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Abstract

The termjointnessrefers to activities or operations that are executed collaboratively by more than one
government agency or military depagnt. While joint operations have becoinereasingly common

and successful, the governmemntinues to struggleith joint system acquisition: in fact, although a
common motivation for joint acquisition is cost savings, recent studies suggest that joint programs
experience largecost growth than nejoint programs and that it may be ma@steffective for agencies

to acquiresystems independently rather than jointly. This thesis explamsjoint programs often
experiencdargecost growth anthowjointness itself may induce it.

To understand the cost of jointness, this thesis proposes and demonstrates a new approdgimfpr st

| ar ge, compl ex acquisition programs wdneétechriicgl t he €
architectures igjuantified and observed using a design structure matrix (Efa$Rd tool. Using this
approach,one is able to gain an idepth unérstanding of the underlying mechanisms that drive a
programbés cost s, as well as gl obal perspective o
utility of this approach is demonstrated by applying it to study the cost impacts of jointness on three
programs that developed environmental monitosystemdor low Earthorbit.

The acquisition communityds current understanding
growth by increasing a pr ogr amy sBlowevergugimgithe ®8M o n a | a
based tool, this thesis demonstrates that complexity is a dynamic property of an acquisition program that

is driven by government agenciesdé institutional i
the thesis presgs a more nuanced understanding of jointness, complexity, and cost growth by arguing
t hat government agenciesd institutional i nterest

alter the agenci esd r el atintorgasitaiiop, &and withthh systemeindarn ot h e
develpment. When agencies take action to retaitooegain autonomythey increase the complexity of
the joint organization or the joint system and th

Finally, the thesis dissses the implications of the proposed Agency Action Model both generally and
specifically in the context of environmental monitoring programs. Aided by a trade space analysis tool
that was developed to explore a broad set of concepts for future envitahmenitoring systems, the

thesis demonstrates how government leaders should approach the problem of joint program formulation
and in doing so, generates a set a policy recommendations for future partnerships between the agencies
that have historically dlected envionmentaldata fromlow Earth orbit.



Thesis Supervisor: Edward F. Crawley
Title: Ford Professor of Aeronautics and Engineering Systems



Acknowledgements

To my committee: Thank you for allowing me study a topic that was truly fascinatirigd Crawley,

thank you for getting me started and for support
envisioned. Dan Hastings, | enjoyed each of our meetings and benefited immensely from yourfwealth o
experience. Zoe Szajnfarber, | am constantly impressed by your ability to see through the details of my
data angpoint me towards increased clarity; your suggestions and mentoring had an invaluable impact on

my work. Thank you also to Fran Marrone andyABhea for always helping me get my committee

together and for encouraging me throughout.

To my other academic mentorfo my intervieweesl coul dnot have done this
Thankyou for sharing your time, your experiences, and yourettible expertise with me. To Sandia
National Laboratory and Steve Gentry, thafilr supporting my research, for giving rtiee ability to

pick a topic that interested me, and for helping me find that topic initBitlyce Cameron, thank ydar

always reognizing when | was caught in a research spiral and for encouraging me to move forward and
produce resultutside of MIT, thank you to Charles Bailyn at Yale for teaching me how beautiful black
holes areand for supporting me even thouptiecided to gaonto engineeringnstead Thanksalso toDan

DeBra at Stanford for always bringing Yale spirit to our meetiAgsl finally, thank you to my mentors

at Boeing; in particular, Claire Leon for helping me navigate my career and dissertation and Byron Slater
and the rest of the NSE58 team for teaching me how to think, act, and talk like an engineer.

To my labmates: You guys are the best. Thank you for being brilliant and inspiring me with your work.
In particular,thank you to Dani Selva fdrelping me preyt much every day for the past three years. And
thank you to Marc Sanchez Net, Inigo del Portillo, Peter Davison, and Dani for an unexpectedly fun
spring semester: no matter how old | get, if you guys want to go to Phoenix Landing, let me know.
Finally, to Chris Trigg, thanks for making my Dreams Come True arading surethat | was never
#dancingonmyown.

To my Yale friends: Thardd or maki ng sure that I didnét Stop Be
Guadagni for teaching me all the math | know dreldirls of LDubC315 Angela Ku, Blair Kenney, and

Erica Ché for always being there for everything. Emily Lechntyank youfor hosting me in DC and

for making all those research trips much more fun. Yael Yungster, thanks for encouraging me to be a
normaland social human being in grad school and sorry it got harder towards the end. Finally, thank you

to Dylan Stern for dragging me across the finish line during this last month and for keeping things weird

in New Haven.

Finally, to my family: | would be nowdre without you. Devin Dwyer, thank you for always cheering me

on and fod in the past few montldsinspiring me with your own persistence and hard work. To my
parents, Barbara and Patrick Dwyer, thank you for giving me every opportunity imaginable butgequir
that | work for it. You let me go to Space Camp only if | helped pay and if studied ahead of time and you
allowed me to compete at the Irish dance nationals only if | outworked my competition. In doing so, you
taught me to value opportunity and thatvegrking long and hard enough, anything is possibleank

you for everything.






To my parents:

| 6ve gone doadschoolsimthedastéew o f
year s, but youodore stildl the best



Table of Contents

ACKNOWIEAGEIMENLS. ...t eeee ettt e e e e e e e e et e e e e e e s e e e e s be e e e e e e e e e e e e snnnsannnanes 5
BIF= Vo (S0 B o [N ] = SRR PPPP 14
TaBIE OFf TADIES. ... e e e et e e e e e e e e e e enennnre e 16
R [ 11 (0T [ 8 ox 1 o] o F PP PP PO PP PP PPPPPP PP 22
1.1 DefiNiNG JOININESS.....eeeiiiiiiiiiiiiie et ieeet ettt e e e e e s e eeens et e e e e e e e e bbb e e e s emmr e e e e e e e e e e aannnes 24
1.1.1  Jointness in the Gowement SPace SECLOL.............cooiviiiiiiiieeeiiccc e 25
1.1.2  The BenefitS Of JOININESS.......cuiiiiiiiiiiiiiiiree e eees e e e e e e nenens 27
1.1.3  The Cost Saving Benefit 0f JOINNESS.........oovviiiiiiiiiiie e 28

1.2 The COStS Of JOININESS. .. ..o iee e sttt e e rmmee e e e e e e e e e e rmnne s snneees 29
1.2.1  The Technical CdS Of JOINTNESS.......cccciiiiiiiiiiiiiiieeei e ereere e e e 31
1.2.2  The Organizational Costs of JOINTNESS..........cooiiiiiiiii e e 33
1.2.3  The POIItiICS Of JOININESS .......uuiiiiiiiieeeeiiieere s e e e e e e e aneeas 34

1.3 Research AppProach...........ooo e 34
13.1 RESEAICN DESIQN. ... ...t e e e mnee e 35
1.3.2  ReSearcCh MethOds.........cooiiiiiiiiii et 37
1.3.3  ThreatS t0 Validity.......oooieiieiiieeee et e e e rmmme e 37

1.4 OVerview Of DISSEITALION. ........cciiiuiiiiiiiii ettt rm e e et e s e e e 37

2 Theoretical Perspectives on the Cost Of JOINMNESS.........cccuuvviiiiieeeiiieeee e 39
2.1  Cost Growth: Current Understanding and Literature Gaps............cccuvvvimemiirerreeeeeeennnnnns 39
2.1.1  Cost Growth: Primary ROOt CAUSES..........euvvviiiiiiiiimmneeeeeeeeeeeeeeeeeeeeeeeeseeesssssnnsnnnnnn 40
2.1.2  Cost Growth: Secondary ROOt CAUSES.........uuuiiiieiiiiiimeee ittt simeee e 42
2.1.3  Theoretical Perspectives on Cost Growth................coooiieecevvevvivvvieeiveeiieee . 43

2.2 Public Administration: Theory and IMPaCLS...........c.uuuiiiiiiiiieere e 45
221 Defining Characteristics of Government Bureaucracies.................ccceceeevvvvvvvnnnnnn 45
222 BureaucratiC PONTICS..........cooiiiiiiiiiii e eneneeeee BT
2.2.3  The PrincipalAgent Problem........... e 50

2.3 Organizational Architecture: Theory and Implications..............cooeevvieemiiiiiiii, 51
231 Defining Characteristics of OrganizatiQnS..............ueveiiiiiieeceeeeeeeiiiiiee e 51
23.2 The Congruence MOEL...........ooii i 52
2.3.3  The Mirroring HYPOTNESIS. ......cciiiiiiiiiiiie ettt ean 54

2.4  Technical Architecture: Theory and IMPACLS...........ccoiiiiiiiiiiceeee e 55
241 Defining Characteristics of Technical SyStems...........cc.uuvviiiiiieeeieeeeeeee e 56



2.4.2  Technical Complexity TREOIY......cccoi i 56
3 A New Approach for Studying Cost Growth Complex Acquisition Programs..................c...e. 62
G 70t R O U= 11 = )Y 1Y 1= 1 T T LRSS 63
3.1.1 QUAITALIVE DAta SOUICES.......cvvviiiiiieeeieitieeme et e e e e e ettt e e e e s e eesbba e eeessnenes 63
3.1.2  Qualitative Data ANAIYSIS.........uueiiiiiiiiiiiiieeeii e re e e e e 67
3.3 A New Quantitative FrameWOLIK..............coiiiiiiiiiieeeieaeeeaasases e ee s ee s e e s eemeeeeeeeeeeeeeeeeeeneennnees 68
3.3.1  Step 1: Represent the Technical ArchiteClure.........cooovvvviiiiieeeiiiei e, 69
3.3.2  Step 2: Calculate Technical Complexity MetriC...........coueeiiiiiiiimmnniiiiiieeeeee s 71
3.3.3  Step 3: Represent the Organizational ArchiteCture................co o iceeinins 72
3.3.4  Step 4: Calculate Organizational Complexity MetriC...........c.evvvviiriiieaneeeeeeee e 73
3.3.5  Step 5: Observe Evolution of Complexity OVer TIMe..........uuuuvueeiiiimeeieeeeeeeeeeeeee, 75
I ©7o ] (o1 U ][] o AT PRTPP PP 76
4 A Review of Environmental Monitoring Systems in Low Earth Orhit...........ccccocvvvimeeneeennnn. 78
4.1  Introduction to Environmental Monitoring in Low Earth Orbit.............cccociiiiiieccs 78
4.1.1  Technical Architectures for Environmental Monitoring in Low Earth Qrbit............. 80
4.1.2  Organizational Architecture for Environmental Monitoring in Low Earth Orhit....... 82
A = o o To] PP PP PP P PPPPPPP 83
421 Transition to EPOCN Ao e aee e 83
4.2.2 Epoch A Technical ArChItECIUIE. ........ooiiiiiiie e 84
4.2.3 Epoch AOrganizational ArChiteCIULE............oooiiiiiiiieeeeeeee e 85
4. 2.4 Summary: Epoch Ad6s Archi.t.ect.ur.al..@idanges
G T 1 oo 1] o 1 = TS USROS 87
4.3.1  Transition t0 EPOCH B.......ooiiiiiiiiiiiiiee e 38
4.3.2 Epoch B Technical ArChitECIUIE. .........ooiiiiiiiie e 89
4.3.3 Epoch B Organizational ArChiteCtULe...............ooiiiiiiiece e 91
434 Summa y : Epoch B6és Architect.uwr.al..Chan®@’2s and
O 1 o T o] S UPSUPUPPPPR 92
441  Transition t0 EPOCH C.....ouiiiiiiiiiiiieee e 93
442 Epoch C Technical ArChiteCIUIE. ..........ueiiieiiiiiieeee e 94
443 Epoch COrganizational ArChiteCtUIE...........ooviiiiiiiiit e 96
444 Summary: Epoch Cbés Architectuwur.al...Chaiges an
T 1 o Lo T 1 0 USSR 97
451  Transition t0 EPOCH D.....ouviiiiiiiiiiiiieee e 98



452 Epoch D Techni@l ArChiteCture.............oeueeiiiiiiiiiieee e a8

45.3 Epoch D Organizational ArchiteCture................oooiiiiiieeeiiciicccccccee e, 100
4. 5.4 Summary: Epoch DO0s Archi t.ect.ur.al..Whanges
T 1 o o o] o I 101
4.6.1  Transition t0 EPOCH E.......ooiiiiiiiie e 102
4.6.2 Epoch E Techn@ ArChiteCIUIe.........coooiiiiiiii e 102
4.6.3 Epoch E Organizational ArChiteCtUre..............oooiiiiiiiieeecccce e 104
4. 6.4 Summary: Epoch EO0s Archi.t.ect.ur.al..@Wbanges
o S 1 o o o] o I 105
4.7.1  Transition t0 EPOCH Fo....cooi e 107
4.7.2 Epoch F Technical ArChitECIULE. ..... ... eee e 108
4.7.3 Epoch F Organizational ArChitRBe..............oviiiiiiiiiiiieee e 108
4. 7.4 Summary: Epoch Fés Archi.t.ect.ur.al. . Banges
T = o o To] [ € PP PP PPPPPPPP 109
4.8.1  Transtion to EPOCH Gu.......ooiiiiiiiiiiieieei e e e 111
4.8.2 Epoch G Technical ArChitECIULE.........uuvviiiiiiiieee e 112
4.8.3 Epoch G Organizational ArChiteCIUIE...........cooiiiiiiiiiieee e 112
484 Summary: Epoch Gb6s Architect.ur.al..Chaldiges an
4.9  Conclusion and Motivation for Upcoming Chapters............ccceeiiiiiicmnniiniiiiiiieeeee e 114
5 NPOESS Technical COMPIEXILY.......cc.evrrurrriiiiiiiimmmeeeeeeeeeeeeeeeeeeeee e e e s eeeeiennsanaann s smmme s 117
5.1  EVOIULION OFf COMPIEXITY.....uuiiiiiiiieeiiiiiiiiieee ittt e e e nees e e e e e e e s enenseeeees 117
5.1.1  Applying the FrameWOrK...........coooviiiiiiiiiieeeee s 118
5.1.2  Observing the Dynamic Nature of COmMPIEXILY............ceeeieeriiiiiccrniiiiiiiiiieeeeeeeens 119
5.1.3  ComplexityInducing DECISIONS.........ccuuiiiiiiiiieee e 120
5.2 Decision 1 Define the IORDI .........ocoiiiiiiiiiiii et n 121
5.2.1  Architectural COmMPIEXItY........uuuiiiieiieee e siceee et me e e e e e e aes 122
5.2.2 DS o o IO 0] 0 o112 (| Y/ 124
5.3  DeCiSioN 2: AQG NPR......oo ettt 128
5.3.1 Instrument Design COpEXitY .........oooi i 129
5.3.2 ProCESS COMPIEXILY . ..eiiiiiiiiiiiieee ittt e e e e e 130
5.3.3  Architectural COMPIEXItY........coeiiiiiiiiiieieeeeeee e 132
5.4  Decision 3: Retain the BaseliNe............coooiiiiiiiimmmiiieecceee e 133
5.5 Decision 5: Enforce NASA ReQUIFEMENIS.........ccuuiiiiiiiiiieeieee et eeme e 136



