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ABSTRACT

R i XN e

Althougs; the strategic airlift system is under continuous analysis, C~5A proble as
provided impetus to analyze the alrlift system productivity function by using a large-s.ele
simulation modsi, Development of the simulation model (Simulation of Airlift Resources~
] - SOAR) was initisied by the Office of Secretary of Defensc (Systems Analysis) in 1966, SU AR
had barely become operational in time for the study in Novembar 1968,

-Since limited verification and validation tests had been performed on the simulstion
maodel, the design of experiments was of critical importance. The experimentel design had
to be flexible enough to salvage the maximum amount of information possible upon the
discovery of sither a verlfication er validation errer. In addition, the experimental design
was required to accommodate the estimation of & large number of possibly changing
independers veriables,

The ¢ speriments] design developed for the analysis was full factorial design cets for a
finite number of factors, Initial analyels hepan with seuregated sets of factors at two levels,
and information gained from experiment execution was used (o patse the sets. The process
was sequential and parsing continued until the major explanatory independent variables were
identified «x enough informatin was obiained to eliminate the factor from further direct
anslysie. ‘(his design peemitted the overlapping of simulation runs to fill out the factorial
design sets, <1 | ’

In addition fo estinmating the airlift productivity function several other findings are
reporied which temfcd to disprove previous assumptions akowt the nature of the strategle

airlift system,

&
.
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PRODUCTIVITY ESTIMATEY OF THE STRATEGIC AIRLIFT SYSTEM USING
SIMULATION

Computer simulation was used in a recent Department of Defense stuvy designed to evaluate

the impact of strategic airlift aystem characteristics on the productivity of the military ai’” t system.*

Although the system is under continuous analysis, budgetary pressures and advers. = uction to the

C~5A cost increases prompted the formation of a jeint OSD/Air Forca study group to evaluate a proposal

*The Mobility Forces Division of Systems Ausiy2i in the Office of the Secretary of Defense perfurmed the analysis with
Hewrdquarters, United States Alr Force,

The simulation sralysis of the strategie sirlift sys em s one component of an optimization/simulation framework for the
analysis of steatagic mobility. For & description of the fiamework see R. L. Nolan and M, G, Sovercign. “A Recursive Optimiza.
tion and Stiulation Appruach to Aralysis with an App leation to Transportation Systems,” M.aagement Science (August 1972).
For a d=acription of the simulaticn analysis of the sirate gic sealift component, see R, L. Nolan and M. G. Sovereign, “Simulation
of the Sustegic Sealift System,” Proceedings of 1971 Summer Computer Simuslation Conference, pp. 11841191,
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to reduce procurement of the controversial Lockheed transport aircraft. The hypothesis had been made
that with a marked jacrease in the daily utilization rate (i.e., flying hours per day) of aircraft in the
transport force, war.ime deployment capahility could be maintained at the required lev2l with sig-
nificautly fewer C—5As. A cortroversy developed over the fensikility of operating the military aireraft
force at the preposed higher utilization rate under conditions of a wartime rapiC deployment., Of par-
ticular concirn was the uncertainty over the potential contribution to higher utilization rates of increases
in airlift support resources, Previous tests and analytical efforts to determine feasible utilization rates
were inconclusive in resolving the question of increased resources or in supporting or rejecting the
hypothesis,

A usefu! analysis of utilization rates, and its derivative productivity, must consider not only the
factors affeccing utilization rates, but factor interactions and combined impact on the airlift system.
Because of she number of variables and the complexity of the system, simulation emerged as the most
appropriate method of analysis, In 1966 the ffice of Assistant Secretary of Defense (Systems Analysis)
had initiated the development of several computer models to aid strategic mobility planning and
analysis, One of these models was a Simulation of Airlift Resources (SOAR), a computer simulation
of iutertheather airlift operations under conditions of rapid deployment which had been designed and
developed within the Office of Joint Chiefs of Staff (SASM).t

The complexity of the system and the decision to use simulation posed two different problems in
the design of the analysis:

1. Model verification and validation.

2. Experimental design.

The proper resolution of hoth problems is kzy to developing useful conclusions. Complete verificetion
of a large simulation model such as SOAR s almost impossible. Validation in the sense of testing the
“goodness of fit" of the mode! with real world data was infeasible for the following reasons:

1. SOAR is one of the largest computer simulations designed.

2. The strategic airlift system has never been exercised in an intertheater rapid deployment.

3. Data from previous exercises of the strategic airlift system are () incomplete, and (b) obsolete.

4. Field test data on parts of the system are difficult to interpret because they were not collected
for the purposes at hand, as well as the fact that environmental conditions are rarely controlled in
such tests,

The task of verification and validation was redefined within the conatraints outlined. The objzctive
of the “verification and validation™ process is to develop a “threshold of confidence,” which can be
conveyed to decisionmakers, that the model is a sufficient abstraction of reality to be used as a basis
for decisions. A number of jechniques are availsble for building this level of confidence. One of the
most important was the involvement of operations managers in the design of the model and interpre-
tation of model-generated resulis. In addition, statistical analysis of the model results provided a
measure of consistency and inherent variability in the model itself,*

tOffice of the Joint Chiefs of Staff (Special Assistant for Strategic Mobility).

