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I
FORE WORDI

This report was prepared by ARINC Research Corporation in support of

I Army evaluations and analyses of user equipment of the NAVSTAR Global Positioning

I 
System (GPS) . Contained herein is a cost/schedule risk analysis for the Engineering

Development Phase (Ii) of GPS Army user equipment.

I The report was prepared as a task under Contract F0470 1-76-C-0028, issued

I through the GPS Joint Program Office , U. S. Air Force Space and Missile Systems

Organization (SAMSO) , Los Angeles, California.
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I
1 1. INTROD UCTION

1.1 A NALYSIS CONCEPT

This report describes a cost/schedule risk analysts of the Phase II Army user

1 equipment (UE) development program for the NAVSTA R Global Positioning System. A
technical risk analysts is also being conducted under the same contract , results of

I which will be presented in a future report.

A t the direction of the Army, emphasis is being given to the technical-risk por-

I t ion of the contracted effort. Consequently, the cost/schedule risk analysis has been
conducted as a relatively straightforward statistical treatme nt of existing Army plan-

I fling data for Phase II of GPS. To the information in those plans were added some
top-level Phase II planning data from the GPS Joint Program Office. Finally, cer-

I tam assumptions and ground rules relating to cost-variation estimating were applied
in preparing the statistical inputs to the analysis , as will be explained in this report.

1.2 GPS EQUIPMENT

I The NAVSTAR GPS is a space-based radio navigation system that will permit
users to determine accurately their three—dimensional position and velocity in real
time. The GPS will consist of a space segment (satellites) , control segment (ground
monitors and control stations) , and user segment (manpack , vehicular , airborne, and

I 
shipborne navigation sets) . ,, 3

At the time thi s analysis was conducted , the GPS UE types were designated as

I classes A , B, C , D , E , F, and M , each class representing a set of performance char-
acteristics suited to particular applications. The sets of interest for Army applica-
tions were:

I . Class B — High accuracy, high dynamics of user , and medium immunity to
jamming. Thi s class of UE was to be integrated into Army helicopters and

I fixed wing aircraft.

I • Class D — High accuracy, low dynamics of user , and high Immunity to
jamming. This class of UE was to be integrated into Army wheeled vehicles,
tracked land vehicles, and riverine craft.

I



• Class E — High accuracy, low dynamics of user , high Immunity to jamming ,
low weight , small size, and low power consumption. This class of UE was to
be used as a personnel backpack (manpack).

Since the completion of the statistical analysis , however , it has become evident
that the number of GPS UE classes will be reduced , with combinations of some charac-
teristics from several classes forming the characteristics of a new UE designation.
One likely combination is that of the D and E classes into a dual-purpose manpack/
vehicular set. It is currently considered possible , however , that the space and environ-
menta l constraints in tracked vehicles may require a separate operational set design.
To represent the possible parallel development of a manpack/vehicular and a tracked
vehicle set , the UE class designations D and E , as used in the Army planning document ,
have been retained in this report.

The GPS program is currently in Concept Validation (Phase I), which will ter-
minate with the Defense System Acquisition Review Council (DSARC) II review. At
the time this analysis was performed , DSA RC II was scheduled for March 1978.
GPS Phase II, System Test and Limite d Capability , extends from DSARC II until
December 1981, terminating with DSARC lii. A concept of dual contracting for the
UE , started in Phase I, will continue during Phase II. This cost/schedule risk analy-
sis reflects the costs of dual contracting.

Phase II will consist of operational testing and establishment of a worldwide
limited operational capability. During that phase , the Army budgetary plans used for
this analysis call for procurement of eight class B sets, 16 class D sets, and eight
class E manpacks . The class B sets will be integrated into Army helicopters. Eight
of the class D sets will be installed in wheeled vehicles , fou r in tracked vehicles , and
four in riverine craft.

If the wheeled vehicle and manpack sets are combined into a single design , it is
assumed tha t the eight sets for tracked vehicle and riverine use would still be pro-
cu red and installed. In addition , 16 manpack/vehicular sets would be procured , with
eight of them being mounted on wheeled vehicles. Therefore the type s and numbers
of Installations would remain the same. Further , since the Phase II prototype manu-
facturing costs of the class D and E sets are estimated to be equal , little or no cost
Impact would be expected due to the change in set procurements.