5.6 (D ITo Iy o) g T = 1= 1 o] =T TR 137

5.6.1  DeCiSion 1: ENADIEIS........ccuviiiiiiiii e e 137
5.6.2 DeCiSION 2: ENADIEIS.......ooiiiiiiiiii et eeene e 139
5.6.3  DeCiSioN 4 & 5: ENADIELS.......ccoiiiiiiiiiiiit et 141
5.7  VIIRS: An IUStrative Case StUAY.........couiiiurriiieiiieeereieeeee e s eeer e e e e e 141
57.1  Overview Of the VIIRS DESIQN.......uumiiiiieiiiiiiiiiimmeiiiiie et e e e e e eeessseneree e e e e e e aanns 141
5.7.2  Architectural Complexity 0N VIIRS.........cooiiiiiiiiieiieeen e eeeeiaens 142
5.7.3 Dedgn Complexity 0N VRS, ... mee e e 144
574 Realizing VI I.RSAGs..Compl.eX.i. .ty ... 147
5.8  Conclusionsaand Motivation for Upcoming Chapter..........ccccvvviiiiiimemiiiiiieecee e 148
6 NPOESS Organizational CoOmMPIEXItY...........ccooiiiiiiiii e mmmr e e e e e e e 150
6.1  EVOIULION OFf COMPIEXITY.....uteiiiiiieieiiiiiiitiree e e e rees e e e e e e s enenren s 150
6.1.1  Applying the FrameWOrK............coooiiiiiiiiiieeeee e 151
6.1.2  Observing the Dynamic Nature of COMPIEXILY............eeerieeeiiiiicceriiiiiiiiiiee e 152
6.1.3  Complexity-INdUCING ACHIONS.......cccuiiiiiiiiiie et err e e 153
6.2  Action 1:Delegate Authority t0 EXCOM......ccccoiiiiiiiiiii et enne e 155
6.2.1 Ineffective Delegation of AUTNONILY...........oooiiiiiiiiiiieee e 155
6.2.2 Decision Making BY CONSENSUS .......uuuuuuiiiiiiiiiiiimmmeeeeeeeeeeeeeeeeeeeeeeeeseeeeisasssaansaaeeeeas 157
6.2.3 Misaligned Authority and ReSpONSIDIliLY............cooiiiiiiiiiieeeiieeee e 158
63 Action 2: Use the #AOpt.i.mi.zed..Co.nv.e.r.g.e.h6d
6.3.1 (070 011 7= 1ot B (U [o1 LU =TT PPPPP 161
6.3.2 Misaligned Authority and BUdget..........cccooiiiiiiiii e 162
6.3.3 Misaligned Expertise and AUTNOTILY...........ccuuiiiiiiiii e 163
6.3.4  Misaligned Authority and ReSpONSIDIlILY...........cccuvviiiiiiiiieenieeee e 164
64 Action 3: For mal.i.z.e..NASA®Gs..Rol.e..........168
6.4.1 EXeCUtIORLEVEl INTEITACE.........uiiiiiiiiie e 169
6.4.2 Managementevel INterface...........oooo i 175
6.4.3  Additional IPONPP INtEITACES........uuiiiiiiiiiiiiiiieeeiiie e eesii e e 176
65 Action 5: Enhaun.c.e..NASAOGs..Ral. e 179
6.6  Conclusims and Motivation for Upcoming Chapter.........cccooviiiiiiieemiiiiiiiiieee e 182
7  The Cost of Environmental Monitoring in Low Earth Orhit............cccocoiiiiiiicniiieeeee 185
% R =V o 181 To] 1o T @] o] 0] = (] 185
7.1.1  Applying the FrameWOrK............ueiiiiiiiiiiieen e eeee e 186

eo

Str



7.1.2  Observing the Pnamic Nature of Complexity...........covveeviiiiiiiii e 187

7.1.3 Evaluating the Starting HypOthesis............oooooviiiiiiieeeiiccicccccccc e 189
7.2 The COSIS Of DWSS.... ..ottt e e e e e e e mnne s 190
7.2.1  DWSS TeChNICaAl COSIS......cciiiiiiiiiiiiiiiiieee et re e 190
7.2.2 DWSS OrganizationaCOSIS ... ..cvviieiiiiiiiiiiie et e eeere e e e e e e 192
7.3 The COSIS Of JPSS... .ttt e e e e e s ammne e 194
7.3.1  JPSS TECHhNICAl COSIS......ceeiiiiiiiiiieiiteei it 194
7.3.2  JPSS Organizational COSIS.........uuuuiiiiiieeeiiiime e e e rmmee s e e e 198
7.4  CrossCase Comparison: Technical CaStS.........ccoviiiiiii it i i rrne e 202
7.4.1 Requirements AQQregatiOn..........c..uuuiiiiiiieeieee e e e e 202
A Y (=10 0 I Ao [o =T F= 1o o 204
7.4.3 MiISSION AQOIEGALION . .....eeeiiiiieeiiiiiiiitireeettr e e e e e e e s s s bbb eeeas e e e e e e e e e e e aaaannnnnsenensseees 205
7.4.4  Conclusion: Technical Aggregation, Complexity, and Cost Growth..................... 206
7.5 Cross Case Comparison: Organizational COSES.........ceeieiiiiiiieeriiiiiiiieieee e eeeee e 209
7.5.1 Misalignment of Responsibility and AUtNOItY..........coovieiiiiiiimmeeeee e 209
7.5.2  Authority Eroding Misalignments.............ccooiiiirecimmmr e 211
7.5.3 EXACerbating FaCLOrS........ccciiiiiiiiiitieeeii ettt resi e e e anenseee s 213
7.5.4  Conclusion: Organizational Aggregation, Complexity, and Cost Grawth.............. 214
7.6 Conclusions and Motivation for Upcoming Chapter............cooiiiiiiimemiiiiiiiieeee e 215
8 The COSt Of JOINTNESS. ...t e et eeme et e e e eenr et e e e e nnneeeeen 218
8.1  The Cost of Jointness on NPOESS, JPSS, and DWSS..........ccoociiiiemniiiine e, 218
8.1.1 Bureaucratic Politics and the Evolution of Complexity on NPOESS, JPSS, and RUESS
8.1.2  ChecCks and BalanCES..........cccuuuiiiiiiiieeeeieee ettt 221
8.2 The COSt Of JOINMINESS. ....cciiiiiiiiiiii ettt e et e e e e e e e e e emmr e e e e e e e 223
8.2.1  The Agency ACHOMMOUEL.........uuuuueiiiiieie i ere e 225
8.2.2  ChecCks and BalAnCES..........cccuuiiiiiiiii ettt 232
8.3  The Agency Action Model APPlIEQ...... .. e e 236
8.3.1 NPOESS, JPSS, and DWSS ACHOMS. ...ccuuiieeiiei et ieeeeeie et et e s s s snees e s esaaes 236
8.3.2  Actionsin Other JOINt Programs............ueoiiiieiiiiimime e eeeiiiie s e ee e e eeevvmmme e eeeeeeeees 239
SO0 o (o1 U1 o] o PRSP PP PPPPPR P 240
9 The FULUre Of JOININESS......cciiiiiiiiiiit e ieeer e e e e e e e e e e e e e s emer e e e e e e e e e ane 241
9.1  Overview of the Trade Space Exploration Tool.............ooiiiiiiiiieeci e 242
911 ArChIteCtUral DECISIONS........uviiiiiiiee i eieres sttt e e e e e e e e e e nbeeeeeas 242



9.1.2  Trade Space Explorer and Architecture Evaluatar................cccuvmmmiiiiiiiieneeeennnnnns 244

S [ 1 o ST PO P PP PP PPPPPPPRRTN 245
S R 0 V[ 1 o P PSP OPPPPPPPPPPPPP 245
9.2.2  BENEMIE IMEIIIC. ...ceiiiiiiiii ettt enr e 248

9.3  Managing the Technical CoStS Of JOINTNESS...........ccuviiiiiieeeie e 251
9.3.1  The Cost Impact of Aggregation Versus DiSaggtiEm.............ceeveveeeriiiiimmmnsinrnnennn. 253
9.3.2  Current Disaggregation TradeS..........uuu i iiieiiiiimeeeieeeeeeeeeeeeeeeeeeeraaeeesa s e e e e aaeeaaeens 256
9.3.4  ANAIYSIS CONCIUSIONS.......uuiiiiiiiiieeeiieiiemee ettt e e e e e ee e e e e e e e e e e e 261

9.4 Managing the Organizational Costs of JOINtNESS......cccceiieiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeea 262
9.4.1  Applying the Principles for Architecting Joint Programs...........ccccccoevveeemrnivvnnene. 262
942 Case Study: Applying t hePrdgmam.n.c.i.p.l.e.s.266

0.5 CONCIUSIONS ...eeeiiiieee et eeet ettt e e e eeeb et e e e e e e e e e e bbb e e e eems s e et e e e e e e e e e nnnnnnees 272

10 CONCIUSIONS ...ttt e ekt e e e ekt e e e e e nna b et e e e nbn e e e e e ansbeeeeemne 274

10.1 DiSSErtation SUMIMALIY........uuuieiiieieeeiiisimee st e e e e e e s simnee s r e e e e e e e s s s smnnesanes 275

10.2 Key CONIIDULIONS. ...t e e 277

10.3 FULUIE WOTK ...ttt ettt e st rme e e e s e e e 279

10.4 FINAI CONCIUSIONS. ....cciiiiiiiiiie ettt e e e emmr e e e e e e e 280

11 Y o] 01T T [t 282

111 Other Sources of COSt GrOWEN...........ooiiiiiiiiee e 282

11.2 Additional Description of Complexity MetriCS............ooeeeie i i e e 284
11.2.1 Technical CoOMPIEXItY METIIC.........uuuiiiiiieeeie it eeee e 284
11.2.2 Organizational Complexity MEtriC............oooiiiiiiiii e 292

11.3 Technical and Organizational DSMS.........cccoiiiiiiiiiimeei e 294
11.3.1 Techrtal ArChiteCtUre DSIMS.........cuuiiiiiiiiiiie it e e e 294
11.3.2 Organizational Architecture DSMS............coooiiiiiiirec e 298

11.4 Additional Description Of INTEIVIEWS ..........uuiiiiiiieiiiiieer e 308

115 Case Study DOCUMENT LIST.......uuuiiiiiiiiiiiiiie e e eeee e 313

T (=T =] o [o PP R SRS PPPP 337

13

(0]

Ar ch



Table of Figures

Figure 1: Examples of Jointness in the Government Space SEeCOL............coooviceeiivviviniiinninnannns 26
Figure 2: Formation of the NPOESS Program (Image of Satellite Constellation Taken from [D8BJ)
Figure 3: Cost Growth 0N NASA PrOQraIILS.........ceeuiiiieiiiiiieensaaiisreeeeeeeeeesassmenssnnsrneeeeeeeeesaanes 31
Figure 4 Selected Case StUIES.......uuuuiiiiiiiiiiiiiireere e e e e ee e eree e e e e e e e e eeees 36
Figure 5: Relationship Between Government Policy, Organizations, Technology, Complexity, ad#l Cost
Figure 6: Downs' Law of Inte®@rganizational Conflict (Recreated from Downs, 1972).................. 48
Figure 7: Mirroring Hypothesis HUSTrated..............uuuuiiiiiiiieee e 55
Figure 8: Architectural Complexity lllustrated (Figure Recreated from Sinha, 2013)................... 58
Figure 9: Process Complexity lllustrated (Recreated from Sussman et al 2009.[156])...............] 60
Figure 10: Relgonship Between All Three Literature Domains and The Contribution Made By This
TS T o o 61
Figure 11: Simplified Organizationblierarchy for Interviewee Classification.............ccocoeeeeeeviceeee. 65
Figure 12: Interview DiSCUSSION TOPICS ... .uuuutriieeeeeiiiimmnsaaiiisserreeeeesssasssmeesssnnrnreeeeeeeesssnnnsseneeas 67
Figure 13: Example Technical Architecture DSM............ccovvvviiiiiceeiiiiieeeeeeeeeeeeeeeceeeiivvviinnenn O
Figure 14: Example Organizational Architecture DSM..............ooiiiiireeiii e 73
Figure 15: Misalignment of Responsibility and AUtNOIItY...........cc.evviiiiiiieeee e 74
Figure 16: Simplified Schematic of NPOESS Technical Architecture............cccccovvveeeiiieeiieeeeenenn, 81
Figure 17: Cost Growth in Epoch A (Data taken from [D213, D61, D215, D216, D218, D221, D225,
9220 R PR PTPPPPRRRPRN 84
Figure 18: Cost Growth in Epoch B (Data taken from [D213, D61, D215, D216, D218, D221, D225,
19220 OO PPPRERRR 88
Figure 19: Cost Growth in Epoch C (Data taken from [D213, D61, D215, D216, D218, D221, D225,
19220 SO PPPPERRRRN a3
Figure 20: Cost Growth in Epoch D (Data taken from [D213, D61, D215, D216, D218, D221, D225,
19220 OO PUPPPPPRRPRR Q9
Figure 21:Cost Growth in Epoch E (Data taken from [D213, D61, D215, D216, D218, D221, D225,
19220 PR POPPPPPSRRPR 103
Figure 22: Cost Growth in Epoch F (Data taken from [D213, D61, D215, D216, D218, D221, D225,
19220 SO SUPPPPSRRRR 106
Figure 23: Cost Growth in Epoch G (Data taken from [D213, D61, D215, D216, D218, D221, D225,
19220 TSP OUPPPPRRRR 110
Figure 24: Program Cost Estimates Compared to ComplE€xityected Cost Estimate (Technical
COMPIEXILY IMEBIIIC). ..eeeeeeee e ettt ettt ettt eeer et e e e e e e e e s bbb e e et e emes e e et e e e e e e e annnbnee e e e e enn 118
Figure 25: Complexity ImpactS Of DECISIOM L.........cceiiiiiiiiiiimmeiiiiii e ereierr e e e e e 121
Figure 26 Schematic of Ground System lllustrating Additional Components That Were Added to Process
Data (DASEd ON [DLBB]).......uuuureeeeieeeeiiiiimee sttt e e e e e e e e eees bbb e e e e e e e e e e e e e es s bbbb e e reeeeeeeeeaaan 128
Figure 27: Canplexity Impacts of DECISION.2.........cooii i 129
Figure 28: Complexity Impacts of DECISION.3..........cooiiiiiiiii e 134
Figure 29: Decision 5 CompleXity IMPACLS.........cc.uuuiiiiiiiiiieee e rmme e 136
Figure30: VIIRS DeVelOPmMENTt PrOCESS..... ... ettt eeeeea e e e e e e e e e e e e e e e e e e e e e eeean 145
Figure 31: Global Perspective on Organizational Complexity..............ceeeieiieaceeeiniiniiiiiiieeeeee 152
Figure 32: Actions Mapped t0 DECISIONS. ......cceeiiiiiiiiiiiieeee et eeeeeaeeeeaee 154



Figure 33
Figure 34
Figure 35
Figure 36
Figure 37
Figure 38
Figure 39
Reforms..