2 Naylor and Finger together with a critique by McKenney state the validstlon problem and summnarize the approaches
to it, See Thomas H. Naylor and j. M. Finger, “Verification of Computer Simulation Madels.” Management Science (October
1967), and James L. McKennoy, “Critique of Verification of Comnputer Simulation Models" in the same issue.
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SOAR Model

SOAR is programmed by using a derivative of the GASP cimulation language, which ia, in turn,
a derivative of FORTRAN., It can simulate up te 1,000 aircraft, 100 airbases, and 1.500 air crews.
Approximately 6 to 7 minutes of computer (IBM 360/65) time are required to simulate the activities

gREET R,

s

it

of 1 day.

In SUAR the naportant calegoties of variables in the strategic airlift system are represented.
Air traffic density is a function of the number of mission aircraft (C-141 and C~5A) and the competing
aircraft (Civil Reserve Air ¥leet (CRAF), tactical airlift, fighters, reconnaissance). Weather effect
is simulated by specifying the effect of seasonal enroute winds on leg flying time, fuel requirements
and allowable cabin load. In addition, hourly weather chservations for each base in the simulation
can close a base when conditions of ceiling, visibility, or crosswind dictate. All base resources, com-

prising a third category of resources, are treated in detail. This category includes the personnel and ‘§
equipment for cargo handling, maintenance. and refueling, aircrews, parking space, and airfield 2
acceptance data. Airfield acceptance data specify base IFR (Instrument Flying Rules) minima and
the number of aircraft per hour which can be managed by approach and landing controllers. A fourth g
category of variables addressed by the computer model includes those aircraft charactesietics (e.g., S
speed, fuel consumption rates, parking “shadow”) which impact system performance. Other system :

characteristics which may have an effect such as crew staging policies, routing policies, scheduled
maintenance policies, and warning time are addressed both in problem formulation and in ordering
of input data.

Each aircraft to be simulated is located at a specific base and given a starting time. The cargo t.
be moved is identified by weight and its location at bases. The eftect of carge density is described
by a cumulative frequency distribution which essentially describes the probability of a C~5A or a
C-141 being loaded at a given weight. Levels of maintenance, refueling, cargo handling, and aircrew
. capability are specified for each base. With the scenario and systemn defined, initialization is begun.

During initialization, the input data are checked for iniernal consistency and completeness, and
the random number generator is used to establish the initial values of those aircraft, aircrew and
*  resource attributes which are stochastic in nature. Following these actions, the simulation is ready
to begin.

In SOAR, there are four types of buses (home, onload, enroute, and offlcad), and at each base are
located resources consistent with its function. For instance, at onload and offload bases there can be
found aerial port crews needed to process cargo: at home bases, a large pool of aircrews and the
facilities necessary for all maintenance short of depot-level; at all bases, of course, are parking apaces,
transient maintenance and fuel. The simulation begins with each aireraft at its home base. There
the aircraft is checked to ascertain that it has no maintenance problems, an aircrew is ready, and
adequate fuel is aboard, If weather permits, the aireraft departs lor the airfield that has the highest
priority cargo awaiting pick-up. On the aireratt’s arrival at the onload base, the model selects the
route to be taken from this onload base to the cargo destination (0ffload base). The route selection is
based on factors, such as weight of the cargo, fuel requirements, weather, and the availability of
resources at the bases in the several candidate route networks, With the route selected and the cargo
now placed aboard, a check is made to assure that the aireraft is still operationally reedy in terms
of maintenance, airerew, and fuel. Deficiencies are corrected, and the aircraft departs on its next

leg weather permitting,
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740 R. L. NOLAN AND R. MASTROBERT!

The procedure is repeated as the aircraft moves through its enroute bases and arrives at the
delivery point. Afte. cargo is cffloaded, the model determines which onload base has an appropriate
load of cargo to be picked up by this aircraft. Again necessary maintenance and fuel servicing is
performed, a rested xircrew replaces the one aboard if required, a weather check is performed and
the aircraft departs for its next onload base to recommence the cycle.

As an aircraft moves through the airlift system, from home- to onload through a series of enroute
bases and finally to offload, it makes demands on the resources available at these bases. Where de-
mands exceed the capability of the bases to meet them, queues form adding to ground time reflecting
the penalties resulting from system saturation. Some of the deniands are deterministic; aircrews are
replaced if duty time will exceed 18 hours, fuel requirements are based on flying time and fuel con-
sumption rates, and the parking area used is the result of “parking shadow” of the aircraft itself.

Other demands are stochastic: maintenance failures are generated randomly from a distribution
as a maintenance man-hours required to repuir the failure, the routes themselves are selected by
the random process which determines the weight of the cargo loaded on each aircraft. Siill others are
a combination in which a random number generation selects an entry value in a table which then is
precessed in a deterministic manner.

However arrived at, it is these demands and the wbility of supporting systems to satisfy them
which are key elements of the airlift simulation. Since only the lack of one or more of the essential
resources will hold aircraft on the ground, SOAR is well desicned for the evaluaticn of the impact of
changing levels of system resources and demands un aireraft t:tilization rates.

Design of the Experiments

SOAR is typical of the large-scale simulation model It consists of many instructions, complex
logic, and is expensive to run. Eventually, the model grows beyond the sbility of the analyst to compre-
hend all of the interactions between the components, Hunter and Naylor* suggest the use of a two-stage
experimental design for analysis on the large scale simulation model. The first stage can be termed
exploratory. The exploratory stage is intended to discover the major contributing independent vari-
ables to the response, or dependent variable. Techniques such as factor.al analysis are especially
useful along with other tools such as regression analysis, analysis of variance, and linear mathematical
models. The exploratory stage is followed by an optimization stage which is intended to optimize the
response variable, or at least improve it, by adjusting the controllsble independent variables.