2
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1 2. RISK ANALYSIS 4
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( I

2.1 ME THODOLOGY/DA TA SOURCES

The network analysis program “Advanced SOLVNE T” was selected as the

I vehicle for performing the cost analysis of the A rmy UE Phase H effort. A complete
description of that analysis program can be found in the Army publication , Advanced

1 SOLVNET, A Network Analyzer Program, Report No. PAPAS-14 , Revision 2 ,
1 February 1975, published by the Systems Analysis Division , Plans Office , Picatinney

Arsenal , Dover , New Jersey.

The PERT-type network used in the application of SOLVNET was con structed

I from the most recent data available pertinent to Phase II scheduling. This consisted
of Phase II scheduling Information obtained from the JPO at SAMSO; and the NAVSTAR
GPS Baseline Cost Estimate , Vols I and II , dated August 1976 , prepared by the U. S.

1 A rmy Satellite Communications Agency. The network is presented in Figure 1.

1 2.2 DESCRIPTION OF SOLVNE T

SOLVNE T networks consist of(L~) arcs , representing activities , and 2) nodes,

1 representing the events (milestones) and logic of the project activity sequence. Char-
acteristics of these network elements are described in the following paragraphs.

1 2.2.1 Arcs 
I
)

~~ M SOLVNET arcs are characterized by:

a. The arc name , a brief descriptor of the activity occurring between two
nodes or milestones. The SOLVNET program requi res, for input to the
compute r , that each arc be given four or fewer alphanumeric characters.

I In this analysis , the first letter of the arc Is usually that of the equipment
class (B, D , or E).

L b. The names of the initiating and terminating nodes of the arc. Four alpha-
numeric characters are used to identify each node. Again , in general , the

I first letter of the node name identifies the equipment class.

c. The probability of successfully completing the arc once it has been initiated.
In this analysis , a probability of 1. 0 was assigned to all arcs except those
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terminating in a Critical Design Review (CDR) for the respective class of
equipment. For example, referring to Figure 1, arcs BCDR and DCDR

j were assigned (subjectively) a probability of 0.9, and ECDR was assigned
0. 8. Section 2.2. 2. 2 discusses the initiation of “default arcs” upon failure
to complete CDR-related arcs.

d. The fixed and linear (with respect to time) costs associated with the activity
represented by the arc. Table 1 shows the fixed costs assigned to each arc.
Superscripts appearing in cost information refe r to notes in Table 2 , whe re

I the derivation of indicated costs is explained.

e. Distribution of completion times. For this analysis , triangularly distrib-

I uted times were used , with the points of the triangle defined as “ shortest
time” (argument 1, or ARG— 1), “ most likely time” (A RG—2), and “longest

I time” (ARG-3). These times are indicated in months on each arc in
Figure 1.

f. An indicator to show if the time and cost of an activity are dependent on
when the termina l node of the activity is satisfied. In SOLVNET , an activ—

I ity time is not necessarily the time between nodes. In this analysis , arc
completion time is limited to being not later than the time that its output

I node is satisfied.

g. An indicator to show if the arc time is time- and/or probability—dependent

I on other arcs or nodes. In this analysis , all arcs were assumed to be
probability-independent of other arcs and nodes.

I 2.2.2 Nodes

*SOLVNET nodes consist of input and output rules(i~ c1~fii~ d belowi? When the

I proper Input rule conditions are realized , the node is said to be satisfied and its out—
put arcs are initiated according to its output rule.

1 2 .2.2 . 1 Node Input Rules

Nodes have three basic input rules:

I a. An INITIAL node possesses no input arcs and is used for the starting
point(s) of the network. In this analysis, two initial nodes were used and

I appear in Figure 1 as IN 11 and 1N12.

b. An AND input rule requires that all arcs entering the node be successfully

I completed before the node is satisfied and Its output arcs initiated.
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TABLE 2. EXPLANATORY COST INFORMAT ION FOR TABLE 1 (Sheet 1 of 4~

Note* Commen t s

1 Continuation of Phase I activity shown for cont inuity to Phase II. No
Phase II costs associated with this segment.

2 No cost to Army.

3 No assoc iated costs for dummy arcs.

4 Air Force assumes development costs for B—units.

5 Est imated Produc ibi t ity, Eng ineer ing, Planning (PEP) cost for Army
B—unit is $600,000. Balance to be incurred by Air Force as agreed to
a t a joint meeting of tn —service personne l (see BCE**, p. 29) . PEP
funds are assumed to be expended from the end of PDR (3-15-79)
through delivery of the eighth B-unit on 1-1-81 (21. 5 months).
$600,000/21.5 $27,907/month.