Figure 40:
Figure 41:
Figure 42:
Figure 43:
Figure 44:
Figure 45:
Figure 46:
Figure 47:
Figure 48:
Figure 49:
Figure 50:
Figure 51:
Figure 52:
Figure 53:
Figure 54:
Figure 55:
Figure 56:
Figure 57:
Figure 58:
Figure 59:
Figure 60:
Figure 61:
Figure 62:
Figure 63:
Figure 64:
Figure 65:
Figure 66:
Figure 67:
Figure 68:
Figure 69:

: Complexity Impacts Of ACHON.L..........ooiviiiiiieiiiieeeee e 156
: Complexity IMPactS Of ACHON.2............uiiiiiiiiee e 161
Misaligned Authority and Responsibility Prior to Prime Contractor Selectian............ 167
: Complexity Impacts Of ACHON.S..........oeiiiiiiiiiiieeer e eeee s 168
NN R (0] (=] = Vot TS (o I 1 1= | O 171
. Authority Erosion at Instrument Contractors, Before and After Organizational Refoii8
: Authority and Responsibility Misalignment at Failure Review Boards, Before and After
.................................................................................................................................... 174
NPP's Misaligned Authority and Responsibility, Before and After Refarms.............. 177
Misaligned Authority and Responsibility and NPP Space@ratind Interface............... 179
Complexity Impacts Of ACHON. 5. .....uueiiciii e e e 181
Complexity Impacts Of DECISIONB.........ccoviiiiiiiiii e 187
Complexity IMPACLS Of ACHON.B.......ceveiiiiiiiiiiiiieee e 189
Misaligned Authority and Responsibility Over the VIIRS Contractor.............cc.......... 193
NOAANASA Management Interface for the JPSS Program...........ccccccovvvveeneiinnnee 201
Relationship Between Different Types of Technical Aggregation.............ccccccceeee.n... 207
Agency Actions in the NPOESSSH? and DWSS Case Studies.................oooeevveeeinne 219
Agency Actions INdUCING COMPIEXILY........uviriiiiieeeeii e eeee e 224
Agency Actions t0 Regain AULONOMIY. .......cccoieeeeiiii i e i eeeee e rreeee e e e e e e 225
Symbols Used to Represent Joint Program FOIMMIS...........uuuuieirneeieeeieeeeeeeeeeeeeeeeeeas 229
Basic JOINt Program FOMMS ........uuu et eee e s e s e e e e e e e e e e e e e s 230
Different FOrms Of JOININESS.......coiiiiiiiiiiiii et e e e e e e s s s e e eaan 233
Agency Action Model Applied to NPOESS, JPSS, and DWSS...........cccccvvieeeneeeeenn. 237
NASA and the DOD'S ACLIONS. .......uuiiiiieeiiiiieeer sttt e e e e e e s eees s eeeeeeaeeeeannnes 239
Expbration & Evaluation PrOCESS........cuiiiiiiiiiiiiieeeiiie et eesi e e e 244
Trad®ffs of Aggregation versus DisaggregatiQn.............ccccovvvveeeeiiiiiiiiiee e 246
Benefit Metric HUSIrated..........c.uueiiiiiiie e e 248
Full Trade Spaces with Reference ArchiteCtULeS..............oovviiieeeecciiciiiceeeee e 252
Fuzzy Pareto Fronts with Both Cost MELHICS. ..ot 254
Fuzzy Pareto Front Descriptive STatiStiCS.........ccuuieiiiiiiiceri e seeee e 255
NOAA's Climat@Veather Tratd@S......ccoooiiiii e mrne e e e e e e e e e e e e e ee e e e 257
NOAA'S Fre®lyer Trates. . ... e e e e e e e e e aeee s 258
VISNIR-Microwave Imager Sounder Disaggregation Trades...........cccccveeevieaceeennnns 260
e LT 6] o] O 1Y 0 =3 T 263
Cost Of SNANNG AULNOTILY. ... e e rmmne s 265
NOAA, NASA, and DOD MiSSION SYNEIGIES......cccieeeiieeiiiiisimmeeeeeeeeeeeeeeeevveevveeseeen s 268
Cost of Sharing Authority with NASA or the DaD...............euiiiiineeeeeeeeeeeeeee 269
System Options when Delegating Authority to NASA ..., 271

15



Table of Tables

Table 1: Summary of Interviews CondUCEEd.............coeviiiiiiieeeiiiiie e eeeeeeeeeeeeeeeeeneeeeannn 64
Table 2: NPOESS Instruments and Their Relationship to Heritage............ccccovvieeevieeeiiniiiiiie, 82
Table 3: NPOESS User Community [D124]......coovvmiiiiiiiiiiiieee oot 86
Table 4: Complexity Mechanisms Induced by Each DecCiSion............ccoooiiiimmniiiiiiiiieeeeeees 120
Table 5: Complexity Mechanisms Induced by Each Action.............coevvivieeeiiiee e 153
Table 6: Complexity Mechanisms Induced by the Final Action and D@CISI.............ccccvvvvvvieennn... 188
Table 7: Complexity Mechanisms on NPOESS, JPSS, and DWSS..............oooiiiceciiiiiiiieiiiinne 190
Table 8: Alternative Sources for COSt GrOWERL...........ocuuuiiiiiieeeiiiiee e 215
Table 9: ArchiteCtural DECISIONS .......uuuiiiiieeeiiiiieeer sttt e e e e s e ee e bbb e e e e e e e e s s nnennnbeeees 243
Table 10: ComplexityPenalties Included iN MELIC............ooviiiiiiiiii e 247
Table 11: EDR Matrix for BENEfit MALIIX.........cuviiiiiiiiiiiiiieeeiiiieiee e ceessrre e e e e 250
Table 12: EDR SYNEITIES .. .eiiiiiiiiiiiiiiititieeett et e e e e e e e et eseer e e e e e e e e s s s b be e e e e eeere et e e e e e e e e annnnees 250
Table 13: Aternative Fredrlyer SPacCeCrafl..........uiiiiiiiiiiicee e ee e e e 261
Table 14: Complexity Metric Values for Each EpQch.............c.oooiiiieeeiiiiiicccccccccce e 284
Table 15: Design Complexity Penalties (derived from [D61, 174].........cccccviiiiiieeminieeeeeeeeeieee 285
Table 16: Préepoch A Inputs for the Technical Complexity MetriG............uvvvviiiiiiinneeeeieeeeeeeee, 285
Table 17: Epochs & Inputs to the Tectical Complexity MetriC.........cooovviiiviiiiiiieeriiiee e 286
Table 18: Epochs {F Inputs into the Technical Complexity MetriC.............cccvviiiiiieeeeeeeeeeeeee 287
Table 19: Epoch G Inputs to the Technical Complexity MetriC..............c.ooee e, 288
Table 20: Inputs to Trade Space EXploration TOOL...........uuuiiiiiiiincce e 288
Table 21: Assumptions Used to Design SPaceCraff.........ccccccviiieei e i e ceeeineen 290
Table 22: Launch Vehicle Performance and COSL............ouvuviiiiio i 292
Table 23: NOAA O, P, Q Technical Architecture DSM [D44]..........coooi i 294
Table 24: DMSP Block 6 Technical Architecture [D44]..........ooooiiiiiiiiiceec e 295
Table 25: NPOESS Epoch A Technical Architecture DSM [D44]........cccoveeiiiiiiiemniiiiiiiieeeeeeenn 295
Table 26: NPOESS Epoch B Technical Architecture DSM [D61].........cuvuuviuiiiiicceeeeiiieeieeeeeeee, 295
Table 27: NPOESS Epoch C Technical Architecture [DL139]........ccuvviiiiiiiieemeieeeeeiiiieee e 296
Table 28: NPOESS Epoch D Technical Architecture [DLZ].........covvvviiiiiiiiccnieiiiiiiiieeeeee e 296
Table 29: NPOESS Epoch E Technical Architecture [D218]...........ccoooiiiiireeciee 297
Table 30: NPOESS Epoch F Technical Architecture [D218, D102].......ccccoerriiiiimmminiiiiiieeeeeenn 297
Table 31: JPSS Epoch G Technical Architecture [DQ]...........cuuviiiiiiiee e, 297
Table 32: DWSS Epoch G Technical Architecture DSM...........ccoooiiiiiiiceeeeeeeee e 298
Tale 33: NOAA O, P, Q Adjusted AUthOrity DSM.......cccooiiiiiiiie e rree e 299
Table 34: NOAA O, P, Q Responsibility DSIM.........cooooiiii e 299
Table 35: DMSP Block 6 Adjusted AUthority DSIM............uuiiiiiiiiiiiiee e eeee e 300
Table 36: DMSP Block 6 Responsibility DSIM............oooiiiiiii e 300
Table 37: NPOESS Epoch A Adjusted Authority DSM............uueuiiiiiiiie e 301
Table38: NPOESS Epoch A Responsibility DSIM.............uuiiiiiiiiiiiiiieiee e 301
Table 39: NPOESS Epoch B Adjusted Authority DSM.............uuuiiiiiiiineeeeeeeee e 302
Table 40: NPOESS Epoch B Responsibility DSM............cueiiiiiiiieiiiiiieee e rmeee e 302
Table 41: NPOESS Epoch C Adjusted Authority DSM..........cc.uuviiiiiiieeeeieeeeeeeiieee e 303

16



Table 42: NPOESS Epoch C Responsibility DSIM.......ccccooiiiiiiiiiicrieeeeeeeeeeeeeeeeveeverne e e e 303

Table 43:NPOESS Epoch D Adjusted Authority DSM..........cccciiiiiiiiiieeseieeeeee e 304
Table 44: NPOESS Epoch D Responsibility DSM........cccooiiiiiiiiiiriieeeeeeeeeeeeevveevreeee e 304
Table 45: NPOESS Epoch E Adjusted Authority DSM............uuuuiiiiiiiine e eeeeiinnns 305
Table 46: NPOESS Epoch E Responsibility DSM...........cooeiiiiiiiieiiieiee e immee e 305
Table 47:NPOESS Epoch F Adjusted Authority DSM...........uuuiiuiiiiiiireiieeeieee e seeeens 306
Table 48: NPOESS Epoch F Responsibility DSM............oueiiiiiiiiiiiiee e 306
Table 49: JPSS & DWSS Adjusted AUuthority DSM..........cuueiiiiiiiiiieene e eesee e 307
Table 50: JPSS & DWSS Responsibility DSM.............ooooiiiiiiieeemmmr e 307
Table 51: Case Study INTEIVIEWEE LIST.........oiiiiiiiiiiii et 311
Table 52: Case Study DOCUMENT LISL........uuuiiiiiiiiiiiiiimee e eeeeeeee e eeee e 313

17



Terminology

ADCS| Attitude Determination and ControliBsystem
A spacecraft subsystem.
AEHF | Advanced Extremely High Frequency
DoD communications satellite system.
AFWA | Air Force Weather Agency
One of the four NPOESS Centrals.
AIRS | Atmospheric Infrared Sounder
I nfrared sounder ors oNAS A NPEOES;SO6Er €€d d Se
AMSU-A | Advanced Microwave Sounding Unit
Crosst rack microwave sounder on NASAOds EOS & NOAAds P
AMSU-B | Advanced Microwave Sounding Unit
Crosst rack microwave sounder omeNMASASsS oEOS 0& NWOAESED sP
AMSR-E | Advanced Microwave Scanning RadiomedS
Conical microwave images ounder o0@S ;NABrAddeEessor. t o NPOESS6s CMI
AT&L | Acquisition, Technology, and Logistics
Division in theOffice of the Secretary of Defemthat isresponsible for acquiring systems for the DoD.
ATMS | Advanced Technology Microwave Sounder
NPOES crosstrack microwave sounder that wpsocured by NASA.
APS |Aerosol Polarimetry Sensor
NPOESS instrument that wadded in the IORBI but deleted after NuriMcCurdy.
AVHRR | Advanced Very High Resolution Radiometer
Visiblei nf rared radiometengenpNOAAOSSPOESt ohBIPODESSds VI
C3 |Command, Control, and Communications Segment
Component of the NPOESS ground system.
CDR | Critical Design Review
Milestone in a typical acquisition program.
CERES|Cl ouds and the Earthdéds Radiant Energy System
Earth radiation budget sensor on NASAG6s EOS; herit a
CGS |Common Ground System
The shared JPSBWSSground systernthat wasestablished after NPOESS was cancelled.
CLASS |Comprehensive Large Arrdyata Stewardship System
NOAAGs storage facility for environmental data.
CMIS | Conical Microwave Imager Sounder
Conical microwave imagesounder on NPOESS.
CrlS | CrossTrack Infrared Sounder
Crosstrack infrared sounder on NPOESS.
DCS |Data Collection System
NonEDRproducing instrument on NPOESS thatvwas s o on NOAA6s POES.
DMSP | Defense Meteorological Support Program
DoDb&6s oper at i oteprdgramw @radedessor to NRQESS. | i
DoC | Department of Commerce
One of the three collaboratirggencies on the NPOESS prograhre DoC houses NOAA.
DoD | Department of Defense
One of the three collaborating agencies on the NPOESS program.
DoE| Departmenbf Energy
Government agency thparticipated in the joint Fermi program.
DoT| Department of Transportation
Government agency that participates in the joint GPS program.
DSP|Defense Support Program
Satellite system supporting missile easlgirning; predecessor to SBIRS.
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DWSS |Defense Weather Satellite System
T h e Dveeltitessatellitgprogram after NPOESS was cancelled.
EDR | Environmental Data Record
Final data product produced by the NPOESS system; specified by the IORD.
EMI | Electromagneticriterference
A type of interaction that induces architectural complexity on spacecratft.
EOS |Earth Observing System
NASA6s climate science satellite program; predecess
ERBS |Earth Radiation Budget Sensor
Earth radiation budget instruméon NPOESS.
ESPC |Environmental Satellite Processing Center
NOAAGs system that interfaced with the I DPS and hou
EXCOM | Executive Committee
Highestdecision maing body on the NPOESS program.
EUMETSAT | European Organization for the Erfihtion of Meteorological Satellites
Consortium of European nations that supplies environmental data.
FNMOC | Fleet Numerical Meteorology and Oceanography Center
One of NPOESS6s four Centrals.
GAO | Government Accountability Office
Independent agendiiat conducts oversight and investigations for Congress.
GOES| Geostationary Operational Environmental Satellite
NOAAbG6s environment al monitoring satellite in geost a
GPS |Global Positioning System
DoD navigation and timing satellite syste
GSFC |Goddard Space Flight Center
NASA Center responsible for managing programs like EOS, POES, and NPP.
HIRS | High Resolution Infrared Sounder
Crosst rack infrared sounder on NOAAb&ds POES; predecess
IDPS |Interface Data Procesgj Segment
Component of the NPOESS ground system.
IORD | Integrated Operational Requirements Document
NPOESSG6s requirements document that defined the pro
IPO | Integrated Program Office
NPOESS programbs joint pesengtives frortiee€oflaboraéing agentipso sed of r
IRT | Independent Review Team
Independent teams tasked to review government programs.
JARC | Joint Agency Requirements Council
One of NPOESS6s wuser groups.
JARG | Joint Agency Requirements Group
Oneof NPESSd6s user groups.
JPSS| Joint Polar Satellite System
N O A Aweather satellitgprogram after NPOESS was cancelled.
JROC | Joint Requirements Oversight Council
Joint governance body formed by Goldwatéchols
JWCA | Joint Warfighting Capabilities Assement
Joint governance body formed by Goldwatéchols
LDCM | Landsat Data Continuity Mission
Nextgeneration Landsat system.
LTAN | Longitude of Ascending Node
Variable that specifies the time that polambiting spacecraft cross the equator.
METO P | Meteorological Operational Satellite
Environmental monitoring satellites developed and operated by EUMETSAT.
MHS | Microwave Humidity Sounder
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Crosst rack microwave sounder on NASAOds EOS & NOAAds P
MIS | Microwave Imager/Sounde