The experimental design reported in this paper focuses on the exploratory stage. The response
variable is aircraft utilization and aircraft productivity, each defined for the C~5A and C-141. In
general the response variables (Y) are a function of the factors (X))} that is

y=f(xl‘ ‘Yz‘ LIRS X'a‘:!)\

* J. S. Hunter and Thomas H. Nayler, “Experimental Design,” in Thomas H. Naylor, editor, The Design of Computer Stne-
lation Experiments (Durham, North Carolina: Duke University Press, 1969), pp. 39-58. Much has been written in general «n
experimental design techniques, See for example, I R, Cox, Planning of Experiments (New York: John Wiley and Sons, 1961},
W. Mendenhall, Introduction to Linear Models and the Design and Analysis of Experiments (Belmont, California: Wadsworth
Publishing Company, 1968), and Ken Chen Peng, The Design Analysis of Experiments (Reading, Mass.: Addison, Wesley, 1967).
Only relatively recenlly have the desizgn of ezperiments for computer sin ulation experiments been discuszed in the literature,
The special problems are focused around the expense of making large scale computer simuladon experimeits and the model
verification/vslidation problem,

t Since the analyst may only set levels of controlled variables, the reapunse is characterized as a function of the controlled
»ariables,
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SIMULATION PRODUCTIVITY ESTIMATES 741

where the X; are the variables listed in Table 1. For any given computer run the variables take on
specific values x:

Xi=x, Xe=2x2, . . ., Xo3= x03.

TaBLE }. SOAR Modei Variables

Variable Variable descrintion
number
1 Mission aircraft
2 Competing sircraft—other tactical aircraft, fighters, etc.
3 Personnel for cargo handling
4 Equipment for cargo handling
5 Maintenance personnel
6 Maintenance equipment
7 Refueling personnel
8 Refucling equipment
9 Air crews
10 Aircraft parking space at a base
11 Airfield capacity
12 Weather data-~including the effects of seasonal enroute winds, fue! requirements,
ailowable cabin load
13 Hourly weather data about the conditions st a particular base
14 Aircraft speed
15 Aircraft fuel consumption
16 Aircraft parking-landing requirements
17 Aircraft maintenance data
18 Crew siaging policies at bases
19 Routes and routing policies
20 Scheduled maintenance policy
21 System alert warning time
22 Airbase locations and descriptions
23 Other miscellaneous data

These factors may he considered the independent variables. Indeed, the factors may not be truly
independent; their values may he altogether consirained by some other limiting function (i.e., total
resources, or an annugl budget). Nevertheless in the exploratory stage, the analyst uaually accepts
the independency assumption and then challenges it with the benefit of more information in the opti-
mization stage. In the optimization stage, appropriate constraints can be employed for searching to
define explicitly the experimental region.

In the initial exploratory stage with a model like SOAR, the number of computer runs can cost
a prohibitive amount. An experimental design is required that will provide information on ail the
variables of muain interest, but can be executed to unfold successively more information ebout the mere
=ignificant variables, The factorial experiment can be used to do this.

The first step in the design of the SOAR experiments was to eliminate from consideration vari-
ables of indirect interest, or variables that could be analyzed by use of other means. “System alert
time” and “miscellaneous data” were thereby eliminated leaving 21 variables to be considered. The
second step was to decide on the levels to be assigned to the variables. For exploratory purposes,
each variable was assigned a bass or normative level and an sugmented level excent for the aircrew

- ——
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742 R. L. NOLAN AND R. MASTROBERTI

variable which was assigned a base level and a decremented level. Each combination of variable
icvels produced a design point. A full factorial expariment requires computer runs for each design
point. Enough information is provided to determine the effects of changing the level of each variable
and the cffects of variable interactions. However, the information advantage in the SOAR analysis
of the full factorial was clearly offset, and infeasible, by the cost of making the computer runs to ~atisfy
the full facterial design. The number of runs included in a full factorial experiment with 21 variahles
ech at two levels is 221, or 2,097,152,

Two alteraatives to the full factorial experiment were examined: fractional factorial, and factor
aggregation, The fractional factorial experiment is to make computer runs on a subset of the runs re-
-quired for a full factorial, The analyst selects a sequence of runs with the factors at various base and
sugmented levels, Although the problem of factor choice during an experiment is well documented in
the literature,* it poses a difficult problem for the analyst at the cutset. Thus, it was decided to employ
u factor aggregation mcthod.

The factor aggregation method is to group similar variables which are then all set at hase levels or
augmented levels during any one run. A full factorial experiment is run using these variables groupings
as if they were variables themselves. In the SOAR analysis, variables were initially grouped into three
categories and full factorial experiments were satisfied. Figure 1 illustrates the general design set. The
zero (0) entry indicates the base level and a (1) entry indicates the changed level.

