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Purpose and Agenda 
 Purpose:  
◦ Provide an overview of the Early Phase Systems 

Engineering process and techniques integrating cost 
and other technical and logistics factors in deriving 
operational requirements for the Marine Corps’ future 
Amphibious Combat Vehicle (ACV).  

 Agenda 
◦ Problem Statement 

◦ SEOPT and Process 

◦ Integrated Technical and Cost Modeling 

◦ Capability Selection 

◦ Tools  

◦ Results 

◦ Conclusions and Future Direction 



The Problem 

“Despite the critical amphibious and warfighting capability the EFV represents, the program is simply not 

affordable given likely Marine Corps procurement budgets.  The procurement and operations/maintenance 

costs of this vehicle are onerous.  After examining multiple options to preserve the EFV, I concluded that none 

of the options meets what we consider reasonable affordability criteria.  As a result, I decided to pursue a more 

affordable vehicle.” (Commandant of the Marine Corps, 2011) 
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Current AAV is  
• Old, slow and under-

armed 

• Limited water range 

• Too heavy for its 

original design 

Cancelled EFV 
design was: 
• Fast and lethal 

• Large water range 

• Too expensive to buy 

and operate. 

Future ACV needed 
to support 
amphibious ops: 
• Less expense to buy 

and operate than EFV. 

• Avoid requirements 

that lead to a vehicle 

too expensive to buy. 



Initial Cost Estimation 
 Initial direction was to attempt direct requirement 

traceability to prime developer cost data to find areas 
for major cost reduction. 

 Summation of requirements costs over 2.5 times the 
actual cost. 

◦ Material components supported multiple requirements. 

◦ Engineering dependencies among material components 
made substitution of lower cost components more difficult. 

 Conclusion:  

◦ Analysis of requirement costs needed to be done against a 
holistic set of requirements. 

◦ Cost estimation and requirements selection needed to 
evolve into a larger effort of evaluating different system 
concepts. 



SE OPT 
Process 

USMC formed a team called 
the SE OPT to provide a set of 
cost-informed requirements 
for AoA analysis. 

The Iterative Process: 
• Work with the operational 

requirements customer 
(CD&I) on the initial range 
of capabilities.  

• Form a set of selected 
capability options. 

• Conduct market research on 
possible material 
components. 

• Conduct multi-dimensional 
trade space analysis - 
iterative material selection, 
first vehicle cost and 
vehicle attribute estimates. 

• Estimate possible schedules 
and acquisition strategies. 

• Conduct developmental cost 
and reliability estimates. 

• Feed all data into LCCE tool. 
• Redo process as needed 

with adjusted customer 
capability selections. 

 



Capability Options 



System Concepts 

Tough 
Extra IED 

Armor 

Lethal 
30mm gun 

Fast 
Higher HP 

Engine 
Less Armor 

Capability 
Decomp 

Tough-2 
Add 30mm 

Lethal-2 
Add Armor 

PSC-2 
Less Armor 

Applique 

ASC 
Grow to 
PSC-1 

IAAV-1 
FC, 

Mobility 
IAAV-2 

Growth, Dig, 
Speed, FC  Upgrade  

AAV 

2. CD&I 
produced SCs 
with different 
focuses. 

3. Down 
selecting, and 
wanting more. 

4. Down selecting, and 
creating a lower cost 
ASC that can become 
a PSC. 

5. Desires may exceed 
budget. Define SCs that 
upgrade the current AAV 
fleet for  
lower cost. 

1. Start with a 
range of 
capabilities. 

PSC-1 
Best of Lethal 

and Tough 



Cost Estimation Conducted  
 A variety of cost estimation 

techniques were used to 
assess probable cost ranges 
of different system 
concepts: 
− Actual costs for currently 

available material 
components (WBS level 4 
and 5) 

− Cost Estimating 
Relationships (CERs) for 
estimating develop-ment 
costs from material costs. 

− Analogous cost estimation 
techniques for impact of 
production learning curve, 
contracting strategy savings, 
and operations and support 
costs based on the older 
AAV. 8 

• Cost estimates produced, each 
with a three-point cost range 
of low, most likely and high: 
– Average Procurement Unit 

Cost (APUC) 
– Development costs 
– Life Cycle Cost Estimates 

(including MILCOM, Training, 
O&S, and disposal) 

– Cost profiles for R&D, PMC, 
and O&M funding for 30 years 

• Above products were 
produced for each system 
concept and the permutation 
of the following variables: 
– Production size 
– Production period 
– Pessimistic, most likely and 

optimistic schedules 



Integrated Cost and 
Performance Modeling  

9 

Iterative. Went 
through 
material 
selections until 
attributes like 
weight and 
performance 
stabilized 

Cost Agnostic – did 
not try to force 

outcome to a cost 
target 

Many acquisition 
options needed 

to be chosen 
early. 

