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PREFACE

This study was performed under the Project AIR FORCE (formerly
Project RAND) supporting project “Analytical Methodology Research.”

It was initiated in response to concern at The Rand Corporation and

‘I the Cost Analysis Division, Directorate of Management Analysis, Hq

USAF, over the validity of spacecraft cost estimates obtained from

parametric cost models. The question is particularly relevant for the

next generation of spacecraft , because weight , which is the most widely

used independent variable in such models, should be less of a constraint

for spacecraft launched by the space shuttle. In addition , standardiza-

tion of components or increased use of existing components reduces

spacecraft development costs, and to a~ lesser extent production costs.

The study suggests that cost models should not be used mechani-

cally. The user who is familiar with spacecraft technology in general,

and the spacecraft to be estimated in particular , can adjust the re-

sults to obtain useful estimates. The study should be of value to

persons employing spacecraft models f or estimating costs, persons who

have to evaluate such estimates, and persons involved in building the

next generation of models.

This report is a companion—piece to J. P. Large and Capt . K.M.S.

e~yle~~ A Cri e ~.f ,A irc f
~A±f r a Jne Cost Models , R-2 194-AF

(forthcoming).
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SUMMARY

Most parametric cost models produce a statistical analysis of

observed costs on a sample of homogeneous items. It is implicitly

assumed that the future will not differ greatly from the past, and

that equations derived from observed costs will allow an analyst to

make valid estimates of future costs. For many types of equipment

those assumptions are reasonable , but it is doubtful that they apply

unreservedly to spacecraft. Spacecraft are much cheaper (in constant

dollars) on a per—unit—of—performance basis now than they were fifteen

years ago, and it is commonly anticipated that cost will decline further

when the space shuttle allows some relaxation of the rigorous weight

constraints imposed by current expendable launch vehicles. Consequently,

it seemed timely to examine a representative group of parametric cost

models to determine how well they estimate costs for a varied sample

of spacecraft representing a wide range of technologies.

The intent was not to pass judgment on the relative worth of the

various models. Because they were not all intended to perform the same

function, they cannot be judged on a common basis. Our intent rather

was to find out how the models compare for estimating particular kinds

of spacecraft or subsystems, to note what precautions should be ob—

served in using a model , and to suggest directions for future cost

modeling.

The results reinforce the note of caution sounded by most model

designers to the effect that their creations should not be used mech-

anically, because using the equations without modifying them as dic-

tated by the characteristics of a particular spacecraft will often

give estimates too inaccurate to be useful. That is especially true

f or nonrecurring costs. None of the models examined has general appli-

cability for any subsystem except structure , but several of the SANSO

models are useful for estimating total nonrecurring cost. Recurring

costs are less sensitive to program peculiarities and are much better

estimated by all the models . For the user who lacks detailed knowl-

edge of a program and is interested in obtaining an estimate based on

I -
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basic spacecraft characteristics such as weight and maximum array out—

put, the various SANSO models appear to be the most reliable.

3
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I. INTRODUCTION

Statistically derived cost models often replicate costs incurred

in past programs with admirable fidelity. If a new program does not

depart significantly from its predecessors, a model should estimate

its cost with acceptable accuracy; and in some areas of technology the

change from one year to the next is so gradual that a cost model may

have a useful l i fe  span of f ive to ten years . Aircraf t  airframe and

eng ine models , for example , may be derived from relatively homogeneous

populations that include equipment developed in the l950s. Because

spacecraft have evolved much faster , however , there is always some

doubt about the validity of exis t ing models for  predicting the cost

of a new spacecraft.

.4 In constant dollars , spacecr a f t  have been gett ing cheaper over

the years on a cost—per—pound basis even though capability per pound

( has been increasing. Moreover , when the intent is to build a low—

cost spacecra f t , as in the Air Force S—3 progr am , that intent can be

realized . The increased use of previously developed components re—

duces spacecraft development cost substantially, and also reduces

production cost but to a lesser extent . Further , the availability of

the space shuttle as a launch vehicle implies that weight may no longer

be so dominant a design constraint; hence existing cost—estimating

relationships based on weight may not apply to spacecraft designed for

shuttle launch. Consequently, it may be a mistake to use existing

spacecra f t  models uncritically ,  without careful consideration of pro—

gram requirements; doing so may overstate the cost of new spacecraft

for which low cost is an important design criterion . It therefore

seems an appropriate time to review some of the better—known space—

cr a f t  cost model s to determ ine their app licability to new systems that

represent a departure from a long—established trend .

The models included in this review have been developed by the Air

Force, NASA , and private industry for d i f fe ren t  reasons , but most of

them approach the estimating problem in the same way and include many

of the same spacecraft in their data samples. Most agree that each

j
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major subsystem should be estimated separately, -although they may not

agree on subsystem definitions. All agree that the most important

explanatory variable is weight and that very few others are useful.

The models themselves, however, differ sharply and give different

results. Those included in the survey are described in the following

publications:

Sinrplistic Spacecraft and Booster Cost Models, S. E. Levine,
Aerospace Corporation, 1977.

Advanced Cost Estimating and Synthesis Techniques for Avionics ,
E. N. Dodson et al . ,  General Research Corporation , 1975.

Cost Estimating Relationships for GSFC Unmanned Satellites, D. B.
Clemens et a l . ,  Godda rd Space Flight Center , NASA , 1973. JSpacecraft Platform Subsystem Comp lexity Leve l Cost Estimating
Model, W. Gruhl , NASA Headquarters , 1972.

Development of Cost Estimating Relationships for FLEETSATCOM,
E. R. Brussell et a l . ,  Planning Resear ch Cor poration , 1974.

Manpower/Cost Estimation Model--Automated Planetary Projects,
L. D. Kitchen , Science Applications, Incorporated , 1975.

Space and Missile Systems Organization Unmanned Spacecraft Cost
Model, Third Edition , C. J . Rowher et a l . ,  SANSO , USAF , 1975.

SAMSO Unmanned Spacecraft Cost Model--Updated Cost Estimating
Relationships and Normalization Factors (An Interim Report),
F. K. Fong et al., SANSO , USAF , 1977.

Several other models were reviewed but not included in the survey

because they appear less relevant to today ’s problems. They are listed

in the Bibliography. Other models, e.g., the Aerospace Corporation

computer—based model developed by H. C. Campbel l , were not in cluded

because they are not available for general use.

TEST SAMPLE

In this evaluation we compare estimates, by subsystem and by total

spacecraft , with costs incurred on six spacecraft programs:

App lications Explorer Mission (AEM)
Applications Technology Satellite F (ATS—F)
Defense Satellite Communications System Phase II .. (DSCS II)
Defense Support Program Phase II (DSP II)
Multimission Modular Spacecraft (?OIS)
Space Technology Program S—3 model (S—3)

~ 

- 
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Initially, we intended to select as test cases only spacecraft

not included in the data samples on which the various models are based .

It turned out, however, that virtually all of the’spacecraft for which

data could be obtained are Included in one or more samples. Conse-

quently , we endeavored to select spacecraft that represent a wide

range of technologies, so that the models would be exercised over a

range of inputs that by design exceeded the bounds normally dictated

by the characteristics of the data samples. AEM and S—3 are small,

lcd—cost ~~~~~~~~~~ . ‘-aft. MMS is a large, modular spacecraft lower in

cost than conventional vehicles of comparable size. ATS—F and DSCS II

are coamunication satellites; the other spacecraft are sensor or ex-

periment platforms . AEM, ATS—F , and MNS are three—axis stabilized ;

the others are spin—stabilized . All are earth—orbital and representa-

tive of hardware used in USAF space missions. Table 1 summarizes the

technical characteristics used as inputs to the model.

TEST PROCEDURE

The test procedure was simply to use each of the models to esti-

mate costs in whatever detail was called for and then to compare the

estimates with the actual cost. The word “actual” must be viewed with

some tolerance for several reasons. First, the AEM ~nd MMS programs

are still in progress. Although NASA and the contractors have a high

degree of confidence in the estimates, it is still premature to treat

them as actual costs. They are included because we are particularly

interested in testing model performance on the class of spacecraft they

represent.

Second , detail costs on AEM and S—3 were provided by Boeing and

on MMS by Goddard Space Flight Center . We relied on secondary sources,

however, for actual costs of ATS—F , DSCS II, and DSP II. Other orga-

nizations, both public and private , have collected those costs directly

from contractors in the past , and to save time we chose not to repeat
• that effort. During the course of the study, we began to note dis—

crepancies in data pertaining to the same spacecraft as reported by

two or more organizations, even though they drew on the same primary

data. The discrepancies are due to the fact that only total program
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cost can be known wi th  precision . Allocations between nonrecurring

and recurring cost and among the various subsystems can be a rb i t r a ry .

Contractors are likely to use differing allocation procedures and

de fini t ions of cost elements——system engineering , qua l i ty  control ,

• r e liabi l i ty ,  etc. Some companies treat a certain cost as a program—

level expense; others assign it to a subsystem. Those varying prac-

tices are reflected in the estimating models exatnined • Some models

at t ribute most costs to subsystems and add a small p rogram cost; others

do the opposite. To minimize the e f f e c t  of such di f ferences  in the

analysis , all  prog ram costs were prorated among the hardware subsystems .

Table 2 shows the actual costs used in computing deviations . The

table lists no nonrecurring costs for  MNS , because several NASA pro—

grams have contributed to the development of MMS hardware and it would

Table 2

TEST CASE ACTUAL COSTSa

(In mil l ion $ 1976)

St ruc ture  Telemetry , A t t i t u d e  Elect r ical Combined
Therma l Tracking, Control Power Communications bInter stage and Command Subsystem Subsystem and TT&C Total

Spacecraft  NR R NR R N~ R NE R NR B. NR R

AEN 0.7 0.4 0.7 0.5 0 .5 0 .7  0.4 0 .6 2.3 2.3
ATS—F 11.5 2 .6  23.4 8•3  2 .9  1.7 16.7 8.7 54.6 21.3
DSCS 11 6 .2  1.0 17.5 2.6 3.6 1.6 29 .3 5.6 56.6 10.8
DSP II 7.8 1.7 10.5 2 .9  11.2 4.1 18.9 5 .3 48.4° 14.0
MMS —— — 0.9 ——— 2 .7  —— — 1.7 —— — 3.7 — —— 9.0
S—3 1.8 0.7 2 .2  0.6 1.1 0.3 0.8 0.4 5.9 2.0

NOTE: NB.  nonrecurring; R  recurring.
0Recurring cost is the cost of the f i r s t  unit . Where it was necessary to derive

f i rs t—uni t  cost from lot cost , a 95 percent learning curve was used .

Totals are not adjusted for rounding errors.
°Nas not been adjusted for inheritance from Phase I .

be d i f f i c u l t  to ident i fy  nonrecurring cost with any accuracy . Aero—

space ground equipment , launch , and orbital operation costs are not

included in any of the numbers. Most models contain a recommended

price index, but in the interest of consistency the index given in

Table 3 was applied to all base—year costs.
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Table 3

-

• 

SPACECRAFT PRICE INDEXa

Year index Year Index

1958 3.13 1968 1.83
1959 2.97 1969 1.69
1960 2.84 1970 1.60
1961 2.68 1971 1.53
1962 2.52 1972 1.45
1963 2.35 1973 1.41
1964 2 . 2 4  1974 1.21
1965 2.12 1975 1.07
1966 2.02 1976 1.00
1967 1.91

aBased on the procedure de—
• scribed in H. C. Camp bel l , Aero-

space Price Indexes, The Rand
Corporation , R— 568—PR , December

• 1970.

The following sections includ e a brief description of each mod el ,

t he spacecraft included in the data base for the model , and the results

of our tests of the model. Where the equations were derived by regres—
sinn analysis , we show the coeff icien t of determinat ion (R 2 ) and the

level of significance of the variables. The former is a measure of the

goodness of f i t  of the regressed line to the sample data . For examp le ,

an R2 of 1.0 would mean that all the observed points in the sample ar e

on the least—squares line. The level of signif icance indicates the

probability that the results obtained using the estimating relationship

could be obtained st r ic t ly by chance.

Dollar and percentage deviations are shown for each subsystem and

for total spacecraft cost. Percentage deviation is defined here as

(actual cost — estimated cost) + actual cost. Thus a positive devia—

tion means that the model underestimates cost, and a negative deviation

signifies an overestimate. A zero estimate , the lowest that is theo—

retically possible, would give a positive 100 percent deviation. Over—

estimates, on the other hand , are unbounded , and very large negative

deviations can and do occur . In examining the deviations shown in the
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ensuing sections , one should keep in mind that they are biased toward

overestimates and that the absolute costs on which the deviations are

based are sometimes quite small. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ _________________
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II. AEROSPACE CORPORATION MODEL

The simplest model considered was developed by S. E. Levine at
Aerospace Corporation for I l

a system tradeoff study that required

rapid approximate costing of numerous satellite and booster combina—

tions.”1 The model is unique in that it is based on estimates, not

actuals. The estimates were made using the SANSO model on “about

thirty conceptual SATCOM designs.” Being designed so narrowly and

based on synthetic data , the model is not useful for a broad range of

systems and cannot be recommended for communication satellites .