In Figure 2, the same design is shown with the actual variables and Jevels of a specific case sub-
stituted for the general notation. Weather is Variable One, with winter weather representing the (0)
entry and summer weather the (1) entry. Variable Two is now All Resources, with (0) being the “base
case” and (1) the changed (augmented) case. Viriable Three is Air Traffic. In the base case (0 level),

Encounter Variable One Veriable Two Varisble Three
i 0 0 0
2 1 0 0
3 0 1 0
4 1 1 0
S 0 0 1
6 1 0 1
7 0 1 H
8 1 1 1

FiGure 1. General Design Set

Encounter Weather All Resources Traffic
i Winter Base level MAC+ CRAF
2 Summer Base level MAC+ CRAF
3 Winter Augment 50% MAC+ CRAF
4 Summer Augment 50% MAC+CRAF
L Winter Base levetl MAC4+ CRAF+TAC
6 Summer Base level MAC+CRAF+TAC
7 Winter Augment 50% MAC+ CRAF+TAC
8 Summer Augment 50% MAC+ CRAF+ TAC

Ficure 2. Typical Experimental Design Set

*John L. Overholt, “Factor Salection,” in Thomas H. Naylor, editor, op. cit., pp. 59-79.
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SIMULATION PROLUCTIVITY ESTIMATES 742

orly CRAF airframes compete with mission aircraft for resources; in the augmented case (1 level),
TAC (Tactical Air Command) activiiy is added to the MAC (Military Air Command) and CRAF traffic.
A The impact of the categories, or independent variables, on the dependent variable, either aircraft
’ utilization rate or productivity, was assessed by applying a standard analysis of variance technique.
Three factor analysis of variance with interactions shows the statistical significunce of the change in
resource level and the effect of factor interaction.

The statistical analysis of the 23 factorial experiment* is used to determine whether further
experimental analysis of a category is warranted. If a category is statistically significant, a second ex-
perimental design is then formulated to test that category again with other categories. Alternatively,
the category may be parsed into two or more less aggregated variables in order to discover the actual
variables that are contributing to the dependent variable. On the other hand, statistically insignificant
categories may be temporarily diopped from further analysis,

For instance, as it became obvious that the variabie A% Resources had a significant impent, it was
necessary to determine which particular resource types were the most important margina! coniributors,
Therefore Refueling and Maintenance were grouped in a separate categery as were Aircraft Acceplance
Rates and Parking Space. Tiiese two categories were then run in a subsequent design set with Weather
providing the third variable. If the experimenis demonstrated that a particular variable had no signifi-
cant effect, it was not included in future sets. The same procedure was used when it was determined
that enough information had boen gathered about a particular variable. For example, in the SEAsia
case Weather was a variable in 16 runs. In the last six runs (a total of 22 SEAsia encounters were run in
the experiments) only winter weather was used since it was deemed that enough information concerning
the marginal contribution of seasonal weather changes had been collected.

bz s
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SOUTHEAST ASIA ANALYSIS g
Twenty-two computer simulations were made with the SOAR model for the SEAsia case. In these é
runs, the objective was to quantify the impact on the airlift system of such variables as weather, base ﬂ '
resources, competing traffic, aircrews, and mission aircraft. The impact of changes in the levels of the '%
' variables was measured in terms of their cffect on utilization rates and productivity. Three different }\
tools of statistical analysis were smployed: three factor analysis of variancet was used primayily to {3“
. test the level of significance of the changes in the dependent variables caused by the factors and ’

interactions being evaluated; paired comparisons were used to identify the marginal contributions
of the variables; and regression analysis was used to examine the relationship of utilization rate to
productivity.
Figure 3 illustrates the independent variables which were changed during the 22 SEAsia runs.
In the first experiment, the three factors were Weather, Cargo-handling Resources and Other
Base Resources; for Weather, the base level was winter; the changed level was summer. For the

*23ax 8, the number of possible combinations of two levals for such of the three factors being tested. Each SOAR run v
equivalent to one observation in the 23 factorial experiment.

tThe use of three factor analysis of variance is an unconventional use of a familier statistical technique. Among staziai-
citns, there is & difference of opinion as 10 whether this technique is appropriate to the purpose to which it was applied. The
sdequacy of eight observations (SOAR runs) to test the three variables and their interactions is the point in question. The elght
observations provide & totel of seven degrees of frecdom. Of these, ona esch is used for each variable and interaction. The re-
maining onc degree of freedom is applied to experimental error which also includes the high order interaction. Many statisticians
would insist on more thar one degree of freedom for exparimental error, The point in question is the power of the test, the leve)
of confidence one may place in the resulis of the test,
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Run v, Vs Vs V, Vs Ve V:
1 0 0 0 0 0 0 0
2 1 0 0 0 0 0 ]
3 0 1 1 1 0 0 ]
4 1 i 1 1 0 0 0
5 0 0 1 1 0 0 0
6 1 0 i 1 ()} 0 0
7 0 1 0 0 0 0 0
8 1 1 0 0 0 0 0
9 0 0 1 0 0 0 0
10 i 0 1 0 0 0 0
1 0 0 0 1 0 0 0
12 1 0 0 i 0 ()} 0
13 0 0 0 0 1 0 0
14 1 0 8 0 1 0 0
15 9 1 1 1 1 0 0
16 1 1 1 1 1 0 0
1 0 0 0 0 1 0 -1
18 0 1 1 1 1 9 -1
19 0 0 0 0 1 1 0
20 0 1 ! 1 1 ] 0
21 0 0 0 0 1 1 -1
29 o 1 1 i 1 1 -1

Ficure 3. SEAsia Experiments

two other categories, the base level consi ted of those men, equipment, materiel, facilities, or capability
assigned to each airbase. In the changed case, the base level of resources was augmented at every
airbase by a constani percentage, usually 50 percent. The results .f the first experiment ere shown
in Figure 4 for the C~141 and C-5A,

The presence of the word “nene” in Figure 4 indicates that the factor or interaction was not
statistically significant and that any impact thought to ke associated with it most Hkely occurred by
chance. In fact, the level of significance indicates the probability that the effect beaing measured oc-
curred by chance. Thus, the smaller the number, the more confidant we can fz2l that the factor being
tested actually was associated with the impact that was reflected in utilization rates or productivity.
For example, looking at C~5A utilization rate, the 0.08 level of significance indicates a probabiiity of
8 percent that the impact occurred through random effects ard a 92 percent probability that it may
be attributed to weather. Furthermore, by consulting the Marginal Contribution chart, one sees that
the mean difference between summer and winter weather was 0,75 hours (45 min per aircraft day).
Other Base Resources also affected utilization rates; the effect was statisiically significant at the 0,05
level. Only Cargo-handling seemed to have no significant impact an C-5A rates, The C~5A rates
were also relatively sensitive to the interaction of the variables, although there was a good chance
that such an impact could have occurred through random sffects (25 to 57 nercens).