Vehicle 
Weight 

Vehicle 
Power 

Market 
Research 



Procurement and 
Development Cost Tool • Estimation of material and 

development costs, and 

Vehicle Attributes using a 

small set of factors (e.g. 

weight, power) 

• Manual selection of 

material choices to fulfill 

capability selections.  

• Reused EFV WBS/CBS.  

Included18 subsystems, 

and their components plus 

PM/SE, Integration, 

Testing, initial spares, and 

training costs. 

• Dynamically calculated 

costs and vehicle 

attributes. 

• “Ford.com” model – pick a 

base vehicle and add 

options from there. 

• Tools helped identify 

material issues, but human 

insight still needed. WBS is the central structure between 
the tools. 



Vehicle Attributes 

• Based on the data 
from: 
• Base vehicle attributes 

(overall weight, power, 
TRL, etc.) 

• Options selected 
• SE OPT assumptions 

(such as vehicle being 
EFV dimensions)  

• Tool will provide a 
subset of the 
configured vehicle 
attributes. 

• Key Attributes 
• Combat and curb 

weights 
• Reserve buoyancy 
• Land range/fuel tank 

size 
• Max land/water speed 



Schedule Input to LCCA 
 Each SC had three different 

schedules constructed out 
to IOC 

 Most Aggressive 

 Most Likely 

 Least Aggressive 

 The schedules included 
several programmatic 
assumptions or decisions 
normally found in an 
acquisition strategy: 

 Milestone targets 

 Contracting strategy 

 Number of prototypes 
(affects testing 
schedule) 

 Length of development 



LCCE Tool 
 Inputs 

◦ First vehicle costs. 

◦ Non-recurring Engineering 
costs 

◦ Recurring Engineering 
costs 

◦ Fuel consumption (land and 
water, ratio) 

◦ Crew size 

◦ Weapons systems 

◦ Reliability 

◦ Acquisition Assumptions: 
 Schedule (various activities, 

in months) 

 Number of prototypes 

 Number of vendors 

 Production rate 

 Total Production target 

 Contract type and 
competition savings 

 

 Products and Assumptions (per 
element of Logistics) 

◦ Total Life Cycle Systems Mgt: Cost all 
activities, including costs budgeted by 
other programs and agencies. 

◦ Procurement: Business factors such as 
overhead, profit margin of contractors. 

◦ Development: learning curve 
percentages, manpower needed and 
their costs. 

◦ MILCON: Analogy to existing AAV 
infrastructure. 

◦ Operations and Sustainment (O&S): 
Analogy to existing AAV fleet. 
 20 year service life. 

 Three levels of maintenance. 

 437 hours/year operation. 

 Unit Operations: Analogy to AAV 
transportation costs, ammunition costs. 

 Maintenance: Analogy to equipment 
service life, maintenance equipment cost, 
replacement costs at all three levels. 

 Manpower: Crew size, known force 
structure for maintenance and training, 
and expected pay rates. 

 



New Technique: Complexity 
for Estimating Reliability 
Reliability impacts LCCE, yet how can reliability be 
estimated at such an early stage? 
 

For new SCs: 
• Modified an existing functional block diagram (from EFV) to 

work reliability estimates for new concepts. 
 

For SCs based on existing AAV vehicles: 
• Little data on existing components. 
• Used complexity as a parameter to estimate reliability.  

• Used a modified-Boothroyd-Dewhurst (Mod-BDM) complexity 
metric  

• Boothroyd-Dewhurst metric requires knowing the number and types 
of parts, and their number of interfaces. Not realistic for SCs. 

• Mod-BDM uses a categorical estimate of parts per major 
subsystems. 

• Analysis showed that this parametric worked well compared to FBD-
based  reliability estimates for new SC vehicles. 
 

Analyzed how Mod-BDM compared to the use of the defined 
Boorthroyd-Dewhurst Method 



Data Preparation 
 Raw Data 

◦ 26,000 EFV parts list, assigned to vehicle 
subsystems. 
 Gives hierarchal association 

◦ MTBF estimates from Raptor for 7 ACV 
system concepts. 

 Complexity Metrics 

◦ Boothroyd-Dewhurst Method (BDM) 
 Famous for Design For Assembly (DFA) 

 Three elements – Np: # parts, Nt: # part types, and 
Ni: # interfaces 

 Problem: What if you don’t have parts information? 

 New Complexity Metric 

◦ Modified Boothroyd-Dewhurst Method 
 Ordinal instead of ratio values. 

 Subdivided into major subsystems. 

 Solves BDM problem – less specific info 
needed. 

 Data Processing 

◦ Estimate BDM numbers for vehicles from 
system concept material definitions 
 Estimate the #interfaces per part type. 

 Process raw parts data using Excel. 

