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What is special about 19917
H Switzerland celebrated its 700" Birthday !

| graduated from ETH Zurich — Dept. llIE
“Betriebs- und Produktionswissenschaften”

Switzerland planned to procure the F/A-18
Military Aircraft from the U.S. Navy / McAir

The International Council for Systems
Engineering (INCOSE) was founded

The now famous “V’-Model was published

Is Systems Engineering any further along today ?
i
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Outline of this seminar

o The Swiss F/A-18 Story

aResearch in Change Propagation Analysis

2 META and Model-Based-Systems-Engineering (MBSE)
0 “Utopia” for Systems Engineering in 2041
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F/A-18 Center Barrel Section
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Swiss F/A-18 Experience

Multidisciplinary systems
like aircraft are very
complex and highly
coupled

Aircraft Structure: future
modifications and
upgrades were not anticipated

Typically optimized for
mission performance

Difficult to change design
when requirements
change during lifecycle

Avionics Bays: future changes and ~ Fig.1: F/A-18 Aircraft
expansion were anticipated and

accomodated Issue of Engineering Changes is critical:
- some were anticipated (avionics, software)
Instigated changes - others were not (structural airframe)
Propagated changes - F/A-18 C/D system was redesigned for a

mission that was not part of the original set of
requirements for the U.S. Navy

Illil- Page 6
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F/A-18 Lessons Learned

1 Changes increased cost per aircraft by O(~$10M)

> Encountered some “surprises” along the way

2 Changing a system (or product) after its initial design is
» often required to accommodate new requirements
> expensive, and time-consuming if change was not anticipated
in the original design > How “flexible” is the design?

2 Change propagation
» some changes are local and remain local
» other changes start local, but propagate through the system in
complex, unanticipated ways

0 Can we predict why changes are initiated and how they propagate?
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Outline of this seminar

o The Swiss F/A-18 Story

aResearch in Change Propagation Analysis

2 META and Model-Based-Systems-Engineering (MBSE)
0 “Utopia” for Systems Engineering in 2041
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Change Propagation Analysis in Complex Systems

0 Complex Sensor System ® | o= 8= bz | [=
» Long range sensor system, ST s
complex hardware, software, S | ;I Iy
human operators = = » = KT
» Derivative of earlier generation
» 8 Year development program Sl -EE 1 s HH 2 | J’_I;B
0 46 Areas 44 | |34 | |4n I |3a |
» Hardware
> Software K 2 | EH| || ER
» Program Documentation
0 System Map (graph) A o S | (NS ; SRR |t g
» Interconnections between areas : 9 10 1"

14 15 16 18 F!

collaboration with

Raytheon
Giffin M., de Weck O., Bounova G., Keller R., Eckert C., Clarkson P.J., “Change Propagation Analysis in
III - Complex Technical Systems”, Journal of Mechanical Design, 131 (8), 081010, August 2009
1
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Structure of the Data Set

Typical Change Request

0 Change Request Database

» technical, managerial, ID Number 12345
procedural Date Created 06-MAR-Y5
~ track parent, child, siblings by Date Last Updated 10-JAN-Y6
areas with unique ID number Area Affected 19
~ chronologically numbered IDs Change Magnitude 3
» Total of 41,500 change Parent ID 8648
requests Children 1D(s) 15678, 16789
Sibling ID(s) 9728
0 Data Mining Procedure Submitter eng231
» Export from DBMS to text file Assignees eng008 eng231
> Written into MySQL database eng018
with Perl scripts Associated Individuals | Admin_001
» Equivalentto a MS Word Engineer 271
document with 120,000 pages Stage Originated, [blank], [blank]
» Sorting, Filtering, Anonymizing Defect Reason
» Write simplified change request Severity [blank]
format (see right side) Completed? 1

Massachusetts Institute of Technology © Olivier de Weck, September 2016 Page 10



Change Networks

2 Apply Graph Theory to extract Year 9
networks of connected changes
» parent-child changes
» sibling changes

0 Most changes are only loosely
connected
» 2-10 related changes

o Some large networks emerged

0 Question: do these networks emerge
from a single initial change?

No, Change Network Coalescence!
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Change Propagation Network

.....
ek

Network plot of largest
change network in the
dataset, with 2579
associated change
requests.