The C-141, on the other hand, was not sensitive to any changes in the factors or interactions.
With the single exception of the effect of weather on producivity, there is reason io believe the dif-
ferences which were registered actually occurred by chance.

In Experiment 1, Zargo-handling was shown to have a negligible impsct on both aircraft, Weather
and Other Base Resources, however, had an importan: effect on C-5A utilization rates and ¢ trong
indication for C-5A productivity. Therefore Weather was retested in Experiment 2, Qther Bage Re-
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Margina! contributions
C-141 C-5A
Utilization Ton-mile Utilization Ton-miie
rate (hours productivity rate (hours productivity
Category per das) per dey (000) per day) per day (000)
A, Weather....c.c.connvrvervinennivnnns 0.13 1.32 0.75 10.05
B. Cargo-handling Retources...... 0,12 0.42 0.04 -0.57
C. Other Resources.....oocceeiunen. 0.19 1.04 0.77 10.98
Levels of significance
c-u1 C-5A
Category te rate Produc.ivity Ute rate Productivity
A, IVeher. ovvcrnnntninieresesssssnteencanssiessrecene 0.75 0.50 0.08 0.25
B, Cazgo-hasding....ccocvecirinnnnnninnicriarcinies 0,75 None None None
C. Other Resources....coovenrvnnnnrncneninieseones 0.75 0.75 0.05 0.25
AB. Interaction.......cccccovrerieciineniceninnensnsenss 0.60 0.75 0.25 None
AC. Interaction.....coverrveereecisirsnrissnsnannnninie Nons None 0.37 0.75
BC. Interaction.......ccceveeinnreecneseoncscren crane 075 0.75 l 0.25 None
S - ——

F1wurg 4. Fxperiment ]

sources was subdivided into two more definizivc categories; (1) Refueling and Maintenasce, and
(2) Airfield Accepiznce Capability and Parking, The results of Experiment 2 are shown in Figure 5.

With the possible exception of Airfield Acceptance Capability and Parking, none of the categeries
in ¥=periment 2 were shown to be significant at a meaningful level. This evidence appeared to confirm
the indications of Experiment 1 that the levels of resources in the base case were too high for the level
of demand. As & result it was decided to stress the system by increasing demand.

In Experiment 3, Weather was tested once again. All Base Resources was the second variable
tested (it actually was the second test for this category since in Experiment 1, Cargo-handling Resources
and Other Base Resources add up te All Base Resources). The third category was Competing Aircraft.
In the base case, competing aircraft consisted of commercial carriers (CRAF) only. In the augmented
case, the deploying tactica! air forces (TAC) were add: to CRAF. Results appear in Figure 6.

Once more, the experiment illustrated the relative insensitivity of C~141 to changes in the operat-
ing environment. The increased competition for resources prol.zbiy had such a negligible effect that it
was entirely overcome by random effects which produced an increase in uulizatien rtes and pro-
ductivity for the C~141. The highest utilization rate for all 22 SCAR runs was recorded in this set;
tie C-141s averaged 15.19 hours in the Summer case having 2v;zmented resources and the fully aug
mented level of competing aircraft.

The greatest impact for the categories being tested were forad in C-5A productivity. All of the
factors and intersctions were determined to have a statistically sign.fi.ant impact at levels ranging from

0.005 to 0.19. The addition of competing aircrafi resulted in the 'vex of an average of 1.17 hours and
6,690 ton miles per aiveraft per day.
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Marginal contributions

C-141 C-54
Utilization Ton-mile Uiilization Ton-mile
rate (hours productivity rate (hours productivity
Category per dayj per day (000) per day) per doy (000)
A. Refuel/Mairasnance.............. -0.24 0.08 0.09 1.96
B. Weather. 0.08 0.85 0.12 7.38
C. Airfield/Par) anp....... serearrereen 0.29 1.81 0.53 8,
Levels of significance
C-141 C-5A
Category Ute rate Productivity Ute rate Productivity
A. Refuel/Maintenance.........oovvieiniiiininnnnsd 0.50 None None 0.75
B. Weathet...cooueenis eerrenens None 0.75 0.50 0.33
C. Airfield/Parking............. 0.50 040 0.40 0.25
AB. Interaction.......covunen. None None Mone None
AC. Interaction.......cccorerivercsionisinnessiinnnennns 0.50 None 0.75 0.73
BC. Interaction........ Cerernaeenens recsissessenennnend 0.75 None 0.75 0.40
FIGURE 5. Experiment 2
Muarginal contributions
C-14t C-5A
Utilization Ton-mite Utilization Ton-mil»
rate (hours productivity vate (hours productivity
Category per day) per day (000) per day) per day (N00)
A. Al Resources....covvniininne veenes 0.52 2.19 1.36 16.39
B. Weather....ooivivinviinniiniennnnns 0.12 1.26 i 0.56 141
C. Competing Aircraft............ | 0.28 1.37 l -1.17 -6.69
Levels of signipicance
(-141 C-5A
Category Ute rate Productivity Ute rate Peoductivity
A. All Resources...occvvvieniens vervniansisnaised 0.25 0.25 0.40 0,005
B. Weather...ooocvciviiinniimnnenaiened 0.75 0.50 0.75 0.05
C. Competing Alrcraft....c..ocvveinniniinnneenn, 0.50 0,50 0.50 0.10
AB. Interaction Nune None 0.50 0.10
AC. Interaction 0.50 0.50 0.75 0.05
BC. Interaction 0.50 ‘ 0.50 l None ! 0.05

