to pro-
vide a criterion for evaluating various flight pattern fre-
quency and aircraft combinations. This variable is a function
of aircraft type, speed, distance, number of landings, and
service level. Its value is affected by the pattern and fre-
quency of flights and the percentage of delayed shipments
resulting from reduced service. If flights are increased,

the operating cost component rises while the delay cost
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component is reduced. If flights are decreased, operating
costs are reduced and delay costs go up. The total cost func-
tion takes into account both the cost of operating the air-
craft and the cost of not being able to transport all of the
cargo due to space/weight limitations. Delayed cargo often
has to be expedited or shipped by alternative means, thus a
penalty cost has been incorporated into the analysis.

The simulation model was developed to analyze any
number of different route patterns in the Navy's air trans-
port system. However, a simulation run, by itself, does not
necessarily bring about a least-cost solution. A simulation
will only replicate the likely outcome of a particular trial.
A number of replications are needed to select a least-cost
solution and provide response values aécurate enough for
statistical interpretation. To this end, a heuristic was
developed within the context of a decision framework that
would automatically execute a search procedure and make rapid
progress toward an efficient solution.

The decision framework calls for the selection of a
route pattern which connects all points in the air network
and provides for a balance in the distribution of aircraft.
Route selection and optimal tour algorithms are available for
this purpose (48), but none was required in conjunction with
the QUICKTRANS model. The U.S. Navy has only a limited sub-
set of route pattern alternatives to be considered for

evaluation. Two of these were chosen for the purpose of
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demonstrating the evaluation process and are featured in

the next section;

Summary of Research Results

The U.S. Navy provided performance and cost data for
five different aircraft types ranging in capacity from a
high of 23 tons to a low of 15 tons. It was not known which
of these aircraft would perform most economically given the
route patterns under consideration. Furthermore, it was not
known precisely how many days per week each flight would
have to be offered in order to maintain an adequate level of
service. Tc resolve these unknowns and obtain a least-cost
solution, the simulation and search procedure was applied
with the following results.

The first pattern consisted of six flights serving the
eight-point air network using two cross-country corridors
and north-south routes on either coast. This pattern was
evaluated for each of five different aircraft types by
starting with the maximum frequency for each flight (all
flights daily, a total of 42 per week). The search heuristic
rapidly reduced the number of flights until constraint
violations began to occur. When this happened, different
flight frequency combinations were tried until there were
no more feasible alternatives in the solution zone. A
least-cost solution was then selected from the simulation

results. It was determined that the six-flight pattern could
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meet the requirements of the QUICKTRANS air system by flying
L-100 type aircraft a total of 24 flights per week. A point
estimate of the minimum total average monthly cost was
$2,780,000. The evaluation procedure required a total of

90 simulation runs (18 iterations for each of the five air-
craft types).

The second pattern consisted of four flights serving
the eight-point air network using one cross-country corrider
and north-south routes on both coasts. This pattern was
also evaluated for each of five different aircraft types by
starting with the maximum frequency for each flight (all
flights daily, a total of 28 per week). The search heuristic
converged more rapidly with the four-flight pattern requiring
only eight iterations for each of the first two aircraft
types, and one iteration for each of the remaining three
aircraft types. (The last three types produced no feasible
solution.)’The four-flight pattern, therefore, required a
total of 19 iterations for a complete evaluation.

From the standpoint of total cost function, the L-100
type aircraft flying the four-flight pattern a total of 28
flights per week turned out to be the least-cost alternative.
A point estimate of the minimum total average monthly cost
was $2,532,000. This result confirmed the Navy's own analysis
which for the past thfee years had selected the L-100 for its
flights using a four-flight pattern. (It is noteworthy, how-

ever, that the Navy did not consider the penalty cost of
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delayed shipments in past analysis; this feature added a
new dimension to the evaluation procedure.)

A number of lessons were learned during the course
of this study, many of which pertain to the technical
aspects of simulation model development. It turned out
that the simulation package, SLAM, is an appropriate model-
ing vehicle for this type of simulation which involves a
complex queueing system. There are some features, however,
which could be improved to facilitate the modeling effort.
One of these is the ability to set discrete end-points on
probability distributions (using maximum and minimum para-
meters) without having to write additional statements into
porgram subroutines. Other simulaticn packages contain
this feature.1

Another finding resulting from this research per-
tains to the need for a carefully structured decision frame-
work for evaluating simulation results. A valid simulation
model is essential, but a logically derived decision pro-
cedure is equally important to conserve computer resources
and find efficient solutions. When the simulation model
produces results based on stochastic input, the margin of
error associated with the response variable can confound

the selection process. This difficulty was resolved in

lGERT, Q-GERT, and GASP provide for maximum and
rminimum values as discrete end-points on continuous prob-
ability distributions.
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part by the use of statistical analysis which identified
the margin of error for given confidence levels.

The decision procedure also included a heuristic
designed to seek out a least-cost solution with as few
simulation iterations as possible. Biles states that
direct search procedures generally make rapid early progress
toward an "optimum," but "iterate laborously as a solution
is neared. This is particularly true in the presence of
random error, as encountered in simulation" (6, p. 1ll). It
was discovered that the number of iterations can be reduced
if stopping rules are based on constraint violations rather
than random values of a response variable. This method
assures that no infeasible alternatives are attempted more
than once, and that other promising combinations are not
overlooked. Each time a constraint violation occurs, the
offending flight reducticn is restored to its original value
and retired from further alteration. When all flights have
been so retired, the heuristic brings the simulationﬁ to a
halt.

The air transport simulation model and its associat-
ed heuristic performed as intended when applied to the route
structure of the Navy's QUICKTRANS system. Accordingly, the
particular objectives cf this research effort were realized.
As noted earlier, an exhaustive analysis of all possible

aircraft mixes was not required for demonstration purposes.
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However, the model's utility was intended to extend beycnd
this particular application. The next section examines the
prospect of general applicability to other air transport

networks.

CARGOSIM - An Air Transport Simulation Model

Although air transport systems differ in various
respects due to the nature of their mission and the types
of organizations they serve, there are key features that all
have in common. Whether military or commerical, air cargo
distribution systems include a network of terminals at vary-
ing distances from each other, a pool of aircraft with
limited capacity, and a continuing flow of materials into
and out of the system. 1In order to reflect the general
.applicability of the air transport simulation model develop-
ed in this study, the name CARGOSIM has been given to the
model contained in Appendix B.

Early in this research effort, air cargo systems in
the private sector were studied as well as the Navy's
QUICKTRANS service. It was desired that the simulation
model be general enough to accomodate other systems rather
than being tied solely to QUICKTRANS network. This objec-
tive was largely achieved. With some minor changes in a
few subroutines, the model cculd be applied to any air

cargo system serving a simple network (or subnetwork) of
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terminals and transloading points with regularly scheduled
flights.