NONRECURRING COST

Independent variable Spacecraft dry weight
Functional form Y aXb

Nonrecurring cost is defined to include aerospace ground equip—

Inent (AGE) and two development model spacecraft. Data provided by

• Levine allowed us to delete AGE costs from the estimates, and we sub-

tracted twice the first—unit cost to adjust for the development models.

The results are mixed , showing overestimates for the cheapest and most

expensive spacecraft , and underestimates for the two “standard” space-

craft. On a dollar basis the best and worst estimates were for two

communication satellites, DSCS II and ATS—F .

Deviations

Percent Cost ($ million)

AEN —504 —11.6
ATS—F —41 — 2 2 . 6
DSCS II 11 6.3
DSP 34 16.4
S— 3 —234 —13.8

l~ E. Levine , Simplistic Spacecraft and Booster Cost Models,
The Aerospace Corporation , El Segundo , Calif ., Satellite Systems Divi-
sion , V , TOR—00 77 (24 0 4 — 3 0 )—3 , Feb rua r y ii , 1977 .

.• •~~~~~~~~~~~~~~~~~~~~~.
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• • RECURRING COST

Independ en t var iable Spacecraft dry weight
Functional form Y = aX

Estimates of recurring cost are too high for  all test cases , but fo r

AEN and DSP II the estimates are as good as those obtained using some

of the other models described . The high dol lar—deviations on ATS—F

and MM S——two very di f fe ren t  spacecraft—— suggest  that the relevance of

this model to particular spacecraft may be d i f f i cul t  to predict.

Deviations

Percent Cost ($ million)

AEM — 26 —0.6
ATS—F —87 —18. 4
DSCS II -.46 — 5.0
DSP —17 — 2 . 4
MMS —138 —12.4
S— 3 —125 — 2 . 5

~~*

_ _ _ _  
•  --~~- • • - - • •--—
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111. GENERAL RESEARCH CORPORATION MODEL

The General Research Corporation model differs from all other

studies discussed here in that it is not concerned with total space-

craft cost.1 We have included it because some of the techniques are

of interest and the data base is quite different from that in the

other models. GRC treats several space system components in detail :

computers, transceivers, traveling—wave tube amplifiers, and multi—

plexers. A GRC review of the attitude control subsystems in about

10 spacecraft indicated that “each was virtually custom—made” and that

the sample was not sufficiently homogeneous for detailed analysis.

Equations were developed , however, for estimating design and develop-

ment cost , nonrecurring cost (which includes design and development),

and recurring cost at the subsystem level. Program—level costs, cal—

culated on the basis of data in the report , were added to obtain the

totals shown. The weight and type (spin—stabilized or three—axis

stabilized) of an attitude control subsystem (ACS) are the only ex-

planatory variables.

DATA SAMPLE
Eleven programs are included in this model ’s data base, including

four manned programs, four scientific programs, two conn~unication pro-

grams, and one operational sensor platform :

Apollo Block I Mariner DSCS II
Apollo Block II Pioneer FIG ATS A/E
Lunar Module OSO I Vela
Gemini OGO

The sample for each cost—estimating relationship (CER) is not stated .

ATTITUDE CONT ROL

The attitude control subsystem in this model does not include

N. Dodson et al., Advanced CoBt Estimating and Synthesis Tech-
niques for  Avionica, General Research Corporation , CR—2—461, Santa
Barbara, Calif., September 1975.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~- - -
~~~~~~~~— •—  ~

--
~~~~~~~~~
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reaction control components , such as thrusters, valves, and tanks.
Consequently , deviations were computed only for those programs in which

the cost of those components could be deleted from spacecraft cost.

Nonrecurring Cost - •

Independent variables2  Recurring cost , type of stabilization
Functional form y = awb(l + cX)

0.52
Level of significance .... Could not be calculated because the

degrees of freedom are not stated in
the GRC report . For recurring cost ,
t = 2.4; for stabilization , t = 1.7.

Nonrecurring cost is estimated as a function of recurring cost

and a dummy variable for the type of stabilization. Since recurring

cost is a function of weight and a dummy variable , weight is actually

the dominant variable here.

From the deviations below , it is clear that the CRC model does not

accommodate the type of attitude control subsystems on low—cost space—

craft. The estimate of DSCS II, on the other hand , is much better .

Those results are what one would expect , given the very expensive

spacecraft in the data base.

Deviations

Percent Cost ($ million )

AEM —3660 —14.7
DSCS II 40 5.8
S—3 —437 —4.7

Recurring Cost

Independent variables  Weight , type of stabilization
Functional form y aWt’(l + cX)
R2 0.56
Level of significance . . ..  Weight: t = —3.7

Stabilization : t = 0.3

2lndependent variables are given in the order they appear in the
fu nct ional  form .
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It is clear from the t—stat ist ics  that weight is the only signi— -

•

ficant variable, but the estimates for recurring cost are generally

better than those for nonrecurring . The CER is based on high—precision

attitude control systems ; thus it is reasonable for the estimate of

the MMS ACS to be relatively good and for the AEM and S—3 to be over—

estimated . It is curious that a fair ly good estimate of recurring

cost for AEM leads to a deviation of over 3000 percent in nonrecurring

cost , while a poorer estimate of recurring cos t for DSCS II is trans-

fo rmed into an improved nonrecurring cost estimate.

Deviations

Percen t Cos t ($ million)

AEM — 23 —0. 1
DSCS II 59 1.5
NMS 24 0 .4
S— 3 —157 —0.4

~~~~~~~~~~~~~~~~~~~
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IV. GODDARD SPACE FLIGHT CENTER MODEL

Goddard Space Flight Center (GSFC) published a report  in 1973

containing equations considered suitable for estimating the cost of

spacecraf t pla tforms , i.e. , “that portion of the spacecraft which

provides s t ructural  i n t eg r i t y ,  data processing capabi l i ty ,  power , and

stabilization control for the on—board experiments. ”1 The p la tform

is estimated in its entirety, i . e . ,  subsystems are not treated sep-
ara tely. A number of equations are provided , each with a somewhat

different set of independent variables so that the user can choose

an equation for which he has all the needed information .

DATA SAMPLE

The sample consists of the completed and (in 1973) nearly con—

ple ted GSFC programs listed below . Because only GSFC spacecraft are

inc luded , the model is said to reflec t the Goddard manner of doing

business and may not be app licable to programs managed by other

organizations.

RAE A&B OGO A-F TIROS N
NIMBUS I&II OSO D—G ITOS A ,B,C
NIMBUS B—2 OSO H IMP A ,B,C
NIMBUS B ATS I-V IMP D&E
NIMBUS D SAS A&B IMP F&G
TETR C&D OAO C IMP I

ESTIMAT I NG EQUATIONS

The two equations considered most acceptable by GSFC have the

charac teris tics described below , bu t those equa t ions were no t used in

this survey because some of the inputs required were not available.

The number of experiments , for examp le , is no t app licable on communi-

cation satellites, and gross weight and power capacity are sometimes

difficult to come by because of definitional differences. Equ ivalen t

1
D. B. Clemens et al., Cos t Estimating Relationships fo~’ CSFCUnmanned Satellites, Goddard Space Flight Center , X—213—73— 66, Green—

bel t, Mary land , February 1973.
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all of the equations give similar results . Where input data were

available, all eight of the equations were tested and the differences

were small: a range of $6 million to $6.6 million on S—3 and $17.4

million to $18 million on MMS (all costs in 1973 dollars). It appears

-
. 

that the only really significant variable is weight ;  the others con-

tribute very l izt le  to the estimate.

RECURRING COST ESTIMATES

As shown below, estimates are essentially the same for both of

the equations used . All spacecraft are greatly overestimated ; thus

the GSFC model does not appear appropriate for USAF spacecraft.

Deviations

D( 1) D(4)
Percent Cost ($ million) Percent Cost ($ million)

AEM —182 —4.1  — 182 —4.1
ATS_ Fa —110 —15 .9 — 103 — 14.9
DSCS  —246 —1 2 .8 —240 —12.5
DSP II —50 —7.1 —47 —6.6
MMS —181 —16 .4 —182 —16.5
S—3 —334 —6.7 —335 —6.7

aExc luding communications subsystems .

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .5 - .._. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
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V. NASA HEADQUARTERS MODEL

Werner Gruhi, of NASA Headquarters, Washington, D.C., has pub-

lished several versions of a spacecraft cost model intended for use

in evaluating new spacecraft proposal estimates. The most recent

that was available to Rand is Version III , dated November 1972. 1 The

model can be used for both earth—orbital and planetary spacecraft
platform costs, i.e., all costs except those for experiments and ex-
periment support.

Estimating equations are provided for seven subsystems : structure

(mechanical and thermal), attitud e control , liquid propulsion, telem-

etry and command, relay communication payload , parabolic antenna, and

solar power (includes central control and regulation , batteries , and

cabling). Nonrecurring cost estimate adjustments are provided to take

into account the amount of design and development required (e.g., mostly

new development, half new development , repackaging only, etc.) and the

testing and test unit requirements.

Both nonrecurring and recurring costs are estimated for each sub-

system on the basis of one independent variable (usually weight) and

• a complexity level. For structure, for example, the estimating variable

is weight and two complexity levels are defined . As an aid in choosing

the correct level, spacecraft of each complexity are listed along with

their major characteristics. TIROS—M , OSO—G , OSO—H, DSCS II, and SRS

are cited as examples of spacecraft with a structural complexity level

of 1; Pioneer F&G, ATS—F , OAO , ATS 1—5 , and OGO I—Ill have a structura l

complexity level of 2. The difference in recurring unit cost for 100

lb of structure is substantial: $215,000 at Levei 1 and $630,000 at

Level 2 (in 1972 dollars). To choose the correct level , the user must

have more than a cursory knowledge of the spacecraft whose cost is

being estimated , and the model is intended for use by analysts with a

basic understanding of current spacecraft technology .

‘Spacecraft Platform Subsystem Complexity Level Cost Estimating
Model, Version III, National Aeronautics and Space Administrat ion ,
Washington , D.C., November l9/2.

J
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DATA SAMPLE

Table 4 pr esents the dat a sample by complexity level for five of
the subsystems . Liquid propulsion and pa rabolic an tenna CERs use only
one complexity level , and their data samp les were not stated . Appa r—
ently, the same data sample was used for nonrecurring and recurring
cost CERs. The data base primarily comprises scientific satellites,

Table 4

NASA HEADQU ARTERS CER DATA SAMPLES

Attitude Telemetry , Relay
Structure , Control Tracking , Communi— Solar
Thermal Subsystem & Command cations Power

Spacecraft 1 2 1 2 3 1 2 1 2 1 2 3

TIROS M x x x x
OSO-G x x x
OSO-}i x x
DSCS II x x x x x
SRS x x x
PIONEER F-dC x x x
ATS—F x x x x x
OAO x
ATS 1—5 x
OGO I-Ill x x
MARINER 69 x x x x
MARINER 71 x x
Vela x
SYNCOM x x
IDCSP x x
ATS F-4 w/OGC x
ATS F-3 x x
VASP x
ATS F-2, MG x
LUNAR ORBITER x
NIMBUS D x
VIKING ORBITER x x x x
OAO B x x x
ATS/SS x
IDCSP/A x
ERT S A+B 

___________ __________ __________ _________ 
x

NOTES: 1, 2, and 3 are complexity levels. Samples pertain Co
both nonrecurring and recurring CERs. Liquid propulsion and para—

• bolic antenna CERs have only one complexity level; sample was not
stated.

1L~dL ~~~~~~~~~ - - • • s . - • ~~~~~~~~~~~~~~~~~~~~ - -. ~~i4
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including several planetary programs; low—cost programs, such as S—3,

are not includ ed . As a result , it was expected that this model would

overestimate the low—cost test cases.

ESTIMATING PROCEDURE

The CERs in this model are presented graphically rather than in

mathematical form. In general the graphs are curvilinear on full

logarithmic grids and reflect  some economies of scale. Separate

curves are plotted for each complexity level. Goodness of fit sta-

tistics were not included for any of the CERs.

Table 5 shows the complexity levels assigned to each of the test

• cases on the basis of the criteria previously discussed . In addition

Table 5

COMPLEXiTY LEVELS

Spacecraft ST ACS TT6C COMM EPS

AEM 1 1 1 —--— 1
ATS—F 2 3 1 1 1
DSCS II 1 2 1 1 1
DSP II 1 3 1 ——— 1
MMS 1 3 1 —— — 1
S—3 1 1 1 ——— 1

to complexity , the model provides nonrecurring cost estimate adjust-

ment procedures in two categories: (1) design and development , and

(2) test and test units; each category is assumed to include 50 per—

cent of the total nonrecurring cost. Adjustment factors for  the

design and development category are as follows:

Redesign
Design and Development Variations Factor

Mostly new development 1.5
Half new development 1.3
New design but little development 1.0
Half new design and repackaging r emainder  0.9
One quarter new design and repackag ing

remainder 0.8
Repackaging only with no changes in design ... 0.6 

.
5.-
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The terms “development ,” “design ,” and “repackaging ,” not being
defined in Gruhi ’s report , are difficult to apply. In estimating the

test cases we used the factors shown in Table 6.

• Table 6

• DESIGN AND DEVELOP MENT FACTORS

Spacecraft S-fT T+C ACS PROP COMM ANTENNA EPS

• AEM 0.8 0.8 0.8 0.8  ——— 1
ATS—F 1.3 1.0 1.3 1.3 1.3 1.3 1

• DSCS II 1.3 1.0 1.3 1.3 1 1 1
DSP II 1.0 1.0 1.0 1.0  ——— 1
MMS 0.9 0.9 1.3 ——— 1
S—3 0.8 0.8 0.8 —— — 1

The test and test unit adjustment are less formal; only the com—

position of this phase is shown as a guide to possible adjustments.

The nominal case includes two test units. Following Gruhl ’s advice
— we subtracted 150 percent of the first—unit cost estimate from the

nonrecurring cost estimate in order to back out the cost of a proto—

flight model spacecraft.

STRUCTURE, THERMAL

Nonrecurring Cost

Independent variables Weight , complexity level

Gruhl assigned ATS—F a comp lexity level of 2 and DSCS II a level —

of 1. We judged the other test cases to be Level 1. If ATS—F were

judged a Level 1 the estimate would be greatly improved . With no corn—

plexity level less than one, the low—cost satellites are significantly

overestimated .

- - 

. 

. 
~~~~~( _ •
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Deviations

Percent Cost ($ million)

AEM —87 —0.6
ATS—F —77 -8.9
DSCS II —26 —1.6
DSP II 14 1.1
S—3 —133 —2.4

Recurring Cost

Independent variables Weight , complexity level

The ATS—F estimate is out of line with the others because of a

higher complexity level. The MMS deviation is influenced by the fact

that its structure is produced as separate modules. The reasonable

dollar deviations for DSCS II and DSP II and the good low—cost (ARM

and S—3) performance show that this CER could have wide applicability .

