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Abstract

In 2014, the federal government spent neatly half a trillion dollars on contractor projects.
The Department of Defense wants to develop an algotithm to optimize the acquisition of
new technologies. This project makes use of game theory, probability and statistics, non-
linear programming and mathematical models to model negotiations between governmental
agencies and private contractors. It focuses on generating the optimum solution and its
corresponding acquisition strategy for different contract types. This project culminates in 2
collection of MATLAB (MathWorks) programs and the newly developed strategy shows
strong convergence to Nash equilibrium values and successful selection of optimum

solutions.
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1. Introduction
In 2013, the Air Force instituted the Space Modetnization Initiative (SMI) as a way to tackle
the issue of introducing modernized versions of existing technologies into the Space Based
Infrared System while simultaneously lowering the risk level for the next wave of infrared
satellites [2][7]. Under this im'ﬁative, the Air Force hopes to explore ventures that will allow
them to try new affordable alternatives. Similarly, in late 2014, the Department of Defense
(DoD) released the Defense Innovation Initiative (DIT) and the Modular Open Systems
Architecture (MOSA) Initiative. The DII aims to “pursue innovative ways to sustain and
advance our military supetiotity for the 21+ Century” while the department faces budget cuts

[3] and the MOSA aims to have a cohesive system stractute [8].

For the past decade, the federal government has spent heaﬂy half 2 trillion dollars a year on
private contracts alone [1]. This caused the DoD to want advanced mathematical algorithms
to optimize the acquisition of government contracts. The Aerospace Corporation, a federal
research and development center and Air Force partner, developed a mathematical
framework [6] to improve how the government acquires new technologies by reinventing the

acquisition process.

This paper focuses on the War-Gaming Engine (WGE) that Heather Barcomb (SUNY
Geneseo), William Avery Black (Lehigh University), Paul Vienhage (Emoty Univeréity), and
I developed in response to the SMI and the DI, This Bayesian [4] game based MATLAB

program resulted from a collaboration between Aerospace and the North Carolina State
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University’s Modeling and Industrial Applied Mathematics Research Experience for
Undergraduates. The WGE takes the government’s needs, generates the optimum Program
and Technical Baseline (PTB) [5] combination of technologies, and demonstrates the

cortesponding bidding and acquisition strategy.
Key Terms:

Wafﬁghter needs are abstract operationﬁ needs that the military has,

A capability is an ability a system has. A number of capabilites fulfill a warfighter need.
Different technology enablers (TEs) are concrete technologies. Groupings of technology
enablers meet a capability.

An Architectural Solution Set (ARCS) is a set of capabilides and technology enablers.

Although each ARCS has a different composition, they still meet the same warfighter need.

ARCS #1 ARCSE #3 ARCS #5

ARCE #2

ARCE #5

Figure 1. Notional ARCS and their composition

2. Methods
2.a. Stage 1: Program and Technical Baseline War Gaming Engine (PTB-WGE)
Once the DoD declares a warfighter need, various entities compile a list of all the available
technologies that could do the job and investigate various contractors to see who can supply
the DoD with the technologies. The entities then send the list of technologies to each

contractor and ask them to rank how risky they think each technology would be. The
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government also submits information about the contractors’ previous performance. The
PTB-WGE takes in Fxcel files containing this information, picks the best set of
technologies, calculates the risk level, and ontputs the winning set of technologies and its

corresponding PTB Solution Type.

The engine starts by aéking the user to pick a plﬁyer—either the DoD Acquisition Authority
(DAA) or an individual contractor. If one chooses to play as the DAA, he or she then enters
a market survey file that contains information for all the contractors. If one chooses to play
as a contractor, then he or she enters a market survey file that contains only that contractot’s
information. The market sutvey file contains the risk level the contactors assigned to the
various technologies. Low risk corresponds from 0 percent to 30 percent risk, medium risk

from 30 percent to 65 petcent risk, and high risk from 65 percent to 100 percent risk.