The simulation model is designed to evaluate the
suitability of flights and aircraft assigned to various
routes, and aid in the selection of a least-cost schedule.
The specific problem of route finding or route optimization
was not addressed in this study since numerous route finding
algorithms have already been developed and are extensively
treated in the literature. 1In fact, Mentzer and Schuster
(48) identified more articles related to vehicle routing
than any other class of transportation/distribution activity.
Route selection and optimal tour algorithms are available
for fleet application and can be used in conjunction with
the CARGOSIM model. Those that are specifically designed
for air cargo networks are a maximum payload network
algorithm developed by Dantzig and Johnson (21), a varia-
tion of the Clark-Wright algorithm developed for Federal
Express {13), and a mixed-integer program designed for
Flying Tiger Airlines by Marsten and Muller (44). Vehicle
routing algorithms tend to be network specific and should
be chosen carefully. For instance, Federal Express uses a
hub-and-spoke network design while Flying Tiger employs the
concept of a spider graph with interconnected hubs. Once a
deterministically selected route is obtained, the aircraft

selection and scheduling process can be undertaken by using
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the simulation model and the associated heuristic des-
cribed in this study.

CARGOSIM will provide the performance measures and
cost statistics essential to air transportation managers
using the model to evaluate flight pattern and aircraft
combinations when new alternatives are being considered.
Since most air transport systems call for regularly
scheduled flights, the associated heuristic (contained in
Appendix C) could be used to reduce flight frequencies un-
til a least-cost schedule‘is achieved without diminishing
service to unacceptable levels. The model has been demon-
strated to produce cost savingsfor the U.S. Navy's QUICK-
TRANS system. There is no reason to believe that similar
results could not be obtained by using CARGOSIM in other
transportation networks.

The use of this model has significant implications
for commercial aircraft usage as well as military applica-
tion. The desire for profitable load factors and the con-
commitant need for fast and efficient service suggests that
a model designed to achieve this balance could make signi-
ficant contributions to the air freight industry. The high
cost of aircraft used as dedicated air freighters makes
accurate aircraft selection and judicious scheduling a
matter of paramount importance. Too small a capacity will

cause prohibitive costs. Since commercial air freight
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companies must purchase or lease aircraft for their opera-
tions, the aircraft selection decision affects a longer
planning horizon and is therefore more crucial than the
Navy's annual contract arrangement. Most air freight
companies provide overnight service also, which requires

a premium to be paid for nighttime operations. This fact
underscores the need for cost effective aircraft selection
and scheduling. Thus, this model could be most beneficial
to the commercial air cargo industry.

There are, however, some features which are pre-
requisite to the application of the model. The major
thrust of the simulation is to take into account the
stochastic nature of shipping quantities. It is imperative,
therefore, that accurate cargo data be maintained and
.analyzed in order to identify input parameters. Shipping
records must include all shipments entering the air system
at each terminal on at least a daily basis. Shipments are
categorized by origin and destination within the air system.
If this information is unavailable or cannot be closely
approximated, the simulation model is not likely to be of
value.

Once the shipment distribution parameters are iden-
tified, function SHPMT needs to be reprogrammed to generate
appropriate random values based on the distribution types.

The model does not assume a particular arrival pattern.
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All shipment distributions must be determined by the user.

The model may require some modification for a user
operating a large number of fiights simultaneously. The
primary reason for this is the basic time unit for the
simulation. CARGOSIM was developed for air cargo systems
operating a limited number of flights per day. Each flight
is entered as input according to the order of departure,
but specific times are not essential as far as the simula-
tion is concerned. Once the flights for one day have been
simulated, the model simply advances to the next day and
begins again. By simplifying the basic time unit to one
day, a considerable amount of computer time is saved. A
more elaborate flight schedule would require shorter time
units, such as hours or minutes, to represent the system
adequately. This would require the availability of ship-
ment arrival data on an hourly or minute-by-minute basis,
as well as a substantial reprogramming effort.

Another feature that might require some reprogram-
ming is the convention (listed in Table 3-9) that associates
certain days of the week with specific flight frequencies.
As noted in Chapter III, this convention can be overridden
or replaced if the user wishes to specify different days.
A reprogramming of subroutine SETFL would accomplish this

purpose.
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Remaining considerations pertain to the dimensions
of the computer brogram and simulation package that con-
~stitute the air transport simulation model. CARGOSIM can
be used without alteration to represent flight patterns
ccensisting of up to nine flights in a network of ten
terminals with as many as five different types of aircraft
included in the aircraft mix. Storage arrays and input/
output subroutines could be redimensioned and reprogrammed
for larger networks as long as sufficient computing capa-
bility is available to execute the expanded model.

Further research may be required to fully demon-
strate the applicability of CARGOSIM in an air cargo system
apart from the Navy's system. Yet this study has produced
a usable and workable simulation model that overcomes some
of the objections of earlier models and can be used in con-
junction with a decision framework leading to a least-cost
solution. A hehristic is available to aid in the search for
an efficient aircraft/flight pattern and frequency combina-
tion. The implementation of the decision process has been
demonstrated, and some of the particulars of application to
other air systems have been addressed. The next section
discusses the potential of this approach and its wider

industry implications.



Wider Industry Impiications

CARGOSIM was developed as a generalized air trans-
port simulation model which is able to estimate aircraft
utilization, load factors, and service levels; all of which
are important measures of performance affected by the
stochastic behavior of shipment arrivals. By simulating
actual cargo quantities over time, CARGOSIM can detect
delayed shipments, under-utilization of aircraft, shipment
gueues at various terminals, and excess costs resulting
from imbalance in capacity and service. The simulation
approach is particularly suited to vehicle scheduling prob-
lems involving stochastic time and customer load demand
variables.

The few researchers who have attempted to incorpor-
‘ate stochastic demand considerations in vehicle scheduling
problems employed simulation to evaluate the procedure.
¢ook and Russell (20) used a GPSS simulation model to
evaluate the suitability of deterministically generated
routes to and from a central depot on stochastic demand
loads. The CARGOSIM model expanded this concept further by
considering all shipments picked up, delivered, and trans-
loaded to subsequent vehicles for transfer to final desti-
nations. This application is unique and can be employed in

expanded networks including a number of transloading points.
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Any transportation/distribution system meeting the
general description described above could conceivably
benefit from é stochastic simulation approach to the
analysis of route pattern alternatives and vehicle assign-
ments. An example would include a parcel pick=-up and
delivery service using trucks or vans to transport items
on a regular basis. Once the distribution patterns are
identified, a simulation model using the capabilities of
CARGOSIM could provide the manager or dispatcher with infor-
mation similar to that of the air cargo distribution system.
The simulation would be able to detect delayed deliveries,
under-utilization of vehicles, shipment queues at various
depots, and excess costs resulting from imbalance in capa-
city and service. Other distribution/collection systems
that might benefit from this approach include food service
delivery, packaged goods distribution, and municipal waste
collection.