6 Cost per B—unit is given as $50,000 in BCE Vol. 1, p. 30.

7 In the event of CDR failure , it is assumed that a redesign effort will
be attempted and will succeed. It is further assumed that an accel-
erated spending level will ensue to minimize schedule sli ppage . The
accelerated ra te is assumed to be 1. 5 x $27, 907 = $41, 860. The
accelerated rate will continue through prototype development (first unit
available).

8 Retrofit kit costs for 8 B—units as per BCE Vol. I, p. 30. Labor,
$400,000; materials, $100,000; first kit = $100,000/8 = $12,500
for materials (fixed cost).

9 Incremental cost (labor) for 8 B—unit retrofits is expended 9—1—79
thru 10—1—80, at an assumed linear rate : $400,000/13 mo. =

$30, 769/mo.

10 It is assumed that the Air Force will absorb the development cost of
the Airborne Integration Module (BCE , Vol. I , p. 29).

11 A cost per module of $6, 000 plus $5, 000 retrofit is required to make
the set operational in an aircraft (BCE Vol. II , p. 4).

12 No additional cost to Army for aircraft Integration.

13 Airborne testing as per BCE Vol. 1, p. 31 ($1, 200 , 000) .

*Numbers pertain to superscripts In Table 1.
**All references to BCE pertain to “NAVSTAR Global Positioning System ,

Baseline Cost Est imate ”, Volume ! and H, August 1976, U. S. Army
Satellite Communications Agency, Fort Monmouth , N.J.
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TABLE 2. (Sheet 2 of 4)

C 
Note* Comments

14 Total cost of in—house IOT&E, as per BCE Vol. I , p. 33, is $2,000, 000.
C ($200K per range use)(10). It is assumed the cost for testing each unit

type will be the same, i.e., $2,000, 000/32 = $62,500 per set (fixed cost).

15 No additional cost to Army. Any additional costs are assumed absorbed
in field salaries.

16 Ref.: BCE Vol. I, para. 1. 11, p. 24.

The hardware engineering development cost of $9, 750, 000 is assumed to
be for both D and E units, and is divided Into 40~ for the D-unit and 609~
for the E—unit. The latter value is larger due to the added requirement
to reduce the size and weight of the manpack (E—unit ) . This development

C. cost is assumed to be expended from contract award through production
of the first D and E units (1—15—79 through 8—7—80, 18. 75 months).

In addition , PEP funds of $2 ,000 ,000 are expended equa lly between the
D and E units commencing with the PDR through delivery of final proto-
type units (5—7—79 through 1—1—81 , 19. 75 month s) .
For the D-unlt :

(a) 40% of $9,750, 000 = $3, 900 ,000 ; $3,900,000/18.75 =

$208, 000/mo.

I (b) $1,000,000/19.75 =

I From 1-15—79 to 5—7—79 , rate is (a) , $208 ,000/mo.
From 5—7—79 to 8—7—80 , rate Is (a) + (b) , $258 ,633/mo.

I 
From 8-7—80 to 1—1—81 , rate Is tb) , $50 ,633/mo.

For the E-unlt:

‘I 
(a) 6O~ of $9,750,000 = $5,850 ,000; $5, 850 ,000/18. 75 =

I $312 ,000/mo .
(b) $1,000,000/19.75 ‘ $50 ,633/mo.

I From 1—15—79 to 5—7—79 , rate Is (a) , $312 ,000/mo.
From 5—7—79 to 8-7— 80 , rate is (a) (b) , $362, 633/mo.

i From 8—7— 80 to 1—1— ~ 1, ra te Is (b) , $50 ,633/mo.
U 17 Under a redesign effort , i . c.,  failu re to pass CDR , It is assumed that

the rate of expenditure will be 1.5 times the normal rate , or $387 , 950/

I 

month for the D—unit and ~543 , 95( 1/month for the E—un lt.

~i
I 
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TABLE 2. (Sheet 3 of 4)

Note * Comments

k 18 Re: BCE Vol . 1, p.30, para. 1.13: D—unit retrofit kit development for
this segment is for three types of kits : vehicle , track vehicle , and
niver ine kit. E ach type has a $400 ,000 Incremental cost and a
$100 ,000 fi xed cost.

(3) ($--I0 0 ,000) - $1, 200 ,000 total incremental cost
(3) ($100, 000) - $300 ,000 total fixed cost for 16 unIts ,

$300 ,000/iG - $18,750/unit.

Incremental costs are expendeu from 1—15—80 thnu 10— 1—80 (8.5 mo.) :
$1, 200 , 000/8.5 $141, 176/mo.

