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CHAPTER I

INTRODUCTION

Purpose

The purpose of this study is to pain insight into the use of air
power in the interdiction campaign in southern Laos. It does not address

the relative worth of the conflict in Southeast Asia or the air interdic-

tion campaigns in particular. U.S. Armed Forces were deployed by political

uecree to Southeast Asia, and given this circumstance, a primarv mission
of military leauers was to conduct the assigned operations as efficientlv
as possible. 1In a sense they faced the traditional economic problem

of wmaxiwizing output for a given budget level, or conversely, minimizing
the cost of a given level of output.

This report presents an economic analysis of the allocation of air
resources in the Steel Tiger operating area of southern Laos for the
period 10 October 1970 to 30 June 1971, a period wnhich incorporates the
CummJ;Jo Lunt V campaign. The campaign was officiallv caonducted between
10 vctober 1970 anu 30 April 1971. Since enemy activitv did not cease
on 30 Apxil and normally continued well into the wet season, data from
the months of liay and June were included both to enlarge the data base
and to provide a more complete coverage.

Vetailed descriptions of the Steel Tiger interdiction campaigns can

Y

] . 2 . B g
be tound in threc reports, Commando hLunt I,” Commando iwunt IIIL, and

Ccommando _uunt V,A prepared by the Directorate of Tactical analysis,
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Headquarters Seventh Air Force. Material in these reports provided the
background upon which this analysis is based.
The primary objective of the Commando Hunt interdiction campaigns
was to "reduce the flow of personnel and materiel into the Kepublic

nh

of Vietnam and Cambodia to the lowest possible level. The secondary

objective was to "make the enemy pay an increasingly greater cost for his

efforts to dominate Southeast Asia."4

The second objective essentially
reinforced the primary objective. The amount of supplies destroyed along
the trail network in southern Laos added to enemy costs and resulted

in fewer supplies available to enemy forces in South Vietnam and Cambodia.

There can be no quest? though, that the essential mission of inter-
diction forces wa » the amount of supplies, either by destruction
or through forces ogistics expenditure, to a level below that at

which a sustained enemy offensive in the south could be maintained. This
study therefore takes the reduction of enemy supplies reaching the borders
of South Vietnam and Cambodia as the basis from which to measure the
effectiveness of air power in the interdiction role.

The study outline is predicated on the basic elements of an economic
analysis. These elements are (1) Objective, (2) Alternatives, (3)
Costs, (4) Model, and (5) Criterion. Chapter I defines the objective
variable and the alternatives or basic air resources that influence the
objective. Chapter II discusses the variable cost of applying these
resources with cost factors derived from Southeast Asia experience.
Chapter III gives a description of the estimated interdiction model,

which relates tne strike resources to the objective. Then the

criterion of attaining the desired objective at minimum cost is applied

. wwor
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in Chapter IV to determine optimal allocations of air resources. The

final chapter outlines the primary factors underiying the increase in tacticel

air etfectiveness over the previous campaign, and the appendices provide
additional information on the methodology and statistics used in the body

of the text.
Objective Variable

The quantitative measure of supplies reaching the borders of South
Vietnam and Cambodia is "throughput." Throughput was calculated by intel-
ligence analysts who combined the number of southbound sensor-uetected
truck movements, aircraft visual truck observations, and road and river
watch team observations along the Lao exit routes. Duplicate counts were
eliminated to obtain an estimate of the actual truckloads of southbound
supplies that exited the system.

To determine whether a reduction of supplies took place in
Laos, throughput must be considered relative to some base figure, or
measure of what the enemy put into the system. This measure is an esti-
mate of truckloads of input from North Vietnam, The number of trucks
entering Laos through the passes from North Vietnam was calculated in the
same manner as throughput. To this figure was added an estimate of equiv-
alent truckloads of supplies that also enter Laos through the pipelines
and via Waterway TJ west of the DMZ. Input through these sources, how-
ever, was fairly insignificant, comprising only 4.4 percent of the total
estimated input during Commando Hunt V., Total input is an independent
estimate and is in no way predicated on the amount of throughput
calculated during any time period.

It would appear that a reasonable measure of the impact of inter-

diction forces on the enemy logistics system, whether it be through the
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destruction of enemy supplies or his expenditure of resources to maintain
and defend the system, would be the difference between input and through-
put lagged by some appropriate period to account for the length of time
supplies were in transit. The lagged structure of this system becomes
important, then, not because one needs to pinpoint exact transit times,
but because we must determine a reasonable time over which the
supplies that exit the system during any time period were subject
to air attack.

One method of-doaling with this problem is to determine wnether high
enemy activity on the throughput routes during any week, t, corresponds
to high activity on the input routes during the previous weeks. 7To examine
this effect, the correlations between throughput during week t and input 5
during previous wecks were analyzed for the campaign under investigation !

" as well as for an equivalent period during the previous dry scason campaign

which incorporated Commando iiunt III. Table 1 contains the cawpaign

correlations for the previous campaign.,

i
TABLE 1
i
]

WEEKLY CORRELATIONS BETWEEN THROUGHPUT AND INPUT I
November 1969-June 1970 ;

1P IP IP IP IP

t t-1 t=-2 t-3 L

t-k t=5

TP .72 .68 «Th 8l .76 .58

The high correlation between throughput during week t and input
during week t-3 indicates that the predominant transit time during that !

campaign was three weeks. This does not mean that an exact three-week




5
transit time was maintained throughout the campaign--certainly there was
some variation about this figure. The area analysis described in
Appendix A provides some insight into this variation and supports
the view that the primary travel time was three weeks.

Table 2 presents the same correlations for the period October 1970
through June 1971 with lags up to ten weeks. The highest correlatior is
between throughput during week t and input during week t-6. In general,
however, the correlations are weaker than those of the previous campaign
with the indicatioﬁ that trancit time may have been extended up to eight
weeks at times, probably sometime during the Lam Son 719 ground incursion

into Laos. The area analysis of Appendix A also supports these estimates.

TABLE 2

WEEKLY CORRELATIONS BETWEEN THROUGHPUT AND INPUT
October 1970-June 1971

1P IP IP P IP:

t t=-1 t=2 t-3 t-4 t=5

TPt .38 A2 56 5T .54 .63
Pit o1 P8 Pig P10

TPt <10 v 5 .64 .5k .50

The fact that the cbrrelations of Table 2 are weaker than those of
Table 1 and that the higher correlations are found at longer time iags
suggests that the enemy was less able to maintain a definite logistics
plan during the later campaign. As no other factors appear to have in-
fluenced the increased lag time, it seems that the initiative rested more
with U.S. forces during the Commando Hunt V period.

This weekly correlation analysis between throughput and input indicates

g




6
that six weeks would be the most reasonable single time frame for use in
evaluating the effect of air strikes on enemy supplies in transit. But

because it is impossible to precisely measure when a truckload of supplies

put into the system actually exited the system, we used a three-week average

for input and throughput at each end of the six-week period. Figure 1 °
illustrates the construction of the objective variable.

Input in truckloads for the weeks t-T, t-6, ana t-5 was averaged
to provide an average input centered at week t-6. Throughput for weeks
t-1, t, and t+l was'also averaged to calculate an average throughput

centered at week t. This throughput is tuen subtracted from the input

to form the objective variable which we call "the reduction in throughput."

As can be seen in Figure 1, the moving average ccastruction accounts for
possible transit times of from four to eight weeks.

Figure 2 presents the profile of the objective variable over the
campaign under investigation. Each point on the lower curve gives the
difference betwecen average input centered at week t-6 and average through-
put centered at week t. The horizontal axis denotes the week of through-
put. For reference, input at week t-6 is plotted on the upper curve.

The difference between the curves is throughput at week t--the input that
successfully transited the system during the time frame used in the study.
The weekly average input and throughput for the campaign were 512 and 76
truckloads respectively, resulting in an average reduction of 436 truck=-

loads.

Relative to the size of input, we desire the reduction in throughput to

be as large as possible, for its value is an absolute measure of the

impact of interdiction. Assuming the creation of no permanent stockpiles

£ ol ]
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within the system, the difference between input and throughput can be
attributed to interdiction forces, both air and ground. Some of the
supplies put into the systgm did not exit the system during a reasonable
time period. In this study, it matters not whether the volume of supplies
vas destroyed or expended in the maintenance and defense of the system.

In either case, these supplies were not available to support enemy

offensives in the south.

We therefore suggest that the objective variable described above is
an appropriate measure with which to evaluate the effectiveness of air
resources employed in the interdiction role. For any given input, it
provides a quantitative measure of the reduction in supplies effected
within the enemy's 1ogi§;ic system--the primary mission of the inter-
diction campaign.

It is interesting to note that the correlation coefficient between
the objective variable and the estimated tonnage destroyed by air (bomb
damage assessment,or BDA) is .87. BDA was estimated by intelligence
analysts who applied standard tonnage factors to trucks reported!destroyed
and damaged and to secondary fires and explosives not associated with
truck kills. Even more highly correlated with the objective variable is
the number of trucks reported as destroyed or damaged which has & value of
«.93. This latter correlation adds support to the creditability of reported
truck kills and suggests that if there is a soft element in the BDA

.
formula, it lieg more with secondaries than truck kills. The strong

relationship between trucks reported destroyed or damaged and a reduction

in throughput is discussed in the final chapter.

-
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Alternatives
We now describe the alternates available to the air commander
which were employed to attain the objective. These alternatives i
consist of different possible combinations of sorties flown against the :
enemy's logistic system. Of primary interest are the strike sorties that
deliver ordnance because they comprised 86 percent of the total variable
cost of the interdiction campaign. The investigation therefore concen-

trates on the sorties listed by major aircraft type and target category

in Table 3.
TABLE 3
STRIKE SORTIE VARIABLES !
Aircraft Target i
Type Category Day Night
Gunship Trucks il 65
(AC-130, AC-119K)
Fighter and Attack Trucks 93 234
(F-4, F-100, A-1, A=k, Storage Areas 227 89
A-6, A-T, B-57G) Lines of Communication L8T 208
Enemy Defenses 59 131
Close Air Support 277 ) !
1123 T50 |
Arc Light Storage Areas 35 26
(B-52) Lines of Communication Ly 66
Close Air Support 2L 25 :
103 117 ’

These data were extracted on a weekly basis from the Southeast Asia
Data Base which classifies sorties by the first target type they struck.
During the course of a mission,some sorties did strike other targets, but,

in general, most expended the ordnance on the same target type. This
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classification scheme is consistent with that of the Commando liunt reports

and is continued in this study. To conform with the lagged structure
described in the previous section and the assumption that six weeks was
a reasonable period over which air strikes might affect a volume of
supplies in transit, weekly averages from week t-6 through week t
(see Figure 1) were calculated for each sortie type for use as the primary
input or explanatory variables in the model described in Chapter III.