With increased emphasis on recycling, many distribu-
tion activities now include the recovery of containers or
other product components that must be returned to the
factory. Logistics in reverse complicates the distribution
picture by adding the responsibility of collecting goods as
well as delivering them. Examples include fluid delivery
and collection of containers, product delivery and return

of waste materials for reprocessing, and component delivery
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in exchange for used components that can be rebuilt. Since
CARGOSIM was specifically developed for transportation
systems requiring both pick-up and delivery, the simulation
approach could be used to analyze the forward and reverse
channels of distribution involved in the retromovement of
goods.

Although CARGOSIM was intended for air cargo trans-
port, the pick-up and delivery of passengers is a paraliel
activity for which the simulation approach may be appli-
cable. A model similar to CARGOSIM can be applied to the
passenger airline industry if capacity is measured in térms
of seating availability, and shipments are replaced by
passengers. The same points made with regard to air freight
concerning capacity, service, and long-term commitments also
apply to passenger air carriers. Recent airline deregula-
tion has provided the incentive to experiment with different
routes, éircraft, and schedules. A computer model like the
one presented makes it possible to evaluate realistically
the effects of aircraft and flight pattern combinations’
before resources are committed to a final selection. The
application of this simulaticn model could help meet the
competitive pressure to improve service while cutting costs.

In order to apply CARGOSIM to a passenger airline

network, ton-miles should be converted to revenue passenger

miles (RPMs), and passenger demand patterns should be
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empirically derived. The distributions for passenger
demand between origin and destination points are likely to
be discrete rather than continuous, and seasonal fluctua-
tions would have to be taken into account. Passenger
demand forecasting techniques may be used to identify these
patterns and replace the SHPMT subroutine with appropriate
random variable generators.

" The simulation approach used in this study could
conceivably be extended to a great many transportation/
distribution systems including those using road, rail, and
water. Major benefits can be realized when the system
experiences a pattern of fluctuating demand, pays a high
premium for over-capacity, has vehicles of different sizes
to choose from, and must perform on a regular schedule.
Trends in the economy indicate that the costs of product
movement and service distribution are likely to increase
relative to other activities. This growing concern sug-
gests that analytical techniques such as that represented
by CARGOSIM will have an important role in the future of
transportation management.

Promising avenues for further research include test-
ing various aircraft mixes in a particular flight pattern,
changiné day-of-the-week assignments for flights cf a given
frequency, and incorporating an appropriate route-finding

algorithm into the present simulation/heuristic combkination.
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Nevertheless, any transportation/distribution situation
which meets the basic assumptions contained in the CARGOSIM
model may benefit from the use of a similar approach to the
selection, evaluation, assignment, and scheduling of
vehicles used to transport cargo through a network of

origin, destination, and transhipment terminals.
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APPENDIX - A: TERHS'ASSOCIATED WITH AIR CARGO TRANSPORT

AFB - Air Force Base.
Air Cargo Load (ACL) - Minimum capacity of aircraft in pounds or tonms.

Air Network - All terminals and connecting links served by tramsport
aircraft. Terminals are nodes,and links are arcs or segments.

CAB - Civil Aeronautics Board.
Capacity - Measure of the amount of cargo an aircraft can accomodate.

CONUS - Continential United States; includes all states except Hawaii
and Aloska.

Cubed Out - Term applied to the loading of aircraft when volume capacity
is reached before weight limitation.

_Feeder Line - Shorter route extending te a point or points outside
an . air network, generally served by truck.

Flight Number - Trip identity number assigned to scheduled flights along
a particular route. - :

‘Load Destiny - Ratio of weight to volume of cargo.

Load Factor - A measure of the utilization of tramsport aircraft; ratio
of ton-miles carried to ton-miles available.

LOGAIR - An acronym for the U.S. Air Force's air-truck transportation
systenm.

NAVMTO - A acronym for the Naval Material Transportation Office, the
organization responsible for the Navy's domestic air cargo trans-
portation network.

Off~-line - Designation for cargo carried by truck.

On-line -~ Designation for cargo carried by air.

Pallet - Platform used to secure freight prepared for shipment by air.

QUICKTRANS - An acronym for the U.S. Navy's air-truck transportation system.

Route Pattern - Route of one aircraft including all terminals from origin
to destination, also known as a flight patterm or flight path.

Boute Segment - The joining of two or more terminals as part of a route
flown by transport aircraft, also known as a flight leg or link.

Terminal - Commercial or military airport where air cargo may be loaded or
off-loaded, also known as a depot or pick-up and delivery point.
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APPENDIX - A: Continued

Ton-miles - The product of miles traveled and tons of cargo.

Transloading Point -~ Any terminal along a flight path where cargo is
loaded or off-loaded, excluding origin and destination points.

Transport Code - Three~letter code-name for a terminal.

Trunk Line - Main route served regularly by transport aircraft.
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Zop=ZTAXYZ Zr=XX Wy~ '8 o o N
'‘WOACZZUL & JdaAxXXD) AN - -~ bope ]
DAN SN =N\~ - ——l) e ] - o /L e
W ttem et & O & Lot o [ ] o . -~
CEZE~wT~ULU~0 O=-21O - e ~4 op=
W DX VDOIIVOVLIIIN —Id = g T Q2 UPPD In
Z2010)~aV eTTZ semgnq ol T~y U III T
HONZIDI=VD0UUUTttak T NI 006 DN 6 UWDOOLw=wN o3
Pt O\ N D JJUN > ODeT~00 eN-2 FQZPJQE)N*
U\.NRNL)W(AAA o L UN~ FONHNDUDIZV-_ DZ2ZDC I
DZI2DLO0I=>>>K I J D = AN ZY 2 ANLlr]
A UEXLEr AL L Ardrd AN~ D AL e NEQNA =D d I d= L=
MIENE cTELZIDDw_ m~D A LleNUA(]
IMmIZ0LAD~TIILI~WIZOqN D= JUL VEACOCU. L HULD=JINdUil ~LLWLIlX
AV I IVI<KW
- .y e o

35 D N o F4) 50
-t -

Vv (&)

MI FTNMI#SLUAU*UIST(K’L)

D=FLNU+1.,

ALSSUMU(3,yLF)

10}

o~
(=)
FY)
[
-~ a
- Jd
wops O N\
| . Ll
D> |
NANn
LALL2Z22
~-D LJiX L
- JuuDD
NIID b
-l Nl
g )= o XY
gV Z2+
[ SR P P
NS o 0
R € deh
bt T D @
L oeNN o=
DTV eZr~WD
-t I Nd o
- e~ [ 3
U -
44
Tw %

TS | SOt 220 NUI =T LBIW
EcluDHLAGLKFFFSFIRCLGCIlTLlFFFbKLIIbTIIKNNF.
~

o

=1

o <
(& b =

(S (&)