Deviations

Percent Cost ($ million)

AEM —72 —0.3
ATS—F —104 — 2 . 7
DSCS II 9 0.1
DSP II 43 0.7

• MMS —172 —1.5
S—3 0 0.0

TELEMETRY AND COMMAND

Nonrecurring Cost

Independent variables Weight, complexity level

The results for the communication satellite for T&C are combined

with the communication subsystem later in this section. The results

f or DSP II are f air , but the low—cost satellites are estimated poorly.

The Y—intercept of the cost—vs—weight estimating curve Is approximately

$1.5 million , so all small systems are likely to be overestimated .

-‘.5—--  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Deviations

Percent Cost ($ million)

AEM —424 —3.2
DSP II 17 1.8
S—3 —149 —3.3

Recurring Cost

Independent variables Weight, complexity level

This CER does not estimate any of the test cases extremely well ,

nor does it err by extreme amounts. Like others , it underestimates

the middle and high range and overestimates the low range. -•1

Deviations

Percent Cost ($ million)

ARM -84 —0.4
DSP II 39 1.1
MMS 20 0.5
S— 3 — 105 — 0 . 7

ATTIT UDE CONT ROL SUBSYSTEM

Nonrecurrin
~~~~!~

Independent variables Dry weight , complexity level

The NASA HQ estimating relationship overestimates five of the

six test cases for this subsystem , given the levels of complexity in

Table 6. ATS—F and DSP II would all do better at a lower level. The

assignment of a Level 3 to DSP II was influenced by pointing accuracy,

but the subjective element in such decisions can result in substantial

errors. The low—cost satellites are again too small to relate to the

data sample. (The deviations Include reaction control components

where appropriate; reaction control is estimated separately, as dis-

cussed below.)

L. •
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Deviations

Percent Cost ($ mlllIon)

AEM —709 —3.2
ATS—F — 119 —27.7
DSCS II 49 8.6
DSP II —65 —7.4
S—3 —195 —2.1

Recurring Cost

Independent variables Dry weight , complexity level

The results here are much better than those for the nonrecurring

case. The dollar deviations for ARM and S—3 are small , and the per—

cent deviations for AEM are reasonable. DSP II and NMS appear to have

• been assigned hig h comp lexity levels , but  the assignments  comp ly wi th

the rules indicated by the analogous satell i tes in the model .

Deviations

Percent Cost ($ million)

AEM 11 0.1
ATS—F 45 3.8
DSCS II —62 —1.6
DSP II —65 —2.7
MMS —275 —4.7
S—3 —91 —0.2

Reaction Control: Nonrecurring and Recurring

Independent variable Thrust

Complexity levels are not used with this subsystem. Two cost—

vs—thrust curves are provided , one for nonrecurring cost and one for

recurring . The curves are very flat in the region below approximately

30 lbf of thrust; then cost per lbf of thrust increases as thrust

increases.

4 
— —— 
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ELECTRICAL POWER SUBSYSTEM (SOLAR POWER)

Nonrecurring Cost

Independent variables Maximum array output , complexity
level , stabilization type

For spin—stabilized satellites with body—mounted arrays, the

max imum array output is doubled before using the CER. Even with this

doubling DSP II is underestimated by a large dollar amount , indicat-

ing an incorrect complexity level assignment . DSCS II, in contrast ,

is estimated well. The low—cost satellites are significantly over—

estimated ; thus the doubling hurts the S—3 case.

Deviations

Percent Cost ($ million)

AEM —698 —2.6
ATS—F —26 —0.8
DSCS II —11 —0.4
DSP II 80 15.2
S—3 —286 —2.3

Recurring Cost

Independent variables Maximum array outpu t, complexity
level, stabilization type

The dollar deviation for S—3 is less than $50,000 here, and the

percentage deviations are generally low. The high deviation on MNS
reflects the fact that the MMS subsystem is designed to handle a much
higher output than the nominal value (500 watts) assumed here.

Deviations

Percent Cost ($ million)

ARM —43 —0.3
ATS—F —11 —0.2
DSCS II —73 —1.2
DSP II 25 1.3
MMS 58 2.2
S—3 0 0.0

‘—5 .—.--—----—-----5- —-— - - _-— ——-——— - -. -— ‘- - .5_—•--——.-_ ’• --- --‘-‘-5--- -— - - --55---.--’ ——-- ---5- _ ••SS• _-5
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COMMUNICATIONS SUBSYSTEM

Nonrecurring Cost

Independent variables Weight , complexity level

The deviations below include T&C and the parabolic antenna , which

is estimated separately. The design and development adjustment factor

for ATS—F made the estimate poorer . The DSCS II estimate on the other

hand is very good. This inconsistent performance is surprising , es-

pecially since both spacecraft are in the CER ’s data sample.

Deviations

Percent Cost ($ million)

ATS—F —199 —33.3
DSCS II —10 —3 .0

Recurring Cost

Independent variables Weight , complexity level

The results here are better on the average, but with both space-

craft in the data base the deviations are higher than expected . The

opposite signs of the deviations are an indication of a slope problem ,

but no conclusions can be drawn from a sample of two .

Deviations

Percent Cost ($ million)

ATS—F 22 1.9
DSCS II —50 —2.9

TOTAL COST

Nonrecurring Cost

The deviations below compare the sum of the subsystem estimates

- - - - 5 - - - - - - -
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with the total actual costs. Three systems are overestimated by more

than 100 percent . The low—cost systems are the worst , as would be

expected . The ATS—F results reflec t the choice of complexity levels,

and were not helped by the design and development adjustment. It is

clear that the Gruhl procedures can be used only by persons with a

good understanding of the model and the subsystems .

Deviations

Percent Cost ($ million)

AEM —423 —9.6
ATS—F —130 —70.7
DSCS II 6 3.6
DSP II 22 10.7
S—3 —171 —10.1

Recurring Cost

Recurring cost estimates are generally better , partly because of

offsetting overestimates and underestimates . The model tends to over—

estimate cost, but the estimates may be satisfactory for preliminary

planning.

Deviations

Percent Cost ($ million)

AEM —40 —0.9
ATS—F 13 2.8
DSCS II —51 —5.6
DSP II 4 0.5
MMS —39 —3.5
S—3 —45 —0.9

-- •~~~~~~•~~~~~~~~ • ~..-
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VI. PRC SYSTEM SCIENCES COMPANY MODEL

The U.S. Navy funded a study in 1973 to develop cost—estimating

relationships for the Fleet Satellite Communication system. The re-

lationships were to provide a basis for an independent cost estimate

of that system. A two—volume final report was issued in January 1974

by PRC Systems Sciences Company .1 Much of the report is concerned

with the cost of ground terminals, but it includes a detailed descrip-

tion of the derivation of estimating equations for each spacecraft

subsystem.

Initially, it was stated that the “cost of communication satel-

lites may relate to frequency , numbers of channels, weight , structure ,

power (solar and battery) and other variables. . . . “ In the model

that was developed , the major explanatory variable was weight , but

several new variables were introduced . For example, the cost—effect

of solid state electronics , especially in the form of metal—oxide—

semiconductor technology , can be taken into account using as an inde-

pendent variable either the number of equivalent discrete electronic

pieceparts or the electronic density of the component , measured in

discretes per cubic inch. Lacking knowledge of either , we did not

adjust the estimates to reflect their influence. The results shown

here therefore probably do not reflect the accuracy that could be ob-

tained with more detailed information .

The PRC model also discusses the treatment of cost uncertainty

in the use of aggregation of the individual subsystem estimates. Their

method uses the Beta probability distribution and Monte Carlo simula—

tion as applied to subjective probability estimates of the most likely,

lowest, and highest cost estimates for a subsystem , and the shape of

the subsystem cost distribution . The results shown below have not had

the benefit of that treatment . The only change we have made to esti-

mates produced by the model is to add a 10 percent allowance f or gen-

eral and administrative costs.

R. Brussell et al., Development of Cost Estimating Relation-
ships for FLEE TSATC~) i-1, PRC System Sciences Company , R—lSOO , Los Angeles ,
Calif., January 4, 1974.
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DATA SAMPLE

The data sample includes 15 programs and 31 different satellite

types.
2 Thirteen of the 31 are communication satfellites , one is a

lunar orbiter and the remainder are operational or scientific earth—

orbiting satellites. It therefore seemed leg itimate to explore the

possibility that the ~i ’del would be app licable to a fair ly br oad r ange

of spacecraft .  The samp le of spacecraft used to de rive estimating

relationships for each subsystem is shown in Table 7.

STRUCTURE , THERMAL AND INTERSTA CE

Non r ecurr ing Cost

Independent variable Weight
Functional form Y = aXb
R2 0.57
Level of significance 0.005

Estimates of the nonrecurring cost of struc ture , thermal and

interstage , show low—cost spacecraft (AEM and S—3) greatly overesti-

mated . All other spacecraft are underestimated , but the communica-

tions satellites (ATS—F and DSCS II) are estimated relatively well.

- Deviations

Percent Cost ($ million)

AEM -145 —1.0
ATS—F 16 1.9
DSCS II 9 0.6
DSP 11 31 2.4
S—3 —96 —1.7

Recurring Cost

Independent variable Weight
Functional form Y = axb

R2 0.44
Level of significance >0.1

21n the terminology used here INTELSAT is a program; INTELSAT I,
11 , etc., are satellite types.
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Therral . Trac~~ n~ 5 P~~~’
Interstage ~ C.~~~mn~ ~~~~~.. -

Satellite hR R •

TACSAT x x
INTELSAT I x
INTELSAT II x
INTELSAT Ill  x
INTELSAT IV x x a *
ATS-A x
ATS—B x a a
ATS-C
ATS—D x a a
ATS-E a
SYNCOM
IDCSP/A a
DSCS II x x * a
DSP
Vela a
VASP x
OGO
Lunar Orbiter a
Satel l i te  S1 a
Satellite P1
Spec ial sa telli te
Proposed sa tell ite

NOTE: Other satellites in rodel s data t~a~~~ ~~
SAS A,B,C; RAE A,B.

aNonrecurring Reaction Contr , - . an~1 all ~~~~~~~~~~~ -

data samples were unavai :5,t’ir t~ th .  ‘I e

Generally ,  es t imates  ~ ur

cussed above. The tendern v ~.h -~~~ ~~~~~ ~~*

underestimate cost , but u~~1 1 ~~r devtat u~~. s’ —

MMS is greatly overestin.i ’ed t ’  aug.

to other spacecraft.

~ ,
- r cl-; t &...‘

AEM 
ATS—F -~~~~~

DSCS II 
DSP 11 -•
MMS — S. ’

S—3 —~~~~~

—
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TELEMETRY, TRACKING & COMMAND

Nonrecurring Cost

Independen t variable Weight , number of commands
3

Functional form Y = aWbXc
R2 0.81
Level of significance 0.1

The data base for TT&C consisted of f ive  communication sa te l l i tes

and one uniden tified spacecraf t , but in practice TT&C and mission com-

munications on communication satellites are often treated as one sub-

system, then separa ted arbi trar i ly for cost purposes. Consequentl y,

the data are somewhat suspec t , bu t the CER developed does a reasonabl y
good job on the two low—cost spacecraft. All three TT&C subsystems

below are underestimated (DSP II by about $3 million). Deviations were

not calculated for the two communication satellites; a combined TT&C/

COMM cost for ATS—F and DSCS II is discussed later .

Deviations

Percent Cost ($ million )

AIM 8 0.1
DSP II  28 3.0
S—3 19 0.4

Recurring Cos t

Independent variable Weight , number of commands
Functional form Y = aWbXc

R2 0.56
Level of significance . .~~~~.. >0.25

As shown below, the equation overestimates in various degrees the

cost of TT&C in the three spacecraft intended to be inexpensive . DSP II,

3Number of equivalent discrete electronic parts is an alternative
variable. We used the two shown above because data on those are more
easily available.

-—— .--~~~~--- ~~~~~~~~~~
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however, is underestimated by over $1 million , which when added to

the error in the nonrecurring cost estimate gives a total of over $4

million for TT&C alone. The high—data—rate communication equipment

used for sensor data transmission apparently differs enough from that

in the sample to cause substantial error .

Deviations

Percent Cost ($ million )

AIM —19 —0.1
DSP II 41 1.2
MMS —27 —0.7
S—3 —74 —0.5

ATTITUDE CONTROL

The PRC model breaks the attitude control subsystem into two

components: attitude and velocity control, and reaction control . The

two are not well defined , but presumably the first consists of control

electronics, momentum wheels and controls , attitude and velocity sen-

sors, and ancillary equipment; the second then consists of the thrusters,

tankage, valves, and other plumbing of a hydrazine or hydrogen peroxide

reaction control system. We estimated each component separately, then

combined them to compute the deviations.

Nonrecurring Cost

Attitude and velocity control

Independent variable Total satellite weight.
Functional form Not given. Separate curves

shown for 3—axis and spin—
stabilized spacecraft .

The model provides three CERs for estimating attitude and velocity

control cost. The other independent variables are pointing accuracy