One additional explanatory variable that influenced the volume
of throughput, but was not under full control of the air commander,
is the enemy's intent to push a volume of supplies through during a
particular time period. Since actual intent is unknown, some quantifiable
proxy variable should be selected to approximate this effect. The variable
most highly related to throughput is the number of southbound sensor-
detected truck movements. If the enemy was very intent on increasing
throughput during a particular period, we witnessed a greater number of
southbound truck movements during that and the preceding time period.
Southbound sensor-detected truck movements are therefore used as a
normalizing influence to improve the statistical properties of the inter- '
diction model described later in the study. A moving weekly average,

identical to that used for sorties, was constructed for this purpose.

e ~ o s T e e e
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CHAPTER II
COST FACTORS

Method~ ™ >gy

When determining how to conduc. . :tical air operations in the
most efficient manner, only the varia.le costs are relevant. The analysis
should be limited to evaluating the utilization of those resources con-
sumed in the actual performance of the mission. Costs that cannot be
directly related té the operation or to any particular wcapons system
should be omitted. These costs are generally defined as fixed costs
because they do not vary with the level of combat activity and they
are not a direct consequence of flying the mission. Even so, the identi-
fication of appropriate wartime variable costs is no simple matter.
(For a detailed discussion of these identification problems, see RAND

Document D-20029-PR, Some Methodological Problems of Wartime Costinga.)

The primary operational data used for computing costs in this study

were extracted from the Commando Hunt VA report and the Southeast Asia

Data Base. Other references and sources included Air Force Manual 172-3,

Cost and Planning Factors;l USAF Nonnuclear Consumables, Volume II;10

USAF Management Summarx;9 RAND Memorandum RM-~6238-PR, Recce-Strike Systems

for Attacking»Moving;Trucks;7 and the Seventh Air Force Budget. All of

these sources were used to cross-check the final cost information that

was assembled.
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Listed below are the main cost factors used to derive the variable
sortie costs used in this study:

Combat Aircraft Attrition Cost
Combat Aircrew Attrition Cost
Munitions Cost
Variable Operating Cost
Fuel and 0il
Depot Maintenance
Base Maintenance
Replenishment Spares

The list is certainly not complete, but it does contain the major expense

items that constitute the cost of flying a sortie in a combat environment.,

Combat Aircraft Attrition

An important and unique cost in this analysis was the loss of an
aircraft under combat conditions. Between 10 October 1970 and 30 June
1971, twenty-nine fixed-wing aircraft were lost in combat over southern
Laos. This does not include operational losses because these losses
would also be cxperienced in a peacetime environment.

Assigning costs to combat losses, however, is a difficult task since
these costs depend on the aircraft replacement policy prevailing at
the time of loss. A weapons system is procured to obtain combat capabil-
ity, and if an aircraft is lost, capability is reduced. This capa-
bility degradation is difficult to translate into dollars, but a
measure of this cost is the cost of the replacement aircraft. Even though
the attrited aircraft may be scheduled for retirement in the near

future, there is a loss resulting from a reduction in capability of

i,
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the inactive inventory. This loss must be added to the immediate reduction
in the present capability to carry out the tactical operation,

The analyst faces several options. If the aircraft is not replaced,
the replacement cost is zero. If the aircraft is replaced one-for-one
with an identical aircraft (including later model aircraft) procured as
8 consequence of the combat loss, the cost of attrition is the replacement
flyaway cost. A final option is to replace the lost aircraft with a new
type aircraft. If this is done, a prorated share of the non-recurring
costs (i.e., initial spares, AGE, and initial training) should be added
to the aircraft flyaway cost. Since no definite information was available
on replacement policies for aircraft lost in Southeast Asia, the cost of
an identical aircraft was used unless a newer model was being procured.

In this case the cost of the new model was used in lieu of the cost of
the earlier airframe no longer in production. The cumulative average
unit costs specified in AFM 172-3 were attached as the cost of most
aircraft. Several aircraft costs, such as that for the AC-130 and the
B-57G, were estimated from RAND sources listing the costs of the
like-configured models or from Air Force sources listing the total costs
of the modification programs.

To compute the aircraft attrition rate per sortie, the total number
of each type aircraft lost during the campaign was divided by the total
number of sorties. As an example, five F-Us were lost in combat on strike
missions. Dividing 5 by 28,437 (total F-k strike sorties flown) gave an
attrition rate of .000175, or about .18 per 1000 sorties. Multiplying
this attrition rate by the F-LE procurement Fiscal Year 1972 cost of 3.6

million dollars gave an F-L attrition cost per strike sortie of $630.




Attrition costs for all sorties were calculated in the same manner end

are included in Table E-2, Appendix E.

Combat Aircrew Attrition

The rationale for including the cost of training new crews to replace
those lost is similar to the combat capability argument made above; that
is, unless replaced, combat-lost aircrews constitute a loss of capabil-
ity and the appropriate cost is the cost to replace that capability.

During the campaign, approximately 41 percent of the total number
s of crew members shot down were not recovered. Detailed data were avail-
able on the crew status of nearly every combat aircraft loss, and this
data facilitated the computation of exact crew attrition rates for each

aircraft type and mission flown. For example, the F-4 aircraft strike

crew attrition rate was ,000070 since only two crews were not recovered

i from the five strike F-4s lost during the campaign. Aircrew attrition
rates are also included in Table E-2, Appendix E.
While the cost of human lives from aircrew attrition is hardly
measurable in monetary terms, an associated quantifiable cost consists of !

death benefits for those lost plus the training cost for replacements.

RAND analysts have estimated death benefits and the average replacement
training cost to be $250,000 for officerss. This factor was derived by
using an estimate for death benefits of $20,000 per man added to a weighted
average of the costs of various pilot training programs outlined in AFM
172-3. ©Since the costs are likely to be similar for all services, this
same factor was used for Navy and Marine officers. An estimated cost of
$50,000 was calculated for enlisted crew members lost in transport and

helicopter aircraft to cover death benefits and flight engineer training '

' — — I —— "“'*‘”"g.—.;mm-—-———m—-k‘




16

costs; however, no enlisted crew members were lost in this campaign.

Munitions Cost

The cost of the ordnance expended during the campaign comprised the
major portion of the total variable cost of the operation. The cost of
this ordnance included both the purchese price and the cost of transpor-
tation to Southeast Asia.

The procedure used to compute total ordnance cost relied upon a
number of cross-checks to verify the validity of the approach taken.
Individual ordnance expended by aircraft type and base during the campaign
was obtained from the Southeast Asia Data Base. Each item was assigned
a cost to arrive at the total cost of ordnance expended. This total cost
was then divided by the number of sorties flown by each strike aircraft
to calculate an average ordnance cost per sortie.

A check was made of these statistical averages by tasking the
Directorate of Combat Operations, Headquarters, Seventh Air Force, to
specify the typical ordnance load delivered by each of the strike aircraft.

The PACAF Airmunition Planning and Program Guideb was helpful in cross-

checking these typical ordnance loads. The loads were then given a dollar
value and compared to the statistical averages cited above. The resulting
cost factors showed variations of no more than a few percentage points.
These factors did not include the cost of transporting ordnance to
Southeast Asia. RAND analysts have estimated the transportation cost to
be $200 to $LOO per ton, while the Office of the Assistant Chief of Staff,
Studies and Analysis, recommended a value of $100 per bomb. Because the
data were in numbers of bombs expended rather than in tons, the latter

figure was selected. Based on the amount of ordnance expended and the

i
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total number of strike sorties flown, $860 was added to the cost of each
strike sortie to cover the transportation cost of the ordnance. The Arc
Light missions were costed separately to cover the 590,846 bombs the B-52s !
dropped during the period. The average ordnance cost per sortie for all

strike aircraft are listed in Table E-1, Appendix E.

Variable Operating Costs

Variable operating costs normally are compcsed of costs associated

with the day-to-day operation of the mission. The USAF Management Summary

defines and specifies these cost factors which include fuel and oil,

depot maintenance, base maintenance, and replenishment spare costs extracted

from AFM 172-3. However, these peacetime operating costs are not always i
appropriate for a combat environment. Therefore, additional research

into the variable cost factors was necessary to derive valid estimates

for use in this study. In general, the figures used were taken directly

from tables in AFM 172-3; however, based on actual flying hours, the POL

figures were increased to reflect the cost experience in Southeast Asia.

The specific costs used in this study are presented in Table E-3, Appendix J
E. Several special aircraft, such as the B-57G and the AC-130 had operat-

ing costs that were estimated from various other sources (see footnote to

Table E-3, Appendix E). A sortie cost was calculated by multiplying the

cost per flying hour by the average sortie time flown by each aircraft

type. The variable operating cost per sortie was then added to the

attrition and ordnance costs to arrive at the total variable cost per

sortie listed in Teble E-1, Appendix E.
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Variable Cost of the Interdiction Campaign

The cost discussion above outlined a number of theoretical and
practical problems associated with identifying the estimated variable
cost of a combat operation. These problems imply that a wide range of
alternative assumptions had to be considered. liowever, the choices
made in this study suggest that the approximate variable cost of
nearly 9 months of interdiction operations was $1,081 million or about
$4.1 million a day. These costs are summarized by mission type in

Table 4 and appear reasonable when compared to those of other studies
covering interdiction campaigns.

TABLE L

TOTAL VARIABLE COST OF THE INTERDICTION CAMPAIGN
(10 October 1970-30 June 1971)

el Average Total Variable Cost
Mission Tokal Sceruien Cost/Sortie (Millions)
All Fighter/Attack
Fighter/Attack 60,900 $ 8,750 $532.9
B-57G 1,600 15,600 25.0
62,500 6,900 5579
Gunship Team
Gunships 3,000 11,500 3h.4
F-U4 Escorts 6,300 13,600 8540
9,300 52,300 119.4
Arc Light 1,800 3eh500 253.3
Total Strike 79,600 930.6 ( 86%)
Total Support hgezoo 3,100 ~150.5 ( 14%)
Campaign Total 128.800 $1,081.1 (100%)
Sorties/Day 490 Cost/Day $h.1

The average cost per sortie for fighter and attack aircraft of $8,900

is an average,weighted by the number of sorties flown by all fighter and
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attack aircraft, including the B-5T7, during the campaign. It does not
include the F-U4 aircraft that escorted gunships since these aircrafi were

considered an integral part of the gunship team, another weapons system

category. The gunship sortie cost was also an average,weighted by the

number of sorties flown by the AC-130 and AC-119K aircraft. The cost of

the F-4 escort sortie was higher than the fighter and attack aircraft

average because the F-4 is a more expensive aircraft to operate and

carried a large ordnance load consisting primarily of high-cost flak

suppression munitions. Also,two escorts were shot down during the campaign,
doubling the attrition cost per sortie over that of other F-L4 strike

missions. The total variable cost of the gunship sortie with its three

escorts was therefore estimated to be $52,300. The cost of an Arc Light ‘
(B-52) sortie was estimated to be $32,500. If a prorated share of its _ [
protective package, which consisted of an ELINT (B-¢6) with fighter and
attack Ironhand and MIGCAPS, were included, the total variable cost of an
Arc Light sortie would be $3L4,200.