A TOTAL OF%,F6e2y
NALS sA591he/10Xy 'CRcW CHANGE MAY BE KEQUIRED

vI139% REQUIRES

ORE (N)
NUe *

yTIME,TC

n
1

EZ 00w~ ¥
=t LA
-l -t Lo X O

I

[
<
-y

RETURN
40 CALL SCHOL(«

rleyA)

CALL DLVRT
CALL GQUE
ReTURN

END
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APPENDIX B—Continued

RELEASE 2.0 OFFLD DATE = 81211 19746721

c

SUBROUTINE OFFLD
ODIMENSIUN A(30)
CUMMUN/ZSCUM1ZATRIBtL
1 g NCRUN 9 NP RINT o NN HUN 9 Niv S
LUMMUN/UCUMI/V?T).!
LLFs IFLTLLO) g AFREQY

o

Nemde wime CUO

<
Qretmle VS =iT.w

-—lf e -

1
' i (6
lATNMI{I10963 TINDL(10O
EQUIVALENCE (ATKIBU
OFFLOAD >SH1PMENTS rug
T
]

QU onleton L e

- lew Tre C

e C~UTUMTO2C
- it @ O
Z Oe

10 NRNKRSNFIND(LoLF o2
IF INRNKeEWeN) GU
CALL KMUVEINKNK o LF
CALL LYTAT

Lu TO 10
20'EL3AU fRANSHAIPMENTS
30 Ig (B(I) EQe0Oe.) RETURN

35 NRNK-erND(NsQChsLF,Zoo.ell),O)
IF (NRNKetWe O) Gu T0
CALL KMUV:!NKNK
PLACE TKANSHIPMcN iN WUEUE
K=B{10)
CalL FLLEM(K,yA)
NSKCH=NRNK
1r lewbh.L:.NNQ(L?’I o0 TO 45
40 I=I+
bO 0 30
eN

- L C- vC

v
o
[ 3

RELEASE 2.0 - GUUE DATE = 81211 19746721

c

C

SUBKUUTINE owQut
DIMENSLON A(50)
CUMMUN/SCUMI/ZATR
Ly NCRUR g NPRNT giNiNK
CUMMUN/ZULUML /NP T
ILFsIrLl(i0)y IFREQ
20""‘0)’\.?".(0 s NF

9]

R

M

S~
e N <=l
= CerC
oZ rr-~C

)
CUMMUN/UC UM2/
1ATNMIL11090) 41
n

1FTLWOe Pre

e =T O

DO VIO =T~

P ) ey e A, P -

e e TrreC

-TCrO2ZC

- C oo om e =
Qe

EQUiVALENLE
GENEKALIE NEW S
10 1= 1'NP1
0 J=1 NPT
oMl to 10

HPMT(,9)

=z

L
A
I
S
S

toma mam T CO

>PpPrp=CcC

~PWN—~

[« 22 T 21 o d

U HNe
l—“f(.m

o-

PLACE Ntw SHIPMENTS IN UUEUES
CALL FILEMUL4A)

10 CONT INnvE
REVUKN
END
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APPENDIX B-—Continued

KELEASE 2.0

SUBRUUTINE LOAD
LIMENSLIUN A(30)
CUMMUN/SCUMI/ZAIMRI®(100
LoNCRUK g NPRNT g NNRUN 9 NIND
COMMONZULOMY /NP £54 1CU
ILFyIFLT(LO REw(10)
2CPM L) 4CP
COMMUN/

LOAD

v
[}
1
l
)
’

(g}
m

-t
X pe VO—H I~

Piom on et L o=l
Frsee Cre C
Fe~ICTr22C

NC<r=

»

-

o
DOB=C TP
T2T=T% P~

P
DT Triaf e

(9]
v
r
»
o

~ERRED SHIPMENT IN QUEUE
LEM(KyA)

OCer 0 C2
=CX T

"~
o
x
1]
o

Cre CryeoOTem
[ |

nxe
2m»
Q=i

2+

2.0

SUBRQUIINE TuUE
UDIMENSIUN A(350
LUMMUN/\COMI/ATRIU(IOO)
LaNCRUR 9 NPRNT 5N KUIN g NS E
LuMMu~/ULuM114v1>,|LU
ILFo IFLTILO) g [FREVL
ZhPM(bDvLPLQb}gNFLI

RELEASE TQue

Be LO=(in.

0
(<]
r
i
EN

Ve witpe C

)
»
L
]
)
1

11
10 IF (NKQUIX)eLEG) RETUKN
IF(B(I)etQe0e) RETURN
LOCATE SHiPMENTS Tu EBE LJAUEVU
NSRCH=1
20 NKNK—NPIND(N)RCH,Ko2.0,5(1)'0,
I" ‘NKNF\.CU.O’ GU ‘
ALL CUPY{NRINXyKy4)
F=BLS5S)=5UmMUl3,yLF)
UlFr.b:.Alj)b G0 T3 «0

.—

30 1

10
REMUVE FRUM QUEJE AND LOAD
40 CALL RMUVE(NRNK yR9A }
DELAY=TNOW=A(4) .
IFlLELAYebLEele) CALL COLCT(DELAYK)
CALL LUAD
NSRCh=NKNK .
IF (NSRCH.LENNQLK)) GO TO 20
Gy Tu 30
ENL

¢N~ZHOP

1F
.-

SR
Fu
={
0

ov

DATE = 81211

DATE = 81211

19746721

19/746/21
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APPENDIX B--Continued

