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Welcome to the
2021 System of Systems Engineering Collaborators
Information Exchange (SoSECIE)

NDIN MITRE

We will start at 11AM Eastern Time
You can download today’s presentation from the SoSECIE Website:

https://mitre.tahoe.appsembler.com/blog

To add/remove yourself from the email list or suggest a future topic or
speaker, send an email to sosecie@mitre.orq
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NDIA System of Systems SE Committee

* Mission
* To provide a forum where government, industry, and academia can share

lessons learned, promote best practices, address issues, and advocate
systems engineering for Systems of Systems (SoS)

* To identify successful strategies for applying systems engineering principles
to systems engineering of SoS

* Operating Practices

* Face to face and virtual SoS Committee meetings are held in conjunction
with NDIA SE Division meetings that occur in February, April, June, and
August

NDIA SE Division SoS Committee Industry Chairs:
Mr. Rick Poel, Boeing
Ms. Jennie Horne, Raytheon

OSD Liaison:
Dr. Judith Dahmann, MITRE



Simple Rules of Engagement

* | have muted all participant lines for this introduction and the
briefing.

* If you need to contact me during the briefing, send me an e-mail at
sosecie@mitre.org.
* Download the presentation so you can follow along on your own

* We will hold all questions until the end:
| will start with questions submitted online via the CHAT window in Teams.

* | will then take questions via telephone; State your name, organization, and
question clearly.

* If a question requires more discussion, the speaker(s) contact info is
in the brief.



Disclaimer

 MITRE and the NDIA makes no claims, promises or guarantees
about the accuracy, completeness or adequacy of the contents of
this presentation and expressly disclaims liability for errors and
omissions in its contents.

* No warranty of any kind, implied, expressed or statutory,
including but not limited to the warranties of non-infringement of
third party rights, title, merchantability, fitness for a particular
purﬁose and freedom from computer virus, is given with respect
to the contents of this presentation or its hyperlinks to other

Internet resources.

» Reference in any presentation to any specific commercial
products, processes, or services, or the use of any trade, firm or
corporation name is for the information and convenience of the
participants and subscribers, and does not constitute
endorsement, recommendation, or favoring of any individual
company, agency, or organizational entity.
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- Methodology
« Results
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Introduction




Overview

e |ssues
« Out-of-date Metrorail systems

« Not user friendly

« Goal
 Improve an established Metrorail system to enhance
traveler experience

« Maintain SoS capability of transporting travelers via
rail

» Process
 Generated a 10-station fuzzy meta-architecture to
determine best possible SoS configurations

« Software used: MATLAB, FILA SoS Explorer

https://medium.com/@kganttwrites/miami-dade-again-breaks-promise-for-expanded-metrorail-e47e1e08cdfs
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Operational View

Objective Statement:

Develop a smarter way to travel
Metrorail by upgrading payment,
Rider Account AR predictability, and customer-facing

systems for a Metrorail system.

Desired Effects:

+ Scaled metro fare based on distance
* Higher predictability for train arrivals
* Increased traveler usability

Card Check-in

Train, Card, and
Card Account Data

Train Check-in

Arrival and
Delay Data

- = Background
- =Traveler Interface

Card Check-out and Charged
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Capabilities in the SoS

SoS is comprised of multiple systems providing their own capabilities

For this SoS analysis, 10 individual stations were assessed with 64 total capabilities
« Per Station (60 capabilities)

« Incoming Train Check for Station X
Outgoing Train Check for Station X
Present Train Times for Station X
Card Check-in for Station X

Card Check-out for Station X

Card Reload for Station X

« Station Agnostic (4 capabilities)

 Calculate Scaled Fare

« Store Account Information
 Card Tracking

« Store Train/Card Information




Competing Systems

« 84 total systems with directed interfaces
« Per Station (8o total)

o Enter Gate for station X (10 total)
Exit Gate for station X (10 total)
One-way Train Status Monitor for station X (20 total)

Bi-directional Train Status Monitor for station X (10 total)
Station Train Tracker Board for station X (10 total)
Card Refill Machine for station X (10 total)
« Data Hub for station X (10 total)
« Station Agnostic (4 total)

« Metrocard

e Train/Card Database
« Account Database

« Phone App
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Key Performance Attributes (KPAs)

« The five key performance attributes:
Affordability — Measures how reasonably priced the SoS is to install and maintain

« Each system in the SoS requires an install price, install time, and maintenance price (per year), and this
constrains the system to find the lowest price.