(when less than 0.1°) and the number of equivalent discretes. We

A ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ -- -
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chose weight as the independent variable based on data availability

and the technical characteristics o the test cases . No statistics

on the goodness of fit of this CER were derived ; loglinear curves of

cost versus weight were plotted based on engineering judgment .

Reaction control 4

Independent variable Propellant weight , pointing
accuracy

Functional form Y = a + bW + cX
R2 0.59
Level of significance >0.25

When nonrecurring costs for the attitude and velocity control and

reaction control subsystems are summed , the deviations for AEM and S—3

are so great that the inapplicability of the model to those spacecraft

is obvious. Both are greatly overestimated . ATS—F and DSCS Ii, on

• the other hand , are greatly underestimated . The inclusion of pointing

accuracy as an explanatory variable in the attitude and velocity con-

trol CER would appear to improve estimating accuracy and is reasonable

from an engineering point of view.

Deviations

Percent Cost ($ million)

AIM —1570 —7.1
ATS—F 43 10
DSCS II 52 9.1
DSP II 16 1.8
S—3 —336 —3 .6

4s—3 and MMS data do not include chemical—based reaction control
subsystems . The other test cases use •hydrazine , and the data below
relate to hydrazine systems only. A separate CER is provided for
hydrogen peroxide systems.

5Nonrecurring costs are the difference between a total—cost CER
and the recurring estimates.

_ _ _ _  _ _— -
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Recurring Cost

Attitude and velocity control

Independent variables .... Total satellite weight or num-
ber of equivalent discretes

• Functional form Curve plotted based on engi-
neering judgment

Total satellite weight was used in estimating costs for this

subsystem.

Reaction control

Independent variables Propellant weight
Functional form Y = a + bX
R2 0.68
Level of significance 0.1

As shown below , the results parallel the nonrecurring case for

the most part. The model overestimates the cost of inexpensive systems

and underestimates the cost of expensive systems. ATS—F , the most

expensive system, is underestimated by $4.9 million, which when added

to the $10 million underestimate of nonrecurring cost indicates clearly

that the model is not well adapted for an attitude control system of

• that type.

Deviations

Percent Cost (S million)

AEM —246 —1.8
ATS—F 60 4.9
DSCS II 3 0.1
DSP II 37 1.5

—60 —1.0
S—3 —521 —1.4

_________________________ • — - —  ——~~~ - ~~~~~- — A
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ELECTRI C POWER

Nonrecurring Cost

Independent variable End—of—li fe t ime  solar array
powe r

Functional form y = aX”
R2 0.47
Level of significance 0.01

The equation applies only to the solar array , solar cells , and

batteries. The wiring harness is estimated on a cost—per—pound basis

($3439 in 1974 dollars) as are substrates , array structure , and power

regulation ($5000). The pattern noted previously of higher—cost

spacecraft being consistently underestimated does not obtain here.

ATS—F is overestimated by $4.4 million . DSCS II, which is in the

data base, is overestimated by a large amount also . DSP is also in

the data base , but that f a c t  does not appear to hel p the DSP II esti-

mate by much.

Deviations

Percent Cost ($ mill ion)

AIM —1190 —4.4
ATS—F —151 —4.4
DSCS II —86 —3.1
DSP II 54 10.2
S—3 —275 —2 .2

Recurring Cost

Independent variables End—of—lifetime solar array
power , spacecraf t lifetime

Functional form Y = axb + cW
R2 0.94
Level of significance 0.01

As in the case of nonrecurring cost , wiring harnesses , array

structure, etc., must be estimated separately. Also, FLEETSATCOM has 
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• • dedicated solar cells for battery charging only, a design feature
lacking in the test cases where battery charging was part of the
basic power requirement. The costs below do not include an allowance
for dedicated solar cells .

Estimates for  this subsystem are no better than those discussed
previously despite greater homogeneity of equipment . The two most
expensive subsystems, DSP II and MMS , are underestimated , and the

ot her subsystems are overestimated .

Deviations

Percent Cost ($ million)

ARM —51 —0 .3
• ATS—F —88 —1.5

DSCS II —77 —1.2
DSP II 51 2.7
MMS 45 1.7
S—3 —30 —0.1

COMMUNICATIONS

Nonrecurring Cost

Independent variables Subsystem weight , number
of transmitter chains

Functional form Y = a + bX + cZ
0.44

Level of significance >0.25

The model provides two equations : one f or transmitters only and
one fo r the entire subsystem. The latter is used here for the two

communication satellites. The estimates , which include TT&C , are poor
for ATS—F in both percentage and dollar terms but better for  DSCS II.

Deviations

Percent Cost ($ million)

ATS—F —146 —24.4
DSCS II 36 10.5
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Recurring Cost

Independent variables Weight , nuxnbet of trans-
mitter chains

Functional form Y = a + bX + cZ
R2 0.51
Level of significance 0.5

As one would hope, the FLEETSATCOM model estimates communication

subsystem costs quite well. One could not have much confidence in the

equation, however , on the basis of its statistical properties.

Deviations

Percent Cost ($ million )

ATS—F 8 0.7
DSCS II 13 0.8

TOTAL SPACECRAFT

The PRC model does not estimate the nonrecurring cost of any of

the five test cases with acceptable accuracy . The best case , DSCS II ,

is most like FLEETSATCOM of any of the five , but is underestimated by

30 percent. Estimates of the two lower—cost spacecraft are off by

over 100 percent and DSP II is off by 36 percent. The best recurring

cost estimates are for the two communication satellites.

Deviations

Nonrecurring Recurring

Percent Cost ($ million) Percent Cost ($ million )

AEM —551 —12.5 —98 —2.2
ATS—F —31 —16.9 14 2.9
DSCS II 30 17.0 —12 —1.3
DSP II 36 17.4 38 5.3
iiMS ——— —— — —34 —3.1
S—3 —121 —7.1 —117 —2.4
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VII. SCIENCE APPLICATIONS , INCORPORATED , MODEL

It is of te n argued that  p lanetary spacecraft  cost more per pound

than earth—orbital spacecraft because of the more stringent require-

ments levied upon them. Consequently, it may seem inappropriate to

include a planetary cost model in this evaluation, but we were inter-

ested in finding out whether in fact the estimate would be signif i—

can tly higher . The Science Applications, Inc., model was developed
with the objective of forecasting future planetary mission costs within

±20 percent.
1

In most respects it is similar to the other models discussed .

Spacecraft are divided into major subsystems , and the cost of each

subsystem is estimated on the basis of weight. No statistical measures

are shown for the equations. The model has two unique featu res . First ,

it includes a science experiments subsystem for which , in addi tion to

weight, the user must specif y the resolution (pixels per line) of the

imaging experiment .2 Second , and more important, ini tial estimates

are in terms of labor hours. Those hours are converted into dollars

on the basis of a labor rate, and total subsystem cost is obtained by

assuming that labor is a given percentage of the total. The cost of

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ for example , is said to include 27.7

percent labor. Subsystem c~~~~~~rthat—ca~~~ equal to labor cost

divided by 0.277.

Forecasting man—hours is believed to have several advantages over

forecasting cost directly. The most obvious is that a price—level

index is needed to adjust only material costs to constant dollars; cur-

rent or historical wage rates can be used for labor costs. The model

does not require a material price—level index because of the labor—cost

relationship mentioned above ; but it does suggest a constant annual wage

escalation rate for each subsystem and support area , and has built these

1L. D. Kitche n , t po r/C 1i ~ ~ E.-!tinia t.-f on ~~~~ 1.— —.-~~ tc! ’?(~ cd ~~~~ - —

t z r ~? Projects, Science Appl ica t io ns , In c . ,  Repo r t  SAl 1—120—194-Cl ,
Ro l l ing Meadows , 111., March 1975.

subsystem was not inc luded in the spacec ra f t  model t es t s .  

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~
-- - -
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rates into all wage calculations. Using the SAl procedures results

in average total escalation about 3(.~ percent below that resulting

from the Rand index shown in Sec . I. We adjusted the SAl subsystem

estimates upward using the average difference in escalation to make

them more comparable to the actual costs. Since the labor escalation

rates differ by subsystem and support area , and the percentage of total

cost for these parts is different or each spacecraft , it is unlikely

that all programs would require the same adjustment. Using the same

adjustment for all test cases probably contributes to the deviations

shown later .

A second advantage of dealing in man—hours is said to be that the

effect of learning and inheritance can be more easily analyzed . In-

heritance from previous programs is considered an important input to

estimates, and users must classify each subsystem as being somewhere

in the range from all—new to off—the—shelf. Since the choices may

- ( s’-rongly influence system cost , it follows that good estimates depend

critically on good engineering judgment.

DAT A SAMPLE

The data base for this model consists of eight planetary programs :

Mariner ‘64 Surveyor Viking Lander
Ma r iner ‘69 Lunar Orbiter Viking Orbiter
Mariner ‘71 Pioneer F/G

The data sample for each CER included all eight of the above .

INHERITANCE ADJUSTMENT

The nonrecurring CERs of this model estimate the cost of designing

and developing the various subsystems assuming no inheritance from

previous programs. Inheritance must be accounted for explicitly by

means of a gross adjustment procedure. The user chooses one of the

classes below and achieves the savings indicated .

- - - - - 5~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~ •.•- • - -
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Class Savings

0ff—the—shelf 100% of nonrecurring cost
Exact repeat of subsystem 80%
Minor modification of subsystem 25%
Major modification of subsystem 5%

Choosing inheritance classes is difficult. At the subsystem level

the classes are too restrictive, and at the component level the inf or—

mation may not be available. Consequently, we did not attempt to adjust

nonrecurring costs for inheritance. The deviations shown assume no

inheritance, but the percentage adjustment that would be required to

reduce the deviation to zero is also given. One can then judge whether

such an adjustment made a priori would have been likely or reasonable.

STRUCTURE & THE RMAL

Nonrecurring Cost

Independent variables Structure weight; mechanisms
and landing gear weight; ther-
mal control , pyrotechnic , and
electrical cabling weight

Functional form y = awb + cxd + eZ1

The equation overestimates nonrecurring cost for all spacecraft.

Inheritance adjustments would have improved the estimates , but given

the restrictive categories of inheritances, an estimator would be hard

put to reduce the estimates by the percentages shown. Aho , structure

and thermal control subsystems are rarely able to take advantae,e of

inheritance.

Deviations Inheritance to
Per cen t Cost (5 million ) Give Zero Deviation

AEM —1192 —8.2 92%
ATS—F —161 —18.6 62%
DSCS II  —181 —11.1 64%
DSP II  —126 —9.8 56%
S—3 —663 —11.9 87%

- ~~~~~~~~~~ •- l  ~~~~~~~~~~~~~~ -
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Recurring Cost

Independen t variable Nonrec~irring cost
Functional form Y = aX

The inheritance adjustments do not a f f ec t  the recurring cost
estimates; the ful l  nonrecurring cost is used . The results here are

not much di f feren t from those obtained with other models . All of the

spacecraft are overestimated . DSP II , a spacecra f t  that fal ls  in

between the low—cost and high—cost categories, is estimated quite well

by the equation. NNS because of its relatively heavy weight is the

worst outlier . Thus it appears that p lanetary spacecraft structure

is not perceptibly d i f f e rent for estimating purposes from that of

earth—orbital  spacecraft.

Deviations

Percen t Cost ($ million)

AIM —137 —0.6
ATS—F —29 —0.7
DSCS II —88 —0.9
DSP II —10 —0.2
MNSa —587 —5.1
S—3 —120 -0.8

aAlthoug h no nonrecurring cost is shown
for MMS , that cost was estimated to provide
a basis for obtaining recurring cost.

TELEMETRY, TRACKING, AND COMMAND/COMMUNICATIONS

The SAl model does not distinguish between TT&C and communications.

All communications equipment is considered par t  of the same subsystem ,

and that makes the mod el d i f f i c u l t  to app ly to communication satellites.

As shown below , the model requires radio—frequency weight , data—handling

subsystem weight , and antenna weight as inputs. To generate estimates

for this stud y,  two d i f fe ren t  methods were used on ATS—F and DSCS II .