 Tailor a parts list per system concept. 

◦ Expert assignment of ordinal values to 
Modified BDM table. 



Data Analysis 
 Variables 

◦ Independent – Complexity. Two 
different Complexity Measures to 
be evaluated: 
 BDM 

 Modified BDM 

◦ Dependent – Reliability (MTBF) 

 Equations 

 Analysis Steps to determine the possible 
correlation between complexity and MTBF. 

◦ Calculate Data Table 

◦ Visually inspect for linearity 
 Determine linear vs nonlinear fit. 

 Check for homoscedasticity 

◦ Calculate Correlation and Regression for each 
complexity measure vs. MTBF. 
 Used Pearson. Both independent and dependent 

variables were ratio-based (even though raw data in 
Modified BDM was ordinal) 

 Linear regression used. 

◦ Conducted Hypothesis Tests (95% Confidence) 
to ensure the existence of a significant 
correlation. 

◦ Conduct Williams T2 Test  to determine if the 
two different correlations on a common 
dependent variable are significantly different. 

◦ Steiger, J. H. (1980) Tests for 
Comparing Elements of a 
correlation Matrix. Psychological 
Bulletin, 87(2). 

◦ Neil, J.J. and Dunn, O.J. (1975) 
Equality of Dependent Correlation 
Coefficients. Biometrics, 31(2). 
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Calculated independent and 

dependent variable values for 

seven system concepts. 



Analysis Results 
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H0: corr1 = corr2       Conduct William T2  

H1: corr1 != corr2      Test, alpha = 0.05 

 

T(.025, 4) = 2.7765        dof = N – 3 

 

William T2 = 4.07, so we reject the H0. 



Statistical 
Results 
 Based on the Williams T2 Test 

◦ There is statistically significant evidence that the 

correlation between BDM and MTBF vs. Mod-

BDM and MTBF are different. 

 Mod-BDM and MTBF showed a higher correlation. 

◦ The correlation between Modified-BDM and 

MTBF is a better relationship to use for predicting 

reliability for the amphibious vehicle domain 

when estimating vehicle concepts than the 

Boothroyd-Dewhurst Method. 

 Quicker estimation method than figuring out vehicle part 

counts and interfaces. 

 Resolves issue concerning a lack of detailed parts data. 

 



SE OPT Products 
 Generated 11 different system concepts (SCs) over a 12 

month period with Requirements Organization 
involvement 

 Each SC had a technical performance and attribute 
profile. 
◦ Max land speed, max water speed, reserve buoyancy, land/water 

range, protection, weapons capability/lethality, MTBF, and weight 
(curb, combat). 

 For each SC, generated 27 different permutations of 3-
point cost estimates (low, most likely, and high) 
◦ 3 different Acquisition Objectives (AOs) 

◦ 3 different production runs 

◦ 3 different schedules 

 Each 3-point cost estimate permutation included the 
following: 
◦ APUC, total development, and total LCCE 

◦ R&D, PMC, and O&M yearly cost profile. 

◦ LCCE cost profile broke out development, procurement, MILCON, 
and disposal. 

Products were reused after transition to the ACV 



System Concept Estimated 
Performance  Attributes 



Conclusions and Future 
Direction 
 The USMC ACV program gives insight to the actual use of 

integrated cost and technical modeling during pre-MDD to 
inform requirements. Specifically: 

◦ Form core team of acquisition, cost estimation, domain and SE 
experts agnostic to the cost estimation result. 

◦ Focus on known technologies as much as possible. 

◦ Used the Blanchard LCCA process and multi-dimensional trade space 

to analyze possible operational requirements sets, while also including 

schedules, contracting, and other acquisition strategy issues to affect 

the cost. 

◦ Used various cost estimation techniques, but it was integrated 
with the technical modeling and gathering of key data (market 
research of component costs, weights, power consumption, and 
reliability). 

◦ Used a system dynamics approach to reaching cost and technical 
estimates while trying to reach capability targets. Many 
requirements cannot be cost estimated in isolation (i.e., linearly) 

◦ Multiple system concepts need to be evaluated. The final 
concept may not fill all capability gaps. 



Conclusions and Future 
Direction 
 Seems to be the first attempt to conduct multi-dimensional trade 

space and cost estimates at this level of detail to generate 

operational requirements in DoD. (Looking for other examples!) 

 Trusted Source. Going to this level of detail, and not invested in 

program itself, made this a trusted set of estimates. 

 Future: 

◦ Doing this for the complete portfolio (MPC as well as ACV, 

AAV). 

◦ Change the acquisition process to do this for Milestone A. 

 Program budget based on SEOPT cost profile. 

 Develop handbook 

◦ Transition from SE OPT group to the actual program office. 

(Estimate useful only if the assumptions and decisions made 

in SE OPT are carried out by PM) 
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