« Requires interfaces between the MetroCard and the gates to ensure travelers a charged a scaled fare.
Accessibility — Measures how usable the SoS is to travelers

« Each system in the SoS has a usability ranking and the more systems that contribute to usability there are,
the higher the accessibility fitness value.

Scalability — Measures how well the generated meta-architecture can be scaled up to incorporate
more train stations

Predictability — Measures how well the SoS can predict when trains are inbound and outbound
per station

« By having a high predictability score, a traveler will likely have a better experience due to them knowing
when their train is coming

Reliability — Measures the robustness of the overall SoS

« Greater reliability could mean fewer breakdowns and a safer commute for customers.
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Methodology




Developing a Fuzzy Inference System

1. Established fuzzy terms with associated ranges on a scale (o0 -100)

2. Associated the fuzzy scale with each KPA to create membership functions

« All KPA were graded on the same scale

3. Combined membership functions into an overall membership function

» Used to assess the SoS as a whole

Fuzzy Term Term
Coverage
Excellent [70, 100]
Acceptable [50, 85]
Tolerable [30, 65]
Too Risky [10, 45]
Unacceptable [0, 25]
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Establishing Membership Function Rules

« Developed rules based on KPA to assess SoS meta-architecture viability
« Emphasis placed on predictability and reliability KPAs

53 total rules

EIIR NG TN ] —

If (Affurdabllrty is Excellent; and (Acc:esmbllrty is Excellent,u and (Predictability iz Excellent) and (Scalabllrty is Excellent) and (Rellabllrty iz Excellent) then (Owverall is Excellent) (1)

If (Affordability is Teo Risky) and (Accessibility is Too Risky) and (Predictability is Too Risky) and (Scalability is Too Rigky) and (Reliability is Teoo Risky) then (Owverall is Toe Risky) (1)
If (Affordability is Telerable) and (Accessibility is Tolerable) and (Predictability is Tolerable) and (Scalability is Tolerable) and (Reliability is Tolerable) then (Overall is Telerable) (1)

If (Affordability iz Acceptable) and (Accessibilty is Acceptable) and (Predictability is Acceptable) and (Scalabilty is Acceptable) and (Reliabilty is Acceptable) then (Overall is Acceptable
If (Affordability iz Acceptable) and (Accessibility is Acceptable) and (Predictability is Excellent) and (Scalability is Acceptable) and (Reliability is Excellent) then (Overall iz Excellent) (1)
If (Affordability iz Telerable) and (Accessibility is Tolerable) and (Predictability is Excellent) and (Scalability is Tolerable) and (Reliability is Excellent) then (Overall is Acceptable) (1)

If (Affordabilty is Teo Risky) and (Accessibility is Too Risky) and (Predictabilty is Excellent) and (Scalabilty is Teo Risky) and (Reliability is Excelent) then (Overall is Telerable) (1)