The f i r s t  was to assume that communications equipment equates to radio—

frequency equipment , TT&C equates to data—handling subsystem , and an-

tennas are combined. The second was to estimate the communications and 
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TT&C separately , assuming both to be radio—frequency equipment and
data—handling weight to be zero. The difference in estimates is

minimal with the latter method yielding slightly better estimates.

Nonrecurring Cost

Independent variables Radio—frequency subsystem
weight ; data—handling
subsystem weight; antenna
weight

Functional form Y = aW + bXc + dZe

The gross overestimates for all spacecraft in the test sample

suggest that the CER is inappropriate for the communications subsys—

tems involved. Inheritance adjustments would reduce deviations for

AEM, DSP II , and S—3 somewhat, but in view of the development work

required on ATS—F and DSCS II, the amount of inheritance that could

be claimed would not reduce the estimates to a more reasonable number .

Deviations Inheri tance to
Percent Cost ($ million) Give Zero Deviation

TT&C ~~~~

AEM —1348 — 10 93%
DSP II ... . —157 —16.5 61%
S—3 —563 —12.6 85%

COMM/ TT&C

ATS—F —942 —15~ 90%
DSCS II ... —229 —67.1 70%

Recurring Cost

Independent variable Nonrecurring cost
Functional form Y = aX

This cost is overestimat ed in every case; both percen t and dol lar

deviations are substantial. The results here indicate that p lanetary



TT&C subsystems are significantly more expensive than those in earth—

orbital spacecraft in both nonrecurring and recurring costs.

Deviations

Pe rcent Cost ($ million)

TT&C Only

ARM —267 —1.4
DSP II — 69 — 2 . 0
MMS —114 —3.1
S—3 —320 —2.0

COMM/TT&C

ATS—F —260 — 2 2 . 7
DSCS II — 209 —11.8

ATTI TUDE CONTROL

Nonrecurring Cost

Independent variables Subsystem weight (excluding
RCS), radar weight -

Functional form Y = aXb + cZd

Deviations are very high in both percentages and dollars , and

application of reasonable inheritance factors would not produce good

estimates . The adjustments that would be required to reduce devia—

tions to an acceptable level would not be consonant with the actual

development that occurred .

The deviations include an RCS where appropriate. A separate CER,

shown later , is used for that subsystem .

Deviations Inheritance to
Percent Cost ($ million) Give Zero Deviation

ARM —3150 —14.3 - 97%
ATS—F — 162 —37.9 62%
DSCS II  —87 —15.2 47%
DSP II  —236 —26.6  70%
S—3 —926 —9.9 90%

k - - 
•
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Recurring Cost

Independent variable ~~~~~~~~~

Functional form Y •

The estimates for this subsystem m d i  at r  t u r n s
overstate cost for all types of sp.1. ~. r a t .  I~ ~~.

is off by such a margin, but we have seen is. ——-
MMS ACS turn up in some of the ~l t h e r  m d ~~Is. ~~ :1.. ~~~~.

current (spring 1977) GSFC estimate the subc~vøt..

below—average cost.

Dev i 5 ~~ ~~~~~~

Per - (- :  - (~ust - S a

ARM -18~ -~~

ATS-F -.. -0. .
DSCS II —77 —:

DSP II 
MMS ~~~~~~~~~

S—3 

RCS PROPULSION

Nonrecurring Cost

Independent variables 
, n t t- ~ —

Functional- form “ •

Recurring Cost

Independent variable ‘.- . .- • r T_ t r n .

Functional form Y • ii

— -— - 
~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ —=— ~~~~~~~~~~~ • - ••. - . _.~ii1~~
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ELECTRICAL POWE R

Nonrecurring Cost

Independent variable Weight (excluding radioisotope
thermoelectric generators)

Functional form Y = a + bW

All estimates of nonrecurring cost are too high, but four could

be improved somewhat by adjusting for inheritance. Only the DSP II

estimate would be degraded . Use of weight as an independent variable

means that no distinction is made between spinning and three—axis

stabilized spacecraft, but the CER appears to do a somewhat better

job on the spinners.

Deviations Inheritance to
Percent Cost ($ million) Give Zero Deviation

AEM —2252 —8.3 96%
ATS—F —570 —16.6 85%
DSCS II  —303 —10.8 75%

• DSP II  —5 —0.9 5%
S—3 —832 —6.7 89%

Recurring Cost

Independent variable Nonrecurring cost
Functional form Y = aX

None of the test cases falls within the ±20 percen t range SAt

hoped to achieve, and for ATS—F, DSP II, and MMS the dollar deviations

are large. The latter two are more expensive on a cost—per—pound

basis tha n the CER predicts , which is especially surprising for the

MMS electrical power subsystem .



- -  -- --~~~~~~~.• .—- . .~~~~~~~~~~~~~~~~~~~~~ • . •  ~~~~~~~~ -.5- - •-- .5 -~~~~~~~~
.5- - - -

—44—

Deviations

Percent Cost ($ million)

AEM —119 —0.7
ATS—F —73 —1.2
DSCS II —30 —0.5
DSP II 44 2.3
MMS 34 1.3
S—3 —163 —0.7

TOTAL SPACECRAF T

Nonrecurring Cost 
- •

When the estimates for each subsystem are added together to ob-

tain a total spacecraft cost, the total estimate exceeds the actual

cost in every case by anywhere from 111 percent to 1810 percent. In-

heritance adjustments would reduce those numbers considerably; how-

ever, based on what we know about the systems , only the DSP II and

S—3 estimates would be reduced enough to be useful for planning . The

estimates for AEM, ATS—F , and DSCS II are so high that no reasonable

inheritance allowance would bring them down to a more realistic level.

For the two communication satellites the problem is partially due to

the lack of a communications CER and the need to estimate the cost of

the communications package using the TT&C CER.

Deviations
Inheritance to

Percent Cost (5 million) Give Zero Deviation

AEM —1810 —40.9 95%
ATS—F —423 —231 81%
DSCS II  —184 —104.2 65%
DSP II —111 —53.8 53%
S—3 —696 —41.2 87%

Recurring Cost

The results here are consistent . All spacecraft are overestimated ,

and only DSP II is estimated fairly well. That good performance is in

part due to a cancelling—out of the various subsystem errors. Taken as

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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a whole, it appears that this planetary cost model 
overstates standard

earth—orbital spacecraft recurring costs.

Devia t ions

Percent Cost (5 million)

AEM —178 —4.0
ATS—F —118 —25.0

DSCS II —140 —15.1

DSP II —7 —1 .0

MMS —128 —11.6

S—3 —239 —4.8

a

_ _ _ _  --- =~~-~~~ 
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VIII. SPACE AND MISSILE SYSTEMS ORGANIZATION MODELS

The third edition of the SAMSO model is the product of about

10 years of research, development , and experience on the part of the

Cost Analysis Division at SAMSO.1 It has been in a state of continuous

evolution since 1968, and has been used to make independent cost esti-

mates of many proposed or conceptual spacecraft programs. It is prob—

ably the best—known and best—documented spacecraft model that is

generally available to government and industry. An interim update ,

issued in January 1977, follows the same pattern as the Third Edition.2

Spacecraft are estimated on a subsystem basis: structure , thermal

control , and interstage ; electrical power supply ; attitude control

system ; telemetry , tracking , and command ; and communications (mission).

Alternatively, a spacecraft can be estimated on a system basis. Non-

recurring and recurring costs are estimated separately.

A unique feature of the model is that two complete sets of cost—

estimating relationships are provided . The first is based on data

adjusted for price—level changes and production quantity but -iot for

differences in the state of the art. The second is based on data

normalized “to account for the influences of alternate design concepts

and technologies,” i.e., subsystem costs of older spacecraft in the

sample were reduced to make them comparable with costs incurred on

more recent spacecraft when the technology was better understood or

perhaps even off—the—shelf , and the subsystem costs were adjusted for

differences in design complexities.

The complexity and technology—carryover factors used to normalize

cost data can also be used to tailor a subsystem estimate to take into

J. Rowber et al., Space and Missile Systems Organization Un-
manned Spacecraft Mode l, Third Edition , USAF Space and Missile Systems 2-
Organization , Cost Analysis Division , El Segundo , Calif., August 1975.

K. Fong et al., Space and Missi le  Systems Organization Un-
manned .9,acecraft Cost Model- - Updated Cost Estimating Relationships
and Normalization Factors (An Interim Report) , USAF Space and Missile
System s Organization , Cost Analysis Division, El Segundo , Calif.,
January 1977.

~L~~A - • . 
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account certain major subsystem characteristics. In the communications

subsystem , for  example, complexity factors are given f or the operational
frequency, effective radiative power , bandwidth n odulation factor , and
type of amplification system. When information is available at that

level of detail , more precise estimating may be possible. SAIISO recom-

mends that the first set of CERs be used if: (1) detailed normaliza-

tion information is not available; and (2) the baseline technology!

complexity of the second set of CERs is not appropriate for the system

being estimated.

In this review we deemed it necessary to examine both the Third

Edition and the Update because the data sample changed as described

below. Also, we wanted to determine the differences in estimates that

result from using both the standard and normalized procedures. In

principle the latter should be more accurate, but it can be used only

if detailed design data are available. Estimates for the sample of

test cases do not support the hypothesis that any one set of equations

will give the best answers consistently.

DATA SAMPLE

The data base for the SP,NSO models has grown from 11 spacecraft in

1969 to 29 for the 1977 Update. All are earth—orbiting except for the

Lunar Orbiter. Of the rest , 10 are operational sensor platforms ( e . g. ,

surveillance, weather) ,  12 are communications , and 6 are scien ti fic /

experimental. The data sample used f or each subsystem in the Third

Edition model is shown in Table 8. The sample is the same for both the

standard and normalized models except for  three instances where one

spacecraft was added to the normalized model’s data base:

TT&C (recurring cost) ATS—A (M/G)
EPS (nonrecurring cost) Vela
COMM/TTC (nonrecurring) INTELSAT III

These additions were possible because of the homogeneity achieved by

normalizing the data.

4

.5 ~~~~~~~
.—•-- 
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Table 8

CER DATA SAMPLE FOR SAMSO MODEL (THIRD EDITION )

Combined
Structure, Telemetry, Attitude Electrical Communi— Program
Thermal, Tracking, Control Power cations Level
Interstage & Comnand Subsystem Subsystem and TT&C Costs

Spacecraft NR R NR R NR R NR R NR R NR R

• Vela x x x x x x Synch x x
VASP x x x x x x Body Synch x x
IDCSP x x x x Body Synch x x x x
IDCSP/A x x x x Body Synch x x x x
TACSAT x x Body x x x x
SYNCOM x x x x Body Synch x x x x
Lunar Orbiter x x x x Synch x
ATS A (M/G) x x x Sub x x x
ATS B,C (S/S) x x x x Synch x x x x
ATS D,E (S/G) x x x Synch x x x x
INTELSAT III x x x x Body Synch x x x
DSP I x x x x x x Body x
TIROS M x x x x x x Paddle Sub x x
DSCS II x x x x Bod y Synch x x x x
SMS x x x x x x Body Synch x x
NIMBUS E,F x x x Paddle Sub x x
ERT S A,B x x x x Paddle Sub x x
DSP II x x x x
DMSP SD x x x x x x Sub x x
P72—2 x x x Paddle Sub x x
S—3 x x x Paddle Sub x x
OSO I x x x x Paddle Sub x x
ATS—F x x x x Paddle Synch x x x x
Atmo . exp . x x x x Paddle Sub x x
INTELSAT IV x x x x Bod y Synch x x x x

Data samples are the same f or both the standard and normalized

models in the 1977 Up date , but they are slightly dif ferent from those

in the Third Edition. A number of spacecraft were deleted from the

data base for some subsystems on the grounds of short design life

(� 12 months), technical complexity ,  or extreme low—cost philosophy. 
- 

-

Others were added because of new da ta or new sample definition . The

changes are shown in Table 9.
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STRUCTURE, THERMAL CONTROL, ANT) INTERSTAGE (STI)

Nonrecurring Cost

Third Edition 1977 Update

Standard Normalized Standard Normalized

Independent variable  Weight Same Weight Same
Func tional form Y = a+bXc Same Y = a+bXc Same
R2 0.63 0.77 0.65 0.69
Level of significance .. 0.01 0.01 0.01 0.01

From the pattern of ~eviations shown below , it is clear that none

of the four models is well adapted to low—cost spacecraft , but the nor-

malized 1977 Upda te is marginally better than the others. It is best

on all the other spacecraft except DSP II, for which Third Edition is

slightly better . For this cost element the normalized 1977 Update

appears preferable.

Deviations

Third Edition 1977 Update

Standard Normalized Standard Normalized

% $ 7. $ % $ % —~~-—

AF.N —429 —3.0  —319 — 2 . 2  —330 — 2 . 3  —282 —1.9
ATS—F —7 — 0.9 —7 —0.8 —6 0 .7 1 0.1
DSCS II  —32 — 2.0  —21 —1.3 —20 — 1.5 3  —16 —1.0
DSP II —l 0.0 10 0.8 9 0.7 18 1.4
S—3 —223 — 4.0 —165 —3.0  —178 — 3 . 2  —145 —2.6

Recurring Cost

Third Edition 1977 Update

Standard Normalized Standard Normalized

Independent variable  Weight Same Weight Same
Functional form Y — a+bXC Same Y — a+bX~ Same

0.78 0.81 0.65 0.69
Level of significance •. 0.01 0.01 0.01 0.01

-.5 —-•-•-- -•~~~~~~~~ - - -  —
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The deviations below show how similar are the estimates obtained

from the four models. Only in the case of the MMS are the differences

substantial; three estimates there are off by ove~r 100 percent , pre-

sumably because structure on the MMS is heavy but inexpensive. The

AEM is actually underestimated , and estimates for both small space-

craft are good .

