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The purpose of this paper is to describe cost sensitivity analy-
sis and to illustrate its use. Sensitivity analysis is the systematic
investigation of the relationship of total system costs and system de-
sign and cost parameters. Sensitivity analysis studies the change in
total system cost as a result of a change in the cost, operation mode,
capability, or other feature of some part of the total system.

The basic reason for sensitivity analysis is uncertainty. When
the total cost of some system is evaluated, there are uncertainties
about future events, such as the unit cost or capability of a particu-
lar piece of equipment or how the system will actually be operated.
These uncertainties can have several important dimensions. First, the
range of uncertainty can vary from parameter to parameter. For exam-
ple, the range of 'possible" values might be within 15 percent of its
expected value for one parameter but within 50 percent for another
parameter. Second, the impact on total cost of some variation in the
value of a parameter can differ among parameters. For example, a change
of 10 percent from the expected value of a parameter may change that
cost by only 2 percent, but a change of 5 peréent from the expected
value of another parameter may change total cost by 10 percent.

Sensitivity analysis, by investigating a system's cost relation-
ships, provides information about the financial impact of uncertain
future events.
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THE GROUND SENSOR SYSTEM

A typical cost analysis study provided a good illustration of the
use of cost sensitivity analysis. In an interdiction study, a ground
sensor system that would Be used to locate enemy targets was proposed.
The cost analysis task was to develop annual operating costs for the
system in limited war environments. The ground sensor is portrayed in

Fig. 1.
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Fig. 1-~Ground sensor system

The principal components of a ground sensor system are the sensors,
the aircraft that deploy the sensors, the ground station that processes
and analyzes the sensor transmissions, and the airborne relays that
monitor the sensor signals and transmit them to the ground station. The
four system parts~-sensors, sowers, ground stations, and relays——can.
be thought of as cost centers. Accordingly, this analysis will discuss
each cost center and then the total system cost,

A European scenario with an area 120 n mi by 210 n mi, with about

4500 km of road to be kept under surveillance, will be examined.



Sensors

The sensors' purpose is to detect and to communicate the presence
and movement of enemy targets. The overall total cost of sensors is
determined by the number of sensors required per year and their unit
cost. The annual sensor requirements can be determined by four
parameters.

First, a technical study indicated that sensor life would be lim-
ited to 60 days, requiring that the territory be seeded every other
month, or six times a year,

Second, 7 percent of the sensors would fail to operate upon em-
placement.

Third, sensors would be deployed in strings of 15 with about 250
meters between each operative sensor and about 5250 meters between each
string. Thus, there is a new string for every 9000 meters of road.

Fourth, 4630 km of road are to be placed under surveillance.  An-
nual requirements would thus be about 49,500 sensors.

For large purchase quantities, the average cost of a sensor has
been estimated to be about $2750, This estimate was based on a tech-
nical analysis of the sensor's sophistication and of the manufacturing
difficulties involved. Total annual sensor costs are, thus, about
$136 million.

Sowers

The purpose of the sower aircraft is to replace inoperative sen-
sors. Costs are generated according to the number of aircraft required.
The numher of aircraft required is determined by five parameters as

follows:

o Average sensor life,

o Number of sensors the aircraft can carry.

o Operating mode.

o Expected rate of sensor failure upon emplacement.

o Kilometers of road under surveillance.

Sower aircraft can carry up to 32 sensors per sortie. A sortie gener-

ation rate of one per day has been assumed. To determine the number



of sower aircraft required, the number of sensors expected to fail in
one day, found by dividing total sensors per territory by expected sen-
sor life, is divided by the number of sensors a sower aircraft can carry
per sortie and the quotient is rounded up to the next whole number as

follows:

8240 sensorsg to cover territory _ 137 sensors expected

60 days expected sensor life ~ to fail every day
137 sensor failures daily _ 5 aircraft reqﬁired for
32 carried per sortie sensor replacement

Since annual operating cost per sower aircraft is about $500,000, to-

tal annual cost for sower aircraft is about $2.5 million.

Ground Stations

The purpose of the ground station is to receive the sensor trans-
missions relayed by the airborne repeaters and to process and analyze
the sensors' information. These ground station facilities would be
located at existing airbases. One communication terminal-data proces-
sing unit is required for each aircraft on station. The total annual
operating costs for the ground station is determined by the number of
relay aircraft and the operating cost of a communication terminal-data

processing unit.