If (Affordability iz Unacceptable) and (Accessibilty is Unacceptable) and (Predictability iz Excellent) and (Scalability is Unacceptable) and (Reliabilty is Excellent) then (Overall iz Too Risky
10. If (Affordability is Excellent) and (Accessibility is Excellent) and (Predictability is Acceptable) and (Scalability is Excellent) and (Reliability is Acceptable) then (Overall is Acceptable) (1)
11. If (Affordability is Tolerable) and (Accessibility is Tolerable) and (Predictability is Acceptable) and (Scalability is Tolerable) and (Reliability is Acceptable) then (Overall is Acceptable) (1)
12. If (Affordability is Too Risky) and (Accessibilty is Too Risky) and (Predictability iz Acceptable) and (Scalabilty is Too Risky) and (Reliabilty is Acceptable) then (Overall is Tolerable) (1)
13. If (Affordabilty is Unacceptable) and (Accessibility is Unacceptable) and (Predictability is Acceptable) and (Scalability is Unacceptable) and (Reliability iz Acceptable) then (Overall is Too
14. If (Affordability is Excellent) and (Accessibility is Excellent) and (Predictability is Tolerable) and (Scalability is Excellent) and (Reliability iz Tolerable) then (Owerall is Acceptable) (1)

E I U S Py T M Ty By P S T RN | T S S WP Sy iy DL . VP TR N [T S PR iy DU . Sy B I T S P Wy Sy PN R Y ER T S O DU Y PR SPRY. PR | I SIS I B P Y w
€ >
If and and and and
Affordability is Accessibility is Predictability is Scalability is Reliability iz

Acceptable ~ Acceptable ~ Acceptable - Acceptable ~ Acceptabls ~
Tolerable Tolerable Tolerable Tolerable Tolerable
Too Risky Too Risky Too Risky Too Risky Too Risky
Excelent Excellent Excellent Excelent Excellent
Unacceptable Unacceptable Unacceptable Unacceptable Unacceptable
none none none none none
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Membership Function Surfaces

« Generated membership function surfaces to assess rule variation between two
KPAs

 Sharp drops and plateaus indicate where more rules could be added to help smooth
surfaces

Affordability and Scalability Affordability and Predictability

Scalability and Predictability Scalability and Availability

Predictability Accessibiligcalability Accessibility
Scalability and Reliability Predictability and Availability