Desired Technology Enabler | Notional Data Obtained From Market Survey: Complete and Imperfect
Capabilities to (TE) Information — Mixed Game Template
Meet Technology Assessment. _ Marlet Assessment
Warflgdhter TE No. Weight |Supplier { Supplier | Supplier | Supplier | Supplier [Supplier | Supplier | Supplier
Needs
TE-A-1 W,
TE-A-2 W,
Capability #A
TE-A-3 W;  |Medium
TE-B-1 W,
Capability #B
Pablity#® "Te g Wy
TE-C-1 W,
TE-C-2 W,
Capability #C -
TE-C-3 W,
TE-C-4 Wy | _
: g Ri$

Table 1. Market Survey Compiled for the DAA
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Table 2. Market Su

rvcy Compiled for an individual

Desired Technology Enabler Proposed Template for Market Survey
- TE)
Capahilities to - -
Meet Warfighter TENo Weight ~ Technology Assessment Market Assessment
Needs : & KTR#1 | KTR#2 | KTR#3 | KTR#4 | KTR #1 | XTR#2 | KTR#3 | KTR #4
TE-A-1 W, =
Capability #A TE-A-2 W
| TE-A-3 W,
TE-B-1 W,
apability #B .
Capability TE-B-2 | W
TE-C-1 Wy .
TE-C-2 W
Capability #C
R ¥ TE-C-3 W
TE-C-4 Wy 4 ;
i T

contractor

The program then asks for the file with the set of ARCS. After the different sets of

technologies are defined, we create 2 matrix from the table below. This table defines the

configuration of each set of technology enablers. A TE gets a 1 when in the set and a 0 when

not.

TE-C-1

TE-C-2

TE-C-3

TE-C-4

1
1
o
0

[y

0=
0
1

1;
0
0 1

0
0
.
1

ARCS1 ARCS2 ARCS3 ARCS4 ARCS5 ARCS6
TE-A-2 1 1 1 L .
TEA3 0 0 L 1 0 0

= = O O

Table 3. ARtS translat:ed intoa ta:blc

kR o O
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Lastly, the program asks for the Payoff and Cost Function file. The table in this file allows
the contractors to quantitatively rank aspects of each ARCS—effectively explaining how and

why they ranked each technology the way they did.

Notlonal Payoff-and-Cast Function Template For the Supplier/Contract #1:

Architecture Assesstnent for the Architecture Sotution #1 and Associated PTH Solution Type 1

DAA-PWEE Technical Requirements . Affo;déhility Requiremeants

i

Ml g T AR T o e A
; halds : B

Yas fNa /

Plan

B3P 2.0 Diractive Waighting
facton + 0, 5,2, 3, anzd)

Yes -» Payoff with 1 z 3 3
Welghting facter §, 2,3, 4 1 3 4 {Provide {Provide (tnclude in 1] {include in 0
4 Cost Est) Cost Fst) Cost Est} RFP)

No > LostfCost with
weighting foctor 0,1, -4, 1] 1] 0 0 0 0 '] ¢ o 0
-3and -4 .

Plan to da it {Potaniial
Payolf} with weighting 4 a o 1] *] 0 0 1 [ 1
factor0.25, 0.5, G.75, 1

Assesyment Score 8 1 3 4 3 4 3 ] 6 5

Average Score 4 4.5

Table 4. Notional Payoff and Cost Function Table

The Aerospace Corporation tealized that the Air Force would value some technologies over
others and created the Belief Function to account for their opinion. The Belief Function,
given below, allows the program to assign weighted values in order to assign higher weights

to priority TEs.

L
Pll_'TECh — Wl ) PrTE'}._T;eE‘h
4 I=1 bl

Equation 1.
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Once the user puts in all the above information, the PTB-WGE performs the following
steps:

« Randomly generates a probability for each TE from the uniform distribution

+ Determines the product of the probability of each TE and the adjusted weight

» Normalizes the product across the ARCS

+ Constructs an average of each probability over a number of runs

» Compares the average to a set of determined values

+ Classifies each ARCS as low, medium, or high risk.