It is interesting to note that over 06 percent of the total cost of
the campaign was incurred by the strike aircraft. Approximately 80 percent
of this amount can be attributed to ordnance and attrition costs, costs
unique to the combat operation. If cost reductions are desired, it
appears that the most lucrative area for research are the costs of the =
strike aircratt. Therctore, the economic analysis that follows concen=-

trates on this sepment of the operation.




CHAPTER III

THE INTERDICTION MODEL

Estimation of the Model

At the heart of an economic analysis is a model. The model describes
how inputs can be combined to produce the output or objective. Numerous
specifications were tested,and the one that provided the most significant
and realistic results was the modified version of the Cobb-Douglas

production function given below:

2B B B
¥=H670%, 55.

The output,or objlective variable in this context,is the difference

B B
2 X3 3 Xh L X

in truckloads between input at week t-6 (Ipt-6) and throughput at week t {
(TPt) described in Chapter I. The explanatory or input variables, the

Xs, with the exception of X_, are the sorties by target type that contrib-

5

uted to the reduction in throughput. XS is southbound sensor-detected

truck movements used to proxy the enemy intent. The Bs are the

parameters of the model that are estimated by the technique of regression
analysis.

The model is an exponential or multiplicate model which incorporates
the interaction between the various sortie types and eneny intent to
produce the desired output. In this sense it appears more intuitively
realistic than a straight linear model which implies that the contribution
of the various inputs are independent and additive. ‘This judgment was
validated when the parameters of a linear additive model were found to be
statistically insignificant.

To estimate the values of the parameters, Bs, it is necessary to
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transform the model so that the parameters become linear functions of
the dependent variable, Y. This is easily accomplished by using the
natural logarithmic (Ln) form of the equation:

= + -
LnY BanXl + B2LnX2 - B3LnX3 BthXh + BSLnAS -

Before estimating the model, a further refinement was made by

normalizing the variables by LnX_, the natural logarithm of southbound

59
sensor-detected truck movements. This procedure improved the statistical
properties of the estimated parameters and does have a precedent in
econometrics, part;cularly for investment functions where the size of the
firm is used to normalize the data in a sample that incorporates both
large and small firms. It is considered appropriate here because the
volume of enemy activity varied considerably over the campaign from 10
October 1970 to 30 June 1971, and strike effectiveness is greater in a
target-rich environment. Appendix B provides the rationale for this
estimating technique and describes additional results from other speci-

fications of the model.

The form of the model estimated was

LnY LnXl LnX2 LnX3 LnXh

——— = B, —==4 B + B + B ——+ B
Ia%. "1 LaX 2 LnX LnX 4 LnX .
Bk Xy e o K e

The Bs are estimated directly and can be used in the original exponential
form. BS’ the constant in the model actually estimated, is the exponent
of the variable, southbound sensor-detected truck movements.

The estimated parameters for the tactical air sorties flown by

gunships and fighter and attack aircraft are presented in Table 5. The

parameters were estimated using 32 data points, or weekly average observations

to cover the period of the campaign. The equation accounts for 86 percent

- g e
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of the variation in the dependent variable, IPt-G - TPt, and the T
ratios for the exponents of the explanatory variables, or sortie types,

are all significant at the 95 percent confidence level.

TABLE 5

ESTIMATED INTERDICTION MODEL PARAMETERS

Tactical Air Sorties B T ratio
Gunship 1.30699 5.32
Trucks and Storage Areas .5T7201 2.L45
Lines of Communication +33317F 2.01
Close Air Support .2TTh8 2.26

Constant term = -,8L4535 B = .86

Explanation of the Model

Transforming the logarithmic model back into the original exponential .
form provides the following equation:

33 o «28 X -.85

5
where: Y = The objective variable, IP . - TP,

X

Xl = Gunship team sorties against trucks per week

X2 = Fighter and attack sorties against trucks and storage areas
per week

X3 = Fighter and attack sorties against lines of communication
per week

Xh = Fighter and attack sorties in close air support per week.
All Xs are weekly averages from week t-6 through week t.
The major categories into which sorties were grouped requires further
explanation and is given below. Take first the gunship team concept. The

gunships, AC-130s and AC-119Ks, normally operated at night against trucks
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with three F-4 escort aircraft. An analysis of the data base indicated
that on average approximately two of the escorts expended against enemy
defenses in a flak suppression role and that the correlation between gun-

ship sorties and night defense sorties was .97. The other escort predom-

inantly expended against enemy trucks in conjunction with the gunship, again

with a very high correlation. Therefore, for both statistical and operational

reasons, these sorties were considered a part of the gunship team,and the
gunship sortie was taken as a proxy in the study for this very effective
team concept.

The exponent of 1.31 on the gunship team variable is greater than one
and requires some explanation because it indicates that as more gunship
sorties were flown, effectiveness increased at an increasing rate. A one
percent increase in gunship sorties resulted in a more than one percent
increase in the objective variable. Two explanations seem plausible. One
is that as the campaign began, few gunships were available and the crews
were inexperienced. As the campaign progressed,more gunships were made
available to Southeast Asia at the same time the crews were gaining
valuable experience. The exponent may, therefore, incorporate a crew
learning curve, but it was not possible to break this out statistically.

Another explanation may be that as the gunship force increased,
alternative routes the enemy previously used could be covered. This is
analogous to the example used to explain increasing returns to the last
few radars that close a gap in the Dew Line. As long as a gap remains
through which the enemy may strike, the Dew Line is partially ineffective.
Bﬁt as the gap is closed,the whole system becomes effective,and we receive

high returns to the last few radars that secure the system. The extent
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to which these returns would be further experienced in the gunship case,
however, is subject to question. The largest number of gunship sorties
against trucks that were available during the campaign was approximately
100. To extend the analysis beyond the data base may be invalid because
beyond some point,we could experience diminishing returns as the force
is increased, especially if space limitation becomes critical.

Next, the fighter and attack sorties, including the B-57s, against
trucks and storage areas were also grouped for two reasons. The first
was statistical. Vhen these sorties are not segregated by day and night,
they tend to move together. During the beginning and end of the dry
season campsaigns,a large number of the sorties were directed against the
enemy's road network, or lines of communication. During mid-campaign,
when the enemy surge occurred, more sorties were directed against the
supplies on trucks and in storage areas. The correlation between truck
and storage area sorties, .94, makes it difficult to break out their indi-
vidual influence with any degree of ccnfidence. The second reason for
srouping these sorties was operational. A majority of these sorties
were not scheduled to specific targets but were assigned to the Airborne
Battlefield Command and Control Center (ABCCC) and forward air controllcers
(FACs) to be directed against the most lucrative targets whether thev
were trucks or storage areas. This control feature complicates the
stratification process and indicates that these sorties should be
viewed as an entity.

The third set of sorties were those directed against the enemy's
lines of communication (LOCs). The controversy surrounding the use of

sorties against the enemy road network and the fact that they were more

o e
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centrally scheduled indicates that they should be treated separately in the
model. An evaluation of this set of sorties during an equivalent Commando
Hunt III period questioned their effectiveness. During the period of the
present investigation, they did appear productive but at a lower level
than the first two categories described.

The final sortie category in the model is fighter and attack sorties
flown in close air support of ground operations. A vast majority of
these sorties were flown during the Lam Son 719 ground incursion into
Laos. In addition; an evalualion of the data base revealed that a large
majority of the sorties flown against enemy defenses during the daytime
were employed in a flak suppression role during Lam Son T19. The corre-
lation between these sorties and the sorties flown in close air support
of ground operations was .98. The day sorties against enemy defenses
were therefore added to the close air support sorties as a vital ingredient
of that operation. Close air support is not normally viewed as a function of
air interdiction forces which operate at a distance behind enemy lines.
During Commando V, however, the Lam Son 719 incursion into Laos played a
vital role in the interdiction campaign, for its purpose was not to gain and
hold enemy territory, but to disrupt the enemy's lines of communication
and destroy his supplies. As such, the sorties in support of this opera-
tion contributed to the interdiction mission--the reduction in supplies
reaching South Vietnam and Cambodia.

The last variable in the model, southbound sensor-detected truck
movements, acts as a proxy for enemy intent. The exponent is negative,
which indicates that if sortie levels are held constant, and southbound

enemy activity increases, the difference between input and throughput
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will decrease. In other words, if sortie levels are not increased when
enemy activity increases, throughput for any given amount of input will
increase. The absolute value of the exponent, .85, is less than one,
however, which implies that a one percent increase in southbound sensor-
detected truck movements resulted in less than a one percent decrease in
our ability to reduce throughput. In general, a given force is more
effective in a target-rich environment. As explained previously, the air
commander does not have full control over this variable,and its main
purpose in the modei was to hold the level of enemy activity constant so
that the effectiveness of air resources could be evaluated.

So far no mention has been made of the Arc Light (B-52) sorties
flown in conjunction with tactical air sorties during the campaign. In
general, the high correlations with tactical air sorties made it imposs-
ible to break out their separate effects, although a rather significant
relationship did exist between the objective variable and those Arc Light
sorties flown in support of Lam Son T19. This could indicate that Arc Light
is most effective when used against troop and supply concentrations. In
addition, it could well be that the use of Arc Light in conjunction with
tactical air sorties against enemy LOCs resulted in the positive contri-
bution of LOC sorties that was not evident in analyses of previous
campaigns. .

High correlations prevented the incorporation of all tactical air
and Arc Light sortie categories in the same model,and rather than delete
various categories of each, we decided to restrict the study to an eval-
uation of a pure tactical air model that encompassed all gunship team and

fighter and attack sorties. These sorties were under direct control of
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the Commander, Seventh Air Force, whereas Arc Light sorties were partially
controlled through another command channel.

The interdiction model, therefore, specifies how the various
tactical air sorties can be combined to attain the given objective.
Since it is a continuous function,there are nearly an infinite number of
alternate sortie combinations that will serve this purpose. In Chapter
IV a criterion is established to determine which, out of all the possible

alternatives, is the most cost-effective.