RELEASE 2.0 LIVKRT OATE = 81211 19/40/21
SUBKUOUTINE DIVR1Y
UDIMENSIUN A(30),DAYL))
COMMUN/SCOML/ATRIS(L00) yOU(100) 4 DULILINO) yUTMOW 9 IT ¢ MFAy MSTUP ¢NCLNR
1 g NCRUK s NPRNT y NYKUN g NS E | gNTAPE ySSTI00) 9 SSLELGC 1y TNEXT y TNOW o XX (100)
COMMUNZUCCML/ZNPT S TLUDZL10)50I5T(10410)ePARL(L04920)9P3R2(104101),
ILFeIFLTI10) 9 FRE (LD TYPEID) s IYPLIO)sTYPLIO)WLAP(O) 9SPEEDLO)
ZCPMIG) yCPLIOGIyNFLIL6920)yp130)
CUMMUNZUCUME / FOIST9FTNMLoFLND o TOISTI10,6) 3 TTNMIL104961)
LATNMICLO96) 9 SLNU(1D90)y INSLL(10910) 4 iNSOI(L0,410)
EQUIVAL=ENCE (ATREE(1Do2t1) )
Ir (TNOWelQoDAY (1)) RETURN
. XLATE=TNUW=3,
Cc SEARLH ALC QUBUEY> rurR EXCESSIVE DELAYS AND DIVERT TO TRUCK
LU 15 nNF=14nPI>
10 NRMA=NFIND(L yNF 'WQ-IQXLATEQOQ’
IF (NRNKeLELO) GU TOU 15
CALL RMuUVE (NRNKNF sA)
VELAY=TNUW=A(«)
Ir{UELAYebEele) LAaLL CULCT(DELAYGNF)
CALL (>TAT .
60 10 10
15 CLONTINUC
UAY(1)=TNUW
KETURN
eND
RELEASE 2.0 PROFL DATE = 81211 19746721
SUBROJITINE PROFL{RyL) _ .
LUMMON/SLUMI/A(KID!100),UU(IOO)»DDL!100)9DINGN911vMFA'MSIOPvNLLNK
LyNCROUR g NPRNT g NYRUNp INSET gNT AP 9 S$5(100) 9 SSLLI00 ) 5 INEXT » TNUW 9 XX (100}
iUnMuN/ULUHI/NPib,tLuu:(LO).Ul;T(lO'IOD.Pgnltloglo).Puag(x 1100,
ILFgtrLl(10) 4 LFREVW{L0) 931 YPELO) 2TYPLIO) o TYPZLO)9CAFIO)sSPEELIO)
2CPitlol yLPLIO ) sNFLIT6y10)4B430]
c RECOKD PLUT PUINTS
JF(XX{1}eEQeDe) RVLAST=0.
EULUEXALL)+UISTIKeL) =50,
25 IFIRLAST.LELECD) LO TO 30
KLAST=KLA ST #50,
XAt1)=RLAST
CALL GPLUT(1)
Go To 25
30 Xx{1)=£0V0+50.
RETURN
ENV
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APPENDIX B—Continued

RELEASE 2.0 FSTAT DATE = 81211 19746721
SUBRUUTINE FSTAT

CUMMUN/SCUML1/ATR18(100),00(100),0UL(100) yOTNOW,I1,MFA,MSTOPsNCLNK
1 NCRUR p NPKRNT 9N IRUN g NNSETyNTAPEPSS(100) 9 SSLULO3) s TNEXTy TNUm 9 XA (100)
COMMON/UCTUML/NP Tyt CUDELL0)90IST 1109100 PARL(10910) 9PA<2(10910)
1LF,IFLI(IO)yIFKtQ(lolyiY?t(o)'TYPI(o)oTYPZ(olyLAP(OD.)PttD(o)g
SCPMLO) yLPLLO) ¢yNFLTLO910)98(30)
COMMOUN/Z7UCUM2/ FUIST yFINMIZFLND yTUIST(1006) o TINME(1096)
LATNML(1090) 9 TLND(1090) 9 TNSUL(1041G) s TNSOT(20,10)
c IDENTIFY FLIGHT NUMEER ANU AIRCRAFT TyPe
KFLT=B(9)
DU 10 I=1,10
IF (XKFLT. u.IFLT(l)} GO T0 15
10 CUNTINUC
15 FLAP=B(5)
OU 20 J=1,46
LFLFCAP.EQ.CAP(J)) LC TO 25
20 CLONTINUE
C SE1 CUMULATIvVE vaLueS FOR FLIGHT STATISTICS
25 TINMI(Ly3)=TINMLIt1g0)+rTNMYL
A1NM1!1,J)=ATNMItl,J)erAP*Fule
TOISTULIZJ)I=TOLST(LygJd)+FULILST
TUND(Lsd)=1Ln0t I ed) *FUND
RETURN
ENL
RELEASE 2.0 LSTAT OATE = 81211 19/40/21
SUBKCUTINE LSTAT
DlMeNsSTuN AL 30)
LUHMQ%/S»DMI/ATRIS(IOO)vJO(lOO)yUUL(lOO) DTNUW 9 T1 4 MFA¢MSTOUP ¢ NCLNPR
NLKUK,NPKN},NVAJN,NN>:1,NTARtbe(lOO)9S§Ll)00)leEKl,INUH.XX(KOQ)
éunnun/uc.mlxwprs,luuuﬁt19:.ulsT(10.10@,P9Q1(10.10) Pik2110410),
LCFy IFLT(I0) s IFRETLLG)9 TYPELO) 1 TYPI(0)sTYPZI6)sCAP O] 4SPEEDIOY,
COPMALE) sCPLIO ) yNFLI L6910 )93V}
CUMMUN/UCUME 7 FUISTsF INMIZFLNUsTUIST(1040) 9y TTNMIC1950)
LAINMICL09s0) g TINU(1036) 9 TNSULLLOe10) o InSUIT(10410)
gQuivALenLE (3TrRAB(L)y3()1))
K=A(10)
L=A(2)

c COMPUIE JAYS DELAYED ANU COLLELT STATS
VELAY=NUW=AL%)
IF (LUELaY.L1.3.) GO T0 10
c COMPUTE TUNS VELAY:=D
4g>UL&&,L) =SINSUL (Ko L)+A(3)
C COMPUTE TCNS ON T1lMe
10 \NSur(K.L)~TN50I1&.L)+A|3)



APPENDIX B—Continued

A
RELEASE 2.0 SHPMT DATE = 61211 19746721

FUNCTIUN SHPMT(I,4)
LDIMENSIUN vaLta) oC
COMMUNZUCOMLI /NPT S,
ILFe IFLT(LOY g lFREQY
6)yLPLIO)yNFL]
VAL/Z «09e259e1

l

-iire
<=0
T~
[’
oD~
e &
- -
- Qe
- )

PaArR2(10,10),
JosPcEC(O)

amQo
PRI N
VO -~
O~-C 4
-'e

CPl/ 0521090'
DAFA CP2/ 7049498
DATA CPJ/09¢"99
DATA LP4/.9041.09

SﬁlsISTR&AM VALU&S

=4

IT=5

IR
C StLtCl APPROPRLIATE D1ISTRIBUTION
XR=PARL1(194)
IFtARLEe9Y9e) LO 10U 20
IF(AK.6Te 56) LU TU 10
_ IF{XKelte Oal LALL ERRUKRILT)
C GENERATE SHIPMENI rrROM EKLANG ULISTRIBUTION
MN=PARZ( L9 1/XK
SHPMT=ERLNG(EMN ¢ XK9 1IS)
KETURN 3 X
C _GENERAfC SHIPMENT FRUM CUMGOINEU DISCRETE/ZEKLANG DISTRISBUTICON
10 PZeERU=XK/ YL,
RN=URANUL( 1IT)
SHPMT=0,
IF(P2ERU« G o RN) RETURN
EMN=PLRZ( iyy)
SHPMT-ENLNb‘tMNglong,
i _ RzTURN
C GENERATE SHAIPMENY FROM DLISCReT= LISTRIBUTION
20 (leEWdeleANUI oV 4} LU Tu 21
lo:klo‘OoANUoJo-Uob, GO Tu 2«
[eEWe4 s ANV eEQ9) GU TO 23
1.:':).9./\"“.’0-’059.‘9, L0 TO 2«
L cRROK(Y)
21 P"']’UPKOB(C?].,VAL,",IR)
RETURN
22 SnPAT=UPRUB(LP2yvAL 9491K)
RETURN
23 sanT uP«uB(L?:,VAL.u.InD ’

RETU
2 zgqﬂf—uPROB(LP«,VALo*'IK)
END

P
TC
1
(
5
Y

0w e re G~

P pipee e CJF
08 00 NO~= M.~

,OOO&*OOFN
ODO0OV w < ~e
NNNNN\e Ty

ﬂ"

r‘a—.