Conical microwave imagesounder that replaced CMIS on NPOESS.
MODIS | ModerateResolution Imaging Spectrometer

Visible-Infrared ImagefRa di omet er on NASAO6s MODI S; predecessor t
NASA | National Aeronautics & Space Administration

One of thehiree collaborating agencies on the NPOESS program.
NAV OCEANO | Naval Oceanographic Office

One of the four NPOESS Centrals
NDE | NPOESS Data Exploitation

NOAAdeveloped ground processing system that interfaced with the NPOESS IDPS.
NDS |Nuclear Detedbn System

Nuclear detection sensor hosted on the GPS satellites.
NESDIS |National Environmental Satellite, Data, and Information Service

Component of NOAA that manages satellite development & operation.
NOAA | National Oceanic & Atmospheric Administian

One of the three collaborating agencies on the NPOESS program.
NJO | NOAA JPSS Program Office

NOAAGs of f-seaingthd JBSIS pgraent
NPOESS |National PolatOrbiting Operational Satellite System

Collaboration amondNOAA, NASA, & the DoD to egute operational climate, weather, and climate

science missions.
NPP |NPOESS Preparatory Project

Risk reduction and climate science data continuity missiahwasexecuted by NASA and the IPO.
NRC | National Research Council

Advisory board for the L$. government.
NRO| National Reconnaissance Office

Government agency that develops intelligence satellites.
OLS | Operational Line Scanner

Visiblei nf rared i mager on the DoDbdés DMSP; predecessor f
OMPS | Ozone Mapping and Profiler Seit

Ozone instrument on NPOESS.
OSIP | Operational Satellite Improvement Program

Program where NASA developed instruments for later use on NOAA operational systems.
OSTP |Office of Science and Technology Policy

Science advisory board for the White $eu
PA&E | Program Analysis and Evaluation

Division inthe Office of the Secretary of Defense that was responsible for program evaluation.
PDR | Preliminary Design Review

Milestone in a typical acquisition program.
PEO | Program Executive Officer

Positioncreated after NuriMcCurdy in order to mediate between the IPO and NPP program office.
POES |Polarorbiting Operational Environmental Satellite Program

NOAAG6s operational weather & climate program; prede
RDR | Raw Data Records

Raw datatransmitted from sensors that wesnverted to SDRs by NPOESS IDPS
SARSAT | Search and Rescue Satelfteled Tracking

Non-EDR producing instrument on NPOESS thatvwas s 0o on NOAA6s POES.
SBIRS|SpaceBased Infrared System

Satellite systerthat supportgmissile earlywarning; successor to DSP.
SBUV | Solar Backscatter Ultraviolet Radiometer

Ozone instrument on NOAAds POES; predecessor to OMF
SDR |Sensor Data Records
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Geo-located calibrated radiances that werenverted from RDRs and to EDRs by NPOESS.
SDS |Science Data Segment
NASA ground system that interfaced with the NPOESS IDPS.
SEM | Space Environmental Monitor
Space environment sensor on NOAA6s POES; predecesso
SES |Space Environmental Sensor
Space envir on meDWSPspeedesessor taoSESSD o D 6
SESS [Space Environmental Sensor Suite
Space environment sensor on NPOESS.
SSMIS |Special Sensor Microwave Imager Sounder
Conical microwave images ounder on DoDb6s DMSP; predecessor to CI
SPD |System Program Director
Head of the NPOESS IPO.
SSCM |Small Satellite Cost Model
A cost model for spacecraft.
SSPR |Shared System Performance Responsibility
NPOESS acquisition strategy; a variation of TSPR.
SUAG | Senior Users Advisory Group
One of NPOESSO6s user groups
STAR | Center for Satellite Applications and Research
The scientific division of NOAA NESDIS.
TOMS | Total Ozone Mapping Spectrometer
Ozone monitoroNASAb6s TOMS Earth Probe system,; predecessor
TRL | Technology Readiness Level
Amasure of a componentés technical maturity.
TSC | Tri-Agency Steering Committee
Committee of agency representative to NPOESS; reported to the EXCOM.
TSIS | Total Solar Irradiance Sensor
Total solar irradiance monitor on NPOESS.
TSPR |Total System Perfonance Responsibility
DoD acquisition strategy that cedes most programmatic decisions to a single prime contractor.
USCOM | Unmanned Space Vehicle Cost Model
A cost model for spacecratft.
USGS |U.S. Geological Survey
Government agency that uses the dsat system.
VIIRS | Visible Infrared Imager Radiometer Suite
Visible-infrared imager/radiometer on NPOESS.
VIS-NIR | Visible NearInfrared
The wavelength range at which instruments like VIIRS or MODIS operate.
WSF |Weather System Follown
D o D 6 glacement program after DWSS was cancelled.
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1 Introduction

We have really come to a point where we do extraordinarily well in
terms of joint operations, but we do not do well in terms of joint
procurement. It is still very Servieee nt er edana®®dbothh at 6 s
analytically and in the way we conduct our busidesfere | think

we need to do better.

--Former Secretary of Defense Robert Gates [1]

The Department of Defense Dictionary of Military and Associated Telefises the concept gdintness

asnactivities, operations, organi zations, et c. i n
part i [2]. Although intmilitary operations can be traced all the way back toRkponnesian
War in the 8 century B.C.[3], jointness wasnot f or mal i z e d into the Uni t e

establishment until the National Security Act of 194/%5]. The Act és pri mary purpo
previously separate and seaitonomous military departments under the direction of a single civilian

leader, tle Secretary of Defense and to establish the Joint Chi ef s
military adviserg4]. Importantly, in addition to providing a mechanism that enhanced jointmigsis

the Department of Defense (DoD), by creating the NakiSeaurity Council, te National Security Act

also enabled the Do participaten joint interagencyoperationg6]. Since its formation, the National

Security Council, which was originally composed only of representatives from the DoD and the
Departmenbf State[7], has expanded to include representatives fitoemTreasury Department drthe

intelligence community8]. Today, the joint National Security Council serves as the principal forum in

which the President coordinates national security anigfopmlicy operations acro$sderal government
agencie$8].

Despite the National S e ¢ u rflavteq militacy ogerationd nt¢lueimgthe ons, s
1979 Iran hostage crisis, the 198girut embassy bombing, and thE©83 invasion of Grermkzd
demonstratethe need for increasediptness in military operatior8-5]. The defense reorganization act

that resulted, the 1986 Goldwatdichols Act, attempted to correct noted flaws witktie DoD and to
strengtlen interserviceunity [3-5]; importantly, the GoldwateNichols Act also defined the concept of
jointness a it is used in the present da$pecifically, GoldwateNichols further consolidated and
strengthened the Secretary of Deferiss a ut hor i t yervices anddendfiadthechairmantfh e s
the Joint Chiefs of Staffs the single and unified source of military advice to the Presifiedi.
GoldwaterNichols also unified military operations outsiddé Washington by enhancingombatant
commandesd authority over individualservices with overlapping missions [4-5]; today combatant
commanderdeadnine unified commands which contain troops from all service departments that execute
missions jointly{9].

Although GoldwateNichols 6 pr i mar y g o aérvicenrdesopetalality byremhramcimgethe s

role of the Joint Requirements Oversight Council (JROC) and the Joint Warfighting Capabilities
Assessment (JWCA), the Act also provided a mechanism for future technical systems to be developed and
acquired jointly]5, 10-11]. Specifically, by using forums like the JROC and JWCAutafy requirements
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across theeyvices, the DoD was able to identifiterservicerequiremensynergies and opportunities to
procureweapors systemsmore efficiently[5, 10]. Furthermore, by developing common &yss that

could be used by more than one service, joint procurement also presented an opportunity to improve
interoperability across the serviceone of the goals of Goldwatblichols [10, 12] Despite the
relationship between Goldwatkri ¢ h o | s 6s andnjoireg systeno procurement, the Center for
Strategicand International Studies notedh at A whi | e t h e -Nghols baa gignificanfy Go |l d w
advanced joint perspectives in the policy arena, jointness in the procurement and defense allocation
process has lagged substantially and is one of the few unrecognized dimensions of the 1986 kegislation
[5]. The Cent er tGoldwaterididhglsggbes onddhttribute severafailures during Operation
Enduring Freedom inAfghanistanand Operation IragiFreedomto a lack of interservice system
interoperability and suggestedhat the lack of jointness in military procurement continues to hinder
military operationg5].

In spite of thiscall for increased jointness in system procurement, several majoomgeapsteméave

been defined, developed, armbqured jointly since the 198&ta The most notabl@int program is the

35 Joint Strike Fighter, a program that uses three variants of a common aircraft designaadivese

set of requirements that veelevied by the Air Force, thavy, and the MarinesToday, the F35 is

credited aseingt he mo st expensive aircrafl3landthgpogi a mdn i
rampant cost growtlhed the RAND Corporation to conclude that developing thegmusie aircraft to

meet individual ervice needs would haveeen less costlyhan jointly developing theingle shared

system[14]. Whi | e extr eme, t he Do D&s5 i nopunigue endtatistical e v e | o f
analysesuggest thagienerally joint programsncur largercost growth than singlgervice program§l4-

17].

Despite the notedhallenges withthe F35 and other joint systeiis d e v el tlhee meed fot joint
operations and interoperable systems appears to be persistent and india4®lg In particular,
today 6s t henemrot onle requires that rtheergices operate jointly under the a unified
combatant commander, batso that theycoordinate their operations with civilian agencies ltke
Department of State and thé.S. Agery for International Developmertl8, 2021] and with the
intelligence community through the recently formed National Intelligence Co{2&jil Outside of
interagencyointness in militaryoperaitons, the DoDhas and continues @ewelop and procursystens

by partneringwith civilian government agencies; for example, NEXRAD, a network of Doppler radar
systems, was producedintly by the DoD and the National Oceanic and Atmospheric Administration
(NOAA). Besides the DoD, other government ageneiles deelop systems jointly; for example, the
National Aeronautics and Space Administration (NA®Aspartneed with theU.S. Geological Survey
(USGS)to developthe Landsatsatellitesand has formed international partnershipsiéwelopmajor
manned systems kk the International Space Statiofrinally, partnerships between domestic law
enforcement agencies appear to be increasingumberand in a recent review of these efforts, legal
scholars Freeman & Rossi suggekt h a t i nt er agencythegoeatrclobilengastof on i s
modern go[@krnanceo

This dissertation presents results from an investigation that explored one of those challenges: the
challenge of developing and acquiring systems jointly. In the remainder of this chapter, | present the
definition of jointness that guidechy research and review the benefits and costsatesissociatedvith
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systemsthat are developed jointhyNext, | presentthe research design thausedto studythe costof
jointness and finally, | conclude by reviewirgestructure of ted i s s e r subsdquent ohaers.

1.1 Defining Jointness

I n response to todayds more expansive concept of
both interserviceandinteragencycollaboration and employs the caept of organizational and technical
architecturesto distinguish joint programs frommosethat involveonly one grvice departmenbr one

government agencyrawley, Cameron, and Sehdhe f i ne architecture as fian a
entitiesofagst em and the rel ati o[@4: hiepsss ebnettivael el ny ,t hao ssey setr
is defined by the systembébs components and by the
architecture has traditionally focused on the architectfréechnical systemg25], organizational

theorists often study organizations as systd26] which can also be defined in ternsf their

components andotponent relationshipd herefore, m this dissertation, | use distinct characteristics of
organizatbnal and technical architectures to determine whether a programissot jointand| focus

solelyon joint programs that develop and acquire technical systems.

A joint technical architecture is muftiinctional and capable of meeting a diverse se¢@firementshat

are levied bydistinct user groups. Joint technical architectures can also be defined by their ability to be
disaggregatedspecifically, a joint system executes an aggregated set of missions or requirements that
could alternativelybe executed by multiple distinct systems. Th@&% system is technically joint because

it meets the requirements three separate user gro@iphe Air Force, the Navy, and the Maririegand
couldbe disaggregated and developed as three separate technical Systems.

A joint organizational architecture is one tladibws more than one agency to participdike technical
jointness, joint organizational architectures are also aggregated and desadgregatedf government
agencies develop systems independeritigtead of collaboratively.The Landsat program is
organizationally joint because it meets requirements specifieshlyyone agencpput is developedby
NASA for the USGS The Landsat program could desaggregatedf NASA assumed the responsibility
for definingthe syg mdé s r e qui r e meihihdepementld Fudhennard, ib MASA attempted
to levy requirements on the Landsat system (as it has in the in tH@fastandsat would be classified
as both an organizationally ané technically joint pogram. As such, according to my definition of
jointness, programs can hether organizationally or technically joint ocan exhibit both types of
jointness.