FIGURE 6, Experiment 3
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SIMULATION PRODUCTIVITY ESTIMATES 747

In Experiment 4, Weather was dropped from further consideration because suffizient data had been
accumulated: it accourted for an average marginal increase in productivity for *C--5As" of 6,333 ton
miles per day and 1,771 ton miles per day for C-141s. In order to observe the system under maximum
stress, Mission Aircraft was evaluated as a variable. In the base case, the number of C~5As and
C-141s were 67 and 157, respectively; in the zugnented case, the C—5As were increased to 96 and the
C-141s to 224. The second category tested was All Base Resources. Flight Crews constituted the third
category. In the base case, 1,464 crews were used; in the changed case (decremeanted, this time) the
number was 1,246. The results of Experiment 4 are shown in Figure 7.

Marginal contributions

A e e oW

C-141 C-5A
Utilization Ton-naile Liilization Ton-mile
rate (hours productivity rate (hours productivity
Category per day) per day (v)0) per day) per day (000)
A, All Reaources.ueneerenionneens 0.87 3.70 2.20 23.64
B. Flight Crews.....ccocoreinnnnannnenn -0.16 ~-0.64 ~0.18 - 1.56
C. Mission Aircraft.......... e —-{.89 -39 -0.84 ~21.23
i
Levels of significance ’
c-141 C-5A :
i
{
Category Ut» rate Productivity Ute rate Productivity
Ao Al Resources....oooviveriiiieons veernrinnennnces 0.10 0.20 0.15 0.20 '
B. Flight Crews...covueueeverrerersrsseresns sevenes 0.50 075 0.75 None !
C. Mission Afreraft...cccoveeerienirecrevcrnnennnnes 0.15 0.20 030 0.20
AB. Interaction...ccccvnvinvniniiniiiinnnesieonirenenies 0.75 0.5 0.35 0.75
s AC. Interattionu., .. corver senrcerneneaniensonicsessnes None None None 0.50
BC. Interaction.......coveeveirverrervsnceneanssvanearns 0.50 None None None

FiGure 7. Experiment 4

As expected, the increased demand generated by the additional mission aircraft caused the
category “All Base Resources” to register a more impressive impact. It was statistically significant at
levels ranging from 0.10 to 0.20. Changes in the levels of “All Base Rescurces’ accounted for a variation
of 2.20 hours and 23,640 ton miles per day for each C~5A. Even the relatively insensitive C~141
veried an aversge of 0.87 hours and 3,700 ton miles per day in response to changes in “All
Base Resources.”

The addition of more mission aircraft caused a decline in utilization rates and productivity per air-
craf* 'This is a further illustration of the effect of queucing hrought on by increased competition, It is
also an indication that airlift forces productivity is not directly proportional to the number of aircraft
appiod. That is: the productivity of one C~141 may be 60,000 ton miles per day, but the productivity of
104} C—-141s 18 probably leas than 6 million ton miles (i.e., 100 X 6,000).
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748 R. L. NOLAN AND R. MASTROBERTI

EUROPE/AFRICA ANALYSIS

Twenty computer simulations were made with the SOAR model for the simultaneous deployments
to Europe and Africa. Because these runs were made safter the SEAsia runs had been completed, they
were designed with the benefit of more experience with the computer model and a better understanding
of system behavior. Thus, it was possible initially to focus these experiments on specific resources.
In addition, after the first design set, augmentation was limited to those resources or capabilities which
could reason..ly be expected to be dramatically improved. In the dua! deployment, 15 C~5A and 105
C-141 aircraft were aliocated to the African deployment; the remaining 52 C~5As and 42 C-141s
were assigned to European requirements, Figure 8, a summary chart of the 20 SOAR encounters, shows
the variables tested in the Europe/Africa runs.

Run 14 V: Vs V. Vs Ve Vy
1 0 0 0 0 0 0 ¢
2 1 0 0 0 0 0 0
3 0 1 1 1 1 1 0
4 1 1 1 1 1 1 0
5 0 0 0 0 0 0 1
6 1 0 0 0 0 0 1
? 0 1 1 1 1 1 1
8 1 1 1 1 1 i 1
9 0 1 1 0 0 ¢ 0

10 1 1 1 0 0 0 0
1 0 -0 0 9 1 0 0
12 1 0 ¢ [ 1 0 0
13 0 1 1 0 1 0 0
1% 1 1 1 0 1 0 )
15 0 0 0 1 0 0 0
16 0 e 0 0 0 0 0
17 0 1 0 1 0 0 1]
18 G 0 i G () 0 0
19 0 0 ] 1 0 0 0
20 0 1 1 1 0 0 0

V1: Weether; 0 = Winter, 1 = Summer.