Graphical Presentation of the Model

The estimated interdiction model described above defines a six-
dimensional hypersurface which is impossible to visualize. The individual t
influence of a particular sortie type can be visualized, however, by

holding the numbers of the other sorties constant at some values, such

as their means, and calculating the change in the objective variabie as
the number of sorties in the selected category is varied. These two-
dimensional relationships are plotted in Figure 3 with southbound sensor-
detected truck movements also held constant at the mean campaign value ¥
of 3312. Given also are the means and standard deviations for each sortie
type to indicate the range of the curves in which the aircraft primarily o
operated.
The slopes of the lines denote the marginal products of the various

sortie types at any sortie level and are the relevant velues to be

e & e

compared. Fxcept for the gunship team, diminishing returns are experienced
as each sortie type is increased with the others held constant. Of

particular note is the high marginal product of the gunship team sortie :
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in the range in which it operated. This high level of productivity, in
spite of the team's higher cost, accounts for the dominant role of the

gunship team in the optimal solutions discussed in Chapter IV.

Dominant Sorties by Day and Night

Additional insight into the effectiveness of air power can be gained
by investigating subsets of the sortie groups described above after they
are stratified by day and night. »This investigation revealed that
attacking trucks aF night with gunship teams, and storage areas anu -
lines of communication during the day with fighter and attack aircraft
1s the most effective tactic. Stratification of sorties in support
ot ground operations did not provide additional information, and this i
appears reasonable. These sorties must respond to the requirements of

Kl

the combat environment whether it.be during the day or night. The esti-
mated results of a model which utilized stratified data are presented in
Table 6. The results in Table 5 are also included for comparison.

In general, the parameters are quite similar except for the gunship
exponent which is lower and now indicates constant returns. This perhaps
results from now including the gunship with the more effective sortie
subsets. The stratified model explains the same amount of variation and
the T ratios are higher. The constant term, -.62341, is lower, indicating
that against this set of sorties,an increase in enemy activity would not i
be as effective. In general,it appears that this subset of sorties is '
carrying most of the load and special emphasis should be placed on them.
This conforms to the general theory of applying air power in the inter-

diction role--striking trucks at night with gunship teams and storage
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areas and LOCs during the daytime. During the campaign under investigation
72 percent of the storage area sorties and 70 percent of the LOC sorties

struck during the daytime.

TABLE €

COMPARATIVE MODEL PARAMETERS

Tactical Air Sorties B T ratio
Gunship 5 99476 6.69
Storage Areas--Day .60739 4,08
Lines of Communication--Day +32093 3.L45
Close Air Support . 28476 2.98

Constant = -,62341 R® = .86

Table 5 Parameters

Gunship 1.30699 5432
Trucks and Storage Areas «57201 2.k45
Lines of Communication « 33317 2.01.
Close Air Support «277h8 2.26

Constant = -.84535 R = .86

A graphical presentation similar to that of Figure 3 for day storage
area and LOC sorties is presented in Figure 4 to illustrate how the
effectiveness of these subsets compare with that of the original categories
which are shown by the dashed lines. The figures illustrate a decided
shift in effectiveness, especially for the day sorties against storage
areas.

Some authorities question the use of sorties against storage areas
because they are widely dispersed and, with the lack of intelligence,
difficult to discover. The effectiveness of these sorties, however, must

be evaluated in light of the Commando Hunt V experience. The sorties
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used to estimate the parameters of the model were not those that flew in
search of storage areas but those which actually struck these areas.
Several spectacular strikes were experienced during the Commando Hunt V

campaign in which numerous secondary explosions were experienced. It

appears that the appropriate tactic is the probing technique initiated during

the campaign. Then, when promising results are revealed, a large number

of sorties are immediately scheduled to take advantage of the discovery.

It cculd &also be that a number of the sorties that were unable to observe

the results of their strikes were actually effecting some damage that
was reflected in a reduction in throughput.

In conclusion, it might be noted that it would be operationally
infeasible to schedule only gunship team sorties to strike trucks at
night and fighter and attack sorties to strike storage areas and LOCs
during the day. Additional coverage is required, but these statistical

results do indicate where the emphasis should lie.




CHAPTER IV

AN ECONOMIC EVALUATION OF SORTIE ALLOCATIONS

The Criterion

Up to this point four of the basic elements of an economic analysis
have been examined. The objective and alternatives have been defined,
the costs of applying air resources have been calculated, and the inter-
diction model which relates the inputs to the objective has been estimated.
To complete the anaiysis and compute an optimal allocaticn of tactical
air resources in terms of the Commando Hunt V experience, the costs and
marginal contribution of the various sortie types must be brought
together and a criterion estaplished.

Since sorties and the objective variable are not expressed in the
same units, the concept of constrained optimization must be employed. It
is impossible to simultaneously maximize output and minimize costs. laxi-
mizing output would call for a prohibitively large force, while minimizing
cost would call for no force at all. These dual criteria are therefore
incompatible. As a proper criterion, we may either minimize the cost of
attaining a given output or, conversely, maximize output for a given
resource or cost level. These are actually two sides of the saﬁe coin,
and both provide the same optimal trade-offs between the various sortie
types. The particular approach employed depends on which of the two
criteria are selected. Because of the interest in reducing the cost of
operations in Southeast Asia, the former approach will form the basis of
the economic analysis that follows. An example of maximizing output for

a given resource level, however, will also be provided.
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by the sorties flown by the AC-130 and AC-119K gunships, each escorted
by three F-L aircraft expending ordnance in support of the gunship.

The solution to this constrained optimization problem is obtained

by minimizing the following Lagrange function:

L= Plxl + P2X2 + P3X3 + Phxh - Ml

vhere Ml is the Lagrange multiplier. In economic terms Ml is a shadow
price, or more specifically, the marginal cost of attaining a reduction

in throughput by one truckload at the optimum. This function is minimized

by taking the partial derivatives with respect to each variable and

setting each partial derivative equal to zero. This provides five equa-
tions which can be solved to obtain the value of the five unknowns (X

. :]
X2, X3, Xh’ and M, ). The exact technique employed is described in

A

Appendix C. 1
Because of the high productivity of the gunship teams, the solution

called for more gunship team sorties than were available to strike trucks

at night during the time period under consideration. For this reason,a

second constraint was employed to arrive at a realistic solution. Optimum

number 2 was therefore obtained by using the following specification: |
Minimize: The cost of sorties flown
Subject to: (1) W o= P, = 436 truckloads per week

(2) Gunship sorties = 65 per week (Oct 70-Jun Tl average).

The Lagrange function to be minimized then becomes (see Appendix C):

& c v 3 2 = .
L= P.X +P2x + PX +PX -M (AX, "X. X X), C) - M (xl sl)

11 & 33 L7y 1 2

where S1 is the number of gunship team sorties flown, and M2

value of a gunship team sortie at the optimum. The relevance of the Ms

is the marginal
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will be explained when the solution is discussed. For those acquainted
with isoguant-isocost diagrams, a graphical presentation of the method-

ology is presented in Appendix D.

Least-Cost_Sortie Allocations

The numerical solutions to the cost minimization problems being
addressed are given in Table 7. Also given, in the column entitled
"Flown" are the weekly average number of sorties that flew and expended
ordnance during the period October 1970 through June 1971. The total
variable cost for this combination of sorties, based on the cost factors

cited above, was approximately $18.3 million per week.

TABLE T
WEEKLY SORTIE DISTRIBUTIONS TO REDUCE THROUGHPUT L36 TRUCKLOADS |
Sortie Type Flown Optimum 1 Optimum 2
j Gunship Teams 65 134 65
Fighter and Attack

Trucks and Storage Areas 579 344 765

Lines of Communications 695 201 ks ¥

Close Air Support Lok 167 S '

Total 1678 712 1581 |
Cost per Week $18,333,700 $13,345,000 $17,470,%00 .\
Savings per Week 4,988,700 863,300
Marginal Cost to Reduce Throughput 12,300 27,300
Marginal Value of a Gunship Teem Sortie 187,000

Potential Reduction in Throughput Using Sorties Flown = 467 Truckloads

The next column gives the first optimal solution in which the number
of gunship team sorties was not constrained. This sortie combination
would have cost about 13.3 million dollars per week and would have

attained, according to the interdiction model, the same reduction in

e
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throughput. It would entail & savings of approximately $$ million a week.
The cost of attaining an additional reduction in throughput by one truck-
load at the optimum (the value of the Lagrange multiplier Ml) would be
$12,300.

This solution, however, called for a weekly average 134 gunship team
sorties to be flown at night against trucks in the Steel Tiger operating
area. Due to the low number of gunships available at the start of the
campaign and commitments to other operating areas and targets in Southeast
Asia, this weekly average was infeasible for the whole campaign. It
should also be kept in mind that this large number calls for an extension
of the gunship team relationship to a point beyond the data base range
used in estimating the model, so the relationship may or may not be valid
at that point.

The second solution provides a more realistic optimum by constraining
the number of gunship team sorties to €5, the weekly average flown during
the period covered by this study. This solution requires 1581 fighter
and attack sorties and is invariant with respect to their cost. In
general, sbout 100 sorties are saved by shifting some sorties from LOC
strikes to the more prcductive strikes against trucks and storage areas.
The cost of the Optimum 2 combination of sorties is about $17.5 million,
or a weekly savings of less than $1 million.

The critical role of the gunship team is highlighted in the second
solution by the increased cost of obtaining a reduction in throughput by
one truckload., As less effective weapons systems are substituted for the
gunship team, it costs about twice as much to obtain the same reduction

in throughput. The value of an additional gunship team sortie in the
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second solution (the value of the Lagrange multiplier M2) is $187,000.
This means that an additional gunship team sortie is worth $187,000 more
than it costs when only 65 are available. This marginal value decreases
as more gunship team sorties become available and the first optimum is
approached. These results, however, are indicative of the high opportun-
ity cost of using gunship teams in functions other than striking trucks
at night in the primary interdiction area.

A second way of looking at the optimal allocation scheme is to

determine the reduction in throughput that could be expected from the

sorties actually flown (see Appendix C). In other words, we now require to:
Maximize: The reduction in throughput (IPt—6 - TPt)

Subject to: (1) Gunship team sorties = 65 per week

- rEERICCRsRgCL o s

(2) Fighter and sttack sorties = 1678 per week.

As shown in Table T, the potential reduction is L6T truckloads, 31
truckloads more than was actually attained. If the sorties actually flown
were optimally distributed, the throughput/input ratio would be .09,
compared to the .15 ratio actually experienced from October 1970 through
June 1971.