Historically, government agencies have employed several giratéor developing joint systemhbat
differ depending on thamountof jointness that they employechnical architectures are fully joint when

a single system meets the needalbb f t he programdbés distinct users. T
joint when multiple variants of a emmon core system aremployedto meet different us er s 6
requirements. Partial jointnessatso knowmras commonal i ty, or Athe sharing

di f f er e n t[28];pconombnalityt isaccost savingstrategythat is also frequentlymployed in
commercial industrie§29]. By sharing components from a common core system atnossdistinct
variants, the B85 program is partially joint. If the-B5 program had developed only a single aircraft to

! For clarity, in this dissertation, | classifyterservice programs as technically but not organizatiojwitly because
the sevices are all part of the same agency: the Department of Defense.
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meet the needs dll three ofits users, itwould beclassified as fully joint; fully joint systems are
commonly employed in thgovernment space sector, whéigh launch costs motivate agencies to fully
integrate their systems.

Organizationahrchitectures are fully joint when a distinct joimbgram office is formed and staffed by

the collaborating agencies. Organizational architectures are partially joint when one agency serves as an
acquisition agentin this role, one agency develops a system that is defined and ultimately operated by
anothe. The most recent Landsat progratine(Landsat Data Continuity Missip.DCM) was prtially

joint, si nce MN&dEsitionwmgestlf US6S0E dnether agency sought a greater role in
Landsat és devel opment , t h e dengiesmay haeebedn bastrfdcilitated ct i on s
by a fully integratedjoint program office.Both the National Research Council (NRC) and the RAND
Corporationhavesuggestd additional strategies for structurimmgganizationally joint programd7, 30]

and theNRC dassified these strategies in terms of partner interdependency; partners that edteract
through a joint prograroffice weredefined to have the greateshountof partnerinterdependencil7].

1.11 Jointness in the Government Space Sector

Byusingappgr amés organi zational and technical archite
of jointness is intentically broad. However, despite this generalilyis dissertation focuseslely on

jointness in the government space sector. Specifidalimit my discussion to unmanned, Eadtbiting

satellite systems that were developed primarily by domestic government agencies. This necessarily
excludes joint programs for manned spaceflight or planetary exploration and those that were developed
with an international government agency as the primary collaborating partner. Within the remaining set of

joint programs, there are six major mission types: communications, navigation and tnmssge

defense, intelligence, scientific, and operationalheatiserving.Figure 1 identifies exanples of each

mission type and classifitisem according to the type of jointness that they exhibit.

As shown inFigure 1, communicatiormi s si ons |l i ke the DoDbs Advanced
(AEHF) system are classified as technically joint systems. AEHF currently supports two distinct
missions. First, it serves tactical users who use its communications links to transmit vided&ldbattle

maps, and targeting maps in réate [31]. Second, it serves strategic userspwquire protected and

nuclear hardened communications links for their highly classified transmiss[8t% AEHF 6 s
development was managed by the Air Force and thtersywas designed to meet the needs of multiple

distinct user groupwithin the DoD

Navigation and timing missions are executed by the Global Positioning System (GPS) which can be
classified both as a technically and an organizationally joint programin@lty, GPS was a technically

joint program, since the Air Force developed the system to meet the navigation and timing needs of
multiple users in the DoD [32]. Today, GPS is organizationally joint as well, since the Department of
Transportation (DoT) halsegun levying civilian requirements on the system and playing a more active
role in its management [32]. GPS also continues to support a secondary missile defense mission by
hosting a Nuclear Detection System (NDS) payload. The NDS payload on GPS airgyisisal, xray,

and electromagnetic pulse sensors that continuously monitor the Earth for signatures of a nuclear
detonation [33]. The NDS payload on GPS supplements a larger constellation of sensors previously
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hosted by the Defense Support ProgramRP&nd currently supported by the SpBesed Infrared
System (SBIRS) [34].

Technical Disaggregation Technical Aggregation
Organizational Disaggregation x ’

Organizational Aggregation

Landsat

NPOESS

Figure 1. Examples of Jointness in the Government Space Sector

As notedabove todaybs primary mi s s ialeehnicdlly joietrppo@m.lay st e m,
addition to supporting an NDfayload, SBIRS also hawo sensors that support distinct and separable
missions. The staring sensor supports a strategic mission of detecting missile launch and the scanning
sensor supports a tactical mission of tiagkmissiles in support of retilme military operation§35]. The
intelligencecommunity, which primarily executes strategic missions, typically utilizes organizationally

joint programs wher¢he National Reconnaiasce Office (NRO) servess the acquisiin agent forthe
intelligencecommunity[36]. A notable and unclassitieexception to this statemestthecancelledSpace

Radar program. Space Radar was a joint program between the NRO and the Air Force and since both
agencies levied requirements on thehnical systenfi37-38], Space Radar can lotassified asoth an
organizationally andtechnically jointprogram

As shown inFigurel, science missionalso fall in more than one jointness categdhA S A 6 gsancAdd
Composition Explorer (ACE), a scientific missidhat studiedthe solar wind, can be classified as
organizationally joint since the system was developed by NASA but NOAA provideddirtnding to
enhance its dateansmission capabilitied 7]. The Fermi Gamma Ray Telescope was both technically
and organizationally joint since both NASA and the Department of Er{Bafy) levied requirements on
the system and managed its developmiErit

Finally, operational earth observing satellites have elthitedall three types of joimess. For example,
at different points during its histarjthe Landsat program has exhibited organizational and both
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organizational and technical jointnesEhe NOAANASA Geostationary Operational Environmental

Satellite (GE S) program is organizationally joint, sinc
And most importantly for this dissertatiomwéronmental monitoring satetéis that fly inlow Earthorbit

can also be classified according to all three types of jastriEhe NOAADoD-NASA National Polar
orbiting Operational Satellite System (NPOESS) wa
NOAA-NASA Joint Polatorbiting Satellite System (JPSS) is organizationally joint, and the cancelled

DoD Defense Wdher Satellite System (DWSS) was technically joint. These three programs and the
jointness that they exhibit are the focus of this dissertation.

1.1.2 The Benefits of Jointness

By reviewing the histories of joint prograrsthe government space sectoidentified several common
motivations for developing space systems joinfijiese motivations, which will be discussed using
examples from the programs showrfFigurel, include:

Interoperability

Expanded usesommunities
Mission synergies

Agency uniquecapabilities
Political imperative

And oost savings

=A =4 =4 -4 4 =4

As noted previously, the primaryntent of the Goldwatelichols Act was to improve military

departmentinteroperability. Technically joint systenahieve this goaby using a single system to
provide a common capability to all branches of the militaryr Esample, AEHF unifies the
communication networks of multiplegdinct user groups and as a resefithances user interoperability in
the field[39].

Although GoldwateN i c¢ h primarydaim wasto improve interoperability, in the government space
sector, one of the more common motivations for developing systems jointly is the expansion of an

existing systemds user ¢ o mninally idévgloped Foo militagy xusemp | e , (
however once civilians began using itkata and realized its tremendous utility, civilian government

agencies like thddoT s ough't a greater role in futur[@]. systen
Similarly, SBIRS® gredecesserDSP, primarily executed aingle strategic missiorthat constantly

moni tored the Earth for mi ssile | aunches and nuc

adversarie$40]. However,DSP demonstrated its utility to tactical users duthmeglrarirag War and the

Persian Gulf Vdr, when its dia was used to detect the shamge missiles fired during these regional

conflicts [40]. After demonstratingita t i | i t y sttastical users, tBeseluers sought a greater role

in the next gear at i o n desejopniemB0H as noted previously, SBIRS now executes both a
strategic and a tactical mission. The Landsat program shares a similar historthesiDo® increaseits

i nvol vement in Landsat 7 0 sutiidzieglandsatpataaduringQperalionma n a g e
Desert Shield and Desert StofhT].

In all of the examples cited above, programs were initiated as disaggregated systems that were managed
by single government agencies. Howevexr, at he or i g idataawas npadevajabla o @ther
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usersit became critical missions that were outsidehokt pr ogr amés o r itheiongmdl scope
program office began planning for a follemn systemits new userpursueda larger rolesoas toinsure

that future systems wddl continue tosupport their unigue mission3his history suggests drend

towards increased jointness in the government space ses®entially, as users recognize the utility of
space systemsd dat a, nvdlvhnentindewelopiy ahdomarsagrdukure systems e a s e d

Organizational and technical jointness halso been motivated by mission synergi®articularlyfor
Earth science missions and operational Earth observing misdmtasproduct qualitgan be improved
by hosting multipleinstruments on a large aggregated spaceptaftd2]. Similarly, synergiesbetween
the detector technologies used by fagticle physics and astriopsics research communitiesotivated
technical jointness on the Fermi progréib7]: snce the requirementsf both users were similar, they
could be converged on shared joint system.

The uniquetechnicalcapabilitiesand expertise f each partner further i ncr e
involving both NASA(which represented the astrophysics commuratyy theDoE (which represented

particle physicists) Specifically, given its considerable experience developing space systems, NASA
developed the Fermi spacecrafhe DoEmanaged SLAC National Accelerator Laboratory developed
Fermi 6s pr i ma LargeAreaddlescopteaause it utilibed technolodlyat wassimilar to
SLACOGs -lpsed warticle physics experimenfd7]. Agency expertise also motivate
organizationally joint programs in the intelligence community, since the NRO has the unique gagfabilit
developing satellites; similarlyin operational Earth observatiodJASA is uniquely capable of
devel oping NOAAOGs GOES aNASA&BSESHBt dtheacchsomoences v wit  m
are often characterizeby the transition from research tgeyations, since NASA specializes in the
development bnew technologies that are lafeslded byN OA A a n d opkRBBabsystend?].

Finally, joint programs are often politically megited By aggregatingapabilitiesthat arerequired by

multiple user groups, technically joint progratmave largepolitical advocacy groups and as a resaite

harder to cancdll1, 17] Furthermore, by proposing to partner with another agencycgoihtly share a

syst embs c o s tjointpgragrgrasmaly lze endre likely aolgét fundedy their parent agencies

since the cogperagency is reduced. Relatedly, joint programs are often encouraged by agencies and their
political stakeholders; indeed, the 2010 National Space Pofidlie United StatedirectedNASA to
expand international cooperation in space and to
der i ved i[A3] Bimalggdint ppograms have also been political motivafgd]; for example,

the NPOESS program was formed by asfatential decision directivip43].

1.1.3 The Cost Saving Benefit of Jointness

Related tgoint programsé political benefitis their potential for cost savings; in fact, cost savings was the

primary motivation for the presidential decision directive fioaned NPOESSD43]. Joint program3d

technical architectures enable cost savings in two distinct w&yst, a joint technical architecture

enables cost savings by reducing the number of systems and system components thatbeeed to
developedand operai@ by the government Joi nt techni cal architectures
illustrated using the NPOESS program as an exaniier to forming the joint NPOESS program,

NOAA planned to execute its mission using a NA&#veloped Polar Operational Ermonmenal

Satellite (POES) system and the DoD planned to execute its mission using the Defense Meteorological
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Satellite Program (DMSPRAs shown inFigure 2, had the government maintained separate POES and
DSMP swtems,it would have developed, produced, launched, and opeeatmhstellation offour
satellites inlow Earth orbit. However, by defining a joint technical architecttihat wascapable of
executingbo h  NOAA and t h NPQESPHrédscedthées sfithe operational coradlation

from four to three satellites, used a single ground system, and correspypmdihged the number of
instrumentsand launchedn this way, the joint technical architecture enabled cost savings by reducing
the number bcomponents intte operational technical systeduint technical architecturesan also
enablerecurringcost savings by capitzlihg on economies of scale and other savihgscan be achieved
through larg scale productiof common part$44].

Pre-NPOESS NPOESS

GﬁPOESS

Figure 2: Formation of the NPOESS Program(Image of Satellite Constellation Taken from [D86])

Joint organizational architectures can enable cost savings by increasing the number of agencies that fund
a systemds develobdihendPOESS program,tirfstead of dunding separate systems
independently, NOAA and the DoD formed an organizationally joint program that allowed tist@réo

the costs of a single systefrhus, for both organaional and technical jointness:

Itisaja nt p r architeeturedvisich enables cost savings.

The close relationship between my proposed definition of jointaesk the mechanism by which
jointness enables cost savings is intentional; indeed, today, many authors note that one of the most
significant motivations for forming a joint program is cost savifigs 14, 30, 45]

1.2 The Coskof Jointhess

Despite the cost savings potential of jointness, recent stiadied that joint program&xperience larger
cost growth than nejoint programsand havesuggeste that instead of reducing cogintness actually
inducesit. For example, a report by the RAND Corporation compared cost growth between fgamton
and four joint military aircrafprograms and found that the joint programs experieanea/eage of 41%
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more cost growth thatheir nortjoint counterpartg14]. While the study acknowledged that data set

was limited, it did suggest thatost growth experienced by joint programs during -resurring
developmentan ultimately overhelm any potentialfor recurring cost savingd4]. The report went on

to conclude that although the cost growth experienced on joint programs likeStheahnobe entirely
attributed to jointness, it he evi dramtleeehighemcdst c at es
growthexperienced by [the-B5] than for hisorical single service fightedg14].

Brown, Flowe, & Hamel used a largdata setcontaining 39 singlservice and 45 joinprogramsto
produce similar conclusiond6]. Specifically, theauthors comparethe frequencywith which three
types ofcost and schedulereachesoccurred orjoint and noroint programs;breachesvere reported
when schedule, nerecurring costs, rorecurring costs exceeded 19%6]. Using these definitions, the
auttors found that joint programs experienced an avetaig of 8.6, 5.95, and 11.59 schedule, non
recurring and overall lifecycle cost growth breaches whilejoon programs experienced 4.58, 1.65, and
7.85 total breaches, respectiveljl6]. Importantly, the differences between the joint and +oint
programs were also statistically significant for the schedule andewomring cost growth breaches at the
p<0.025 and p<0.001 lexddl16]. The authors uskthese resultto concludethatjoint programs arenore
likely to experience schedule andrerecurring cost growth and to call farture research that explores
whyjoint programs are more susceptible to cost and schedule gibsjtlCameron pdormed a similar
analysis and concluded that defense actipiisprograms that employed partial technical jointness (i.e.
commonality) experienced, on average, 28% more cost growth than programs that did not employ
commonality[15]. Camer onds r es ulat the pd.684 level and bis1suldseqoamsedrch
explored why programihat utilized commonality experienced seehigher rates of cost growitb].

Finally, a recent NRC report also concluded that on average, joint programs in the government space
sector experience higher rates of cost and scheduletlgfdw]. Since the NRC did not report the

statistical significance of their findings, | independently reconstructed their analysis using a set of 79
unmanned satellite programs where NASA was primary government agency. Using this data set, which
containedl15 interagency joint programs and 16 international joint programs, | observed a statistically
significant difference between the joint and fom i n't programs®d <cost gr owt h.
programs experienced a statistically significant (p<0.03)% 2hore cost growth than the nmint

programs- These results suggest that when a government agency (in this case, NASA) develops programs
jointly, it is more likely to experience cost growth; the results of this analysis are preselrigpa @3.