2.b. Stage 2: Acquisition/Bidding War Gaming Engine (AB-WGE)
Each risk level has its own PTB Solution Type (column 1), and each Solution Type its own

acquisition strategy (column 5).

i . Advanced S PTB Risk Assessment
Reguirement Requirement Type Market. . Technology . PT8 Solution Type
Acquisition Strategy
Type Description Uncertainty Uncertainty . Classlfication
Mapping
Type 1 Firmed and fixed requirements Enhancement Launch: |PTB Type 1 Solution

with known Technalogy Enablers FFP, FPEPA Conservative

Well-defined requirements with
Type 2 some uncertainties on technology
enabler and market

Platferm Launch: PTB Type 2 Salution:

............ FPIF, FPAF Innovatjve
Medium

Requirements are somewhat
known with some market -
uncertainty but can not identify
the exact technology enablers
Requirements are samewhat
known with same technology
Type 4 uncertainty but can not identify
the exact company (or companies)
to provide the technology enabler
Unknown Requirements with
Type 5 unkhown technology enable and
market

PTE Type 3Solution

Type 3
¥p More Innovative

Medium ositloning Ontion: CPIF

Scouting Option; PT8 Type 4 Sol ution:
CPAF, CPIF Less Conservative

Medium

tepping Stone Option: | PTB Type 5 Salution:
CPAF, CPFF Most Innovative

Table 5. PTB Mapping Rules
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The AB-WGE uses the winning Soluﬁon Type, its corresponding contract type, and the user
inputted cost distribution in order to pick the bidding strategy that will either maximize
contractor profit or maximize government savings. It outputs the optimal contractor bid and
the government’s payoff. Each engine has the same basic setup and uses Monte Carlo
simulations, of repeated random sampling, to demonstrate the bidding process. The player
defines a range of possible inputs and the program generates inputs randomly from the
probability distribution of choice, performs a deterministic computation on the inputs using

various models, and aggregates the results.

2.b.1. Acquisition under PTB Type 1
Solution Type 1—low market risk and low technological risk—cotresponds to the Fixed
Price Seal Bid/Fixed Firm Price contract type. 'The government has clear and specific
requirements and contracts are non-negotiable. In this case, the lowest bidder wins the
conttact. For the uniform distribution, the mathematical model used to calculate production
costs is

¢; = (Cnax = Cmin)-Pi + Cin:

Equation 2.

and the model below represents the Nash equilibrium—the stable state of a system involving

the interaction of different participants—optimal bidding function.

Cmax ""

- HopL — cf ;
SNon,Coop_Opt_n_KTR =b (Cj) = Cj + Jorj=12,..,n

Equation 3.
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2.b.2, Acquisition under PTB Types 2 and 3

The existence of moderate risk correlates to Solution Type 2—the Fixed Price Incentive
Firm contract type. This strategy allows for some uncertainty in the production cost and
profits are adjusted according to the production costs. Conttacts are negotiable and the

contractor who provides the most cost savings wins the contract.

The Cost Plus Incentive Fee contract type corresponds to Type 5 solutions—ones that have
‘high technological and market risks. The government incuts most of the tisk because it must
provide cost reimbursements to incentivize contractors to take on the project. The
government gives the initial negotiated fee, which it later adjusts. Both contract types use the
following models but differ in initial inputs and optimum target cost. Equations 4 and 5
calculate the government and contractors’ payoff respectively, Equaﬁons 6 and 7 determine

the maximum cost, and Equation 8 calculates the target price for acquisition.

PCFgop = (1 — SR, (%)). (T, — Ac) = Ag, ~ PCFyrgii = 12,..1n
Where PCFypy, is the i KTR profit given by:
PCFgrr, = (Ty, = Tc) + SR, (%) (Te = Ac)ii = 12,..1

Equations 4 and 5.

