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AgendaAgenda

•• MotivationMotivation
•• Hypotheses and questionsHypotheses and questions
•• ModelModel
•• ExperimentExperiment
•• Cost implicationsCost implications
•• ConclusionsConclusions



Knowledge and Skills for Enterprise Transformation. 3

MotivationMotivation
•• Fiscal issues are making high Fiscal issues are making high 

cost problematic for system cost problematic for system 
acquisitionacquisition

•• Cost growth has been cited as Cost growth has been cited as 
a major problem with growing a major problem with growing 
political focuspolitical focus

•• Evolutionary acquisition (EA) Evolutionary acquisition (EA) 
was adopted, in part, to was adopted, in part, to 
address costaddress cost

•• Sustainment is an increasingly Sustainment is an increasingly 
important part of the important part of the 
acquisition lifecycle acquisition lifecycle 
(approximately 60% of lifecycle (approximately 60% of lifecycle 
cost)cost)
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Previous ResearchPrevious Research
•• Evolutionary acquisition can lead Evolutionary acquisition can lead 

to higher overall cost to higher overall cost 
–– Due to more refresh cyclesDue to more refresh cycles

•• System modularity can reduce System modularity can reduce 
sustainment cost due to lower sustainment cost due to lower 
costs for repairs and technology costs for repairs and technology 
upgradesupgrades

–– Modularity is the degree to which Modularity is the degree to which 
components of a system are components of a system are 
related to one other, or connected related to one other, or connected 
to one anotherto one another

–– In a nonIn a non--modular system, modular system, 
changes to one component may changes to one component may 
necessitate changes to another (if necessitate changes to another (if 
they are related)they are related)

–– Modularity is usually Modularity is usually 
conceptualized as a matrix conceptualized as a matrix 
showing the relationships between showing the relationships between 
componentscomponents

–– Infrastructure may existInfrastructure may exist

1.01.00.00.00.00.00.00.00.00.00.00.0
0.00.01.01.00.00.00.00.00.00.00.00.0
0.00.00.00.01.01.01.01.00.50.50.00.0
0.50.50.30.30.00.01.01.01.01.00.00.0
0.00.00.00.00.00.00.30.31.01.00.00.0
1.01.01.01.01.01.01.01.01.01.01.01.0

• Repair matrix Rk
• Component rijk = probability 
that repair to component i
causes repair to component j
• Similar matrix for upgrades
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HypothesesHypotheses

•• Research literatureResearch literature
–– Increased modularity decreases the cost of implementing Increased modularity decreases the cost of implementing 

technology upgrades for deployed systemstechnology upgrades for deployed systems
–– Increased modularity decreases the mean time to repair a failed Increased modularity decreases the mean time to repair a failed 

system component and potentially the cost for the repairsystem component and potentially the cost for the repair
–– Increased modularity increases systems engineering cost Increased modularity increases systems engineering cost 

associated with system development.associated with system development.

•• This researchThis research
–– What is the tradeWhat is the trade--off between increased development cost off between increased development cost 

versus decreased sustainment cost?versus decreased sustainment cost?
–– What is the impact on this tradeWhat is the impact on this trade--off of the system production off of the system production 

level?level?
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Model OverviewModel Overview

•• DiscreteDiscrete--event simulation model implemented in ARENAevent simulation model implemented in ARENA
•• Three acquisition subThree acquisition sub--modelsmodels

–– System model System model –– the system being acquiredthe system being acquired
–– Procurement model Procurement model –– the processes through which a system is the processes through which a system is 

procuredprocured
–– Sustainment model Sustainment model –– the processes through which a system is the processes through which a system is 

sustainedsustained

•• Exogenous model Exogenous model –– external organizations and effectsexternal organizations and effects
–– DoDDoD S&T enterpriseS&T enterprise
–– External technology progressExternal technology progress
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System ModelSystem Model
•• TechnologiesTechnologies

–– Application areaApplication area
–– MaturityMaturity
–– CapabilityCapability

•• ModularityModularity
–– Extent to which system Extent to which system 

components affect one components affect one 
anotheranother

–– Repair and technology Repair and technology 
upgradesupgrades

–– Modularity indexModularity index
•• Production levelProduction level

1.01.00.00.00.00.00.00.00.00.00.00.0
0.00.01.01.00.00.00.00.00.00.00.00.0
0.00.00.00.01.01.01.01.00.50.50.00.0
0.50.50.30.30.00.01.01.01.01.00.00.0
0.00.00.00.00.00.00.30.31.01.00.00.0
1.01.01.01.01.01.01.01.01.01.01.01.0
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Procurement ModelProcurement Model
•• Concept developmentConcept development
•• Technology developmentTechnology development