Although the cited statistical analyses do suggest a relationship between jointness and cost growth, as
noted by Brown, Flowe, & Hamel [16], little research has explored the mechanisms by which jointness
actuallyinducesc o s t . Consequently, the acqui s howjointmessc o mmu n
induces cost growth is limited to findings that have been reported by large govespoesbred reviews

on the topic rather than by more detailed academic work. Ifottmving sections, | summarize the
communityos current understanding of jointness F
motivate my research.

2 Since the underlying distribution of the data was found to benoomal, | used bootstrap sampling with 1,000
resamples to generate the statistics that are quoted above.
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Visual Comparison of International, Domestic, and Non-Joint Data
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Figure 3: Cost Growth on NASA Programs

1.2.1 The Technical Costs of Jointess

Thespace acgqui si undestanding ofrthe techhidalyc@s jointness is best captured by

its current interest indisaggregation.Di saggr egati on, or -baged missighs,s per si
functions, or s e ns o (48] is dhe opposite of kechhidali jogintness. kegders ia thes , 0
government sector, particularly those focused on defestaged missions, suggest that disaggregated
technical architecturesnay be less complex and costly than the joint, highly aggregated itathn
architectures of the pad#6-50]. Thus, the disaggregation movemeritlustrates the acquisition
communitydés current und e, whichsuggdststhgtt of t he cost of

Aggregated technical architectures are more complex than disaggregated
architectures and that when this complexity is unanticipated, it induces cost growth
on joint programs.

The belief that past achitegureaimiiced cogy\gteckengamplexidy hase c hni ¢
motivated multiplerecentstudiesto explore disaggregating future governmesgatellite systems.For

example,in 2013, the Senate Armed Services Committee requested that the Government Accountability
Office (GAO) explore options for disaggregating SBiRScanning and staring sensors by assigning

themto separate spacecrgtl]. Also in 2013, General Williaa Shelton, Commander of Air Force Space
Commangsuggested that GPS could be disaggregated by flying the nuclear detectimvigiation and

payloads on separate spacecfaff]. Two years prioranalysis byBurch suggested that disaggregating
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AEHFG&6s st r dicalecgmmunicationd payleade il d reduce the systembs
[48]. Finally, the Air Force is currently studying options faost effectively disaggregating future
envirommental weather satellitgS3]. In each ofthe cited examples, cosgtavings was a major motivation

to disaggregatehistorically joint systems; increasegsiliency, responsivenesand flexibility are

additioral benefitsthat arealsoassociated with disagegation46-48].

Current proponents of disaggregation suggest that
by reducing system complexity abg stimulating the industrial ba$46-50]. Authors agree that when
requirements and missions asggregated onto a system, its technicahié@cture becomes more

complex. A complexity increaseghe systend sntegration becomes more challengipty], as does

establising and sustaiimg a stable program baselif#8-49]; asa result, complex systensnd to have

higher norrecurring costsOther than notinghis relationship disaggregation literature is largely silent

on the topic of cost growth mechanismd or the specific elements within aggregated technical
architectureshatincreasecomplexityand contribute to cost growdhand thatcan beeliminated through
disaggregation. Notable exceptioimxlude several authors who note that conflicting performance
requirementgan induce complexity in aggregated technical architecflife$0, 54, 53]

Tave negiobeposed AVicious Ci 5@ prevides the cBrreptua linlAbetgveen si t i 0
aggr egat eostarsdyhemeak mdusdtrial basehat disaggregation seeks to correct. Specifically, as

pastt oi nt systemsd c o0st wasunabtertoduadspale, systerhseanddgiotelezance fore n t
failure decreased50]. This further slowed program development schedules by adding costly risk
minimizing development activities and weakened the industrial base by reducing the nus\stems

tha were producedb0]. Authors suggest thdtty disaggregating, the government will be able to reduce
systemdevelopment time and purchasgstens more frequentlyf48-50]; in this way, disaggregation will

be able to capitalize atmerecurring cost heefitsthat are associated withore frequent productioand

that wentunrealized on pagbint programs

Importantly, the cost saving potential of disaggitémn hasonly beentheorized and plans to disaggregate
GPS, SBIRS, AEHF, anBWSS have neither been foatized nor approved. In order to make effective
decisions on whether future systems should be disaggregifateshace acquisition communitgquires
an improved understanding of how jointnesas induced cost growth in the pasind whether
disagyregationcan actually reduce cost the future Specifically, future governmentecision makrs
require:

1 Knowledge of the specific cost growth mechanisms that increased aggregated technical
arh i t e ccomplexitysafd prograndmonrecurring costs,

1 The abilityto quantitatively compare thastgrowth or savingshat areenabled byaggregation
and disaggregation,

1 And theability to evaluate cost across a spectrurjomitnessthat spans from fully aggregated to
fully disaggregated.

The above knowledge and metiological gaps araddressed by this dissertation.
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1.2.2 The Organizational Costs of Jointness

Thespace acqui si undestandicgoitm wnganizatioda cost of jointness is best captured

by a recent recommendation by the NRC, which sugdd¢btg government agencidsaggregateheir
organizations anctollaborate onlywhen there @ compelling reasons to do $a7]. The NRCO6s
recommendation derived from the observation, noted by several dit&r20, 30, 45] that joint
organizations arenore complex than nejoint organizations. Thus, the recommendatirstrates the
acquisition communityds current understanding of

Aggregated organizational architectures are more complex than disaggregatedem
and that this complexity inducesand enablescost growth on joint programs.

Complexity inducesand enableg 0 s t growt h by hi ndeeision mang praceso r gani z
Several sources nateg h at the effi ci e ndegsionomaingapnocess risgpaimarilg at i on
affeced by size;cas a j oint organi zationdés size increases,
coordinating and making decisiofi®, 16, 17, 30, 45]Specifically, authors suggestthat as the number

of organizationatomponents,nterfacesand interdependencies increaseaojant program, so does the

effort required to manage ard coordinate compomet s 6 act i vi t.iThedointecProgramd e ci s i ¢
Management Handbookven wentso far as to suggest that due to their éased organizational

complexity, thedecision malng process on joint programs is longer than-juinmt programs byat least

onethird [12]; of course, slowdecision malkng can induceschedule delays antbst growth.Another
commonlycited cost growth medmismisa j oi nt or gani zationds authority
note that in order to make effective decisions, joint programs require clear and integrated lines of
authority: a characteristic that has elugedtjoint organization$10, 12, 17 56].

Importantly, although the organizational complexity of joint programs has hewd, other than
identifying the number of components and component relationships as mechéorisrast growth the
acquisition communityfacks a comprehensive understling of organizational complexity and hadtwv
affectsa pr ogr amés d duerthesnmoe,mithoud andundersianding of the mechanibats
increase organizational complexitthe acquisition communitylacks the ability to assess the costs
associatd with a given organizational architectufg6] and to evaluate the tradeoffs between
organizational aggregation versus disaggregation. Specifically, in ordekismore effective decisions
to aggregate or disaggregaijuisition organizationis thefuture, governmentecision ma&rs require:

1 Knowledge of the specificost growthmechanisms thadire inherent t@aggregate organizational
architectures,

T An i mproved under st andi nogganiaationatdecisignl nealg andy 6 s | myg
programcost

1 And the ability to assess orgardtional complexityacross multiple architectures that span from
fully aggregated to fully disaggregated.

The above knowledge and methodological gapsiddeessed by this dissertation.
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1.2.3 The Politics of Jointhess

Separate from j oi nal ang techgicalaconsplexityoaregtiae npblmekingd and
oftentimes politicad challenges associated with jointness; in fact, these challenges have been B0 grea
the past that historigBeaumonh ot e d t h aparaddxfof jaingnass is the hodtilthat it has often

g e n e r[3].tPaststudies of joint programs reported that reconciling numerous stakshuldaligned

and competing needs a key hostilitygenerating challenge induced by jointngk, 19, 45 56]. Since

joint programs serve more users and agencies thafoimdmprograms, they experience more political
pressureg[12] that canalso induce conflictOther policy challenges associated with jointness include
differing user or agency culturgk?, 30], and budget and oversight mechani$iig.

Although many of the notechallenges are byproducts of the American political systemadgeisition
community could benefit from an improvednderstanding of howhe political dynamics ofagency
interactions with eachother and with a joint program officgan affect program cosfThis dissertation
addresses this knowledge gap by exploring the relationship beagesicyactionsand jointprogram
cost.

1.3 ResearchApproach

In the above discugm, | reviewe d |l iteratur e t hat il lustrated t h
understanding of the cost of jointness. This understanding suggkateahgregated organizational and

technical architectures are more complex than disaggregated ones and that thigityoimgleees and

enables cost growtiThe reviewed literature also suggested a relationship betagsmyactionsand

joint pcosts @Usirgy es@ hypotheses as a motivatibig dissertation addresses tlesearch

guestion:

How does jointness indce cost growth?

To address this questiohgemployed a smaliN case study design and utiliza mix of qualitative and
guantitative methodsGeorge & Bennett defimea case study as a detailegamination of a historic
episode thats used to develop dio test explanations that can be generalized to other ef&fjtsBy
using case studies to explore the relationship betye@@mess and cost growth, | wable toinvestigate
existing hypotheseso build new theory inductively, and to suggest generblezaonclisions that may
be applicable to other joint progranimiportantly, in addition to enabling cresase generalizations, case
study research designs also maintain contextual dg&8ilshat are critical to understanding cost growth,
which can beénduced by a myriad dactors

Case studies have been employed to stethted topics botlinternal and external to the government

space sectoOutside of government spgdgéameror{15] utilized case studies to explore the relationship

between commonigy and cost growthand Cote[59] used a similar research design to propose a
relationship betweeinterserviceinteractionsand programmatic outcomedVithin government space,

both Selva and Leshners ed a case study of NAEDS)sdentynseveral Obser
costs of mission aggregatiogdl] and to exploreN A S A desision malng processes duringhe

progrand $ormulation [60]. This dissertatiorpresents the results of the first investigationemploy
detailedcase studies to explotiee elationship beteen jointness and cost growth.
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1.3.1 Research Design

When using a case studgsearchdesign, researchers must first determine the number of cases to include
and then sele¢he specificcases to be studiedlhe primary tradeff associadd with the number of cases
that are studieis one beath versus depth. Yin suggesssyeral reasons for focusing on a single case;
for example, if a case is a critical test of an established theory, is particularly unique or revelasory, or
typical example of the theory under examination, a single case study design may be appsgiiate
Despite tlese reasons for stualg a single case, Yin also notdtht multiple cases allow for replication

and thereforecanincrease the generalizability ofarase c her 6 s [B8oncl usi ons

In an argument that is particularly salient for this resedfalietti notedthat if selecting fewer cases

enables the researcher to gaibetterunderstanding of the complexities of the phenomena under study,

then depth shoulte valued over bread{b1]. By usingplausibility probecases to supplement a single

case study, the researcher can both improve his generalizaititpreserve the complexities of the

critical case under studf62]. Levy suggestedhat plausibility po b e c al®svette refeardr to

sharpen a hypothesisortheartyo r ef i ne t he operationalization or
iprobe the details of a p a ratbrioadler theoretical argumént3ln or der
Eckstein sggestedhat plausibility probes are typically less extensive cases that are used to further build

up or to invalidate theories that are generated from the detailed study of a sinf2Lase

After settling on the number of cases to study, Eisenl&a@taebner suggest that researchershould

select cases using theoretical samp[@¥j. Unlike the random or stratified sampling approaches used in
largeN studiesthat test existing theorythe authorsarguel that in order tdbuild theory, the researcher
should select cases according to their ability to illuminate and to extend the relationships and logic among
theoretical constructfs4]. Although case studies are oftenedsto build theory, Yin suggesteatiat
researchershouldbegin with a proposed thaoand use dimensions of thiteory to guide initial case
selection and crossase comparison®8]. Finally, Geddes cautionedgainst selecting cases along the
dependent variablf5]; in this research, the dependent variable is cost growth, and to @wid d e s 6
selection bias, the selected cases ladivexperienced cost growth tiate.

This dissertatiompresentghree case studigbhat were selected accordingtothe qui si ti on ¢ ommu
current understanding of the cost of jointness which hypotesimat technical and organizational
aggregation induce complexitshat ultimately contributes to cost growthUsing this hypothesisas a
guide, as shown inFigure 4, | seleced one case obrganizationalaggregabn (JPSS) one case of
technicalaggregatiofDWSS) and oneentral case study that exhibitedthtechnicalandorganizational
aggregatior(NPOESS). Tie JPSS and DWSS programmsrveal as plausibiliy probe cases for theentral
case studyand provided anisolated environment to investigabaly the technical othe organizational
costs of jointness. Tencosts on the plausibility probe casesre thencompared taghe more complicated
NPOESS program, where organizational and technicaracoupled angintly affectedcost.| selected
NPOESS as a central case study bec#éusifered an extensive gear history which enabled to study
the cost of jointness both-gtepth and longitudinally.

The selected cases aall environmental monitoringystemshat execute their igsions fromlow Earth
orbit for the DoD, NOAA, andNASA. While the programs shown Figurel (and othersyvere initially
considered candidate cases astfis thesis | intentionally omitted progams thatwere pure research,
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single spacecraft, or weakly integrated because their timelines, program composition, and development
processes are drastically different than the rsgléicecraft, operationand highly integrated programs

that are the focusf this study. | further controlled famissionand agency type by focusing only on
environmental monitoring systems. By limiting my sample in this way, lincdlease st udy ds i nt e
validity by controlling additional variables that méave affecied program cost. Whilehis decision

necessarily limiteany external validitysince the aforementioned agencies will likebntinue partnering

to collect environmental data in the fututhis thesisaddressea persistent problem inational space

policy.

It is also important to note the boundariesh® selected cases: each case stadied from program
initiation to eithercancellation or tahe year 2012The NPOESS program spanned from 1993 to 2010,
produceda significant amount of ground and space haré and had completed its mission critical
design review (CDR) prior tds cancellationJPSS and DWSS both planned to use harditeiewas
developed by NPOESSsa result, both programs used similar technology that was at comntensura
levels of techital maturity andthese similarities facilitated comparisons acrosshe programs.
Furthermore, lthough the JPSS program continues to this @SSwas cancelled in 2012; &nable
comparison between the plausibility prat@ses, my analysis of JP&8usd ontheyears prior to 2012
Finally, within each case, my analysis focused p
space segmenilthough ground system cosdsediscussed, NOAA, NASA, and the DoD operated their
systems jointly and shed data on the ground prior tBlPOESS; therefore, the primary technical
componenthat wasaffected by jointness was tpeograméspace segment.