Max - ,
vi {Fy: Fy= (PCFgoy = PCFQy, ). (PCFyrp,~ PCFirp)ii = 12, .0}

Or: '
Maz [Fi Fo= (1 = SRe,O0)). (T = Ac) = Ac, = PCFyrg, = PCFly).
vi (PCFyrg,— PCFRrg)ii = 12, .m

Equations 6 and 7.
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Tp — CP - 1.5; SRCi(%)' (TC - ACL); i — 1,2, e 1L

i

Equation 8.

3. Results
The PTB-WGE outputs its informaton in MATLAB’s command line interface. Figure 2
displays the final results of a game, using the generic data found in Table 1. The program
displays the winning set of technologies and shows how each capability is met by the
different technologies. It also shows the risk level for the winning sét and its correépoﬁding
PTB Solution Type. The results shown below show that the optimal solution is a T'ype 1

solution, which cotresponds to the Fixed Firm Price (FT'P) contract type as described in

Table 5.

Thoose Architectural Sciution $#4 from Supplier 1.

BPTE Solution Composition: {TE-Z2,%E-3,TE-5,TE-8,TE-9}
Capability 1 iz met by TE-2,TE-3.

Capability 2 is met by TE-5.

Capabiiity 3 is met by TE-&,TE-3,

Technical risk is: Low Risk.
Market risk ig: Low Risk.
"Sp this is a Type 1 solution,

Figure 2. PIB-WGE Sample Output
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Figures 3, 4, 5 and 6 show the AB-WGE results for the FFP contract type. The images show
the outcomes for four hypothetical contractors bidding for a Type 1 contract. If all four
contractors bid optimally, their bids converge to the same Nash equilibrium value, as seen
on the lefe plot of Figure 3. Howevet, if Contractor 1 is the only one to bid optimally, his bid

converges to an equilibrium value significantly lower than the other contractors.

Average Bids with All Contrators Bidding Optimally Average Blds with One Contrator Bldding Optimatly

172 195
—— BigHar ¢ wtiding nptwaty o Gidetoe § Biling optimaty
””””” Bigder 2 DR BREnaty e B3 3 G SOR-optknally
Sirder 3 hidding optrealy . - - Sgiier 3 Liddiag nonoptimally
7 e Bty § oty vpgivary] | 90 o Bl 4 binding sve-otinaty
185 - -
1BA 1
146
e {
= i )
g g 175
g 2
g $64 & :
2]
185 ¢
- -
¥
ey 1wt
5 . . . . . \ . . o N . : . . ; . .
fal 02 o4 ok} 48 1 2 144 16 +8 2 a 22 % 06 Fi2:1 Al 13 14 18 1% 2
Runs L1 Runs : =1t

Figure 3. Average Bid for Contractors Bidding Optimally vs. Non-optimaily
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Consequently, if Contractor 1 wins the contract, he makes a lower profit per contract
compared to everyone else, as shown by the left plot of Figure 4. A contractor would choose

to bid so low because under Type 1, the lowest bidder wins the contract.

Profit per Cantract Wen with KTR One Biding Optimalty ” Profit per Contrast Won with All KTRs Bidding Optimally

e Bl § Biddiog oplinaty

ensers Bidiitse 2 Hkiding oon-optimaly
- Bitdar 3 biicing nor-optimally

B - Bitidne A bidding non-optimatiy] |

e gk Dikdeting optivuttty

i
’

Ry
pivg

1\3 i
o1
é
P

-
&

Frofit per Won Contradt {USD
P

Profit per Wos Contract {UISD}
=
i
IS
&

]

1w

B
"l 1

.

o . S . - . : - - . " \ o ) . . . 1
[ 0z Bs DO 24 1 12 14 18 18 z o g2 4 98 08 1 12 14 16 {8 2
4

Runs wa . Runs et

Figure 4, Average Profit per Contract with One Contractor Bidding Optimally vs
All Contractors Bidding Opdmally