As a summary, the cost results of Table T are illustrated graphically
in Figure 5 with the cost of tactical air sorties along the horizontal
axis and reductions in throughput on the vertical axis. Two efficient
cost functions are plotted, one with the number of gunship team sorties
variable and the other with the number of gunship team sorties constrained
at 65 per week. The optimal points for attaining a reduction in throughput
of 436 truckloads are designated on each. If sufficient gunship sorties

were available, a cost saving of about $5 million per week would be
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possible. With the strike resources available, however, a cost savings
of less than $1 million per week was possible. This is a rather spectac-
ular result. Compared to the $17.5 million optimal cost, the overrun

was only five percent.

Optimal Sortie Distributions

Economic analytical tools can be used to gain even further insight
into the use of air power in the interdiction role. The following sub-
sections discuss fighter and attack versus gunship sortie requirements,
optimal fighter and attack sortie distributions between target types, and

optimal fighter and attack sortie distributions for day and night.

Fighter and Attack Versus Gunship Requirements

Optimal distributions between sorties are predicated on ratios that
equate the marginal product (MP) per dollar cost (P) of each sortie type.

This relationship is given by the following equation:

o) e) 5
i i i el
Pl P2 P3 P

where the subscripts 1, 2, 3, and 4 indicate the four sortie categories

in the interdiction model. As an example, consider only the optimal
trade~off between gunship team sorties (Xl) and fighter and attack sorties
against trucks and storage areas (X2). Referring to Appendix C, the

marginal product of gunship sorties is:
B.Y

and the marginal product of fighter and attack sorties against trucks and
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storage areas is:
B.Y
2

MP, = —=—
2 A

Substituting these values in the optimal relationship:

B Y B Y B_P

e . i or X, = £k lx
XlPl X2P2 2 B1P2 1

In the interdiction model estimated for this study, the optimal sortie
distribution will remain constant as long as there are no changes in the
sortie costs. Even if one sortie type is constrained, the optimal
distribution between the others remains unchanged.

The above information can be used to calculate the optimal number
of fighter and attack sorties that should be employed with gunships in

the interdiction role. Teble 8 presents the results of this calculation.

TABLE 8

OPTIMAL FIGHTER AND ATTACK SORTIES PER CUNSHIP SORTIE

—
_

Per Gunship Sortie

Trucks and Storage Areas Sorties 2.6
Lines of Communication Sorties 15
Close Air Support Sorties 1.3
Total of Above Sl
Gunship bscorts 3.0
Total 8.l

At the optimum, 8.4 fighter and attack sorties would be required per
gunship sortie--5.4 against the specified targets and 3 to escort the

gunship. Critics of the interdiction campaign who advocate the sole use

of gunship teams on an average output per dollar basis neglect the fact
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that on a marginal cost basis, the fighter and attack aircraft are an
important part of the interdiction strike force. Even if the cost of
fighter and attack sorties were 100 percent greater than that used in this
study, 5.7 (2.7 + 3.0) fighter and attack sorties would be employed for
each gunship sortie. And for force planning considerations, it should

be noted that this evaluation was limited to the tactical air strike force
employed in the interdiction role in southern Laos and does not cover
fixed support requirements or strike requirements in other areas of

Southeast Asia.

Optimal Fighter end Attack Sortie Distribution Between Targets

The results outlined in Table 8 can be used to determine optimal fighter
and attack sortie distributions between target types. As an example, for
every 100 gunship sorties,we require 300 escort sorties, 260 sorties
against trucks and storage areas, 150 sorties agsinst lines of communi-
cation, and 130 sorties in the other category. The optimal distribution
of sorties based on these figures is given in the top portion of Table 9.

If sufficient gunships are not available to require the percentage
of escorts depicted, the excess fighter and attack aircraft should be
distributed to the other target categories using the percentages in the
table as weighting criteria. This has been accomplished in the lower
portion of the table for the campaign average of 65 gunship and 1873
fighter and attack sorties per week, For comparison purposes, the number
of sorties actually flown and the percentage breakdown are also given.
Basically, the optimum distridbution would call for a 12 percent shift of

sorties out of the lines of communication category to the trucks and

- BT .
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storage area category. As shown previously in Table T, approximately 100
sorties per week could be saved with such a shift and the same results

obtained.

TABLE 9

OPTIMAL FIGHTER AND ATTACK SORTIE TARGET DISTRIEUTIONS

Target Categories Optimal Percentages
Gunship Escorts 36
Trucks and Storage Areas 2l
Lines of Comnunication 18
Close Air Support A5
100

Optimum with 65

Gunship Sorties K
Sorties Percentages Sorties Percentages
Gunship Escorts 195 10 195 10
Trucks and Storage Areas 810 43 579 31
Lines of Communication L65s 25 695 il
Close Air Support 403 22 Lok 22
1873 100 1873 100

Optimal Fighter and Attack Sortie Distributions
by Day and Night

To determine the optimal distribution for day and night, all fighter
and attack sorties, with the exception of gunship escorts,were grouped
into two categories. These categories, along with that of gunship teams,
were used to estimate the parameters of a model similar to that described
in Chapter III. The estimated parameters and T ratios for the day and
night fighter and attack sorties are given in Table 10. Since the costs
are identical, the optimal allocation of sorties is predicated on only
the ratio of the Bs. These parameters indicate that the optimal alloca-

tion was very close to that actually flown.




b4
TABLE 10

OPTIMAL FIGHTER AND ATTACK SORTIE DISTRIBUTIONS:
DAY AND NIGHT

Sortie B T Ratio Optimum Flown
Day .T5672 5.19 65% 68%
Night .h1112 2.L42 35% 32%

Opportunity Costs of Using Air Resources in Other Functions

Cften the commander faces a decision whether to employ a given
number of air resources in the primary interdiction effort in southern
Laos or to support operations in other areas of Southeast Asia. When
such a decision is being made, it is important to realize what is being '
given up or foregone when sorties are reallocated to other than the
interdiction function. This is the opportunity, or real, cost of the

reallocation. The interdiction model, based on October 1970 through June

1971 experience, enables us to estimate this cost in terms of a reduction
in throughput foregone.

Figure 6 provides an illustration of the use of this concept for i
fighter and attack aircraft, holding gunship escort requirements constant
at 195. DBased on a monthly totel of 10,000 fighter and attack sorties,
the figure shows the reduction in throughput foregone as the percentage
of the sorties used in other areas of Southeast Asia increases. On the
average,the reduction in throughput foregone amounts to about 100 truck-
loads per week for each 10 percent increase. If the potential benefit '
of using the sorties elsewhere does not compensate for this cost, the

reallocation should not be effected. )
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OPPORTUNITY COST OF FIGHTER AND ATTACK SORTIES
FLOWN IN AREAS OTHER THAN SOUTHERN LAOS

(BASED ON 10,000 FIGHTER AND ATTACK SORTIES PER MONTH)

REDUCTION IN THROUGHPUT
FOREGONE PER WEEK

400—

300—

200§ —

100 8—

ol l | I J
by | —~

30 40 50 60

{
PERCENT OF FIGHTER AND ATTACK SORTIES FLOWN IN OTHER AREAS

FIGURE 6




46
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Likewise, the real cost of employing gunships in functions other
than striking trucks at night can be calculated. Based on a total of 100
gunship sorties, with the fighter and attack sorties held constant at
their means, Figure 7 shows the reduction in throughput foregone as more
gunships are used to support other operations. The opportunity cost of
not using gunships in their primary interdiction role is quite high, and

careful consideration should be given to their employment.

Conclusions

The major conclusions of the economic analysis are presented below:

l. The gunship team was the most cost-effective weapons system in
the interdiction campaign in Southeast Asia. a

2. The estimated optimal allocation called for fewer lines of commun-
ication sorties than were flown.

3. Given the strike resources available, the aliocation of tactical
air sorties was close to optimum. The estimated cost overrun amounted
to 5 percent.

4. Including the cost of Arc Light sorties and their support
packages—-an average of 220 a week at $34,200 per sorties--, the variable
cost per weck for the strike force was 20 percent above the cost of the
previous dry season campaign. Effectiveness, predicated on the reduction
of supplies reaching the borders of South Vietnam and Cambodia, however,

was up 150 percent.




CHAPTER V

THE REASONS WHY

Effectiveness Against Trucks

Perhaps numerous explanaticns can be given for the relative success
of the aerial interdiction campaign in southern Laos from 10 October 1970
to 30 June 1971. Primary among these, however, must be the effectiveness
with which a qualitatively improved strike force was applied against
trucks--the most profitable enemy target. Not only was there a vast
increase in the number of trucks reported destroyed or damaged (approxi-
mately 20,000 during Commando Hunt V versus 10,000 for the previous campaign),
but also the number of truck kills was the major factor in reducing
throughput .

Take, for example, the model below which relates the objective
variable, I?L-é - 'I‘Pt to trucks destroyed or damaged and southbound sensor-

detected trick movements:

where: Y = The objective variable, Ipt-6 - TPt

>
i

Trucks destroyed or damaged per week

>
"

Southbound sensor-detected truck movements per week .

The estimated parameters and summary statistics of the model, shown in
Table 11, are indicative of the highly significant influence of truck

kills. The T ratio on the truck kill variable is quite high,and the B
value of 1.00848 indicates constant returns as the number of trucks

reported destroyed or damaged increased. In addition, this relationship




TABLE 11

ESTIMATED RELATIONSHIP BETWEEN TRUCK KILLS AND THE OBJECTIVE

Variable B T Ratio
Trucks Destroyed or Damaged 1.00848 8.81
Southbound Sensor-Detected Movements -.65819 312
Constant = L.86626 R2 = L9y

explains 91 percent of the variation in the objective variable.

Holding the influence of southbound sensor-detected truck movements
constant at the campaign mean and incorporating this factor in the
constant term, the model can be simplified into the following form:

IPt-é - TPt = ,63625 (Trucks Destroyed or Damaged).

In words, this means that for each truck destroyed or damaged, approxi=-
mately .64 less truckloads of throughput were experienced during the
time frame defined by the objective variable.