¥s: Refueling; 0= Bage love!, 1 == gugmented lavel.

¥3: Maintenaace; 0 = Baso Jovel, 1 = gugmented level,

¥i: Cargo-Handling; 0 = Base level, 1 = sugmented lavel.
Vs: Parking; 0w Baze level, 1 = augmented lovel,

¥s: Other Resources; 0 » Bese lovel, 1 m sugmented level,
Vy: Flight Crews; 0 = 963 crews, 1 w 1187 crews.

Ficune 8. Europe/Africa Case

As before, eight SOAR encounters were used to provide the chservations for the 23 factorial design
sets. Three experimonts were executed, In Experimnent 1, the variables tested were: Weather, Flight
Crews, and All Aithase Resources. Once again, the bese Wezther level consisted of winter wind fectors
and girfield observations; summer provided the changed level. For Flight Crews, the poogrammed
4.42 crew ratio was used for the base level; the changed (augmented level) was a 542 crew ratio, For
the base level for Ali Airbase Resources, the study group’s best estimate of men, equipment, materiel,
and capability available at the system’s airbases was used. For the augmented level, these rescurces

—a—

22




749

were increased system-wide by a flat percentage, usually aporoaching 50. The results of Experiment 1
are shown in Figure 9,

SIMULATION PRODUCTIVITY ESTIMATES

Marginal contributions
Cc-16 C-5A
Utilization Ton-mile Utilization Ton-mile
rate (hours productivity rate (hours productivity
Category per day) per day (000) per day) per day (000)
A, Crewnoviiivinniannnennnens crsnerennes ¢.01 -0.25 - 030 —-0.31
B. Weather...ccoviveninnsnnnenieneenens -0.01 0.59 -0.15 -11
. C. All Aitbase Resources........... 3.27 13.49 3.59 48.69
Levels of significance
C-141 C-5A
Category Ute rate Productivity Ute rate Productivity
A, Crews. i vnnniiinninmimssenisinssansies None None 0.10 None
B. Weather.......ccinnnninnivnnseessirsnssnes PN None 0.75 0.20 None
C. Al Airhase Resources........cvnvveeeeisns 0.05 0.05 0.005 0.03
AB, Interaction.ccooseiiicisinninisniineniinesied None None 0.05 0.50
AC, Interaction....coerereecrnninnnnnniansoressonisens 0.75 None 0.10 None
BC. Interaction....crecerscssnrcssssssnssssnassseses 0.75 None 0.05 None

Ficuas 9. Experiment 1

The results of the paired data tests used to cumpute marginal analysis indicate that seasonal
changes in weather had little effect on utilization rates, Since one might anticipate a significant effect
from weather in northern Europe, the suspicion arises that the weather enroute to Africa somehow
dampened or washed out the effacts of European weather. This hypothesis was supported by a separate
analysis of weather effects by geographical area.

The negative effects of the addition of one extra flight crew per aircraft may be attributed to random
effects. Apparently the base level crew ratio wso sufficient to support airiift activity at the levels
tested; the additional crews were neither required nor used. Therefore, the net effect was that of
additional runs of the base cases with random 2ffects providing a negligible variation in results. Augmen-
tation of All Airbase Resources resulted in a dramatic increase in both utilization rates and productivity.
The impact was significant at levels ranging from 0.05 to 0.005. The important increases resulting from
the asgmentation of All Base Resources indicated that a more detailed examination of this aggregated
category might be productive. Accordingly Experiment 2 was designed to test at two levels the follow-
ing varigbles: Base Parking Space, Refueling and Maintenance (comhined), and Weather., ANl other
variables were set at base levels, Results of Experiment 2 appear in Figure 10.

The evidence shown in Marginal Contributions for Experiment 2 reinforces the indications from
Experiment 1. The important contribution made by All Airbase Resources in Experiment 1 is essen-
tially duplicated by the combined contribution of Refueling/Maintenance and Parking. The aggregate
category, Refueling/Maintenance, is shown to be an important marginel contributor; the average differ-
ence between the bass level productivities and the augmented level of productivities is shown to be
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75C R. L. NOLAN AND R. MASTROBERTI
Marginal contributions
C-141 C-5A
Utilization Ton-mile Utilization Ton-mile
rate (hours productivity rate (hours productivity
Category per day) per day (000) per day) per day (000)
A. Refuel/Maintenance......c.ooved 2.88 1159 273 33.98
B. Weather.....coueimnnnnniicssniinnes 0.05 0.49 0.17 1.61
C. Parking..ooveeveereicisneiisasensanes 0.17 1.4 0.62 7.87
Levels of significance
c-141 C-5A
Category Ute rate Productivity Ute rate Productivity
A. Refuel/Maintensnce.... .veeerereen 0.08 0.05 0.08 0.10
B. Weather...ocooeiriesnne costrrsssansisserissnssases 0.50 0.75 0.75 0.75
C. Parking.......cereerersrennnasrssinsirssssssseseses . 0.75 0.25 0.25 0.3%
AB. Interaction..cceirceerninsenses reerraenenireens . 6.60 None 0.50 0.60
AC. Interaction.....cuveeecassnnrcassnnns 0.50 0.28 0.75 0.75
BC. Interzction......... resernrerases FPTOTOTN l None 0.75 0.7% 0.7
Ficune 10. Experiment 2
Marginal contributions
c-141 C-5A
Utilization Ton-mile Utilization Ton-mile
rate (hours productivity rate (hotirs productivity
Category per day) per day (000) per day) per day (000)
A, Refueling....... eesrens TN 2.59 10.66 242 29.64
B. Cargo-hendling..c.ovrcesannens 0.06 0.61 0.06 0.00
C. Maintenance...oovninneninns . ) -0.03 - 021 -023 -~ 8.80
Levels of significance
C-141 C-5A
Category Ute rate Productivity Ute rate Productivity
KA. Refueling....covneerneerininennnnns . 0.023 0.01 0.05 002
B. Cargo-handiing..iosrvereeniemnmincecmcanienen 040 0.20 075 Hone
C. Haintonaics. v None 058 0.40 0.50
AB. Internctlof.ccmseeiernicierseniecnersrensinesane 040 0.20 0.90 None
AC, Intersction.e..ie s vevrisvnsscesnenssentans 0.28 ¢.10 .15 0.75
BC. Interan iumaieninieeinniononsioen R 0.75 0.35 75 0.1