–– Develop technologies within a Develop technologies within a 
program vs. accept only program vs. accept only 
mature technologiesmature technologies

•• System developmentSystem development
–– Exponentially increasing effort Exponentially increasing effort 

(cost and time) needed to (cost and time) needed to 
make a system more modularmake a system more modular

•• Production & deploymentProduction & deployment
–– CobbCobb--Douglas production Douglas production 

function with increasing function with increasing 
returns to scale based on returns to scale based on 
production levelproduction level
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Sustainment ModelSustainment Model
•• Repair and technology upgrade Repair and technology upgrade 

processesprocesses
•• Poisson arrival process assumedPoisson arrival process assumed

–– Component failure rateComponent failure rate
–– Upgrade opportunity rateUpgrade opportunity rate

•• Modularity impacts whether a Modularity impacts whether a 
repair/upgrade to component repair/upgrade to component ii
causes one to component causes one to component jj

•• No effect from mission profile on No effect from mission profile on 
arrival ratesarrival rates

•• Costs based on individual Costs based on individual 
transactions over fleettransactions over fleet

•• Costs are scaled to be 25% of Costs are scaled to be 25% of 
sustainment budgetsustainment budget

•• Fleet is assumed to equal Fleet is assumed to equal 
production levelproduction level
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Experimental DesignExperimental Design

•• Independent variablesIndependent variables
–– Acquisition policy (traditional vs. evolutionary)Acquisition policy (traditional vs. evolutionary)
–– Modularity index (0.50 vs. 0.25)Modularity index (0.50 vs. 0.25)
–– Production level (250 vs. 500)Production level (250 vs. 500)

•• Dependent variablesDependent variables
–– Program procurement costProgram procurement cost
–– Program sustainment costProgram sustainment cost
–– Total program costTotal program cost
–– Annualized procurement cost (over all systems)Annualized procurement cost (over all systems)
–– Annualized sustainment cost (over all systems)Annualized sustainment cost (over all systems)
–– Annualized total cost (over all systems)Annualized total cost (over all systems)

•• 2233 factorial experiment for each dependent variablefactorial experiment for each dependent variable
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Simulation DetailsSimulation Details

•• Ten replications of each factor combination were Ten replications of each factor combination were 
conducted for statistical significanceconducted for statistical significance

•• Each replication consist of 150 years of simulated time, Each replication consist of 150 years of simulated time, 
with a prior 50 year warmwith a prior 50 year warm--up period to reach steady up period to reach steady 
statestate
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Summary ResultsSummary Results

12,27112,2715,2905,2906,9816,98142,10942,10923,20023,20018,91018,9105005000.250.25EE88
11,09411,0945,2105,2105,8845,88433,25233,25220,62320,62312,62912,6292502500.250.25EE77
13,62713,6276,5566,5567,0717,07143,95743,95726,40926,40917,54817,5485005000.500.50EE66
12,27612,2766,3166,3165,9605,96033,76633,76622,24822,24811,51811,5182502500.500.50EE55

10,48510,4854,2964,2966,1896,18943,17443,17423,09623,09620,07820,0785005000.250.25TT44
9,8199,8194,4414,4415,3785,37834,45534,45520,62320,62313,83213,8322502500.250.25TT33

12,03112,0315,6535,6536,3786,37845,04945,04926,40926,40918,64018,6405005000.500.50TT22
10,38010,3805,0755,0755,3055,30534,90634,90622,24822,24812,65712,6572502500.500.50TT11

AA--TTAA--SSAA--PPPP--TTPP--SSPP--PPProd.Prod.Mod.Mod.Pol.Pol.RunRun

P-P:  Program procurement cost
P-S:  Program sustainment cost
P-T:  Total program cost

A-P:  Annualized procurement cost
A-S:  Annualized sustainment cost
A-T:  Total annualized cost

Cost figures in 
millions $
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AnalysisAnalysis

•• Statistical analysis is performed using balanced analysis Statistical analysis is performed using balanced analysis 
of variance (ANOVA) methodof variance (ANOVA) method

•• This allows detection of significant effects on dependent This allows detection of significant effects on dependent 
variables fromvariables from
–– Independent variable factors (e.g., acquisition policy)Independent variable factors (e.g., acquisition policy)
–– Interactions between factorsInteractions between factors
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Program CostProgram Cost
•• ProcurementProcurement

–– Evolutionary acquisition tends to lower procurement cost, due toEvolutionary acquisition tends to lower procurement cost, due to lower lower 
technology development costs.technology development costs.