Deviations

Third Edition 1977 Update

Standard Normalized Standard Normalized

% $ % $ 7. $ % $

AEM 34 0.1 38 0.2  33 0.1 43 0.2
ATS—F —10 —0.3  —12 —0.3 2 0.1 8 0.2
DSCS II  —42 —0.4 —38 —0.4 —2 5 —0.2  —30 —0.3
DSP II 23 0.4 28 0.5 32 0.6 38 0.6
MMS —131 —1.1 —209 —1.8 —112 —1.0 —84 —0.7
S— 3 —14 —0.1 —l 0.0 —2 0.0 9 0.1

TELEMETRY, TRACKING & COMMAND (TT&C )

Nonrecur r ing  Cost

Third Edition 1977 Up date

Standard Normalized Standard Normalized

Independent variable  Weight Same Weight Same
Functional form Y = a+bX Same Y a+bX Same
R2 0.67 0.65 0.54 0.59
Level of significance .. 0.01 0.01 0.05 0.05

In the sequence of models shown above, each revision results in a

lower a—value while b remains about the same. The effect is to achieve

better estimates of the low—weight TT&C subsystems in our test sample

with each revision , but at the same time to degrade the DSP II estimate.

The trend toward lower nonrecurring costs for TT&C that is illustrated

by the progression of models seems reasonable in view of the amount of

of f—the—shelf equipment now available.
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Deviations

Third Edition 1977 Update

Standard Normalized Standard Normalized

% $ % $ % $ % $

AEM —368 —2.7 —159 —1.2 —120 —0.9 —80 —0.6
DSP II 47 4.9 57 5.9 63 6.6 64 6.7
S—3 —86 —1.9 —39 —0.9 —5 —0.1 10 0.2

Recurring Cost

— 
Third Edition 1977 Update

Standard Normalized Standard Normalized

Independent variable  Weight Same Weight Same
Functional for* Y = a+bX Same Y = a+bX Same
R2 0.75 0.71 0.73 0.72
Level of significance .. 0.01 0.01 0.01 0.01

NMS is the outlier here because of its weight , 161 lb. and because

the CER is linear. Vir tually no reduction in cost per pound occurs

after a weight of 100 lb has been reached , which implies that the func-

tional form may be wrong for subsystems as heavy as that of the MMS.

In both editions the effect of normalization is to reduce the esti-

mates for all four test cases. Thus the normalized equations give

better estimates for low—cost systems and worse estimates for high—cost

systems.

Deviations

Third Edition 1977 Update

Standard Normalized Standard Normalized

% $ % $ % $ % $

AEM —40 —0.2 —17 —0.1 —50 —0.3 —26 —0.1
DSP II 26 0.7 30 0.9 27 0.8 31 0.9
MMS —51 —1.4 —42 —1.2  —45 — 1 . 2  —27 —0.7
S—3 —86 —0.5 —76 —0.5 —90 —0.6 —66 —0.4

I
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ATTI TUD E CONTROL

The attitude control subsystem includes reaction control hard-

ware used for spinup and/or despin, stationkeeping, and satellite

orientation.

Nonrecurring Cost

Thi rd Edit ion 1977 U pd a t e

Stand ard Normalized Standard Normalized

Independent variable  Weight Same Weight Same
Functional f o rm y = axb Same Y = a+bXC Same
R2 0.78 0.76 0.80 0.78
Level of significance .. 0.01 0.01 0.01 0.01

With nonrecur ring cost estimated as a func t ion  of weig h t , the

deviations follow a consistent pat tern in all four  models: Low—weig ht

sys t ems are severely overestimated , DSP II is slightly over es t imated ,

and the communication satellites are sligh t ly underestimated . The

complexity of the ACS (i.e., despun platform , three—axis , and spinner)

appear to correlate to the error . The 1977 Update improves the quality

of the ATS— F and DSCS II es t imates , but othe r est imates s u f f e r .

Deviations

Third Edition 1977 Upda te

Standard Normalized Standard Normalized

$ % $ $ % $

AEM —1128 —5.1 —935 —4.2 —1136 —5.2 —986 —4 .5
ATS—F 29 6.8 16 3.8 5 1.2 2 0.4
DSCS II .  34 6.0 37 6 . 5  21 3.7 24 4 .2
DSP II ...  —18 — 2 . 0  —15 — 1 . 7  —47 — 5 . 3  —46 —5.1
5—3 —334 —3.6 —238 —2.6 —323 —3.5 —275 —3.0
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Recurring Cost

Third Edition 1977 Update

Standard Normalized Standard Normalized

Independent variable  Weight Same Weight Same
Functional form Y = aXb Same Y = a+bXC Same
R2 0.75 0.77 0.74 0.75
Level of significance .. 0.01 0.01 0.01 0.01

The lar gest per cen tage deviations are for the two spacecraft that

lack a reaction—control system : MMS and S—3. That may suggest the

desirability of estimating the RCS separately from the ACS. The Third

Edition provides better estimates than the Update for four of the six

test cases. Only ATS—F and DSP II benefit from the addition of a con—

stant to the estimating equation, and that constant virtually ensures

that all lower—cost systems will be overestimated .

Devia tions

Third Edition 1977 Update

Standard Normalized Standard Normalized

_ % $ % $ % $ % $

AEN —11 —0.1 6 0 —72 —0 .5 —56 —0.4
ATS—F 41 3.4 39 3.2 23 1.9 21 1.8
DSCS II  —3 —0.1 0 0.0 —43 —1.1 —45 —1.2
DSP II 18 0.8 21 0.9 —11 —0.4 —10 —0.4
HNS —123 —2.1 —122 —2.1 —198 —3.4 —190 —3.3
S—3 —133 —0.3 —86 —0.2 —269 —0.7 —235 —0.6

/ 1
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ELECTRICAL POWER SUPPLY (EPS)

Nonrecurring Cost

Third Edition

Body—mounted Arrays Paddle—mounted Arrays

Standard Normalized Standard Normalized

Independent variables  Max. array Max. array
output Same output Same

Functional form Y = aXb Same Y = a+bX Same
R2 0.80 0.81 0.78 0.77
Level of significance ... 0.01 0.01 0.01 0.01

1977 Update
Spin—stabilized Three—axis
Spacecraft - Stabilized

Standard Normalized Standard Normalized

Independent variables  Weight, max . Max . array
array output Same output Same

Functional form Y = a+bX Same Y = a+bX Same
0.67 0.67 0.72 0.75

Level of significance ... 0.01 0.01 0.05 0.05

The Thi rd Edition distinguishes between body—mounted and paddle—

mounted solar arrays, which means that the DSCS II and DSP II are

estimated with one set of CERs while another set is used for the other

three tests. The 1977 Update, on the other hand , segregates spin—

stabilized and three—axis spacecraft , isolating AEM and ATS—F from the

rest of the test cases. The change does not affect ATS—F estimates,

but deviations on other spacecraf t change appreciably. AEM and

S—3 are adversely affected while DSCS II and DSP II improve.
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~~~~~ V 1 a t  Ion.

Third Edition

Standard Noraalized ~~~~~~~~ ar -

2 $ $

AEM —207 —0.8 -195 —0.1 - 5 W
ATS—F 2 0.1 2 0.1 i i

DSCS II  —121 —4.3 —128 --~.S -~~~~~

DSP II 48 9.0 45 8.’
S—3 32 0.3 31 0.3 - -

Recurring Cost

Sv n 4  h r  ~fl”i,

T h ir :  Ed it I - .

Standard \ .-‘.9

Independent variables  Max . array
output -

Functional form Y - aX~’
R2 0.81
Level of significance  0.01

Le~ - That

Third F&fl ’~

Standard \ .— .4..

Independent variable  Weight
Functional form Y — a+bX
R2 0.77
Level of significance ... 0.01

The pattern of deviations f’r ~~~~~ T ’ — l r - - -

same for both the standard and normalt7c t’

all are reasonably good . With the ~-F 7 ~~~~~~

proved while one is degraded : DSP TI i.

version is marginally preferable to ~~~ ..‘ t .-.

is slight.
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Deviations

Third Edition 1977 Update

Standard Normalized Standard Normalized

2 $ % $ % $ % $

AEN 82 0.5 82 0.5 9 0.1 16 0.1
ATS—F —96 —1.6 —95 —1.6 —54 —0 .9 —47 —0.8
DSCS II  —82 —1.3 —76 —1.2 —34 —0.6 —32 —0.5
DSP II 22 1.2 22 1.1 48 2.6 47 2.5
I’IMS —28 —1.0 —22 —0.8 4 0.1 18 0.7
S—3 81 0.4 81 0.4 —18 —0.1 1 0 

—

COMMUNICAT IONS/TT&C -

For communication satellites, TT&C and communication costs can

be estimated separately or as a package . The CERs discussed here are

for the combined cost of TT&C and communications .

Nonrecurring Cost

Third Edition 1977 Up date

Standard Normalized Standard Normalized

Independent variable  Max. array
output Same Weight Same

Functional form Y = a+bXc Same Y = a+bXc Same
R2 0.88 0.85 0.75 0.74
Level of significance .. 0.01 0.01 0.01 0.01

The change in independent variables from maximum array output to

subsystem weight increases the divergence between ATS—F and DSCS II

estimates , because while their powers are roughly comparable , the

ATS—F subsystem weighs over twice as much as that of DSCS II. The

Third Edition does better , as shown below , but with large deviations.

- — —- - — —~~~~~~~~~~~~~ — ~~~~~~~ - .5— 
~~~~~~~~~~~~~~~

——--——
~~~~~~~~~~~ 
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Deviations

• Third Edition 1977 Update

Standard Normalized Standard Normalized

2 $ 2 $ 2 $ 2 $

ATS—F —33 —5.5 —30 —5.0 —61 —10.1 —59 —9.8
DSCS II  32 9.3 34 10.1 38 11.0 40 11.7

• Recurring Cost

Third Edition 1977 Update

Standard Normalized Standard Normalized

Independent variables  Weight , max.
array output Same Weight Same

Functional form Y = a+bX Same Y = a+bXC Same
R2 0.88 0.89 0.83 0.81
Level of significance ... 0.01 0.01 0.01 0.01

All four models overestimate both test cases. The normalized

versions appear to be slightly better for both test cases, but changing

independent variables and functional form has little effect on the

estimates .

Deviations

Third Edition 1977 Update

Standard Normalized Standard Normalized

% $ % $ % $ 2 $

ATS—F —60 — 5 . 2  — 56 —4.9  —49 — 4 . 3  —50 —4.4
DSCS Il .... —31 —1.8 —27 —1.6 —38 —2.2 —33 —1.9

TOTAL COST

The SAMSO standard models include a provision f or estimating

“platform” cost , i .e . ,  total cost without payload , where a quick esti—

mate is needed or where information needed for a detailed estimate is

lacking .

I
--

~

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ----
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Nonrecurring Cost

Third Edition 1977 Upda te

Independent variable  Platform weight Platform weight
Functional form Y a+bXC y = axb

0.59 0.86
Level of significance ... 0.01 0.01

When the results of using the platform CERs are compared with the
summations of subsystem cost estimates , no one mode l stands out as con—
s ist ently  best or worst.  In percentage terms the three large space-
craft are estimated fairly well , while the two small spacecraft are
great ly overest imated. Thus one could not rel y on any of the SANSO
models for estimates of nonrecurring costs for  low—cost satel l i tes  such

• as AEM and S—3.

Standard Normalized Platform

2 $ 2 $ 7. $

Third Edition

AEM —513 —11.6 —370 —8.3 —733 —16.9
ATS—F .... 1 0.5 —3 —1.9 —33 —12.6
DSCS II .. 16 9.0 19 10.8 35 19.6
DSP II ... 25 11.9 28 13.7 23 11.2
S—3 —157 —9.3 —104 —6.1 —266 —15.7

1977 Update

AEM —423 —96 —355 —8.0 —549 —12.6
ATS—F ... . —18 — 9 . 7  —17 —9.3 —6 —2.4
DSCS II .. 18 10.3 21 11.9 —6 —1.6
DSP II ... 14 6.6 17 8.1 34 16.3
S—3 —147 —8.7 —117 —6.9 —209 —12.3

Recurring Cost

Third Edition 1977 Update

Independent variable  Platform weight Platform weight
Functional form Y = a+bX Y — a+bX
R2 0.83 0.72
Level of significance  0.01 0.01
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The platform CER provides the best estimate of DSCS II and DSP

II , but overestimates all other spacecraft and is particularly high

on the two largest , ATS—F and MMS. No one model is cons i s t en t ly

better than the others.  Increased accuracy fo r one estimate is o f f —

set by decreased accuracy for another . The 1977 U pdate:  No rmal-

ized appears to give the best overall results, and lacking other

guidance one would have to choose it over the others.