19 Ref : BCE Vol. I , p. 30, para. 1. 14: Prototype manufacturing of
manpack; vehicular sets @ $42 ,000 each.

20 Integration/ installation costs are assumed to be absorbed in
Field Salaries .

21 System test and evaluation cost for manpack/vehicular units is
$3,000 , 000 , per BCE Vol . I, p. 31, and is assumed to be a fi xed cost .

22 Ref: BCE Vol I, p. 33 , para. 1. 263. Estimate of 24 personae! at an
average $42,500 p.a. = $1,020,000/yr.

$i,020,000/12 = $85,000/mo. This figure is used as the incremental
(variable) cost for GPS field salaries over the period 1—15—79 thru
7—1—81 ($2,507,500). Fixed cost is the difference between this total
incremental cost of $2,507,000 and total allocated GPS field salaries of
$4,080,000, per BCE, p. 33. Since the BCE allocates field salaries
for half of 1978 through half of 1982, it is assumed that these salaries
will be paid to establish (prior to contract award) and retain (between
end of Phase II and start of Phase Ill) the GPS field offices , and
therefo re should be reflected in Phase II costs.

23 BCE Vol. 1, p. 31, para 1. 164: Estimated contracto r systems man-
agement cost of $1,025 ,000 is for period from contract award through
IOT&E (1—15—79 — 7—1—81 , 29.5 mo .)

24 The fixed costs within the management arc of the network consist of the
follo wing, and are placed there for convenience of Inclusion withIn the
network (BCE Vol. 1, p. 30 , 31) .

Software (data , publications , drawings) $ 975 ,000
C ED spares 168,000

TraIning 364 ,000
Tes t equipment 584 ,000

Total $2 , 091,000

25 Cost for contractual studies administered by the Army during Phase H
as per BCE Vol. 1, p. 32.

10
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TABLE 2. (Sheet 4 of 4)

Note* . Comments

26 In—house studies cost estimate per BCE Vol. 1, p. 32, 33

ECOM Pwr Pack - 2 m.y. x 42 ,500 t mat i = $ 100,000
ECOM Ant Dev — 4 m.y . x 42 ,500 mat l 200 ,000
ECO M Comp Lab - 4.5 m.y . x 42 , 500 = 191,000
MICOM Arty Integ — 4. 5 m. y. x 42 , 500 = 191,000
AVSCOM Acft Integ — 7 m. y. x 42 , 500 = 320,000
T A C O M — 9 m a n years x 42 ,500 = 383,000
Transp. Cmd. — 5 man years x 42 , 500 + mati = 230 ,000
USAETL - 12 m. y. x 42 , 500 + mat l 554,000
EW Labs — 4.5 m.y. x 42,500 = 191,000

C AVSCOM Ant - 2 rn.y. x 42 ,500 + mati = 100,000
ECOM Sys Anl - 4.7 m.y. x 42 , 500 = 200 ,000

C Total $2 ,660 ,000

I
I

‘I

11



-.1

- -S

c. A n OR input rule requires that only one of the input arcs be successfully
completed before the node is satisfied and its outpu t arcs Inlt 1ated.

2.2. 2. 2 Node Outpu t Rules

Two of the three possible output rules available in SOLVNI- ‘F were used in thi s
analysis:

a. TE RMINA L, a rule used to represent all possible completion points of the
netw ork. The node with a terminal ouput rule has no output arcs.

b. ALL , an output rule indicating that all output arc s ~vil1 be sim ultaneously
ini tiated when the input rule has been satisfied.

For any node with an AND or OR input rule arid an ALL output rule , there is the
possibility of initiating a default arc . in this analysis , a defaul t arc is initiated fol-
lowing the failure of a Critical Design Review for a class of equipment. Default arcs
are identified in Figure 1 as BRED , DRED , and ERED , which represen t equipment
redesign. Note that they follow the arcs BCDR , DCDR , and ECDR , respec tively,
where completion probabilities of less than 1.0 have been assigned.

2.2 .3 Distribution of Arc Completion Times

The comple tion times of the arcs appearing in the network of Figu re 1 were
de rived from 1) the schedule appearing in the previously referenced NA VSTAR GPS 

C

Baseline Cost Estimate , dated August 1976; and 2) scheduling information obtained
from the JPO at SAMSO. These times are listed in Table 1 under CCARG .2 CC and
represent the most likely of the triangularly distributed times . The “longest time” ,

— listed in Table 1 under ARG—3 , is assumed to be 20~ gre ate r than ARG — 2 . The
“shortest time” listed in Table 1 under AR G—1 is given as 10~’ less than AR G—2. It
is felt that an assumed possible 20~/ slip in all arc completion times is a pessimistic

C representation of schedule risk for two reasons:

a. Not every arc represents an equally risky activity; some activities , in

fact , have a highly predictable , controllable duration.

b. The design and test efforts conducted during Phase I will provide informa—
tion which will substantially reduce risks caused by performance uncer-
tainties or design surprises during Phase II.