Technical Disaggregation Technical Aggregation
Organizational Disaggregation

Defense Weather Satellite
System
(DWSS)

Organizational Aggregation Technical Aggregation
Organizational Aggregation

Joint Polar Satellite National Polar-orbiting
Svstem Operational Satellite
(j PSS) System
(NPOESS)

Figure 4: Selected Case Studies

Importantly JPSS and DWSS were formed in an attetopeduceNPOESS® s . 8wcemparing JPSS
to NPOESS, Isolated costs thatvereattributable toorganizationahggregation. Similarly, by comparing
DWSS to NPOESS, | isolalecosts thatvere attributableéo technicalaggregationThus, using JPSS and
DWSS as comparisoplausibility probe cases, | wable to more clearly distinguish between costs that
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were inducedby eithertechnical or organizationalggregation and those which uniquely emerged on
NPOESS and were a function of the interaction and cogpletween both types of jointness.

1.3.2 Research Methods

The primary source of data for this dissertation was qualitative interviews with experts who had
experience working on or with the NPOESI®SS, and DWSS programaitdrview data was
supplemergd by primary and secondary soudmuments and by independentiyecuted quantitative
anal yses of t he prmmetjodsaapmdach tocaddtessing thfe researghegdestion was
selected because mixing qualitative and quantitative methods caas@tire breadth and depth af

r e s e a urddérsanding66]. Mixed methodsesearckcanprovide theinvestigatorwith a richerdata
setand enable him or her to generate new modes of analysis and unique if&ightdsing both
gualitative and quantitiwe dataalso enables methodological triangulatig@7-69] and improvesthe

r e s e a confliencedhat his or her findings are not artifacts of the methodology that wdéQiséul

this disserthion, | use qualitative procedsacing and quantitativenetrics and modelsotaddress my
research questions and | present a more detailed discussion of these methods in Glmaputets
respectively.

1.3.3 Threats to Validity

This studyds research design and mehtettotd galidiyer e s e
therefore, in this section, [FO] lstxobthréats totvaligity ance vi e w
discusshow they were controlled. Campbell & Stanley identify seven threats to internal validity: history,
maturation, instrumeation, regression, selection, experimental mortality, and investigatofAORsOf

these threats, regression, testing, and experimental montalignot applicable sinceeitherstatistical

sampling nor testingvasused. George & Bennett ndtéhat piocess tracing controls for both the history

and maturation threafs87] and | controlled for possible selection bias by selecting a representative set of
interviewees. Finally, | accounted for possible investigator bias by acknowledging that | havegyeviou

worked for a contractaandon government programs but that | have no prior experiencking onany

of the joint programshat were studied

Campbell & Stanleyalso identifiedfour threats to external validity: reactive effects of experimental
arrargements, interaction of selection biases, reactive or interaction effects, and multiple treatment
interference[70]. Of these threats, reactive effects of experiment arrangements and multiple treatment
interference were not applicable. | controlled for thactive and interactive effects threats through data
triangulation[58] and interaction of selection biases by theoretically sampling fakeandby selecting
interviewees from different organizations and roles. Finally, another important limitafichis
dissertatioris the generalizability of its conclusions. As noted previously, | purposefully selected cases to
improve internal validity; however, to enable some level of generalization, | compared my results to
theoryand found my conclusions to bensisten{72].

14 Overview of Dissertation

The remainder of this dissertation is structuretd four main sectionsThe first section continues my
introduction to jointness ant the research approach that wised to study itFirst, Chapter 2 ragws
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literature that provides insights into the challenges of acquiring systems jointly. Next, Chapter 3 outlines a
new approacior studyng cost growth orcomplex acquisition progranad provides an overview tie
research methodology that wased.

The next sectiod Chapters 49 presentdata from my case studies. Chapter 4 provides a descriptive

history of the cases and identifies key esemind components of the progmintechnical and
organizational architectures. Chapters 5 and 6 apply the resggmadach that | proposed in Chapter 3 to

create an analytichronology of the NPOESS program and to study its technical and organizational costs.
Chapter 7 reviews the technical and organizational cosi®8E and DWS&nd presents a cresase

compariso of the costs on all three progran@verall, the purpose of these chapters is to demonstrate the
utility of Chapter 30s new research approach an
subsequentlgraw my conclusions.

Chapter 8 constitutes thext major section, wherein | synthesize aage study analysis and proptse
Agency Action Model to addresay research question amal explain how and why cost growth occurs
on joint programs. The final major section in&pker 9uses a trade space ass$ tool, the lessons
learned from the case studies, and the Agency Action Model to efplore opportunities for jointness.
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2 Theoretical Perspectives on th&€ost of

Jointness
Organi zation S everything.thel t 6s na
technical probl ems that candt be sol
tantamount. And | dondét think they h
literature.

T Interviewee 31

Government agencies often form joint programs in response to pdlaerequire or encourage them to

do so. As a result, in addrging the research questiomddflow does jointness induce cost grofvth
fundamentallythis dissertation examines thestof government policiesor more generally, the cost of

t he g o v eoliticahactions®Peevious work by Weigel provides a starting point for understanding

the relationship between governmettion and system architecture; specifically, Weigelmonstrated

that the technical impacts of policy can be observed and assksseslti gh a sy st[&mig.s ar c hi
Al t hough I will present evidence t o isshcomplaierahd Wei g e
that in addition to directl y iactoresalsoimpagtindiredlyy st e md s
through the organization that managiee system. Therefore, in this thesis, | demonstrate that in order to
understandhe cost of jointnegs or more broadly, the impact that any governmaation has on the

acquisition of a complex technical syst&m

One nust consider how thaaction affects both the technical and the
organizational architectue, as well as the relationshipetween them.

In this chapter, | review literature that captures our current understanding of architecture and its
relationshipto the politics of policy making. This literature necessarily spans multiple disciplines;
therefore, it is my goal to review only the fundamentals from each discipline and to highlight key
elements that are shared across disciplines and that contdlautémpiovedunderstanding of the cost of
jointness.l begin by reviewing public administration theory, continue with a review of organization
theory, and conclude with the theory of system architecture. Importantly, bifmessingtheory, |

review other causder cost growth in the space acdtim community and identify &terature gap that

is critical to understanding how jointness has contributekis@ost growth in the past.

2.1 Cost Growth: Current Understanding and Literature Gaps

To understand dw jointness induces cost growth, one must also understand how it déesrmather,

how multiple causes of cost growth can work together and affect a p@gramsimutaneously. For
example, although joint programs appear to incur larger cost grbamhnbrjoint programs, cost growth

is an endemic problem in the space acquisition community: in 2012 alone, cost estimates for NASA and
DoD space systems increased by $2.5 billion and $11.6 billion, respediéeh7]. In response to
persistent cost gwath, government agencies, independent committees, and academics havel el ze
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programs and identified four primary and four secondaog cause$or cost growth in the government
space sectof.he four primary root causes for cost growth are:

Requiements

Immature €chnology
Poorsystemengineering

And unrealistic coststimates

= =4 =4 =4

The four secondary root causes for cost growth are:

Program éngth

Budget andschedule ncertainty
Contracting rachanisms

1 And a weak industrialdse

= =4 =4

In this sedbn, | describe each of these root causes so that they can be identified and distinguished from
cost growththat isinduced by jointness. | conclude by providing an overview of the literature that will be
discussed in the remaining sections and by idéngfithe literature gap to which this dissertation
contributes.

2.1.1 Cost Growth: Primary Root Causes

The first primary root caugerequirementd has two distinct components: initial requirements and
requirements creep. First, several studies noted thargment space progratgarticularly in the

defense and intelligence communiieat t e mpt t o satisfy all of their
[77-79]. TheGAO noted that when requirements are defined in this way, the resulting system is typically

ac o mp |Battle starGalactical i ked satellite, rather t han a con
satellites that gr adu[#8]. Thg GAOmlsc ideatiBed a relationship pdiweent i ¢ a t

requirements and technical maturity, notingtttechnology development is often necessary to meet a
programbs ambi t[49-80) as willébg discussdnieelow, sechnology development also
contributes to cost growth. To combat the cost gr
too ambitious, the GAO recommenddtat the space acquisition community define requirements
incrementally and develop systems using a blocked approach that enables technology to be matured
slowly and integrated into operational systems grad{izdj

Eveni f a programbés initial reqguirements are not ove
initial requirements, has also been observed to induce cost gibiti78, 81] Requirements creep is

particularly prevalent when a proca mé s r é&qre nat wetilefined initially [11] or there is not

sufficient understanding of the complexity and cost impacts of those requirdB@nts

The studies that identified requirements as a root cause of cost growth also noted that ambitious
requirements orrequirements creep have been induced by the acquisition process itself, which
incentivizes programs to accept all user requirements as a means to expand theirecoynstind

political suppor{80, 82] Nowinski & Kohler vividly describd how expanding@r ogr amés const.ii
can i mpact its cost by noting that: it he prese:
development. The process today requses many i nt er e s ttletthepeally impoeat t o O b
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national needs get lost and/orarginalized in a myriad adesiresghat have to be reconciled to get
everybody orboard. Therasl t i s t hat t h e rreguiramesets, whclodrastiaatiyyimitbac r i t i c
program manager ds ability to bad82aRather tap eequirimgr man c e
systems t o mefeder desires, IMgwinskiadd Kohler recommeddhat that government

should simply and specifically define only a handful of critical requirements for its systems so that
program managers can more effectivaiytrol their costs in the futuf82]. The GAO has also noted that

high launch costeften incentivizeusers to levy too many requirements on single systems, since doing so
reduces the number of launches required to meet their [8¥ds

As noted aboveambitious requirements necessitate technology development, the second primary root
cause for cost growth. The time and cost required to develop immature technologies has been shown to be
variable; as a result, the cost and schedule of any program tbapdratesimmaturetechnologies is

similarly uncertain78, 83} Multiple studies have shown that when programs are established or allowed

to pass acquisition milestones with technically immature components, their subsequent development is
plagued by cosgrowth and schedule delafj®, 7880, 83]As wi t h requirements def
decision to incorporate immature technologies is often incentivized by the acquisition process itself: since

the funding available to support technology developmentidmutef a formal program is limited,
programs are often |l eft with no choice but to in
[78, 84]

Third, multiple reports have cited po@ystem enginegrgd both by the government and by its
contractord as another root cause for cost growth. The Defense Science Board found that the
government i tself |l acked the ability ifito manage
definition, establish, manage, and control requirements, budget and alloagt@npfonding, manage

and control the budget, assure responsible management of risk, [and] particigatedff s t u dille s 0

The Board suggested that the governmentos ability
Total System PerformaacResponsibility (TSPR), an acquisition strategy that was popular in the 1990s

[11]. Using TSPR, the government ceded a significant amount of control over the system development
and production process to its contractors and limited their oversight oactamtactivities; the intent of

TSPR was to enable cost savings by minimizing costly oversight and by allowing contractors to use
commercial best practicg81]. Despite these intentions, contractor performance on TSPR programs was

often poor and the comimtion of limited government oversight and poor contractor performance
ultimately enabled cost growth on TSPR progr§sig.

Outside of TSPR programs, several other factors have hindgstem engineerg and enabled cost

growth. For example, the DefenSeience Board noted that in the 1990s and early 2000s, program offices

were often staffed by inexperienced military personnel ony®as rotationg11] and RAND also found

that government program offices were insufficiently staff@s]. Of course, systenengineering and

program management suffers when it is executed by inexperienced, insufficient, or temporary staff. Other
studies found additional system engineering deficiencies such as an inability to flow down requirements

into testable specificatiof86]and a f ai lure to hold decision revi e
[76]. In each case, wealystem engineerg was identified as a root cause for the cost growth that was
observed.
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Finally, poor cost estimategethe final primary root caus®er cost growth. Historically, programs have
underestimaig their technical, cost, and schedule risks and therefore produced unrealistic cost estimates
and included an insufficient amount of management reserve and contingency funding in their[blidgets
81,82,8587.RANDnot ed t hat in the context of a compl ex
technical risks can be magnifiddy the complicated relationships between components, noting that:

Al technical] ri sks ha dkxintarrplgiidnghipseof theevaribus cothporeentd amd t h e
s ub sy &l ]eFurthér exacerbating the cost impacts of technical rigkstprogramsalsoestimated

their costs at the 50% confidence lewgVing thema 50% probaltity that their final costs wouléxceed

their initial estimatdg11].

As with the other root causes, poor cost estimates are a noted outcome of the acquisition system, which
incentivizes programs tonderestimateheir costs in order to get approved and contractors to dmider

their prosalsin order to win finalcontract [87]. Augustine noted that despite a rigorous cost estimating
process by both the government and prospective ¢
ment so0 as contractor s dedihe gjovgognménbwantsito believe that theocodd e r  t
of the system will actually be Ioy87]. To reduce this optimism, RAND suggested that cost estimates be
developedoutside ofprogram offices[85] and the Defense Science Board suggested that programs
devel@ budgets according to the 80% confidence IgVH.

2.1.2 Cost Growth: Secondary Root Causes

Secondary root causes were labeled as such becausesttegientified as contributing to cost growth in
the past okvererecently targeted by acquisition refoefforts However, unliketie primary root causes,
there isless consensus in the acquisition communityhow significantly these factors affect coshe
results presented in this dissertation contribute to this ongoing debate.

First, program lengtis a secondaryoot cause of cost growth because the longer it takes to develop and
producea system, the more likely thas initial requirements will be ambitious or will change during its

lifecycle [78]; as a result, program length can affect chsbugh a pr ogr a mdéAugustipeg ui r e me
also noted the relationship between program length and cost by $tatirgt Ai f pr oj ects ar
ad infinitum, their costs, eveninnonnf | at ed dol | ar s, [@7]. IFurtheimoretmee a s e s
relationshipbetween program lengthandcosb t i vat ed NASAOG6s nABetter, Fast
the 1990s, which sought to reduce the time required to develop systems as a means to reduce their costs.
However, not only was qntiBuedih therwake Bf sevarab system @Gtues pue r 6 d
a subsequent analysis of 59 programs from 8elected Acquisition Reporftsund no statistically
significant rel ati onshi p b eetweeneitdength anqdits cagtrgeowitd s | e n ¢
[88].