Deviations

Standard Normalized Platform

2 $ 2 $ % $

-

• 

Third Edition

AEM 15 0.3 26 0.6 —41 —1.0
ATS —F  —17 —3.7  —17 — 3 . 6  —80 —10.1
DSCS II  —33 —3.6 —29 —3.2 —28 —3.0
DSP II  22 3.1 24 3.4 1 0.1
NMS —63 —5.7 —65 —5.9 —98 —8.9
S— 3 —32 —0.6  —18 —0.4  —128 — 2 . 6

1977 Update

AEM —26 —0.6  —12 —0.3  —18 —0.4
ATS—F . - — 15 —3.2 —15 —3.2 —47 —5.9
DSCS II  —37 —4.1  —36 —3.9  —75 — 3 . 9
DSP II  25 3.5 26 3.6 19 2 .6
MMS —61 —5.5  —45 — 4 . 1  —62 —5.6
S—3 —67 —1.4 —48 —1.0 —88 —1.8

——-—-----————-—.———~~~ —~~~
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IX. COMPARISONS

Compa r ison s among models can be misleading because the models

are designed for  d i f f e r e n t  purposes. The GSFC model is intended only

for GSFC programs , the PRC model for FLEETSATCOM only, the SAl model

for planetary missions , etc . Yet comparisons can be useful. In this

section we compare model results to determine which models or portions

of models may be applicable to future Air Force spacecraft and also

which estimating procedures seem most useful.

TOTAL-COST VERSUS SUBSYSTEM-COST MODELS

The models reviewed above are of two general types: those that

estimate each subsystem separately and sum the estimates to obtain a

t o t a l  spacec ra f t  cost , and those that estimate total  spacecraft  cost

di r ectl y. Comparisons between the two are inevitable and legitimate ,

because for many purposes only a to ta l—spacecra f t  estimate is re-

quired . A question frequently asked concerns the accuracy of total—

cost estimates versus estimates built  up by subsystem . Table 10

compares the dollar deviations for four total—cost models with those

of seven subsystem—cost models. GSFC and SAl are not included in the

comparison of nonrecurring costs because both models require jud gmental

inputs that we did not feel qualified to provide.

Table 10 suggests that the choice is not between total—cost and

subsystem—cost models. None of the nine models listed provides a

usable estimate (i.e., having a deviation of less than 25 percent) of

nonrecurring cost for the AEM, DSP II, or S—3. The SANSO Update total—

cost model gives the best estimate on DSCS II and a good estimate on

ATS —F. Thus we cannot rule out the utility of total—cost models for

e s t i m a t i n g  n o n r e c u r r i n g  cos ts .  A l ]  models indicate their inapp li—

cabi l i ty to low—cost spacecraf t  by overestimates of 100 to 700 pe rcent

on AEM and S—3. For typical spacecraft except DSCS II , the SANSO

models ar e consisten tl y better than the mean , and the Third Edition ,

in both its standard and normalized versions , is very close to the

actua l ATS—F nonrecurr ing  cost .  The NASA HQ model , on the other hand ,
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Table 10

DEVIATIONS IN ESTIMATES OF TOTAL COST

(In million $ 1976)

Model ItEM ATS—F DSCS II DSP II MMS S-3

Nonrecurring

Total—cost models
Aerospace —11.6 —22.6 6.3 16.4 —13.8
SANSO 3d Ed. —16.9 —12.6 19.6 11.2 —15.7

— SANSO Update —12.6 —2.4 —1.6 16.3 —12.3

Subsystem—cost models
PRC —12.5 —16.9 17.0 17.4 —7.1
NASA HQ —9.6 —70.7 3.6 10.7 —10.1
SP1NSO 3d Ed.

Standard —11.6 0.5 9.0 11.9 9.3
Normalized —8.3 —1.9 10.8 13.7 —6.1

SANSO Update
Standard —9.6 —9.7 10.3 6.6 —8.7
Normalized —8.0 —9 ,3 11.9 8.1 —6.9

Absolute mean 11.2 16.3 10.1 12.5 10.0
Actual cost 2.3 54.6 56.6 48.4 5.9

Recurring

Total—cost models
Aerospace —0.6 —18.4 —5.0 —2.4 —12.4 —2.5
GSFC: D(4) —4.1 14.9 —12.5 —6.6 —16.5 —6.7
SANSO 3d Ed. —1.0 —10.1 —3.0 0.1 —8.9 —2.6
SANSO Update —0.4  — 5.9  —3.9  2.6 —5.6  —1.8

Subsystem—cost models
PRC — 2 . 2  2 .9  —1.3 5.3 —3.1 — 2 . 4
SAl —4 —2 5.0  —15.1 —l —11.6 —4.8
NASA HQ —0.9 2.8 —5.6  0.5 —3.5  —0.9
SANSO 3d Ed.

Standard 0.3 —3.7 —3.6 3.1 —5.7 —0.6
Normalized 0.6 —3.6  —3.2  3.4 —5.9  —0.4

SAI4SO Update
Standard —0. 6 — 3 . 2  —4.1  3.5 —5.5  —1.4
Normalized —0.3  — 3 . 2  —3.9  3.6 — 4 . 1  — l

Absolute mean 1.4 8.6 5.6 3.0 7.5 2.3
Actual cost 2.3 21.3 10.8 14.0 9.0 2.0

_ _ _ _

-~~~~~ — --- -~ 
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overestimates that cost by about $70 million because of the complexity

level chosen. The results suggest that no model can be used mechani-

cally without some knowledge of the special characteristics of each

spacecraft program. For typical programs the SAMSO standard models,
which require a minimum of information , appear to give estimates that

are at least as good as those of other models. For unusual programs ,

outputs of all the models reviewed required adjustment .

SANSO Update total—cost model deviations are lower than the mean

for recurring cost in every case , and in some instances they are lower

than those of the subsystem—cost models. Aerospace deviations are

lower than the mean for two of the six spacecraft; but since GSFC de-

viations are very high , one cannot generalize about the merit of total—

cost estimates on the basis of that comparison . Generally, we con-

clude that total—cost models can be useful and deserve more attention

than they have received in the past. The utility of planetary space-

craft models for estimating earth—orbital spacecraft costs appears

questionable based on the SAl performance.

STRUCTURE, THERMAL CONTROL, AND INTERSTAG E

All models use weight as the basic ind ependent variable for

estimating the cost of structure, thermal control , and interstage.

NASA HQ includes a complexity factor as well. SAl includes an inher—

itance factor for nonrecurring cost and has separate estimating rela—

tionships for different categories of weight , i.e. , structure sub-

system; mechanisms and landing gear ; and thermal contro l , pyrotechnic

and electrical cabling components. The other models lump all weigh t

of that kind into a single category and use an equation either of the

type Y = aX ’0 or Y a + bXC.

The results, as seen in Table 11 consistently favor the recurring—

cost estimate.  The special features of the SAl and NASA HQ models are

ref lected to a degree in these results.  The complexity leve l assigned

by the NASA EQ model to ATS—F structure causes the nonrecurring—cost

estimate to be almost $9 million too hi gh , and the SAl recurring—cost

estimate of MMS s t ruc ture  is about $5 mil l ion too high . All models

overestimate the nonrecurring cost of S—3 substant ia l ly ,  but  the PRC

and NASA HQ equations provide good estimates of the AEM . The

— .5—. - - -
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Table 11

DEVIATIONS IN EST iMATES OF STRUCTURE, THERMAL CONTROL ,
AND INTERSTAGE COST

(In million $ 1976)

Model AEN ATS—F DSCS II DSP II MMS S—3

Nonrecurring

PRC —l 1.9 0.6 2.4 —1.7
NASA HQ —0.6 —8.9 —1.6 1.1 —2.4
SANSO 3d Ed.

Standard —3.0 —0.9 —2.0 0 —4.0
Normalized —2 .2 —0.8 —1.3 0.8 —3.0

SAMSO Update
Standard —�.3 0.7 —1.3 0.7 —3.2

• Normalized —1.9 0.1 —1.0 1.4 —2.6

Absolute mean 1.8 2.2 1.3 1.1 2.8
Actual cost 0.7 11.5 6.2 7.8 1.8

Recurring

PRC 0 —1.3 —1.0 —0.1 —3.0 —0.4
SAl —0.6 —0.7 —0.9 —0.2 —5.1 —0.8
NASA HQ -0.3 —2.7 0.1 0.7 1.5 0
SANSO 3d Ed.
Standard 0.1 —0.3 —0.4 0.4 —1.1 —0.1
Normalized 0.2 —0.3 — 0.4  0.5 —1.8 0

SAMSO Upda te
Standard 0.1 0.1 —0.2 0.6 —1 .0  0
Normalized 0.2 0.2 —0.3 0.6 —0.7 0.1

Absolute mean 0.2 0.8 0.5 0.4 2.0 0.2
Actual cost 0.4 2.6 1.0 1.7 0.9 0.7

Y—i ntercept in the other equations appear s to be inappropriate for

low—cost satellites.

With the exceptions noted above, estimates of structure, thermal

control , and inter stage are gener ally well within the error—limits

acceptable for spacecraft.

TELEMETRY , TRACKING, AND COMMAND

The TT&C subsystem has a single indep endent variable in most

models—— weight——but there are a few variations on th~’t theme. As

- -
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shown by Table 12 , the best estimates of nonrecurring cost are provided

by the PRC model, which includes the number of commands as a second

explanatory variable. The NASA EQ levels of complexity are not designed

for spacecraft such as AEM and S—3 , so when they are comb ined with weight

they vastly overstate nonrecurring cost for that pair . On the other hand ,

they contribute to a very good estimate of the DSP TT&C. SANSO prefers

the functional form Y = a + bX; for nonrecurring cost , that has the

effect of overestimating the smaller TT&C subsystem and underestimating

the heavier ones. The PRC curve (Y = aWbXc) fits the test cases better .

Table 12

DEVIATIONS IN ESTIMATES OF TT&C COST

(In million $ 1976)

Model AEM DSP II MMS S— 3

Nonrecurring

PRC 0.1 3.0 0.4
NASA EQ —3.2 1.8 —3.3
SANSO 3d Ed.
Standard —2.7 4.9 —1.9
Normalized —1.2 5.9 —0.9

SANSO Update
Standard —0.9 6.6 —0.1
Normalized —0.6 6.7 0.2

Absolute mean 1.5 4.9 1.2
Actual cost 0.7 10.5 2.2

Recurring

PRC —0.1 1.2 —0.7 —0.5
SAl —1.4 —2.0 —3.1 —2.0
NASA EQ —0.4 1.1 0.5 —0.7
SANSO 3d Ed.
Standard —0.2 0.7 —1.4 —0.5
Normalized —0 .1 0.9 -1.2 —0.5

SANSO Update
Standard —0.3 0.8 —1.2 —0.6
Normalized —0.1 0.9 —0.7 —0.4

Absolute mean 0.4 1.1 1.3 0.7
Actual cost 0.5 2.9 2.7 0.6
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Estimates of recurring cost are fairly good for all models except

SAt , which overestimates TT&C cost on all test cases but is particularly
bad on low—cost spacecraft. SAt differs from the other models in that

radio—frequency equipment weight, data—hand ling weight, and antenna

weight are treated as separate variables. A more likely reason for the

higher estimate, however, is that the model is intended to be used for

planetary spacecraft.

ATTITUDE CONTROL

In the attitude control subsystem , weight again is the dominant

independent variable for both nonrecurring and recurring cost , but PRC

uses total spacecraft weight rather than subsystem weight. PRC and NASA

EQ estimate the cost of reaction control separately , PRC as a function

of propellant weight and pointing accuracy , NASA EQ as a function of

thrust. Both CRC and PRC distinguish between three—axis and spin—

stabilized spacecraft. Despite those differences none of the models

estimates the AEM and S—3 nonrecurring cost with less than 200 percent

deviation. The SAMSO normalized models, which have a single independent

variable——total subsystem weight including reaction control——and treat

all types of stabilization the same, provide the best nonrecurring cost—

estimates on the two small spacecraft (Table 13), but they are not good

enough to be usable. The pattern of deviations is such that no single

estimating procedure stands out, but the simple SANSO approach appears

to avoid gross errors better than do the more judgmental models.

For recurring cost, SANSO models produce the lowest deviations on

most spacecraft. GRC is decidedly superior on MMS, perhaps because MMS

has no reaction control system. SAl makes a very good estimate on ATS—F

with subsystem weight as the only explanatory variable ; thus it appears

that variables other than weight do not contribute perceptibly to im—

proved estimates.