Predictability and Reliability

Scalability Affordabilit

Affordability Reliability

Reliability AccessibilipBcalability Predictability

Reliability Scalability 18




Forming a Chromosome

pIlIEDU|l|lo|laol~|lo|lo|lo| o|lo|lA|lo|olo|lo|lo|lo|la|lo|lalal -
GRIEOU||l - -|lo|lo|lo|~|lo|lo|~|lo|lo|lo|lo|lo|lo|lo|lo|la|l~]|o
golEo Ul A|lo|lao|lald|ldA|A|laoldA|l-|o|lo|lo|lo|lo|lalalA|lala
[PIEOU|[o|-|o|l-|-| - o|o|o|-o|lo|lo|o|o|lao|-|o|a|a m_J
glEoUl|lo|lo|lo|lald|lo|o|lolo|lo|lo|lo|lo|lala|lAd|lalalala
mm”_.mmu_:___l1011111110000100000
FRIEOU|| | =] = | === | = | oo~ |o|lo|la|~|lo|lo|loc|lao|lao|o
faltoUlllola|la|ldA|ld|lA|A|lo|lao|l-|lo|lald|lo|lo|lo|la|lalala
colEO Ul ao|lm| - ol ~|olo|~|lao|~lo|lo|lo|lo|lo|lalalo
IO Ul|lala|ldA|lald|lqA|A|laldA|ld|A|lo|lo|lo|lo|lo|la|lalala
oI N0l o|lolo|lo|lo|lo|aloala|ld| Al dA| Al Al A|lo|la] Ao
GRIEDINO|o|lo|lo|lo|lo|lo|lo|lo|-|lo|lo|l~|lo|o|lo|lo|lo|lo|~|ao
galkolnd|o|lo|lo|lo|lo|la|lalA|lala|l Al Al A Al Al Al Al A =
[BIEOIND | o|o|lo|o|lo|lo|-|lo|lo|o|o|lo|lo|o|lo|o|a|=|~]|o
glEo 0| o|lo|lo|lao|lald|lalalala|l Al Al A Al Al Al Al Al o]~
CIEOIND | o|o|o|o|-H|lo|o|o|lo|o|o|lo|o|o|-H|o]|-|ao|-~]|o
Rl N0 o|lo|lo|-|o|lo|lo|lo|lo|o| = =] =] = =] =] =] =] =] =
cRlEo N0 | o|lo|l | o|lo|lo|lo|lo|lo|la|ldA|la|jlao|A|ld|lo|la|lalala
cRIEDIND|o|l-~|lo|lo|lo|lo|lo|lo|lo|lo|lao|l-|lo|=|a| =] =]|=|~]|a
I L RO R I =1 =1 = = = = = = = = = = R =1 = = e =1
£ T R TP ) O ot T O T TR ) L)
M| M| M| M| M| M| M| O] M| | O] M| M| M| O G| M| O 0O =
[ L Y W e T L e B L I < e L O v T e L L W ) I .
HEEEEEEEEHEEEEEEEEE
ﬂ_ﬂ_ﬂﬂ_ﬂ_ﬂ_ﬂ_ﬂ_ﬂ_m -
©) +
+ (©
(D) () n
& & 3
U
o () o (C
0 O n +
O £ © o X o
Y= o0
mhﬂ E % =
Ot £ °s 3
)] o0
c o= vu < 9@
v U
o2& Yg 2
v [, LV Y N = (C
+ 2 U T X (O (]
U p - = o — Yy—
VUVvVD o N o
= Cc c
o < C 75 v
T v P
Y g v v
c 2 = S
O © © o O O
oo YV Y =& Q2
— = Y © @
O UV v © n - O +
O VvV c c O n &
—_ = .= .= erm v .=
D o = S — )
S > U O @]
> @ « O )
U = = = oY = n .=
QOB e« ¢« L3O S
- L oo <<+
[ J [ ] [ ]




Assessing the KPAs (1 of 2)

« Affordability
Af fordability(X, C)

= - Z S(X, l) (CCost,Maintain,i + CCost,Install,i(CCOSt,installTime,i))
i=1

n
+ z S(X:]) (CCost,Maintain,j + CCost,Install,j(CCost,installTime,j))
j=1

« Accessibility

n

n
Accessibility(X, C) = Z S(X, ))Cysapitity,i 1_[(1 + 6S(X, HI(X,i,)))

=1 j=1
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Assessing the KPAs (2 of 2)

« Scalability
2?:1 S(X: i)Cscalability i
Scalability(X,C) = ; :
Y ?:1S(X: i)
« Predictability
Predictability(X,C) = }f‘zl(S(X, L)+ CAccumcy’i)

Z?:1(S(X; i) + CAccuracy,i)

» Reliability

n n
Rellablllty(X, C) - z S(X, i)CReliabilty,i 1_[(1 + S(X,])I(X, l;]))
i=1

j=1
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Unoptimized SoS

Meta-Architecture Evaluation

Description: Objectives:

L4 SOftware: FILA SOS D Value Delta

Characteristics: Scalabilty 1

Accessibility 87.36|

System: Predictability 2286 0

E X | O r e r Afardatility ER
p Reliability 3921 0f

i

o

D

Install Cost ($)

 Generated a
Tolerable/Acceptable
meta-architecture

according to the overall

membership function

Capabilities:
]