Thus, if the contractors keep up this trend, Contractor 1 would win more of the contracts—
40 percent, compared to everyone else’s 20 percent—bringing his overall profit to a higher

value, as shown in the left plot of Figure 6.
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Blds Won with All Coiitraters Bidding Optimally Bids Won with Dne Contrater Bidding Optimally

i

26%

HEH cicder | bding optivstly . [ icder 1 bidding optimatly

e 2 Bidding non-ogtimaty
Hl Bigdur 3 bidding optinatly G idkder 3 hifding nov-ofialy

| iklor 4 bidding optimalty 7 Inioder d bidding reoptimaly

Figure 5. Percentape of Contracts Wont for Contractors Bidding Optimally vs. Non-optitmally

Profit per Contract Bldded On with XTR One Biding Optimally R Profit per Contract Blddad On with Al KTRs Bidding Optimally
1 ! : ! 1 : T - . T v T 1 v T T : +
~emomen Rig30¢ | bidding oplinisly Fddnr 1 bidding opiaatiy
- Biddar 2 bldding non-aplimiy - Biddar 2 hieiding opiieaily
v Hitidar 3 bkiding nos-optinatly - Bitkter § bididing aptiothy
~— Bltider § Lidding nor-oplimtily + i —~~Bidder 4 hidding optimaly| |
Tk i
. &7 i
o fal
maEr 4 &
=N 2
o Sy F; S :
i &
G i 8
i 5
% 5
Q 4+ 4
& 5
=% o5
= b
i ]
g ;
Ir 4
ab i
ir .
2 . . : ) : : . . 1 n — . ; L — . .
. 0z 04 05 .08 § 12 14 18 18 2 02 a4 05 By 120 14 914 48 2
: Runs =i ) fKins . ) 1o

Figure 6. Long-term Profit Results for One Contractor Bidding Optimally vs All Contractors Bidding
Optimally
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4, Validation

The process of validation involved testing the models to see if they produced “correct”
estimates when given manipulated data, as there will always be a “right” answer. For the
Program and Technical Baseline games, 1 created multiple matket surveys and payoff-and-
cost function tables and changed the final PCF scores, tisk levels and configurations of
Arclﬁtectural Solution Sets to see if the program would accurately pick the right solution
each time. We validated the acquisition games by comparing the Nash Equilibrium values to
previously won governmental contracts. In all cases, the optimal bidder reduced the

government payment while simultaneously increasing contractot profits over time.

5. Discussion
In acc;jrdance with the DoD’s Innovation [3] and MOSA Initiatives (8], The Aerospace
Corporation sought to develop a comprehensive war-gaming model [6] to demonstrate
optimal bidding strategies for different contract types. My REU team and 1 implemented the
first set of models designed by Aerospace in a set of MATLAB packages, which meet the
goals of constructing the optimal PTB solutions and calculating optimal bids. The optimal
solutions select the technology architectures that generate the best bids and most
competition while achieving warfighter goals. By optimizing all of the game components of
the War Gaming Engine, the results have the potential to significantly increase the efficiency

of governmental acquisitions.
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Howevet, thete are seven game selections in total—three “static” games and four “dynamic”.
games [6]. The static games assume each contractor submits their information once and for
all while the dynamic game accounts for real life market changes. At the time of this project,
Aerospace had not determined the particulars of the dynamic game and no one had ever
attempted to create the static games before. There are also five PTB types énd by the end of |
the REU, my team and T had finished static games for three of the five contract types—PTB
Types 1, 2 and 5. Further research and development includes the finishing of the Types 3
and 4 static games and creation of models for the dynamic games plus their MATLAB
implementation. Also, the ideas for the WGE are brand new and unique—thus the djscbvery
of alternative contract types, bidding strategies, and new tisk level combinations will lead to

updates in the mapping rule found in Table 5 and the creation of new and improved models.
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