–– High levels of modularity tend to escalate procurement cost, dueHigh levels of modularity tend to escalate procurement cost, due to to 
higher systems engineering costs.higher systems engineering costs.

–– High modularity and high production levels interact to increase High modularity and high production levels interact to increase 
procurement more than single factor effects.procurement more than single factor effects.

•• SustainmentSustainment
–– Low modularity tends to increase sustainment cost due to increasLow modularity tends to increase sustainment cost due to increased ed 

repairs and upgrades.repairs and upgrades.
–– High modularity mitigates the increased sustainment cost associaHigh modularity mitigates the increased sustainment cost associated ted 

with high production levels.with high production levels.
•• OverallOverall

–– High modularity tends to lower overall acquisition cost and mitiHigh modularity tends to lower overall acquisition cost and mitigates the gates the 
overall cost associated with high production.overall cost associated with high production.
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Annualized Enterprise CostAnnualized Enterprise Cost

•• ProcurementProcurement
–– Evolutionary acquisition tends to increase procurement cost, dueEvolutionary acquisition tends to increase procurement cost, due to to 

increased refresh cycles.increased refresh cycles.
–– Low levels of modularity tend to increase procurement cost.  HigLow levels of modularity tend to increase procurement cost.  High h 

modularity lengthens development times, resulting in fewer systemodularity lengthens development times, resulting in fewer systems ms 
being deployed.being deployed.

–– Low modularity and high production interact to increase cost.Low modularity and high production interact to increase cost.
–– Increased number of programs under evolutionary acquisition inteIncreased number of programs under evolutionary acquisition interacts racts 

significantly with high production to increase annualized cost.significantly with high production to increase annualized cost.
•• SustainmentSustainment

–– High modularity results in reduced sustainment cost.High modularity results in reduced sustainment cost.
–– An increased number of programs under evolutionary acquisition lAn increased number of programs under evolutionary acquisition leads eads 

to higher sustainment costs.to higher sustainment costs.
–– High modularity mitigates the increased cost of high production High modularity mitigates the increased cost of high production levels.levels.

•• OverallOverall
–– High modularity tends to lower overall acquisition cost and mitiHigh modularity tends to lower overall acquisition cost and mitigates the gates the 

overall cost associated with high production.overall cost associated with high production.
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Implications for EAImplications for EA

•• Based on consideration of results for evolutionary Based on consideration of results for evolutionary 
acquisition only (2acquisition only (222 experiment).experiment).

•• Modularity had similar effects under evolutionary Modularity had similar effects under evolutionary 
acquisition as in the overall experiment.acquisition as in the overall experiment.

•• The interaction effect between modularity and production The interaction effect between modularity and production 
level is weaker for evolutionary acquisition than for level is weaker for evolutionary acquisition than for 
traditional.traditional.

•• This implies that the interaction effect is experienced This implies that the interaction effect is experienced 
mainly in traditional acquisition.mainly in traditional acquisition.
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ConclusionsConclusions

•• Increases in system modularity can result in overall cost Increases in system modularity can result in overall cost 
reduction, as cost decreases in sustainment overpower reduction, as cost decreases in sustainment overpower 
cost increases in development.  This points to the cost increases in development.  This points to the 
importance of upstream investments.importance of upstream investments.

•• Modularity can help mitigate cost increases associated Modularity can help mitigate cost increases associated 
with higher production levels.with higher production levels.

•• Evolutionary acquisition is less susceptible to this effect, Evolutionary acquisition is less susceptible to this effect, 
especially from an annualized cost perspective.especially from an annualized cost perspective.