Incoming Train Check for Station 1
Incoming Train Check for Station 2
Incoming Train Check for Station 3
Incoming Train Check for Station 4
Incoming Train Check for Station 5
Incoming Train Check for Station 6
1 1 Incoming Train Check for Station 7
KPA Unoptimized LS T St e
p Incoming Train Check for Station 8 @ Python O MATLAB @ F#
SCO re Incoming Train Check for Station 9 Single Objective:
- g Incoming Train Check for Station 10
PredICtabI I Ity 22'86 Outgoing Train Check for Station 1 LD poluejjDety
e T A e 5 Overall 6475
ili Qutgoing Train Check for Station 2
Affordabili 7 e
0 dab ty 93 0 @ Python O MATLAE @ F*
Reliability 39.21 R
- D Optimization
Scalability 63.21 o RandomSeed: @ s O Mo
ACCGSSIbI I |ty 8736 OutGate2 | Constrained: O Yes @ No
Out Gate 3
OVERALL 64.78 OutGote 4 plang
Out Gate 5 Simple SOGA M
Out Gate 6 Maximum Evaluations:
Out Gate 7 10000 v
Out Cate § -
OutGate © Flexible Systems Negotiation:
Out Gate 10 None o
In Gate 1

Architecture Instance

Wﬁ in (T
oo

In/Out Train Check o A + 4 Out Gate 9
In/Out Train Check 2 Out Gate 10
In/Out Train Check 1 I == In Gate 1
Data Hub 10 / g -|'_|_ In Gate 2
DataHub 9 Rl : ' >, In Gate 3

Data Hub 8 In Gate 4
Data Hub 7 In Gate 5
Data Hub 6 In Gate 6
DataHub 5 InGate 7

Data Hub 4 In Gate 8

Data Hub 3 In Gate 9

DataHub 2 In Gate 10

Train Check 1

SRR
AT
W\ Wy e )
\\k \\\\\“o“‘:‘:‘-,\:‘-\\ R :’.‘.‘,;'l’_' 7 Train Check 2
\ OO >
\\ SN Ve 0%, Z<s .
\ OO0 ug&%o.o.:, </ Train Check 3

DataHub 1

Card Refill Station 10 \ \
Card Refill Station 9 \\\ ‘:.1..‘,“:‘,“
. . \ el X S )
Card Refill Station 8 \ \ ‘unn..‘u.t.‘l 0 %0 Train Check 4
\

DROOAOAN
DOBAK) \"\“\ W
OXY

Card Refill Station 7 Train Check 5

Card Refill Station 6

Card Refill Station 5
Card Refill Station 4
Card Refill Station 3
Card Refill Station 2
Card Refill Station 1 Train Check 11
MetroCard A Train Check 12
Station Tracker Board 10 Train Check 13
Station Tracker Board 9 -~ Train Check 14

Station Tracker Board 8 : Train Check 15
Stahgtn tErad_([er oard + Trajn Check 16

Train Check 6

Train Check 7
Train Check 8
Train Check 9
Train Check 10

s e
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Genetic Algorithm

 SoS Explorer Built-in Genetic Algorithms
« Self-Organizing Genetic Algorithm (SOGA)
« Outputs an optimized overall fitness value
« References previously established feasible interfaces

e Ran at two maximum evaluation values
e 10,000 and 100,000

evaluation selection
T sl B g
] ] B 1
=N § s X0

) j
PN

mutation CrOSsS0VeEr

Optimization

Random Seed: @ Yes O Mo
Simple 50GA M

Constrained: O Yes @ No MaOEA-DM I

Algorithm: MNSGA-II

Simple 50GA Simple 50GA

Maximum Evaluations:
100,000 or converged
10,000

100,000

1,000,000

100,000 or converged

Flexable Systems Negotiation:

MNone s

8 1,000,000 or converged

B8 Simple 50GA Parameters — O >

Population (g) and Offspring (4):

Probability of mutation (Pm):

Probability of crossover (Pc):
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Optimized Results

Simple SOGA #1

u=40,1=40 Ir“/ IurH]r
Pm=0.025,Pc=1 In/Qut Train
. In/Out Train Check 4
Iterations = 10000 In/Out Train Check i ) Out Gate 9
Negotation: None In/Out Train Check 2 - o . Out Gate 10
In/Qut Train Check 1 % A In Gate 1

Data Hub 10 . Zig i =a- In Gate 2
Data Hub 9 - N . 7 1 In Gate 3
Data Hub 8 o In Gate 4
Data Hub 7

In Gate 5

Data Hub 6 K s ‘ YA ] In Gate 6
Data Hub 5 " - £ In Gate 7
Data Hub 4 \‘ = ; B In Gate 8

B - ‘ <.\
. L7
Data Hub 3 ~ : \ ' ’/7/ N In Gate 9
Data Hub 2 A\ \ 7 /N In Gate 10

1)
.
7/

.