~
1
IF
1F
IF
Ca
Sh

RELEASE 2.0 oTPUT D2TE = 81211 19746721
SUBRUUTINE UTPUT

COUMMUN/SCUMI/ZATKIDI100) yuU1100),0DL(100) ODTNOW,I14MFaMSTUPSNCLNR
l'NCRUK.NPRNT'NiRUNyNNbETyNTAPtobb(100)QS>L(lOO;oTNtXT,TNON'XXlLOO)
COMMON/ZUCOMI/ZNP ISy 1 LUOELLIC) s DISTI10910)4PARL(10,120),PAK2(10,10
ILFoIFLTLI0) g IFREUQ(LOI oy IYrEtO) o 1YPLLOE) o TYP2I6E) sCAP(6)3S5PEEDIS)
ZCPMtb)yLPL(t),Nk;T(ble)yﬁ(:O) N

LUMMLN/ M2/ STeFTNMIyFLMUTUIST(1096) pTTINMIC1096)
1ATNMLL ).lgNDtlo.on,INSUL(10'103lesortlo,lof

o
>
-
-
-
<
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APPENDIX B—Continued

RELEASE 2.0 FLTOT DATE = 81211 19/646/21

(9]

i)

SUBRUUTINE FLTOT

COMMUN/SCUML/ATR £B{1GG) yUD(100) ¢UOL{100) yDTNOW 4TI, MFA, MSTOPyNC

1oNCRURgNPRNT gNRUNgNNSETyNTAPESSS(L00) 9 SSLLLOO)  TNEXT y TNUA 9 XX {
LUMMUNJUCUMEZNP TS, TCGUE 1100 5 013T (10,100 pPARLIIL0,10)9PARZ (169100,
LILFe LFLT(10) 4 LFRED(L0)y IYPELO) s 1YPL(O) s TYP2(6)CAPIO) s SPEEU (D) y
2CPM L) CPLIOIeNFLTLO0410) 48130}

COMMUN /UL GMZ / ISVeFINMIJFLND ¢ TOTIST110,0) ¢ TTNMIC 10,60,
1A1Nm1(10.o).ruuotlo,o).TNSUL(LG.lo).uNbU](lo.xoi

NPRINT=
RINT n:AuINGS

WKITEINPRNT 399)
WRITE(NPKNT9104)
NKITt(NPKNT:lOO) TNOW
IT:(NPKNT, 93 )
RITE(NPRNTy110) )
CUTP?TE LUAU FALTOR ANU PrINT FLIGHT LUAUL STATISTICS
5 SF{IF LTtI)eLEsO) GO TO 20
10 IFtJ.6T.0) GU TU 20
IFCTINMI(LeJ2e6Te0.) GO TO 15
J=J+l
GO 1G 10
19 FACIR=TINMI(IJ)/ATNMI(1,J)%100,
YR{IE(MP«NI.IILI TELTUL) o TOISItI o) o TINMICISU) 9ATNMI(Iu)yFALTR
=i+
68 Tu 5§
PRINT nEAUINGS
20 WRITE(NPRMT4120)
CDTPgT: LOSTS ANU PRINT FLIGHT STATISTICS
=
25 jb{lkLT(l) oLE.Q) GU Tu «0
30 IF(JoLT.6) GO TU 40 .
IF(TLISTUL4J)e6T0.) GO TO 35
NENLI WD
GU Tu 30
35 LLUST=TUIST(L,J)*CPMLY)
ACUST=TLNUL L yJ) ¥LPL (J)
TCOST=uLUST+ALOSY .
Y&iIE(NPKNiyLle IFLTCI 2o TULISTIIsJ) sDCOSTTLNU(IJ)9ACUST,TCUST
=]e
LO_TO 25
40 RETUKN
98 rURMAL (1h0O)
Y9 FURMAT (1H1,9XyYAIRCRAFT PLRFORMANCE STATISTICS®/)
100 FORMAT (1H+422Xy %= SIMULATION FOR *9F5.04° DAYS?®)
101 FURMAT (oXe'eY EFLIGHT NUMBER®) X .
110 FUxMAT (1HGy*FLIGHT uLldTAanLe = TUN=-MLILES TON-MILES LOgADY/
13x, *NJo levtL:u CARRIED AVAILABLE FACTOR?Y/)
111 FORMAT (3XgI343X4FF7.0,2F12. .ZK,F:.Z)
120 FORMAT (1RO, *FLIGAT " MILES D1STANCE ND. UF  LANDING
nggﬁ%:;,:A. *NU. TRAVELED ca sr LANDINGS COsT
121 3X91393X9F9e09F12092XeFT7e09F11e092X9F1l1.0)
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APPENDIX B--Continued

RELEASE 2.0 SvLOT DATE = 81211 19746721
SUBKOUTINE SVLOT

OULIMeENSTIUN TOTALI10) o TTTOT(10) 4SVLEV(10)
LUMMON/)COMI/AIRLE(lOO)yUU(lOQ)gDUL(lOO)QDTNON,II'MPA'MbIOP'NCLNR
LyNUKUR g iNPRNT g NNRUN g NI = ToNIAFEgSSLICD ) 9 SOLU 100 ) s INCAT 9 TiINUN 9 XX (1C0)
éUMMU\/UCUHI/NPTbolLUUt(lO)'le‘(10910l'PAKl(IOgLO)QPAN?(IO 10),
ILP.IPLI(IO),IFRtu(LO).IYP:!o).IVPLtCJ.TYPz(b),CAvib).apctD(o!,
ZLPM(b)1LPL(o)'NrLl(0o10)pB(JO!
COMMUN/ZUC UM/ UISToyrTNYLFLNDTUIST(10+6)9TTNMLI(1090)
lAINML(quO)yTLNU(lO,O),TN)UL(10,10),TN§UT(10910)
WKITE (NPRN1,100)
Cc COMPUTE SEXRVICE LEVELS
DU 15 J=1NPI1S
UL 10 1=14nNPTS
TEICU(JI=TITUT(J)-TNSOT(1,49)
10 TOTALGJI=STUTALIII*TNSUT (490)+TNSLLIL )
15 SvLeEviJI=ITILT(J)*100.7 (0TALLY)
WRITE (NPRNT 1011 (dvLevid) o J=19NPTS)
WnlTt (NPRNT5103)
WRITE (NPRNT, 99)
RETURN _
991$EVMAI(1H0.7X.'LA]: SHIPMENTS ARE THUSE cXCEEDING TwQ DAYS UELIVER
100 FURMAT (1HO,*ScexVILE®) )
101 FURMAT (aXv'L:VEL"L e10FT7e2)