•• Evolutionary acquisition may decrease individual Evolutionary acquisition may decrease individual 
program costs, but can increase overall annualized cost.  program costs, but can increase overall annualized cost.  
Thus, discretion should be used in refresh cycles.Thus, discretion should be used in refresh cycles.
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Program ProcurementProgram Procurement

8169220288169220287979TotalTotal

6891968919496218549621857272ErrorError

0.9560.9560020720720720711Policy*Mod*ProdPolicy*Mod*Prod

0.0320.0324.84.833050833050833050833050811Mod*ProdMod*Prod

0.7260.7260.120.12850585058505850511Policy*ProdPolicy*Prod

0.5530.5530.350.352445124451244512445111Policy*ModPolicy*Mod

0010922.8510922.8575279448075279448075279448075279448011ProdProd

00468.88468.883231511632315116323151163231511611ModMod

00384.31384.312648657526486575264865752648657511PolicyPolicy

ppFFMSMSSSSSDFDFSourceSource
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Program SustainmentProgram Sustainment

4925980854925980857979TotalTotal

189398018939801363665691363665697272ErrorError

0.9330.9330.010.011339413394133941339411Policy*Mod*ProdPolicy*Mod*Prod

0.010.017.077.071338270913382709133827091338270911Mod*ProdMod*Prod

0.9330.9330.010.011339413394133941339411Policy*ProdPolicy*Prod

0.9330.9330.010.011339413394133941339411Policy*ModPolicy*Mod

00117.97117.9722344051022344051022344051022344051011ProdProd

0063.0263.0211935472011935472011935472011935472011ModMod

0.9330.9330.010.011339413394133941339411PolicyPolicy

ppFFMSMSSSSSDFDFSourceSource
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Total Program CostTotal Program Cost

200343786820034378687979TotalTotal

200854920085491446155311446155317272ErrorError

0.9430.9430.010.011027110271102711027111Policy*Mod*ProdPolicy*Mod*Prod

0.0330.0334.734.73950698795069879506987950698711Mod*ProdMod*Prod

0.8840.8840.020.024324743247432474324711Policy*ProdPolicy*Prod

0.9770.97700165116511651165111Policy*ModPolicy*Mod

00894.42894.42179649051617964905161796490516179649051611ProdProd

0013.6713.672746095327460953274609532746095311ModMod

0.0010.00112.612.62530871325308713253087132530871311PolicyPolicy

ppFFMSMSSSSSDFDFSourceSource
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Annualized ProcurementAnnualized Procurement

30811604308116047979TotalTotal

10241102417373687373687272ErrorError

0.0070.0077.627.627803378033780337803311Policy*Mod*ProdPolicy*Mod*Prod

0.0030.0039.239.239455794557945579455711Mod*ProdMod*Prod

0.0010.00112.8612.8613170313170313170313170311Policy*ProdPolicy*Prod

0.5880.5880.30.3302730273027302711Policy*ModPolicy*Mod

002042.92042.92092180420921804209218042092180411ProdProd

0.0030.0039.79.79930199301993019930111ModMod

00853.98853.98874581287458128745812874581211PolicyPolicy

ppFFMSMSSSSSDFDFSourceSource



Knowledge and Skills for Enterprise Transformation. 25

Annualized SustainmentAnnualized Sustainment

55386129553861297979TotalTotal

14226114226110242758102427587272ErrorError

0.0990.0992.792.7939727639727639727639727611Policy*Mod*ProdPolicy*Mod*Prod

0.0110.0116.836.8397155797155797155797155711Mod*ProdMod*Prod

0.7380.7380.110.111604816048160481604811Policy*ProdPolicy*Prod

0.2620.2621.281.2818179018179018179018179011Policy*ModPolicy*Mod

0.0290.0294.974.9770708470708470708470708411ProdProd

00167.23167.232378976823789768237897682378976811ModMod

00134.12134.121907984819079848190798481907984811PolicyPolicy

ppFFMSMSSSSSDFDFSourceSource
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Total Annualized CostTotal Annualized Cost

1259319851259319857979TotalTotal

18332118332113199104131991047272ErrorError

0.0370.0374.514.5182744882744882744882744811Policy*Mod*ProdPolicy*Mod*Prod

0.0030.0039.129.12167230816723081672308167230811Mod*ProdMod*Prod

0.5830.5830.30.35580455804558045580411Policy*ProdPolicy*Prod

0.2650.2651.261.2623172923172923172923172911Policy*ModPolicy*Mod

00159.95159.952932134529321345293213452932134511ProdProd

00147.08147.082696305026963050269630502696305011ModMod

00292.72292.725366119753661197536611975366119711PolicyPolicy

ppFFMSMSSSSSDFDFSourceSource