Train Check 1

Card Refill Station 10 / Train Check 2
/. /I///

Card Refill Station 9 l/;'/ Train Check 3
) :
Card Refill Station 8 i / “‘/ //7;/////' Train Check 4
7a /

Card Refill Station 7

Card Refill Station 6
Card Refill Station 5
Card Refill Station 4
Card Refill Station 3
Card Refill Station 2 Train Check 10
Card Refill Station 1 o Train Check 11
MetroCard NN \ \ l // Train Check 12
Station Tracker Board 10 N \ || Train Check 13

Station Tracker Board 9
Station Tracker Board 3

Train Check 7
Train Check 8
Train Check 9

// Train Check 5
Train Check 6
¢/
L7

Train Check 15

100,000 Evaluations
Simple SOGA #1
(=40, A=40 W%L%P%}éc ik %EES%E e

= = In/O Gate 7
Fm .0'025’ Pe=1 In/Ou{Tram Ched] Out Gate 8
Iterations = 100000 In/Out Train Check Out Gate 9
Negotation: None In/Out Train Check 2 Out Gate 10
In/Out Train Check 1 In Gate 1
Data Hub 10 In Gate 2
Data Hub 9 / In Gate 3
Data Hub 8 In Gate 4
Data Hub 7 In Gate 5
Data Hub 6 /] In Gate 6
DataHub 5 / In Gate 7
Data Hub 4 tim In Gate 8
Data Hub 3 v In Gate 9
Data Hub 2 1 In Gate 10
Data Hub 1 y Train Check 1
Card Refill Station 10 Train Check 2
Card Refill Station 9 Train Check 3
Card Refill Station 8 Train Check 4
Card Refill Station 7 Train Check 5
Card Refill Station 6 Train Check 6
Card Refill Station 5 Train Check 7
Card Refill Station 4 Train Check 8
Card Refill Station 3 Train Check 9

Card Refill Station 2 Train Check 10
Card Refill Station 1 Train Check 11
MetroCard Train Check 12
Station Tracker Board 10 Train Check 13
Station Tracker Board Train Check 14

Station Tracker Board Train Check 15

Stahgtr;grg.ﬁi%é%ggo " ‘ W 4 rir%gh%k 16 Stahgtggrgeikg%{i%gg‘%rﬁ:ar é | .m@%ﬁﬁgﬁkm
KPA Unoptimized |Optimized Score (10,000| Optimized Score (100,000
Score Evaluations) Evaluations)
Predictability 22.86 38.74 47.75
Affordability 93.70 90.78 86.57
Reliability 39.21 56.11 47.83
Scalability 63.21 63.38 66.23
Accessibility 87.36 92.56 90.8
Overall 64.78 67.06 71.28 =




Conclusions




Conclusions

« Methodology
Generated a rule-based Fuzzy Inference System

Created an initial chromosome

Established KPA equations to assess meta-
architecture for crisp fitness values

Ran a SOGA to determine optimized meta-
architecture outputs

» Results

 Metrorail configurations were algorithmically
improved to find the best overallmeta-architecture
fitness value

« Results increased based on number of evaluations

e Impact
« Useful decision-making to help identify Metrorail
configurations

« Possible to update project configuration to account for
already established metrorail infrastructure

« Find SoS configuations that may not necessarily be
Intuitive

https://medium.com/@kganttwrites/miami-dade-again-breaks-promise-for-expanded-metrorail-e47e1e08cdfs

27




Questions?
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