Let us now compare this statistical result with that of another
generated during the campaign. Table 12 presents the number of trucks
destroyed or damaged by direction for the month of April, the highest
truck kill month of the caﬁpaign. Forty-four percent of the trucks
reported destroyed or demaged were moving south and, presumably,
constituted potential throughput. If the parked and direction-unknown
vehicles were distributed in proportion to those southbound and northbound,
75 percent of the truck kills would be vehicles carrying potential
throughput. If, however, only half the parked and direction-unknown
vehicles were loaded with potential throughput, throughput-reducing kills

would constitute 65 percent of the total, which is almost identical to
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TABLE 12

TRUCK KILLS BY DIRECTION, APRIL 1971

———————————— e ———
Direction Destroyed or Damaged Percentage
Southbound 2542 Ly
Northbound 858 15
Parked 1017 18
Unknown 1317 23
Total 573k 100

to the .64 reduction for each truck kill obtained by the statistical
method described above., This percentage is greater than the average 55
percent southbound bias of sensor-detected truck movements reported during
Commando Hunt V, but a majority of truck kills were effected by gunship
teams during the earlier evening hours, when the southbound bias was
greater than 55 percent.

In summary, we note that there does exist a strong statistical rela-
tionship between the objective and trucks destroyed or damaged, and that
there is good evidence that a majJority of the kills were southbound
trucks, which, presumably, constituted potential throughput. Whether
this means that the supplies on the trucks were actually destroyed or
that the truck kills effected additional resource expenditure and time
dela; for the enemy, fewer supplies reached the borders of South Vietnam
and Cambodia during the time frame covered in the objective variable.

Based on the experience gained in past campaigns, the vital role
played by the enemy truck force was recognized early, and a concerted
effort was made to position the strike force to destroy this critical
element. The degree to which this effort was successful is summarized

in the effectivenest: formula of Table 13. The value of each term in the
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TABLE 13
EFFECTIVENESS FORMULA
DD _ OB ST DD
SD = sD X 68 X ST Nov 69~Jun 70 Nov TO0-Jun T1
DD _ Trucks Destroyed or Damaged 06 12
SD  Sensor-Detected Movement & .
OB o Trucks Observed o ol
SD =~ Sensor-Detected Movement ¥ i
ST _ Trucks Struck
OB ~ Trucks Observed .61 19
DD _ Trucks Destroyed or Damaged 38 61
ST =~ Trucks Struck : 3

formula provided valuable information and was scrutinized closely.

Trucks destroyed or damaged per sensor-detected truck movement gives an
overall measure of the truck strike force effectiveness in relation to
enemy activity. Trucks observed per sensor-detected movement measures

how well the gunship and FAC force was positioned to observe enemy activity.
Trucks struck per truck observed measures how well the strike force was
allocated to the observers. Finally, trucks destroyed or damaged per

truck struck measures the terminal effectiveness of the strike force.

The overall values listed in Table 13 reflect both a qualitative
improvement in the strike force and a concerted effort to increase its
effectiveness. The Steel Tiger operating area was divided into nine sub-
areas (see Appendix A) and equivalent measures by aircraft type were
monitored in each sub-area. Any decrease in effectiveness was immediately
investigated so that corrective action could be taken. If it was opera-
tionally impossible to improve effectiveness in any particular area, the

force was reallocated to those locations where its output was highest.

I —




52
The evidence above indicates a high payoff for the strict attention given

the allocation of the force used to strike trucks.

Lam Son T19

The Lam Son 719 ground incursion into Laos was also a primary factor
contributing to the success of the interdiction campaign. The combined
cir and ground forces destroyed large volumes of supplies and forced the
enemy to expend valuable resources in his defense. The productivity of
the close air support sorties in the interdiction model resulted from
their contribution to this joint operation.

Beyond this immediate effect, Lam Son T19 also played an important
role in enhancing the effectiveness of other interdiction sorties. The
increased logistics requirements forced the enemy to move and concentrate
supplies that might otherwise have been delayed or concealed from air
strikes. As a result,the productivity of tactical air sorties was consid-
erably increased. This can be shown in the following model which uses

weekly data to relate trucks destroyed or damaged to gunship team and

fighter and attack sorties against trucks:

Y = xllegBQeA 4 B3X3
wvhere: Y = Trucks destroyed or damaged per week
Xl = Gunship team sorties per week
X2 = Fighter and attack sorties against trucks per week
X3 = Lam Son 719 qualitative variable .

A qualitative, or dummy, variable was used to designate those weeks
included in the Lam Son T19 period. The estimated parameters and T

ratios given in Table 14 indicate there was a significant increase in
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TABLE 14

TRUCK KILL RELATIONSHIPS FOR LAM SON 715

——

Variable B T Ratio
Gunship Team Sorties 2.077T79 T.33
Fighter and Attack Sorties Against Trucks .56220 2.46
Lam Son T19 L0327 2.69

Constant (A) = -1.34348 R = .90

effectiveness during this period. '

The significance of Lam Son T19 can be vividly illustrated in two
dimensions by diagramming the relationship between trucks destroyed or
damaged and the sorties flown by the gunship teams. This relationship
is presented in Figure 8. Even the most effective weapons system showed
a decided increase in effectiveness during the Lam Son 719 period. It
goes without saying that when the enemy is forced into a main front
confrontation and the timing and volume of supplies becomes critical, the
strike effectiveness of an interdiction force is at its highest.

In conclusion, the improved effectiveness against enemy trucks and
the Lam Son T19 ground incursion are two of many factors that contributed
to the success of the aerial interdiction campaign from 10 October 1970
to 30 June 1971. Others could be cited, but these appear to be the
primary reasons why the initiative rested more with the U.S. forces than

ever before.
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APPENDIX A

AREA ANALYSIS OF ENEMY TRAFFIC MOVEMENT

The lineal nature of the movement of supplies from north to south
in southern Laos during Commando Hunt III and V gave rise to an inter-
dependency of traffic movement. In order to investigate this inter-
dependency, the nine analytical sub-areas of southern Laos were consol-
idated into three larger areas--Entry, Central, and Exit. These areas
are depicted in Figure A-~1. The traffic flow during the two campaigns
proceeded south from the Mu Gia, Ban Karai, and Ban Raving (DMZ area)
passes through the entry area into the central route structure.
Truckloads of supplies which were not intercepted then moved through the
exit area into the Republic of Vietnam during both campaigns and into
Cambodia during Commando Hunt V via the exit gates.

It is possible to obtain information about the time pattern of the
eneny's traffic movemenl during the two campaigns using sequential
regression equations. OSince sensor coverage in each area was not the same,
proportional rather than absolute change comparisons were considered more
relevant. ‘[hLese changes can be estimated with an exponential function
of the following form:

Y = A,

In this relationship the B indicates the proportional change in Y that
could be expected with each unit proportional change in X.

The structure of the total travel time during Commando Hunt III will

be discussed first. Table A-l provides the results of four regressions

which related weekly southbound sensor-detected movements (SS) in the
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TABLE A-1

COMMANDO HUNT III SOUTHBOUND ACTIVITY RELATIONSHIPS

58

Svan Area Explanatory Variables
Dependent Input Entry Central Exit
e

ariable ‘I‘Kldst SSt Sst-3 SSt SSt SSt_3
Entry: SSt 1.60
(10.5)
Central: SS. .329  .L18
(1.9) (1.9)
Exit: SSt 1.21
. (12.6)
Tnroughput : TKldst w2 - ,258
(7.9) (3.5)

three areas and truckloads (TKlds) of input and through

manner. The number in each explanatory variable column is the estimated

value of B. Below esach number in parenthesis is the T

measures the confidence in the value of the expcnent for a minimum of

29 degrees of freedom.

The first relationship presented is entry area southbound sensor-

detected truck movements as a function of input during

As expected,no significant lag effect was discovered.

sion shows that southbound sensor-detected movements in the central area

were functionally related to entry area socuthbound sens

movements both during the current week (t) and the third previous week
(£=3). MNo significant relationship for the weeks t-1 and t-2 was indicated.

The three-week delay implies that the supplies were stockpiled either in

the entry area or central area.

The next relationship shows exit area southbound s

put in a sequential

ratio which

the same week (t).

The second regres- i

or-detected

ensor-detected
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movements as a function of movements in the central area. There wac no
evidence of a significant lag effect between these two areas. Throughput
at the exit gates, however, was a function of both exit area southbound
sensor-detected movements during the current week (t) and third previous
week (t-3), implying the existence of a second stockpile region in
southern Laos.

The various lag effects described above indicate the possibility of
several different traffic flows during Commando Hunt III which are
diagrammed in Figuré A-2. Stockpiling in either the entry and/or central
or exit areas resulted in a three-week flow through the system. The four
regressions also indicate the possibility of supplies moving through the
system during the same week if there were no stockpiling, or in six weeks
if the supplies were stockpiled twice. The value of the estimated ’ !
exponents, however, indicate that the predominant travel time during the
campaign was three weeks. This corresponds with the high correlation

between throughput during week t and input during week t-3 described in

Chapter I.

Table A-2 provides the results of four regressions for the Commando
Hunt V time frame. Again the_T ratios are based on a minimum of 29 i
degrees of freedom.

There was again no significant lag effect between input and entry .
area southbound sensor-detected truck movements. Between the entry and
central areas during Commando Hunt V, the travel time spanned two weeks-- \
movement between areas either during the same week or during consecutive
weeks.

The traffic pattern between the exit and central areas during

. g v . —
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TABLE A-2

COMMANDO HUNT V SOUTHBOUND ACTIVITY RELATIONCHIPS

Area Explanatory Variables

Area
Dependent Input Entry Central Exit
Variable TKldst SSt SSt_l SSt-S Sbt-6 bSt SSt-l
Entry: S5, 1.39
(17,1}
Central: SSt .503 222
(7.3} (3.0)
Exit: SSt 409 .396
: (1.8) (1.9)
Throughput : Tdet .569 .176
(9.8) (3.2)

Commando Hunt V varied significantly from Commando Hunt III. The only
lag structure which was statistically significant during Commando Hunt V
was one with a delay of either five or six weeks. These lags were
larger than any inter-area delay that occurred during Commando Hunt III
and is evidence of an extensive stockpiling delay in the central and/or
exit areas. The extensive stockpiling justifies the emphasis against
storage areas during Conmando Hunt V,

Based on the value of the estimated exponent, the flow of supplies
out of the exit area into the Republic of Vietnam or Cambodia predomi-
nantly occurred during the same week, although some of the supplies took
as many as two weeks to move out of the exit area.

The possible traffic flows that may be inferred from the regression
analysis are shown in Figure A-3. The most prevalent travel times for
supplies in southern Laos were five through seven weeks. Some supplies

appear to have taken as many as eight weeks to move through the logistic
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system, although this amount of travel time was not nearly as prevalent.
These results closely correspond to the time span used in the objective
variable as discussed in Chapter I.