Relay Aircraft

The purpose of the airborne data relay link is to provide an air-
borne repeater platform for data transmission between the emplaced sen-
sors and the communications terminal at the ground station. Aircraft
are on station around the clock and fly one 9-hour sortie each day.
Costs are generated according to the number of relay aircraft required.
Given a scenario, the number of relay aircraft required is a function
of relay aircraft operation and desired territory coverage. Coverage
is a measure of the amount of territory for which sensor transmissions
are within the receiving range of a relay aircraft. For example, 70

percent coverage means that the transmissions of sensors on 70 percent



of the territory are within the range of a relay aircraft. Relay air-
craft will operate at an altitude of 35,000 feet where a ground area
50 n mi in diameter would be within the range of the data relay. This
is an area of about 1960 sq n mi. The mode of operation over the ter-
ritory determines the number of aircraft needed on station for any de-
sired percentage of coverage.

To provide a decisionmaker with a range of possible values for
the cost of coverage, two different methods were used to calculate the
number of relay aircraft needed. The two methods are not worst/best
cases, rather they represent the limits of a most likely range. The
first method, designated the arithmetic method, simply divides the area
of the scenario territory by the area within the range of the airborme
relay (1960 sq n mi) and rounds the quotient up to the next whole num-
ber. Because of the geometry of this calculation, this method tends
to understate the required number of aircraft. The second method, des-
ignated the block method, calls for aircraft to fly in a box pattern
5 miles to the side. Aircraft flying in this pattern will always have
an area 30 n mi by 30 n mi square within their relay range. Required
number of squares per scenario has been calculated. In this case, 28
aircraft are required on station for 100 percent coverage. This method
tends to overstate the required number of aircraft because of the large
amount of duplicate coverage.

These two methods answer the coverage question somewhat differently

as can be seen from the following comparison:

Number of Coverage
Aireraft (% of total)
on "Arithmetic Block
Station  Method Method
28 100 100
21 100 75
14 100 50
13 100 46

10 78 36

For the same coverage the block method requires twice as many aircraft

as the arithmetic method. Now that the coverage question has been



analyzed, the number of relay aircraft required on station can be de-

termined for a given level of coverage.

System Costs
The total system costs can now be calculated by adding the costs
for the sensors, sowers, relay aircraft, and ground station, and are

shown in Table 1. 1In addition to the total system operating costs,

Table 1

TOTAL ANNUAL SYSTEM COST FOR VARIOUS LEVELS OF TERRITORY COVERAGE

Mumber of Coverage Total

Aireraft (% of total) Annual Elements (% of
on Arithmetic Block  Cost ($ total system cost)

Station Method Method millions) Sensors Sowers GS Relays
28 100 100 248 55 1 34 10
21 100 75 219 62 1 27 9
14 100 50 193 71 1 22 7
13 100 46 189 72 1 21 6
1 17 5

10 78 36 177 76

the composition of that total cost 1s shown. The sensor cost increases
as a percentage of total cost as coverage decreases because the total
sensor cost remains constant, while total system cost decreases.

It is clear that sensor costs are the dominant costs--usually
twice the cost of any other element.

The information is presented in this fashion for two reasons:
First, the decisionmaker can opt for different levels of coverage. This
presentation allows him to see the marginal cost of increased levels
of coverage. Second, the decisionmaker can choose which method of cal-
culating coverage best represents the way he would operate the relay

aircraft.

SENSITIVITY ANALYSIS
To understand the cost composition more fully and to take account
of some of the uncertainties surrounding costs and system capabilities

and design features, a sensitivity analysis can be performed on some



key parameters. Good candidates for sensitivity analysis are param-
eters whose values are very uncertain, or parameters whose effect on
total cost is highly leveraged, or parameters-—or cost centers-—-whose
value is a large part of total system cost.

Average sensor cost and average sensor life were selected because
sensor costs are a large part of total systems cost and because of the
amount of uncertainty surrounding their values. In addition, sensor
life can have leveraged effect on total costs. Territory coverage was
selected primarily to show the cost implications of different levels
of coverage and because, given scenario size, it determines the number
of relay aircraft required. Because of the uncertainty about how the
relay aircraft would be operated, both the arithmetic and the block
method of calculating territory coverage will be presented.

The results of the sensitivity analysis are striking. Figure 2
plots total system costs and different values for key parameters using

the block method of calculating territory coverage.
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Fig. 2--Sensitivity of total annual system cost

First, the most sensitive variable is average sensor life. For
any percentage decrease in sensor life, there is a greater percentage
increase in total system cost. This is the "leveraged" impact men-

tioned earlier. Both the number of sensors required per year and the
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number of sower aircraft required grow at ever-increasing rates as av-
erage sensor life decreases.

Second, average sensor cost is linearly related to total system
costs. For any percentage increase in sensor cost, there is a smaller
percentage increase in total system cost.