103 FURMAI(2Xgt= = = = = ='= ="'« = -——--—- -, e e e -~ -

END



RELEASE

v
EICHIXILIXAT =pOC
AXXDC2AEAXAR OZ =0T

bttt b o bt o 4o st P, B o e o ot ot ot Pt =t 7 R T

Corlotad T O C et o olodorl ofoiomf odafajal\f wdod afod ]| 33—
PXUM T = ™ =G\ IO MMM IA R AT =t T Mt o

- o DO an o

°
x

Ut
TXE

10
15

20

98
99

100

101
10¢
103

104
105
200

1
204

205

2
1
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APPENDIX B--Continued

2.0 DEPOT DATE 81211 19746721
SUBRUUTINE DEPOT
UIMENSLIN TOIO1(10),PCTU
CUMMUN/SLUMI/AIRLS(IOO)O

lﬂwRMMNPWH,NN l%-
LUMMUONZUC

lLfylr%f
ON

1
U
b4
10
s

UTGWOZC‘

l
/ \
i Y
) | X
/ ToF
| IND

Z

TNOW

200000

t1y

TCUU&(I).:TNSUT I

TnSUL ¢

TNIAN
tTCODZ2 1) 9d=1yNPTS)

o o g o g [T) O o 0 o o ([, @ s 5 o g o [T 0o
~“ONQEO LU SE =L N~O0O

PERLENTLGE DATSE

NZOCONO OO0

*TNSUL(IQJ)
Lyl IC 1O

) #1000 /TuTUl
l*lOO./TdTuT

=T~

oy o
o bt O

vJ)
o)
[N )
*J 3

[ 2

(
{

Teueelllyip J=14NP1S)
(P s 3=1ynPTS)

JZZCLLHLLCQLHbJZZ;ZDZZZZﬂZ‘ZZ(ZZDM\*

IZZOTCOTUIL~C T
XZAXQOCCCC hOCC
Tt gt Z o = o o ot

x
m
-

FURMAT ( 43Xy *SIMULATION FOR *,F5,0,° DAYSY//) X
FUKMAT(lHO,?X"LAIt SHIPMENTS aKE THOSE EXCEEVDING TWC DAYS UELIVER

1

runMnT(lHl,l«x.'MAlKIA OF TONS DELIVEREDY2/

13x UM TIME ANuU TU4S UELIVERED LATEY//)
rrRMAT(lﬂo,lax.'u->!1hnllﬂw'//7x,10A7)
FURMAT (X 9 *URIGING)

FUKHAI(&X':T -

FORMAT(2X4A5y1X410F7.1)

FUKMAT LBA910FT7a 1) .

FORMAT (LAlyleXy *MATRIX UF P=RCENT OQF CARGOY//

€Xy 'OELIVexEY UN TIME AND DELIVERED LATEY//)
ruKMAT(Zx.AS.Lx.10r7.4

EggnAl(cK.lOk?.d)



19/740/21

= 81211

DATE

196

APPENDIX B—Continued

TyPOT

RELEASE 2.0

S

A

1

P

)
’T‘NMI‘loob.'

(
’
)
0
C
)
0

XD~ e O~

- o B )S) pes [ )
Pl Wt ey
NTEADI~O T -
Dt o 0NZJ
b—r————r—2
D70 UOUWn
™ T I W4

0 o~ e > @ temen

SUBKUUTINE TYPOT

REAL MILES
DIMENSION

YPLLJ) o TYP2UJD o TOST (U)o TAMILU) oA TMItU)
JoTYPLUJ) o TYPZUJ) +TOUST(J)H4OLSTLII9ALNU(I)

20

«0e¢) LU TO

UO it = D™ &

UTALS dY AIRCRAFT TYPE AND PRINT STATISTICS

—~rd (=Q T Y
20N nza
- o~ o o P
A IO~
CN= X 13 e
Drdrd e T o s o f

{0 I
0e

ELNPRNT$120)
25
EAUINGS

010
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APPENDIX B—Continued

Continuation of Subroutine TYPOT

c ¢o

40

111
120
1

2
121

201
210

211
220
1

221

MPUTE TOTALS FOR ALL FLIGHTS ANC PRINT STATISTICS
DO «C J=1y¢

TUNML=TONMI+TNMI (
AVIMI=AVIMI+ATM] (
MILES=MILES+TUST(
ALAND=ALARNU+ALNUD(
ULUST=DCOST+UCST(

FALTR=TUNMLI*100./AV TMI
TLUST=DLUST+4LOS
NRITC(NPKNT,ZIl ) MILESsTUNMIJAVTMLI,FACTR
WR1ITE(NPRNT 9£20)
:a;&E&NPKNT'Lth MILES s DCUST JALANDACOST 4 TCUST
]
FORMAL (1HO)
FOKMAY (lnl)
FURMAT (1HO»9Xy *ALRCRAFT PERFORMANCE STATISTICS'/)
FURMAT (lmvg22Xy®= SIMULATIUN FUR "9F5.049° UAYSH)
FCKMAT (OA"bY ALRCRAFT TYYPEe®) .
rOKHA[(LHOy AlenArF LISTANLE TUN-MILES TON-MILzZ> LUAG S/

-

*YYPE IKAVELED LARRIED AVAILEBLZz FALTUR'Z)
FU&MAT (LXyA492A 392Xy 9e092F12e092XyF>e2) _ .
FURMAT(// ALrLnAar] afLES ULSTANCE NO. UF LANUINS
TULALY/ 55Xy *TYPE TXAVELLED LOST LANDINGS CusT

cu>1Y/)
FORMAT (1A gA%92A392X9F9.09F12eD92X9FTe09F1l1.042XyFlleN)
rurMaT (oAs'+LL rLIunMTS?)