12 
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2.2.4 Cost Allocation

Table 1 lists the cost allocated for the completion of each Army UE Phase H
activity. Superscripts on these data re fer to Table 2 , which presents an explanation
of where and how these costs were derived. In general , fixed costs are those assoc i-

- 
ated with materials and hardware. Incremental (variable) costs are those associated
with labor and salaries. Thus , increased arc durations may result in correspond-
ingly increased labor costs.

2 .2.5 SOLVNET Analysis

Attachment 1 is a reproduction of the computer printout resulting from exer-
cisin g the SOLVNE T program containing the dat a appearing in Table 1. The network

• was run for 1, 000 iterations in a Monte Carlo analysis , with a point on each arc ’s
triangular time distribution picked by random number generator for each iteration.
The results are briefly summarized as follows:

a. The mean completion date for Army Phase II is 16 October 1981, with a
standard deviation of 1.10 months . The mean cost Is $36 , 192,000, with
a standard deviation of $1, 185, 000. Figure 2 provides smoothed curves

I of the cost arid time statistical plots appearing on the computer printouts
in Attachment 1.

1 b. Arcs having a probability of greater than 5% of being part of the critical
path of events during Phase II are listed in Table 3, along with their

I respective probabilities . Dummy arcs on the critical path are not included
in the table. The first three arcs listed are combined Army and JPO activ—
ities , with no Phase II funding required from the Army. They are included
In the network only for scheduling purposes , and have been modeled in this
analysis as fixed-duration activities.

I
1
1

I ’
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(The following excerpt from the Army publication , Advance SOLVNET, Report PA PA S-

1 14, Rev. 2, describes the SOLVNET program output. )

I PROGRAM OUT PUT

The printed output from SOLVNET provides statistical information on

I the expected duration, cost, and probability of success of the project under
study.

I A. Indices of Criticality

Indices of criticality are outpu t for each arc. The index of criti—

I cality indicates how often the arc was on the critical path (e .g. , an index
of 0. 8 means the arc was on the critical path for 80 percent of the itera-
tions). Arcs with an index of 0 (never on critical path) are not listed.

B. Nod e Statistics

A set of node statistics is generated for internal nodes (optional),

I for each terminal node , and fo r all terminal nodes combined. Each set
consists of three graphs.

1. Completion times (or dates) vs probability of occurrence

I (cumulative probability listed at lef t of graph)

2. Completion costs vs probability of occurrence (cumulative

I 
probability listed at left of graph)

3. Frequency of occurrence of cost-time pairs

I The probability that the node was satisfied is printe d for internal
nodes and a graph indicating probability of network completion on each
termin al node is printed.

1 C. Gap

A set of Gap Statistics (optional) is generated for specific node
pairs. Each set consists of two graphs:

1. Time diffe rences (dating is not used) vs probability ofI occurrence (cumulative probability listed at left of graph).

2. Cost differences vs probability of occurrence (cumulative

I probability listed at left of graph).

_ _ _ _ _ _ _

*Gap Statistics werc not generated for this network.
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TAB LE 3. CItI TJCAL PATh ARCS

Probability of
A rc Being on
Name 1)escription Critical Path

UE DC UE Design Consolidation 1. 00
( ‘ECC UE Consolidation Finalization 1. 00

PREV Proposal Evaluation 1. 00
BPDR Development Engineering, B Set 0. 144
BCDR PEP /Development Engineering, B Set 0. 144
BPE P PEP/Pro totype Development , B Set 0. 068

C 
BOTE Op. Testing, In tegrated B Set 0. 076

C DPDR Development Engineering, D Set 0. 095
DCDR PEP/Developme nt Engineering, D Set 0. 095

I DPE P PEP/Prototype Development , D Set 0. 057
DOTE Op. Testing, D and E Sets 0. 069

I E PDR Development Engineering, E Set 0. 063
ECDR PE P/Development Engineering, E Set 0. 063

I EPEP PEP/Prototype Development , E Set 0.051
FSAL GPS Field Office Activities 0. 166
MGMT Contractor Systems Management 0. 183
CSTU Contractual Studies 0. 180

ISTU In—House Studies 0. 169
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