ELECTRICAL POWER

All estimates of nonrecurring cost are based on either weight or

maximum array output (either BOL or EOL) or a combination of the two,

i.e., the product of weight and power . In addition there is a consensus
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Tabl e 13

DEVIATIONS IN ESTIMATES OF ATTITUDE CONT.ROL COST

(In million $ 1976)

Model ItEM ATS—F DSCS II DSP II MMS S—3

Nonrecurring

CRC —14.7 5.8 —4.7
PRC —7.1 10.0 9.1 1.8 —3.6
NASA HQ —3.2 —27.7 8.6 —7 .-~ —2.1
SANSO 3d Ed.
Standard —5.1 6.8 6.0 —2.0 —3.6
Normalized —4.2 3.8 6.5 —1.7 —2.6

SAMSO Update
Standard —5.2 1.2 3.7 —5.3 —3.5
Normalized —4.5 0.4 4.2 —5.1 —3.0

Abso’ute mean 6.3 8.3 6.3 3.9 3.3
Actual cost 0.5 23.4 17.5 11.2 1.1

Recurring

CRC —0.1 1.5 0.4 —0.4
PRC —1.8 4.9 0.1 1.5 —1.0 —1.4
SAl —1.3 —0 .4 —2.0 —1.2 —4.6 —1.3
NASA HQ 0.1 — 3.8 —1.6 —2.7 —4.7 —0.2
SANSO 3d Ed.
Standard —0.1 3.4 —0.1 0.8 —2.1 —0.3
Normalized 0 3 .2  0.0 0.9 —2.1  —0.2

SANSO Upda te
Standard —0.5 1.9 —1.1 —0.4 —3.4 —0.7
Normalized — 0 .4  1.8 —1.2  0.4 —3.3  —0.6

Absolute mean 0.5 2.8 0.7 1.1 2 .7  0.6
Actual cost 0.7 8.3 2.6  4.1 1.7 0.3

that spacecraft should be categorized either by type of stabilization

(three—axis versus spin) or by type of array (body—mounted versus

paddle—mounted), and that the appropr iate functional -form is Y = a + bX.

For most of the spacecraft in the test sample it does not appear that

it makes much difference which of the alternatives above are selected .

As shown in Table 14 , nonrecurring—cost estimates from the SANSO Third

Edition——both standard and normalized——are the most reliable for AEM

and S—3, probably because the S—3 and P72—2 were in the data base from

~
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Table 14

DEVIATIONS IN ESTIMATES OF ELECTRICAL POWER COSTS

(I n million $ 1976)

Model AEM ATS—F DSCS II DSP II MMS S—3

Nonrecurring

PRC —4.4 —4.4 —3.1 10.2 —2.2
NASA HQ — 2 . 6  —0.8 —0.4  15.2 — 2 . 3
SANSO 3d Ed.

Standard —0.8 0.1 —4.3 9.0 0.3
Normalized —0.7 0.1 —4.5 8.6 0.3

SANSO Update
Standard —1.2 0 —3.2 4.7 —1.9
Normalized —1.0 0.1 —3.0 5.1 —1.6

Absolute mean 1.8 0.9 3.1 8.8 1.4
Actual cost 0.4 2.9 3.6 18.9 0.8

Recurring

PRC —0.3 —1.5 —1.2 2.7 1.7 —0.1
SAl —0.7 —1.2 —0.5 2.3 1.3 —0.7
NASA EQ —0.3 —0.2 —1.2 1.3 2.2 0
SANSO 3d Ed.

Standard 0.5 — 1.6 —1.3 1.2 —1.0 0.4
No rmalized 0.5 —1.6 —1.2  1.1 —0.8 0.4

SANSO Up da te
Standard 0.1 —0.9 —0.6 2.6 0.1 —0.1
Normalized 0.1 —0.8 —0.5 2.5 0.7 0

Absolute mean 0.4 1.1 0.9 2.0 1.1 0.2
Actual cost 0.6 1.7 1.6 5.3 3.7 0.4

which the CER was derived . The SAMSO Update estimates are generally

higher than those of the Third Edition , but whether that is due to the

incorporation of a weight variable or a change in the data base is not

clear .

The variou s models d i f f e r  in the way they estimate recurring

costs; but since all are reasonably accurate on at least two of the

test spacecr af t , it is d i f f i c u l t  to infer a preferred procedure.

SANSO separates synchronous—altitude from lower—altitude spacecraft ,

and estimates the latter quite well using subsystem weight as the only 

.5— — 
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explanatory variable. NASA EQ and the normalized SANSO Update p ro—

vide precise estimates (zero deviation) of the S— 3 e lectr ical  power

subsystem , the former having maximum array output as the primary inde—

pe ndent var iable , the la t ter having wei gh t .  The SAMSO Upda te provides
good estimates on f ive of the six spacecraft , but it should be noted

that  all estimates of this subsystem are reasonably good except fo r

DSP I I .  One must con clude that electrical power subsystems are suf—

fic i ent l y homogeneous , and both power and weight cor re la te  s u f f i c i e n t ly
well with cost , that any properl y const ructed model should gene ra te

acceptable estimates.

COMMUNICATIONS AND TT&C

Onl y the two communication satel l i tes, ATS—F and DSCS II , have a

combin ed TT&C and communication subsystem , and only the PRC and SANSO

models provide specif ical ly fo r that  type of subsystem. On the basis

of such a small sample no positive statement about the models is

warranted . The SANSO Third Edit ion pre -ides the best estimates of

nonrecurring cost (Table 15), and the only independent variable is

maximum array output. Actuall y, on DSCS II most of the estimates are

about the same regardless of explanatory variable or functional form .

Only the NASA (-LQ model d i f f e r s gr eat ly and that is because of a corn—

plexity factor. On ATS—F use of weight or weight and transmitter

chains results  in a substantial overstatement of cost.

The PRC model is generally best for recurring—cost estimates.

All SAMSO estimates are comparable despite differences between the

Third Edition and the Update in variables , functional form , and data

base. SAl is clearly not intended for communication satellites . As-

suming that the basic data are correct , we must conclude that neither

weight alone nor weight and power together adequately explain TT&C/

Communications cost. The combination of weight and number of trans-

mitter chains shows the most promise.

111.4
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Table 15

DEVIATIONS IN ESTIMA TES ~F T~~~~b-

COMMUNICATIONS CUS1

(In million $ 19’f—)

Model ATS—F DS4 S 11

Non recurr i rig

PRC —24.4 IO.S
NASA EQ -33.3 - 1-

SAl-ISO 3d Ed.
Standard -S .5 -

Normalized - .0 10~
SAMSO Update
Standard -10.1 11. 0
Normalized -9.8 21 . ’

Absolute mean I-. .7 “.1
Actual cost i t — . ?  -

• Recu r r i ng

PRC 0.7 0.
SAl — .~..7 — I l . -
NASA HQ 1.9 -2. ”
SMISO 3d Ed.

Standard -5.: -I.~
Normalized —‘. --‘ - 1 ”

SAMSO Update
Standa rd
Normalized — ..e... -I ~

Absolute mean 7.0
Actual cost 2~ .3

_ _ _ _ _ _ _ _ _  ----—-— .5 - --~~~~~~~~-- --
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X. CONCLUSIONS

Can we say on the basis of the foregoing comparisons that certain

estimating procedures or models appear preferable for some or all space-

craft? Before giving even a tentative answer to that question we wish

to reiterate that no unique set of actual costs and technical character-

istics is known to all model—builders and to Rand . We know that in

some cases our figures differ from those used by others , and although

we have gone to some pains to verify ours, we do not claim they are

infallible. Hence, any comparison of model outputs contains more than

the usual element of uncertainty, and the evaluation below should be

regarded in that light.

Table 16 lists models that meet two conditions: First, the de-

viations do not exceed 25 percent or $200,000, whichever is greater.

Second, the model must be listed at least three times in a row, thus

indicating an applicability to a range of spacecraft types. The re-

sults are arrayed in that way to show which models have the broadest

app1ic~bility relative both to types of spacecraft and to particular

subsystems. With regard to nonrecurring costs, the array suggests that

none of the models considered has general appi.icability for any sub-

system except structure, and that applicability does not extend to low—

cost, spacecraft. Three SAMSO models appear to have some utility for

rsti.atiug total nonrecurring cost, but again the low—cost spacecraft

- a r e  , *-  tuded .

The p1 ‘ 1r~~ is somew~’at brighter for recurring costs. Four SAMSO

~, *  t~~CdI ? O  h~ b r - - , i1~ ust~fu1 for estimating structure costs;

~~~~~
— s ‘ii ,v,red by at [e.i~ t one model. For communication sub—

the - r~~ ,’ r i - i  above, hut SAMSO Third Edition

- . - • ..ai. - - - ‘ ‘  r -  ‘4ASA ti’ ’ m d  SAM~-; Up d . 4 t e  cover
- 

~~~ .-•  -; bMv ~~ ~~~~~~~~~ hut ~ t t h v . - r -  [ i t  t i e

- i,. wj~~h• . u~~ln g  d 1 t t * ’ r~~nt

- - , .- ~~~~~~~~~~~~~~~ ~~~~~~~~ •~~( 1—
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Table 16

- 

MODELS OF WIDE ST APPLICABILITY

Type of Model AEM ATS—F DSCS II DSP II MMS S—3

Nonrecurring Cost

• S tructure S3N S3N S3N
SIJSt SUSt SUSt
SUN SUN SUN

Total cost S3St S3St S3St
SUSt SUSt SUSt
SUN SUN SUN

Recurring Cost

Structure S3St S3St S3St S3St
S3N S3N S3N
SIJSt SUSt SUSt SUSt
SUN SUN SUN

Attitude control S3St S3St S3St
S3N S3N S3N S3N

Electrical power NASA EQ NASA HQ NASA EQ
SUSt SUSt SUSt
SUN SUN SUN

Total cost S3St S3St S3St
S3N S3N S3N S3N
SUSt SUSt SUSt
SUN SUN SUN
SUP a SUP SUP

NOTE: S = SAMSO St = Standard
3 = Third Edition N = Normalized
U = 1977 Update P = Platform

Only SANSO models estimate total cost within the limits estab—

lished . Note, however, that none of the SANSO models supplies an tINS

estimate that is within 25 percent of the predicted cost of that space-

craft. We cannot be sure at this time whether the problem lies with

the predicted cost , the models , or both.

The major problem to emerge from this review is the inability to

estimate nonre curring costs accurately, particularl y for low—cost

spack- I ra ft. S 2 n - t~ an unwarranted high est imate can be fatal to a

_ _ _  - - .5- —-- .5-- --  ~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _  •J4
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program early in the planning cycle, cost models should contain some

sort of provisions to deal with low—cost spacecraft. Subjective ad-

justment factors based on use of flight—proven subsystems and components

would be one way . Perhaps special—purpose cost models could be devel—

• oped , but we are not attempting to cover the modeling problem here.

The point is simply that weight is expected to be less of a constraint

in the space—shuttle era, and spacecraft cost per pound should decline .

Current spacecraft cost models do not cope with that possibility.

Another deficiency in the models examined is that they tend to be

too inflexible or too subjective, particularly in the estimation of

nonrecurring costs. Most models implicitly assume a fixed number of

qualification units or prototypes and a fixed level of testing , rather

than allow the analyst to input values appropriate to the program . At

the other extreme we have the concept of an inheritance adjustment that

seems too subjective unless the analyst has detailed information about

the hardware required and the development program.

Technical characteristics predict recurring costs fairly well ,

but estimates of first—unit cost are generally better than estimates

of quantity buys (a buy of four is considered a quantity buy in this

context). Use of a conventional cost—quantity relationship to estimate

spacecraft procurement is not always warranted because at very low pro-

duction rates no cost reduction may occur . When a buy of four or more

spacecraft is contemplated , it would be desirable to have a model that

takes schedule into account as well as quantity.

Many of the models rely on inheritance adjustments or normalization

techniques, and in principle such procedures should improve the quality

of the estimates. We see two problems associated with them , however.

The first is that they often require more detailed knowledge of a sys—

tern than is available at the time parametric estimates are most useful .

Guidelines and definitions that are meaningful at that time are essen—

tial. The second is that they are single—sided , that is, cost estimates

can be increased but not decreased . Adjustment factors in the SAMSO

model, for example, range from 1.0 to 2.55 for nonrecurring cost. There

is no provision for a system of lower technology , and the result is that

low—cost satellites are consistently overestimated . Either some provision

.5 — . 5 - -.- - - 
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should be made to adjust cost downward as well as upward , or CERS

should estimate absolute rock—bottom costs that could be adjusted only

upward .

Estimates based on labor—hours rather than dollars work fairly

well in the SAl model, eliminate the need for price—level adjustments ,

and allow the use of current , company—specific wage rates. If the

consistent ratio of labor cost to total cost found by SAL can be con—

firmed , estimating in terms of labor—hour s would simplify estimating
— techniques and give improved visibility into the components of cost.

It would seem essential, however, to distinguish between engineering
and production hours to establish an appropriate wage rate.

While working on the present study,  we were struck by the effort
expended by many researchers in a variety of organizations to seek out

the same data. Judging from our own experience at Rand , about 80 per—

cent of the time available for a project is consumed in collecting pro—

gram, technical, and cost data, particularly the last. It would be

highly advantageous if a single agency collected , processed , and stored

spacecraft data and made them available to other organizations with a

legitimate need—to—know . Agreement between USAF and NASA on the data

required , standard subsystem descriptions, relationship to other space-

craft programs, etc., and an agreement to share such information would

have at least two beneficial effects. First , the time and effort now

required to collect data could be greatly reduced . Second , with more

complete and comprehensive data , spacecraft cost models could be

improved .

A final thought is that much of the work surveyed in this report

appears to have been done in isolation, i.e., with little knowledge of

modeling work performed previously by other organizations. It appears

to us that everyone involved in this kind of work could benefit by

greater knowledge of other studies in the field . Only by exchange of

ideas will better , more reliable spacecraft cost models be developed ;

by initiating formal or informal procedures for such an exchange, the

Air Force could advance the state of the art considerably .

- . 5
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