FURMAT ( LHG, * ALL DISTANCE TUN=-MILES TON=-MILES Lutny

2Ky ‘rLIGHES IkAveLevy (WYY §3V) AVAlLAZLE FACTUK'Z)

rOxkMaAl lLA,lOK. +9. 0 2F12e092X4r5ez)

FUKMAT(//* LEDd DISTANCE NGe CF LANDING
1CVA L‘/4X"FLIbHTS TKAVtLEU LOS§ LANDINGS cusTt

2 Lasi*/z)
ESEMA-' ‘1&' lblv PQ.O,FIZ .OQZX,“?.O"’ll 00’ ZX "‘ 11.0)



APPENDIX C: AIR TRANSPORT HEURISTIC PROGRAM CODE

RELEASE 2.0 EVAL DATE = 81223 18/20/41

c

SUBROUTINE EVAL
DIMENSION PSERV(10),NFREQ(10),KAP(10)
COMMON/SCOM1/ATR18(100) ,DD(100) ,DDL(100) ,DTNOW, | | ,FMA,MSTOP,NCLNR
1, NCRDR, NPRNT, NNRUN, NNSET, NTAPE, SS(100) ,SSL(100) , TNEXT, TNOW, XX(100)
COMMON/GCOM1/ JJCDR,KKNN,LLFIL,LLRNK,LLTRY,MFEX,NNAM1 ,NNAM2 ,NNAM3,
INNAPO , NNAPT ,NNATR,NNF IL ,NNTRY, TTBEG, TTCLR, TTFIN,
2TTSET,XX1(100) , TTTS, TTTF
COMMON/CGOMS5/11SED(10) , JUBEG,JJCLR,MMNIT,MMON,NNAME(5) ,NNCF1,
1NNDAY , NNPT, NNPRJ(5) , NNRNS ,NNSTR, NNYR, SSEED(10) ,LSEED(10)
COMMON/UCOM1/NPTS ,TCOD(10) ,DIST(10,10) ,PARI(10,10) ,PAR2(10,10),
1LF, IFLT(10), IFREQ(10) , TYPE(6) ,TYP1(6) ,TYP2(6) ,CAP(6) ,SPEED(6),
2CPM(6) ,CPL(6) ,NFLT(6,10),8(30)

COMMON/UCOM2/ FDIST,FTNMI,FLND,TDIST(10,6) ,TTNMI(10, 6),
1ATNMI(10,6) ,TLND(10,6) TNSDL(IO 10) ,TNSOT(10, IO)
COMMON/UCOM3/FACTR, TCOST,SVLEV(10), FFACT(lO) €OD,0COST, DAYS :

IF (NNRUN.EQ.1) IFLAG=0.

CHECK FOR DESIRED LEVEL OF SERVICE AT ALL DESTINATIONS
DO 10 J=1,NPTS
IF(SVLEV(J) .LT.60.) GO TO 60
10 CONTINUE
IF (IFLAG.GE.1) GO TO 70

C REDUCE FREQUENCY OF FLIGHTS WITH LOWER LOAD FACTORS

c

c

DO 20 1=1,10
IF(IFLT(1) .EQ.999) GO TO 25
NFREQ( 1) =1FREQ( 1)
IF(FFACT(1) .LT.85.) IFREQ(1)=IFREQ(1)-1
20 CONTINUE
CHECK FOR REDUCTION OF FREQUENCY
25 DO 30 K=1,10 -
IF(1FREQ(K) .NE.NFREQ(K)) GO TO 40
30 CONTINUE
GO TO 70
33 IF (IFLAG.GE.NIX) GO TO 90
IFREQ( 1SUB) =1 FREQ( ISUB) +1
KAP( IFLAG) =1SUB
D0 35 L=2, IFLAG
KKAP=KAP(L)
35 FFACT(KKAP)=100.
GO TO 70
RECORD KEY STATISTICS FROM CURRENT SIMULATION
40 PFACT=FACTR
PCOST=TCOST
POCST=0COST
POSRV=TSERV
DO 50 J=1,NPTS
50 PSERV(J)=SVLEV(J)
PRINT FLIGHT- FREQUENCIES
D0 55 L=1,10
IF(1FLT(L) .EQ.999) NiX=L
IF(1FLT(L) .EQ.999) RETURN
55 WRITE(NPRNT,100) IFLT(L), IFREQ(L)
RETURN

Subroutine continued on the next page
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APPENDIX C--Continued

Continuation of EVAL Subroutine.

c CHECK FOR POSSIBILITY OF IMPROVEMENT
60 IF(NNRUN.EQ.1) GO TO 95
IFLAG=|FLAG+1
IF(IFLAG.GE.2) GO TO 33
DO 65 1=1,10
65 IFREQ( 1) =NFREQ(1)
c REDUCE FREQUENCY OF FLIGHT WITH LEAST LOAD FACTOR
70 SFACT=FFACT(1)
1SUB=1
DO 80 J=2,10
IF(FFACT(J) .LE.O.) GO TO 85
IF(SFACT.LE.FFACT(J)) GO TO 80
SFACT=FFACT(J)
1SUB=J
80 CONTINUE
85 IFREQ(ISUB)=IFREQ(ISUB) -1
IF(IFREQ(ISUB) .LE.O) FFACT(1SUB)=100.
GO TO 40
c IF NO IMPROVEMENT IS POSSIBLE, STOP SIMULATION
90 MSTOP=-1
NNRNS=0
WRITE(NPRNT,101) NNRUN
RETURN
c FIRST RUN - NO FEASIBLE SOLUTION, STOP SIMULATION
95 MSTOP=-1
NNRNS =0
WRITE(NFRNT, 102)
RETURN
100 FORMAT (6X,'FLIGHT NUMBER', t4,5X,12, 'FLIGHTS PER WEEK')
101 FORMAT(1HO,5X, 'SOLUTION HAS VIOLATED SERVICE LEVEL CONSTRAINT'/
14X, 'SELECT PRIOR SOLUTION', 5%, 'HEURISTIC REQUIRED', 14,
2' ITERATIONS')
102 FORMAT (6X,'FIRST RUN, SERVICE LEVEL CONSTRAINT VIOLATED')
END
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ANALYSIS OF AIR CARGO TRANSPORT SYSTEMS
USING STOCHASTIC SIMULATION

By
Forrest B. Green
(ABSTRACT)

A major problem associated with air cargo transport
is the assignment and scheduling of aircraft to routes that
include several transloading points. This problem is com-
plicated by the fact that shipping quantities vary at each
terminal from one day to the next, and there are often wide
fluctuations in demand for high priority cargo. Rapid
aelivery requirements calling for frequent flights to main-
tain satisfactory service often result in over~assignment
and excess capacity. The balancing of capacity and service
is a significant problem for air freight carriers.

The problem investigated was to develop a means of
evaluating various combinations of aircraft and route
schedules taking into account the frequency of flights and
the stochastic nature of shipping quantities. Key perform-
ance and cost variables were identified, and shipping data
were analyzed to determine distribution parameters. A

computer simulation model called CARGOSIM was developed to



represent the air transport system and provide a tool for
the evaluation of various alternatives. The simulation
model allows for the stochastic behavior of cargo quanti-
ties and the detection of shipment delays due to random
surges in demand. Accordingly, both the extent to which
assigned aircraft can transport available cargo and the
level of service at each terminal are determined through
simulation.

The simulation model is used in conjunction with
a heuristic designed to search through aircraft types and
flight frequency combinations until a least-cost solution
is found. The cost function includes both the cost of
operating the air transport system and the cost of service
delays, thus a balance is achieved between capacity and
service when an efficient solution is obtained. This
feature represents a decision framework designed so that
successive iterations of the simulation model will lead to
a least-cost solution within statistically determined

margins of error.
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