There are at least two significant conclusions which may be drawn
from the comparative analysis. Travel time was longer during Commando
Hunt V; thus, supplies were exposed to air attack for a longer time
period. In additiop there was not a predominant travel time during
Commando Hunt V, implying that the enemy was less able to execute a
definite logistics flan. Equivalently, this means that U.S. air forces

were more in control of the battlefield during Commando Hunt V.

T
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APPENDIX B
% ESTIMATION OF THE INTLRDICTION MODEL

When the technique of multiple regression is used, certain assumptions
are made about the character of the error term, u, in the regression
model:

Y=A+4+ BX+ u.

Specifically, we assume that the error term is independently dis-
tributed with a mean equal to zero. If it is not, the estimated para-
meters will be biased and inefficient. In addition, for efficiency though
g not for bias, the variance of the error term should be constant from one
] observation to another. An investigation of the statistical properties
of a model therefore centers on the evaluation of the error terms.

The first question that normally arises is how the accuracy of the
data affects the assumptions listed above. Inaccurate values of the
explanatory variable, X, would be detrimental because a dependence would

then exist between the error term and the explanatory variable. Consequently,

the error term would not be distributed independently of X and the result
would be a biased estimate of B. In this study, however, the primary
explanatory variables were numbers of sorties flown and these data are
considered reasonably accurate.

Some may not put the same confidence in the dependent variable, Y,

or IPt-6 - TPt’ which was used in the model. Input and throughput are
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estimates based on the best informaticn available to intelligence
analysts. Although a conscientious effort was made to calculate these
numbers as accurately as possible, they are stilliestimates and may be
subject to some error. Errors in the dependent variable, however, are
not as critical as those in the explanatory variables.

In the regression model above, the parameter, B, is the marginal
product of X and provides an estimate of the change that would take
place in Y for a unit change in X. As such, the value of B is not
predicated on the absolute value of Y, A persistent bias in Y would be
reflected in the constant term, A, which is not of particular importance
in a marginal analysis. Random inaccuracies in Y are picked up in the
error term, u, and as long as u is distributed independently of X, with .

a mean of zero, the estimate of B will te unbiased. In summary, then,

there js no definite cvidence that the estimated exponents of the j
interdiction model are biased as a result of errors in the data. |

The other statistical properties of the model can best be explained
by comparing its properties with those of several other possible
specifications. The first is a basic linear regression model of the

following form:

Y = A+ lel + BX, + B3X3 ali> 1 BSX5 e 08
The parameters, A and Bs, of this mcdel are linear functions of the

dependent variable, Y, and can be estimated directly. This model is

degignated Model A in the remainder of the appendix.

MRS o
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The sccond medel is a multiplicale or expoueniiel model, similar

to that used in the study, It takes the following form:

A U R T
) M Wiy Wl W
Y =8RG X, A X, X u

The paraweters of this model are not linear functions of Y, so
1 3

a natural logarithmic (ILn) transformation is required. The model actually

estimated is given below:

InY = InA + Banxl o B2LnA2 + B3LnX3 + BthXh + B5LnX5 + Inu,

In this form, the parameters beccme linear functions of the

depcrident variable, LnY and least squares estimation is possible, Certain

nmethodological changes, however, are required. First, the assumptions

on the error term, u, outlined above, apply now to the iransformed error
Vtcrm, Imu, Second, the antilog of the constant term, LnA, in the
estimated form must be calculated to oblain ithe coefficient, A, in

the original expression. The Bs, however, are estimated directly and
1equire no further transformation, This model is designated Model B

in the subsequent comparisons. |

Model C, the interdiction model utilizgd in this study, is a special

case of Model B above, in which the constant,-LnA, is assumed to equal zero
(i.e. A=1) and the data is normalized to account for the large change in
enemy activity levels that took place during the campaign. The parameters of
this model were therefore estimated after deflating the data by the natural

logarithm of southbound sensor-detected truck movements, LnX Dividing

5

the above equation by LnX. resulted in the following form for estimatilcn:

pJ
%’BlL“xl =32m2+33%+ahm!+35+1ﬂ3. .
5 Inkg LrX, LnX, LnXg 5
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The Bs are again estimated directly and can be used in the original
expanential form. The constant term in the medel actually estimated,
B5, is the exponent of the southbound sensor-detected truck movements
variable, If LnA is not equal to zero, the constént term estimated
in the above model will be the sum of: B_ + LnA (1/1.11}(5), which,

5

of course, is a biased estimated of B As a further check on the -

5.
validity of the assumption that LnA = 0, an extended version of Model

C with the term, 1/ILnX_, was estimated and included as lodel C!.

59

The estimated paramelers and summary statistics for the four
models described above are presented in Table B-1. The numbers in
parentheses are T ratios or tests for each of the estimated parameters
and are based on the null hypothesis that the value ¢ the parameter is y
zero. The parameters vere estimated using 32 data points or weekly
observations.

Attention is directed first to the parameters and summary statistics
for Model A, the linear model. Only the gunship team exponent is
statistically significant at the 95 percent confidence level. In all
other cases, we cannot reject the null hypothesis that B = O, or that
there is no relationship between the various sortie sets and the
objective variable, What's more, the estimated parameters‘of lines of
cammunication and direct air support sorties are negative and that of
southbound sensor-detected movements positive, which a priori does not
appear reasonable, i

The large value of the constant term, 409, is close to the campaign

average of the objective variable, 436, This indicates the model is badly

misspecified because if all variables that influence the objective

.y -y I
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variable are included in their proper from, the constant would
theoretically be gero, This is substantiated by the low value, 1.08,

of the Durbin-Watson statistic, Based on the number of data points and
parameters estimated, a Durbin-VWatson value this low implies positive
autocorrelation of the error terms. This means that the basic assumption
that the error terms are independently distributed has been violated.
Incorrect specification of the form of the relationship between

the variables in the model can result in part of the influence of the
explanatory vari&bles being carried by the error termsz. Then, if there

is any serial correlation in the explanatory variables, we shall also

have serial or autocorrelation in the composite error term. Autocorrelation

does not imply that the estimated parameters are biased, but they are =
definitely not the most efficient estimates obtainable,

From a point of realism, the linear model also has certain
shortcomings. It implies that the marginal contribution of the input
variables is constant throughout their operational range. Normally, we
might expect diminishing returns as the value of a variable is increased
with the others held constant. Therefore, a ncnlinear specification would
seem more proper. In addition, the linear specification implies that
the contributions of the input variables are independent and additive.

In other words, the marginal product of one type sortie is completely

independent of the number of other type sorties being flown. This again

does. not appear to be a realistic assumption.
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A model specification that incorporates varying returns and an
interaction between inputs, yet is simple to understand and estimate
is the exponential form used in Model B, That this specification provides
better results is zpparent in a comparison of the estimated parameters
and summary statistics of Models A and B in Table B-1. Although the
T ratios on lines of communication and direct air support sorties are
low, all exponents, a priori, now have reasonable signs. The value of
the RZ statistic is higher and the Durbin-Watscon statistic has increased
in value to a point in the inconclusive range in which one cannot assert
that the error terms are autocorrelated. There can be no question that
the Model B especification is a decided improvement over that of Model A.

Model C, which is a variant of Model B, was specified to further .

improve on the estimated parameters used in tiais study. An evaluation

of the Model B statistical properties indiceted that the efficiency of

the estimated parameters could be improved if the data were deflated or
normalized by a size variable, This technique is often used, for example,
in estimating investment functions where the sizes of the firms in the
sample vary considerably, Deflating the data by a size measure normalizes |
this influence so that other pertinent cause and effect relationships mray

be investigated. The magnitude of the enemy's effort to push supplies |
to the borders of South Vietnam and Cambodia varied considerably over

the campaign and this effort was best reflected by the number of south-

bound sensor-detected truck movements, Therefore, this variable was

selected for use in deflating the data so that the relationshiﬁ between

sortie inputs and the objective variable could be more appropriately analyzed, |
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Deflation results in increased efficiency of the estimated
parameters if the explanatory variable data, when plotted against the
size measure, fan out systematically in a linear fashion from the
origin (5:34-44). Fanning was especially apparent in plots of the natural
logarithm values for lines of communication and direct air support soriies
and the improvement in efficiency resulting from deflation is evident

in the higher T ratios for Model C in Table k-1.

A related problem in econometrics is heteroscedasticity of the
error terms. For:@estimating efficiency not anly should the error terms
be independently distributed, but also they should have a constant variance,
Although heteroscedasticity of érror terms did not appear as a serious
problem in Model B, some improvement in the scatter pattern of error
terms was noted in the Model C plots, Consequently, an added benefit
of the deflation was the improved efficiency that resulted from a more
homoscedastic error term variance for Model C,

One potential problem with deflation is the creation of
spurious correlation between variables, especially if the deflating variable

is very large relative to the data being deflated. This would lead one to

e ——————————

et et et
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believe there is a higher correlation between the dependent and explanatory
variables than actually exists. The higher correlations could also
complicate the problem of estimating the separate influences of
: the explanatory variables, a phenomenon associatéd with multicollinearity.
A comparison of the R2 statistics, .93 for Model B and .86 for
Model C, indicates that deflation resulted in lower, not higher,
correlations between the dependent and explanatory variables, In addition,
deflation reduced the correlations among the explanatory variables, thereby
alleviating an initial problem with multicollinearity. This is evident
in the value of the determinant of the correlation matrix which is a
good check for multicollinearity. The value of the determinant increased :
from .000k in Model B to .1O44 in Model C., The problem of spurious .
correlation, which often accompanies deflation, therefore did not materialize. é
Deflation by the natural logarithmic value, which is much lower than the

actual value, did not generate the potentially harmful effects discussed

above., On the contrary, the efficiency of the estimatled parameters

was greatly improved. |

A comparison.of the estimated parameters and summary statistics
for Models B and C in Table B-1 gives evidence that the specification of i
Model C is superior to that of Model B. The T ratios on all estimated |
parameters are higher for Model C, indicating that these estimates are
more efficient than those of Model B, It is also interesting to note ;
that the values of the parameters for each sortie set are quite similar
to those of Model B, indicating that deflation did not distort the estimated

values, Even the exponent of the southbound sensor-detected truck

e

movements variable, which was the constant term in the Model C estimation,

is quite similar to the exponent actually estimated in Model B,

e e T
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There are yet further indications that support the assumption
that the coefficieni, A, is equal to one, and consequently LnA equals
zero, in the specification of Model C. Note, for instance, that the
T ratio on the constant term (LnA),of Model B is a highly insignificant
.09, implying that the constant is indeed zero. In addition, in Model C!,
the extended version of Model C, the T ratio on the coefficient of the
reciprocal of southbound sensor-detected truck movements (1/Lnx5) is
an insignificant ,06. If the estimated constant of Model C were truly
B5 + LnA(l/InXS)-instead of B5’ we might expect the T ratio to be much ]
higher. In conclusion then, all evidence indicates that LnA is zero
and that the Model C specification is superior to that of Model B,
The close similarity of the estimated values acréss all exponential
specifications gives further assurance that the parameters are
relatively stable and that deflation had no deleterious effects.