FicuRe 11, Experimesnt 3
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11,590 ton miles per aircraft day and 33,880 ton miles for the C-141 and C=5A, respectively. The impact
of this change is statistically significant at levels ranging from 0.16 to 0.05. The marginal contribution
of additional parking space is slight, indicating that the amount of parking presently available would
not be a serious constraint on utilization rates ranging from 8.88 hours to 13.46 hours.

Once again Weather was found to be a negligible factor. Therefore, Weather was not tested in
the third and last experiment. Because of its slight impact, Parking was also dropped from further
consideration. But Refueling and Maintenance were separated with each providing one variable in
Experiment 3. The third variable was Cargo-hendling. The results of the third ©xperiment appear in
Figure 11.

In Experiment 3, all experiments were run with winter weather. With the exception of those varia-
bles being tested, all resources and capabilities wére held toathe:bnsgfic'vels. The results indicate that
Refueling capability is the key variable.in the Europe/Africa depolyment. Experiment 1 identified the
important and significant contribution played by All Airbase Resources. In Experiment 2, the identity
of the critical resource was narrowed down to the aggregate category Refueling and Maintenance.
In Experiment 3, it was revealed that Refueling was the single most constraining factor in the system,
The next logical step in the analytical process would be to identify those key bases in the network at
which refueling is & serious problem. It could well be that the addition of a dozen or so refueling trucks,
relatively easy to deploy, could eliminate the choke point and make possible significant increases in
airlift affectiveness. Also, a change in the number or scheme for recuvery bases may alleviate the
problem,

CONCLUSION

The simulation findings were instrumental in arriving at the joint OSD/Air Force determination
that while some increase in aircraft utilization rates could be achieved by improvements in system
support resources, it would not be feasible to operate the airlift force at the proposed utilization rate
during & wartime deployment. The simulation was especially valuable in identifying constraints in the
system and in estimating the kinds and levels of resource augmentation required to relieve the
constraints,

In addition ¢o the analysis of the effect of individual resources, an examination of several relation.
ships commonly assumed to exist between measures of airlift effectiveness and certain system variables
was conducted. Two of the most interesting findings concerned the assumptions of direct proportion-
ality be:ween productivity and utilization rate and between productivity and numbers of sircraft,

Productivity is generally recognized as the key measure of effectiveness because of its obvious,
direct impact on mission accomplishment. The relationship between productivity and utilization
rates (an interim, easily quantifiable measure), has long been assumed to be one of direct proportion-
ality. Regression analysis was employed to determine the relationship between the two variables,
The relationship was shown to be linear wi**.n the range of the values tested. The assumption of
direct proportionality, however, was shown, by the presence of a constant, to be an incorrect one,
The size and sign of the coustant wers, in turn, found te be a function of aircraft type and deploy-
ment area. The regression equations suggest the existence of an appropriate predictive expresaion
for each aircraft type and specific contingency ar+a. The development and use by contingency planners
of a family of predictive equations would result in more accurate estimates of productivity, closure
dates, and airframe requirements.
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Direct proportionality has also bezn assumed between the productivity of an airlift force and the
nr mbers of aircraft in that force. Thus, if the daily productivity of one C-141 is 54 kiloton miles,
then the productivity of 10 is 540 kiloton miles and the productivity of 100 is 5,400 kiloton miles. The
assumptions underlying such cziculations are that marginal increases per aircraft are uniform regard-
less of the size of the airlift force. As expected, this assumption has been found to be incorrect. As
aircraft are added to the base programmed level, total prodictivity-rises, but per airc?‘iftfirbdﬁélivity
declines. The important point here is the provision of a method to quantify an alternative assumption
to the direct proportionality assumption.

With the capability to cope with extremely complex aspects of dynamic systems that are clearly
be;yond the capability of most mathematical models, simulation has been demonstrated to be a valuable
technique for airlift systzm analysis; The key to eontreliing a large simulation analysis, such as the
SOAR analysis, resides in a carefully constructed experimental design which provides information
in a structured manner and which, at the same time, permits the flexibility for the analyst and decision-
maker to test new hypotheses developed from additional information that comes available during the
analysis, A useful technique developed for thi . analysis is to design expefiment sets for a finite number

of factors. Initial analysis begins with nggregated sets of factors, and information ga‘ned from experi-
ment execution is used to parse sets and ultimately identify major explanatory independent variables.
Moving from aggregate to the individidd variables also permits overlap of computer runs for experi-
ments. Thus, the technique facilitates obtaining the maximum information from the minimum number

of computer runs.
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