Third, reducing the amount of territory coverage has a relatively
minor effect on total system costs because the dominant system cost—-—
that of the sensors--is not affected. Only relay aircraft and ground
facility costs change as territory coverage changes.

Another sensitive parameter is the method used to calculate terri-
tory coverage. Figure 3 plots total systems costs and different.values
for key parameters using the arithmetic method and the block method.
For the expected parameter values, the costs using the block method are

about 37 percent higher than those using the arithmetic method.
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Fig. 3--Sensitivity of total annual system cost
(costs using arithmetic method and block method)

- This kind of sensitivity analysis can be very useful. For exam-
ple, it can help allocate R&D funds more productively. Figure 4 can
tell you whether to invest R&D money., Figure 4 relates annual cost
savings and increased sensor life (using the block method of calculat-
ing territory coverage). If it would cost more than the amount shown
in Fig. 4 ($47 million) to increase average sensor life from 60 to 90

days, it would be uneconomical to do so.
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Fig. 4--Annual cost savings and increased sensor life

Second, it can tell you where to invest R&D money. Figure 5 re-
lates annual cost savings, decreased sensor cost, and increased sensor
- 1ife. If yoﬁ could either increase sensor life by the amount shown
(from 60 days to 90 days) or decrease sensor cost from $2750 to $1500,
you should decrease sensor costs (because the sensor costs savings are
$62 million and the sensor life savings are $47 million). This as-

sumes that it is economical to achieve the goal, of course.
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Fig. 5--Annual cost savings, decreased sensor cost
and increased sensor life
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Another example of the utility of sensitivity analysis comes from
the operating area. From Fig. 6, which relates annual cost savings and
territory coverage, it is clear that improving efficiency in operating
mode can increase territory coverage over 50 percent at no increase in

cost.
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Fig. 6--Annual cost savings, territory coverage
and decreased sensor cost

Cost sensitivity discussions usually limit themselves to the un-
certainties surrounding cost estimates and system capability, design,
and operation. However, the purpose of cost sensitivity analysis is
to search for dominant solutions, to determine what are and are not
impdrtant parameters in the analysis--and these parameters are not lim-
ited to those of cost estimates and system capability, design and
operation.

The conclusions of a cost analysis are usually very sensitive to
the methodology employed. I believe sengitivity analysis can be em-
ployed to illustrate the sensitivity of total system costs to changes
in the cost methodology employed.

One way to illustrate the sensitivity of cost analysis to cost
methodology is tc compare the costs of two different systems equally
capable of performing the same mission. One example of a change in
cost methodology is the time horizon, or "useful life" of a system. The

favorite horizon for tactical systems is about ten years. Several years



ago, it was 5 years.

be significant. Figure 7a presents the total system costs (RDT&E, in-
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The impact of the methodological assumption can

vestment, and 5 years of peacetime operation) for the ground sensor

system and an equally effective aircraft system dedicated to the same

purpose,

ways the more expensive system.

According to this analysis, the ground sensor system is al-

However, when the time horizon is ex-

tended to 10 years (see Fig. 7b), the ground sensor system is the less

expensive system.

The cost sensitivity of methodological assumptions

such as system life span must be explored by the analyst.
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Fig. 7--Five- and ten-year system cost comparison

Another example of the sensitivity of cost information to methodol-

ogy is the exclusive use of peacetime operating costs in most system

analyses.

future event.

This practice ignores the possibility of war as an uncertain

Conclusions are sensitive to this assumption, too, as

the following example illustrates.

Using the same example of equally effective aircraft and ground

sensor systems, the 10-year system cost were calculated.

(RDTSE, in-

vestment, 10-year peacetime operation). This caleculation indicates

that the ground sensor systems is preferred on the basis of cost.
However, if there is a war for 2% years (out of the 10 years), then
the aircraft system becomes preferred on the basis of cost because of

the very high wartime operating costs of the ground sensor system.
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This comparison is presented in Fig. 8. The breakeven time, after
which the aircraft system is preferred, is less than one year.

In conclusion, sensitivity analysis can be used as a valuable tool
to learn what the important parameters are in a system analysis and
to quantify the financial impact of uncertain future events. It allows
the analysts to provide information useful to the decisionmaker in a

variety of management tasks that allow cost trade-offs.

WARTIME
AND

PEACETIME
TOTAL
SYSTEMS
cosT
(§ ILLIONS)

] ! ] 1 1 1 ) ]
0 1 2 3 4 5 6 7 8 9 10
YEARS

Fig. 8--Wartime and peacetime total cost comparison
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