The R2 statistic is lower for Model C, bul as explained above,

the deflation procedure decreased the correlaticn coefficients between !

variables so this was expected. Actually, the R2 statistic 1s only of
secondary importance for the type of model esiimated and the use to which i
the model was put in this study. R> is important in a predictive model, |
but in a policy response model we are primarily interested in the

estimated parameters and the confidence that can be put in them. z




Optimal allocations are predicated on the estimated B values, and the T
ratios give the level of confidence that can be placed on these estimates,
Nevertheless,.86 percent of the variance of the objective variable has
been explained by the model and this is a high value by most standards,
The difference in the values of the Durbin-Watson statistics for
the two models is insignificant. As expected, deflation minimized the
detrimental effect of heteroscedasticity but made an insignificant
contribution in reducing autocorrelation., The value of 1.22 lies in the
inconeclusive range between 1,09, below which there is‘good evidence that
autocorrelation is a detrimental factor, and 1.63, above which one‘can
be relatively confident that it is not. Certainly a higher Durbin-Watson
value would be desirable, but it is doubtful that additional Fefinements
would significantly increase the value. Some autocorrelation is
inherent in time series data, particularly data that has been averaged
over time to feflect a lagged influence. Probably the best that can be
expected is a value in the inconclusive range where there is no definite

v

evidence that autocorrelation exists.




APPENDIX C

MATHEMATICS OF CONSTRAINED OPTIMIZATION

Cost Minimization Subject to Constraints

Problem (Optimum 1)

Minimize: The cost of sorties flown
Subject -to: IP - TP, designated by Y, is a given value.
Mathematical Formulation

1 + P2X2 + P3X3 + Phxh

B, B, 33 B),
Subject to: AXl X, x3 Bo=mx= g (constant)

where: Pi(i=1,2,3,4)

Minimize: PlX

Cost of type i sortie

Xi(i=1,2,3,4) = Number of type i sorties

b
n

AXl X2 X3 L The interdiction model

a
]

Given value of IP - TP,

Set up the Lagrange function with the IP = TP constraint:

B, B, B3 B
(1) L = Plxl + pex2 + P3X3 + Phxh - Ml(Axl x2 x3 X, =C).

Minimize the function by taking partial derivatives with respect to each

variable and set equal to zero: (Ml, the Lagrange multiplier, is also a

variable.)

3L BlY

(2) = =P - M(==) =0
X, By X,
oL B2Y

(3) =—=P, -M(-==)=0
3X2 2 1 X2
- B,Y

(b) ==-=P_ <« M(===)=0
ax3 3 1 x3
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oL (BhY
(5} z==p M(—=—)=0
3X), 1 X,

Y 1, 2, 3 -
(6) Bl AX, X, X, 7%, "+c=o0
Divide (2) by (3), (4), and (5):
(1) gl;g = ;l or, X2 = gg;l Xl
20 | 12
le3 e 5 . B3P1
(8) % =T °r X3-——-BP Xl
371 3 1o
(9) zlih . ;& or, X = 2“?1 X)-
s | 2 1k

Substitute (7), (8) and (9) into (6):

B B.P P B
(10) ax, 25 x)) 20~1—-) 3( =) L
1 2 l 3 l h

Gather terms and solve for Xlz

1
€ BFE B B B.P, B | ==———————
(1) x = [ERE) 2l k| B
&k 3L L1
Use Xl to solve for other variables in the previous equations:
B2Pl 5Py
(1) X, = X] » 55 = Optimal trade-off between X, and X,
l 2 12
e R 4
(8) X3 =351 % * 5P - Optimal trade-off between X, and X3
i 13
ByPy e 1
(9) X, =55 X, » 5p_ = Optimal trade-off between X, and X,
1l 1k
Plxl
(2) M = e - Marginal cost of a one truckload reduction in TP
L at the optimum.
B, Y

NOTE: The term (ii-) in equations (2), (3), (4), and (5) is the marginal

i

product of sortie X In equations (7), (8), and (9), the ratios

1'
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of the marginal products were set equal to the ratios of costs to
obtain the optimal trade-offs.

Problem (Optimum 2)

Minimize: The cost of sorties flown
Subject to: (1) Y is a given value

(2) Gunship team sorties = 65§xl=sl).

Set up the Lagrange function:

B. B. B. B
DRy 3x L

(1Y L =B P P P\X, - Ml(AXl o -C)-M_(X.-S.) .

L 202 33 2Rl 2 aigel
Take partial derivatives and set equal to zero: i
aL BlY E
(2) = =P =-M(z=)-M, =0 ‘
F3
i e 2 }
oL B,Y i
(3} =, - Wil =0 |
2 2
aL B3Y |
(b) 5= =Py =M(z=) =0
3 3
aL BhY
(5) w=== P = N (==} =g
3Xh L £ Xh
L B HE SRR B [
T poniiale, 3. U &
(6) A, ==X X, X3 K T+ C=0
(1) S-=-X +s =0.
2
vi de y (L) and (S):
B P
ol e o4
.+ X B.P x-
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B B. B.P B, B, P B
(100 A(s)) 1x, 2552 x,) 352 x,) ¢ = c.
23 2°4
Gather terms and solve for X2:
o by i e B P B,
(11) x, = [(F(F) 5 ) (35 - i e "R
gl 3i2 L2
Use X2 to solve for the other variables:
B.P B P
(8) X = 22y d =2 . Optimal trade-off between X_ and X
3 B P 2 P_P 3 2
Er s 23
Bhp2 BbPQ
(9) X, =—=X —== = Optimal trade-off between X, and X
lj= 0 D st D 4 2
2 b 2° L
I"')X”
(2) Ml = §=E= = Marginal cost of a truckload reduction in throughput
2 at the optimum
BlC
(5) M, =P, - Ml(g“-) = Decrease in cost if one additional X, sortie

were available, i.e., the marginal value of

an Xl sortie.

Output Maximization Subject to Resource Constraints

Problem
faximize: IP - TP, designated Y
Subject to: The number of sorties available .

Mathematical Formulation

Maximize: AX., ~X. X

>
n

Subject to: (1) 5 (Gunship team sorties)

1]

(2) X, + x3 + X,

Set up the Lagrange function:
B B "B b

B e v i
1 Xy TX3 XKy =M (X =8, )=M, (X X 4K =S,) .

5, (Fighter and attack sorties).

S

Lt




Maximize the function by

oL

3X,
L
(3) g
3%,
oL
(4) =

(2)

(5) 9 =

oL
(6) e
A-]

all
2

Divide (3) by (

B
P4

Substitute (8)
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taking partial derivatives and set equal to zero:

|
o

BlY .
Xl 3
B.Y
T M
B,Y
—— = M
X
3 2
BhY
A
L
- S
) S - 1
- X2 - X3
L) and (5):
= 1 or, X3
= 1 or, Xh

and (9) into (7) and solve for X,

B2

(10) X, = s,( )

2 2 82*33*Bh

Use 12 to solve for X3 and Xh in the previous equations:
B
-_—-—l

(8) x4 B, X,
(9) x =2 x

L 32 e

Substitute values of X, = Sl. x2. X3, and Xh into original prcduction

4

function and calculate Q to obtain the maximum reduction in throughput:

B
1
(11) A%,

By B
e
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NOTE:
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The Lagrange multipliers, M1 and M2, in this formulation are the
marginal products of the sorties at the optimal point. Their
values can be obtained by solving equations (2) and (3). These
values indicate how much additional Y could be obtained if one
additional gunship team sortie or fighter and attack sortie,

respectively, were available.




APPENDIX D
GRAPHICAL PRECENTATICN OF CONSTRAINED OPTIMIZATION

The problem-solving methodology used in Chapter IV can be illustrated
in a two-dimensional diagram if we group all fighter and attack aircraft ?
into one category and assume they have been efficiently allocated,
according to the estimated interdiction model, to trucks and storage
areas, lines of communication, and close air support. We then have only
two inputs to consider, the combined fighter and attack sorties and the
gunship team sorties, and we seek the least-cost combination of these
two inputs to attain the given output, or a reduction in throughput of
436 truckloads per week. This is illustrated in the isoquant-isocost
diagram of Figure D-1. The diagram is for illustrative purposes and
should not be taken as an exact reproduction of the cost and output
functions. It has also been scaled to better depict the various con-
strained solutions.

The least-cost combination of sorties is depicted by point A on the
diagram where the given "U36" isoquant is tangent to the lowest cost line
of $13.3 million. This is the Optimum 1 solution of Chapter IV, This
solution, however, called for 134 gunship team sorties, more than were i
available to strike trucks during the campaign. We must therefore move
down along the isoquant,or equal=-output,line away from the least-cost
solution to point B which is constrained at 65 gunship team sorties. This
is the Optimum 2 solution. As can be seen in the diagram, this solution
is available only at a higher cost than the first.

Now if the 1678 fighter and attack sorties that were actually flown f
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ISOQUANT—1SOCOST PRESENTATION

GUNSHIP TEAM
SORTIES

e

134

65

IP-TP = 467 {
IP-TP = 436 « 1B

FIGHTER-ATTACK SORTIES

FIGURE D-1




had been efficiently allocated between target types, the potential
reduction in throughput would have been 467 truckloads. This solution is
point C on the higher "L6T" isoquant and is the example of maximizing
output for a given rescurce level. The 1678 fighter and attack sorties
flown in conjunction with the 65 gunship sorties, however, actually
attained a reduction of 436 truckloads. The difference, 31 truckloads,
is the reduction in throughput foregone, or the opportunity cost of the
inefficient allocation of the fighter and attack aircraft.

On a dollar coét basis,th2 potential savings available at the
Optimum 1 and 2 solutions are the differences between the actual cost
line of $18.3 million and the $13.3 million and the $17.5 million lines
respectively. The cost overrun, based on the Optimum 2 solution, of
attaining a reduction of 436 truckloads was approximately $.8 million, or
the cost of the additional 97 sorties flown above the extimated 1581
actually neded. As stated in the body of the text, this overrun amounted

to 5 percent of the Optimum 2 cost estimate.
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APPENDIX E

COST TABLES

E-1 Variable Sortie Cost by Aircraft Type and Mission
=2 Attrition Kates and Aircraft/Aircrew Dollar Costs

E=3 Operating Cost Factors for SEA Sorties
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