Second, both the GAO and RAND noted that funding and schedule instability have contributed to cost
growth on program$76-77, 85J]and Augustinebds analyses of past pr
[87]. Wei gel 6s resear ch o nciesoh space sygtamesign forther supporeed n me n t
this relationship[75]; however, Coleman, Summerville, & Dameron found no statistically significant
relationship between changes to [@8]. programds sched

Another secondary rootaasethat lacksstatistically significant evidence is the relationship between
contract type and cost growth. Traditionally, two general contracting mechaaisrased to develop
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government space systems: fiyaite and cosplus. Fixed price contracess t abl i sh t he syster
front and any cost growth above that price is paid by the contractor. Alternatively, inpusosbntract,

the government fully reimburses the contractor for its costs and pays a fee, which becomes the
cont r act Bixedwice panteats are.appropriate when there is little technical risk to developing

the system and its costs can be accurately estimated, whereptusasintracts are used when there is

greater technical risk and cost uncertainty. Despite theseatiisns, contract type has been the focus of a
considerabl e amount of acquisition reform; in fa&
wavered between the two, drawn to fixegrice contracts because of the incentives they give the
contractor, yestumbling on the high uncertainty in major weapons acquisitions that makefized

terms hapB®¥. tAl tsheotusgh programsé contracting mechar
acquisition reformers, analysis of 433 contracts from 1970 to 20ddeshno statistically significant

relationship between contract type and cost gr¢@gh

Finally, the weakness of the space industrial has&lso often blamed for cost growt8pecifically,

RAND described the conditions of the industrialdbasa s | fetnu rob ua n dlacKing sufficientt h a t
business, contractors were incentivized to underbid their proposals as a means to preserve their companies
[81]. RAND also noted that a consolidated industria
maydiscourage innovation, and make costs more difficult to contauierestingly RAND also posited a

relationship between increased jointness and industry consolidHtén Despite thse proposed
relationshig, Augustine argued that cost is independenthe industial base and in his seventh law
claimed that fADecreased business base [8/]ncreases o

2.1.3 Theoretical Perspectives on Cost Growth

A critical gap in the acgqui g oftcastogrowtttighowrandwhyity 6 s c u
happens in the first place. The root causes discussed above are all fairly obvious and as result, they fail to
provide actionable recommendations. Taken at face value, it seems that all future programs need to do is
levy good requirements, avoid technology development, and use proper system engineering practices and
cost estimating method$#lowever, if staying on cost and schedule is that easy, why have so many
programs failed to do so?

In this dissertation, | demonstrateat the answer to that question can be found in how the government
architects its technical systems and the organizations that acquireSihecifically, | argue that defining
requirements, managing technology development, and using proper system rengimee cost

estimating methods are all activities that ooeithin an acquisition organizatidnthe strength of which

depends on the government policies and actions that establishédoit. exampdygsem Apoor
engineer ngo0 i S not a Beuah doat gwwith; insteadr ib is & sym@tomn of poorly a
constructed organization that hinderedsfistem enginearg process.

Similarly, government agencies often demand ambitious requiremgiiisequent changes to those
requirementsand new technologgndacquisition programs accept those demands because they lack an
explicit understanding of how they induced cost growth on past progvitigut an ability to recognize

how much technology development is too much or how and when requirements creegsuwiilin a
significant cost increase, governmelgcision makrs cannot effectively assess the costs and benefits of
their actions
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In order to gain this ability in the future, it is necessary to change the perspective with which we study

cost growth.Insiead of identifying superficial root causésrgue that the acquisition community could

benefit from analysis done at even more fundamental level. To do this, | suggest considering how agency
actions influence acquisition organizations and their ghiditeffectively manage system development.

Figure5 illustrates the alternative perspective that | propose to study the cost of goveattimmtAs

shown, agency actions af f e altarchitectgresi When agenoy agion® gr a m:
increase organizational complexity, they airectyi nduce cost growth by maki-r
decision maing process less efficient. They can aladirectly enable cost growth by hindering the

pr ogr amodte maadyge itsitechnical systeis suggested by Weigel, agency actions can also
directly affect t he 73]y iacnedsmg its eomplexity @rad Ithusaindacing t e c t
cost growth. Note that in both the technical and organizationalidsphaise the concept of complexity

as a useful abstraction and theoretical construct with which to identify, classify, and organize mechanisms
that contribute to a programds cost.

Political Organizational Technical

Domain : Domain I Domain [
I 1
| | [
/Complexity \ —> COSt
I
" Growth

Action > Complexity

\ J
|

Fundamental Root Causes of Cost Growth

Figure 5: Relationship Between Government Polig, Organizations, Technology, Complexity, and Cost

Public administration, organization, and system architecture theories all contrithtigrte56 &olistic
perspectiveto our understanding of complexity, andhe direction that is advanced by this dissertation.

Beginningwt h  Wei gel 6 s wortkhatwha cshy sstuegngbess tteedc hni c al arc
to translate between the policy and the technical donj@djs | draw on both system architectuneda
public administration theories. Ulti mately, t his
incorporating formal theories of public administraBowhich suggest that all policy decisions are all
fundamentallypoliticald into our understanding g ol i cyés r el ationship to sy

dissertation also contributes to the literature stré@rused orthe management of technical systems, or
the overlap between system and organizational architectBuésmost significantly, this dissetian
contributes to the space that spans all three dofhdaechnical, organizational, and politidabnd makes
the claim that in order to understand the impacts of governaetioh one must understand not only how
the action affects the system but alsowdhe actionaffects the organization and its relationship to the
system that it manageghe following sections review each literature stream and highiighgaps and
relationships between them which are critical to understandingptiief jointness
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2.2 Public Administration: Theory and Impacts

The aspects of public administration theory that are most relevant to this dissertation are motivated by
rational choice theory, which suggests that gove
ingtitutional interes{90-91]. The four key characteristics of government bureaucracies that motivate their
institutionally interested actions and are particularly important for this research include:

Hierarchical authority structures
Unique agency missions
Agency budgets and budget size
1 And agency expertise

= =4 =4

Works by Webef92], Downs[93], and Wilsor{94], provide further description of characteristics that are
not listed above, but that remain important variables to consider when studying how govergeneies
operate outside of a joint program environment.

Within my focus on joint program costs, three thedrieghich are derived from the above
characteristiad are particularly enlighteningt he f i r st |, Downmng@niizawi ofhali nt
suggests that every government agency is in partial conflict with one another over its authority, mission,
budget, and relative experti$@3]. Al t hough Downsdé | aw has not i ndep
literature stream, past studiesioferagencyrelation s hi ps have echoe® 9B wnsd pr
Mo s t l iterature that evokes Downsd | aw does so U
literature streanthat is applicable to this research. Bureaucratic politesatureargues that govement

policy is the result of a bargaining game amongst governmentatéfi@ach of whom pursues lugn
selfinterest[98]; this interest, which is intimately connected to the defining characteristics identified
above, often pits government agencies rgfabne another and forces them into conflict. Finally, political

control theory discusses bureaucratic behavior in the context of a priaggatl problem, where elected

officials are the principal and bureaucracy the af¢@dt 99101]. In this literatwe, the agent possesses

expertise that elected officials do not and the relationship between the principal and agent ultimately
affects the agentds authority, mission, and budge

2.2.1 Defining Characteristics of Government Bureaucracies

Even more fundaental to government bureaucracies than the four charactelistgcsaboveis the fact

that government agencies are wroarket organizationd. nd e e d , it is government ‘
respond to markeiased sigals that distinguishes public orgaations from private ones and that
increases the salience of the characteristics discussed bepmegifically, public organizations use
hierarchicad and oftentimes inefficiedt authority structures because their organizational architectures

are not affeted by market forces that that could drive them to assume a more effarienfo0, 93]
Furthermore, because government agencies cannot use market signals to assess the utility of the services
or products that they provide to the public, they focus austen promoting the salience and uniqueness

of their missions[94, 95, 102] Importantly, despite the widely discussed disadvantages to public
administration, public bureaucracies exist to provide essential functions that cannot be sustained in the
private sector, usually because they involve mdithensional tasks or complex and conflicting
stakeholder network93, 103]
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Downsé ALaw of Hierarchyo suggests that, natbsent m
execute complex and largeak tasks is through a hierarchical authority strucf@8. Seidman echoed
the importance of hierarchy by noting that when government agaroiggmnizeit is the resulting power

structurd r at her than the refor msd i mmpesdcthat most comcgresncy e f
agency leader@7]. Downs suggestedhat government bureaucracies are most effectively managed by
hi erarchy because a single and streamlined author

two key activitie® executhg its missions and developing its bud@etsost effectively [93].
Specifcally, Downs noted h a't because decisions on the bureaud
activities that the bureau performs in support of its mission, government agenciestanaraged by a
single authority structure where its decisions can be tightly coordif@@¢dn addition to highlighting
the importance of aligning budget and mission decisions withiagency, Downs also emphasitlealt
such decisions require the irfmf agency expertsherefore, Downs suggestech at agenci es
authority structures are usually aligned with internal imi@tion channels that enable taeg e n c y
experts to advise idecision makrs[93].

(e} 3N e}
7]
>

The importance of hierarchy is emd by other authors (e.ff2, 104105]) as are the relationships

bet we en deagsemmniakgstrictures, missions, budgets, and information chaf@wl96, 106

108]. Ultimately, the relationship between each characteristic can be understoog sintptms of
agenciesd interest i n maintaining aut o09%%, bot h f
108]. For example, Downs notethat interagencycoordination is particularly challenging because it

di sturbs agenci etgdructhreseandatmreateris ¢thail aut@naonty ltoonmake and execute
decisions independent]93].

The uniqueness of an agencyds mission is also of
unique mission, agencies can eliminate their bureaucratis awa establish a monopoly over its mission

[93-94, 107108]. A key challenge for agencies is ensuring that their jurisdiction matches their mission

[94] or rather, that they have full decision authority to execute a unigue mission for the government.
Wilsonnotedthat a missiogurisdiction match is best achieved when an agency is first formed and that
several undesirable outcomes can result when mission and jurisdiction are not rigetEHeat example,

when agenciesd mi ssi onmselvesvire conflatpyjth ohehaeogher meerywhithi nd t
agency has decision authobtyr jurisdictiord to execute the missid@4]. Agencies will also resist new

missions that differ significantly from their unique, core misg®#] and will oppose other agencidsat

attempt to gain jurisdiction over that missif98]; interagencyconflicts of this type will be discussed

further in below.

Al so critical to an agencyasl auvgenbmyges shgnal
mission is critical @ the government and ensures that the agency can continue effectively executing that
mission[94, 96, 106] Ni ckansen argued that the size of an a
as a proxy for the agencfinfissaimutd makimizeyprofitsugowermmeatn : ju
agencies aim to maximize the budgets that they are allojdd6H While Rouke and Wilson eckdthe

importance of budget size, they arddleat budget maximization is simply a means to increase autonomy:
agencie8 p r i md94,y06] Spedfically, Rouke arguethat agencies seek more resources so that

they can strengthen their political position with respect to bureaucratic rivals and enhance their ability to
execute their missior{S6].
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Finally, agreatsouec of agenci esd power and ability to main
indeed, bureaucracy exists to implement government policies that require specialized knowledge and
expertise that elected officials do not possess. Government bureaucnaciesparts on mission

execution and it is this expert&avhich exists only within an agen@ythat provides a significant source

of agency power over elected officig@6, 102, 109] Expertise can increase agency power in two ways.

First, by providingexper advi ce, agencies can influence el ecte
can exercise discretion as to hhol. Agehceycamlsoyseé e me n t
the power of their expertise to emphasize the salience of thesiomi®3, 95, 96] to request larger
budgets[96, 106] and to gain greater autonomy in thdécision malkng and mission implementation
processeg101]; t hus , expgteenand ersgde technical capabilities providem with a

significant source gbower over one another and over elected officials themselves.

2.2.2 Bureaucratic Politics

As noted above, agencies struggle for autonomy both from their bureaucratic rivals and from elected

of ficials; h o we v earganiz&tionalcanfiict Ail sa wp roif mad rnit legrformer.n c er n e
With respect to other agencjésdividual agencies seek a distinct area of expertise, a clearly defined and
unique mission, and jurisdiction (or decision authority) over that mig8i8h Bureaucratic rivals are

other agencies that threaten any of those things; by seeking autonomy, agencies attempt to establish a
permanent claim over their resources, missions, and jurisdiction by eliminating external threats that are
posed by their rivalf93-94].

Downs described genci es 6 struggle for autonomy uf@mireng t he
6. Specifically, Downs defned he concept of FAmensional gpace poanposed ofthe an |
N functions that & performed by the government bureaucr&uglicy space can be occupied by several
bureaus simultaneously and the bureausdé proximity
[93]; as noted by Downs and othd@3-94, 96] the probability ofinteragencyconflict increases as

a g e n enissossihicrease in similarityThe similarity of agency missions is illustrated by the interior

and exterior territorial zones shown kigure 6. In the interior, Dowa definedthe heartland to be the

region of policy space over which one agency is wholly dominant and the intgrige fto still

dominated by onagency but to also to be influenced by others. Alternatively, the exterior is the region in

which other ageties exert influence. In the periphery, another agency is dominant, but our agency of
interest still exertsomeinfluence. Our agency of interest has no influence in alien territory, which is
fully dominated by another ampemcsy lamd, mo adddmaigd
exert influence there.

According to Downs, agencies are fundamentally territorial and imperialistic, since they both resist

encroachment into their space and try t oteriornf | uenc
fringe or heartland93]. Using this metaphor, Downs notétht agency conflict affects the potential for
cooperation because fiwhenever soci al agents inter
some conflicts between them, althbugt hei r r el ati ons as a whdd3le may b
Particularly important fothis research, Downs alsonotech at t err it oriality induc:
a great deal of time and energy in territorial struggles that create no sacily f ul [93].6 ey ct s 0

gap in this literature ia connectionbetweenthe un-useful sociaproductstheorized by Downs and the
cost of jointness.

47



Figure 6: Downs' Law of Inter-Organizational Conflict (Recreated from Downs,1972)

Wilson, Rouke, and Seidman also disets® o wns 6 il eow gahi Z attieon al conf |
implications forinteragencycoordinaion and jointnessWilson notedthat agencies view joint activities

as a threat to autonomy and therefore, will stesboperating or will definénteragencycooperation

agreements to specifically protect their individual autond®#}. Rouke extende® owns &6 concept
territoriality usng a war metaphor and describederagencyc o mmi tt ees as At he gr a\)

gound of bureaucratic warfare, a [96}.&Roukeaalse waméd posi t
that wheninteragencyact i vi ti es are forced, cooperation simp
[96]. Finally, Seidman notethatinteragencycollabor at i on i s fArarely neutralo

when one agency gains territory at the expense of an@heLike Rouke, Seithan militarizedd o wn s 0

territory analogy and warned hat when agencies coor di nemdipand it he b
grows more intense as agencies seek to gain control or at least to exercise influence over the growing
number of new and i mportant progr ams [97. hiketthe c u t ac
other authors, Seidman suggestiedt interagegncyc on f | i ct i s primarily motiva
for autonomy[97].

Several authors have analyzed the outcomesntairagencyconflict using a bureaucratic politics
framework [59, 95, 100]which suggests that government decisions are the resit fic o mpr omi s ¢
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