Created by Gergana Bounova
Data from Monica Giffin (SDM)
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Bi-Partite Graph Analysis (87-CR)
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Change Propagation Index (CPI)

change propagation probability

0 Classify each area S ¢ (parent) + 3. ¢, (sibling)

» Absorber, Carrier, Multiplier p;; :
Crot (J)
total
instigating area ™ completed
geting ADSM Change changes
Propagation Frequency In Area |
0.0125! . receiving Also earlier work
0.0000 0.0000 0.0030 0.0000! | area With Prof. Eun Suk Suh
0.0000 0.1053 0.0050 0.0012! 0.0000 '
0.0000 0.0112 0.0449 0.0000; 0.0000 '
__0.0000__0.0000__0.0000 __0.1262:__0.0000 _ ] , N
) 0.0000_0.0000__0.0000__0.0006} 00833 _| — Cin = 3 (2 xCipi (1)
| ] j=1
A change in Area 1 caused }
changes in Area 6 with a N . )
frequency of 4.17%. C,, ()= E (pjl, xC,, (i)) CPI(i) = C,. () -C. (i)
J=1 C, . () +C, (i)
-1 <= CPI <= +1
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System Area Classification

i |

Y o TR

Feflectors
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CPIl Spectrum
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0 Areas found to be strong multipliers

16: hardware performance evaluation
25: hardware functional evaluation

5: core data processing logic

32: system evaluation tools

19: common software services

3: graphical user interface (GUI)

0 Areas found to be perfect reflectors

>

>
>
>

27, 41: look like perfect absorbers

but actually zero changes implemented
despite numerous changes proposed
= perfect reflectors
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Change Request Generation Patterns

Change Requests Written per Month DiSCOVG red new Change
Number of A ' pattern: “late ripple”
1500 1 necessary 25
changes Avalanche i ?
.... oo : L] --m'm..-..,‘::............~' System
) i Blossom integratio
o o and test
1200 A :
‘"\\%‘ Ripple l
|‘ t>
ime
[Eckert, Clarkson 2004] bug
. | fixes
o 900 iy
|
% |
£ subsystem h ‘
=] .
. design Nl I .
major milestones
or management
changes
component |
300 ———design A 4 I
- e e 2 & 3 & 8 38 5 F %2 2 8 b s 8 38 X% K x5 3 3 8
IIII- Month
1| .
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Outline of this seminar

o The Swiss F/A-18 Story

aResearch in Change Propagation Analysis

aMETA and Model-Based-Systems-Engineering (MBSE)
0 “Utopia” for Systems Engineering in 2041
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Status quo approach for managing complexity

MIL-STD-499A (1969) systems engineering
process: as employed today

Conventional V&V techniques
donotscaleto highly complex
oradaptable systems—with
large orinfinite numbers of

Olo’timiZ«’ﬂtiOyA Specification

SWaP used as a proxy
metric for cost, and dis- System decomposed
incentivizes abstraction based on arbitrary
in design cleavagelines. . .
4 / 4\
Cost System Functional

—

- ~

possible states/configurations

Re-Design
Verification
& Validation

£ N\ :

SWaP

K(‘)ptlmlzatlorj

Subsystem
Testing

Resulting
architectures

are fragile

T ﬁ\

SWaP Q0@
\(‘)ptlmlzatlon
-

Power
~—__ ¥

;»3/

oo c o o
Data & Control Thermal Mgmt

Component
Design

Component
Testing

.. and detailed design
occurs within these
functionalstovepipes

N

SWaP = Size, Weight, and Power
V&V = Verification & Validation
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Unmodeled and undesired
interactions lead to emergent
behaviors during integration

=== Desirable interactions (data, power, forces & torques)
== Undesirable interactions (thermal, vibrations, EMI)



Historical schedule trends with complexity

240 - [ Historical Cost Growth (unadgsted for inflation)
290 - [ L [ | | , HER [ L  Strike (est) |Aerospace Systems (1960-present)| 8-12%Jyr
S . ‘ DS Automobiles {(1960—present) 4%lyr
2 200 - j NewiC ’ Intograed Circuits (1670-present) _ | ~O%/yr
€ design flow |
. QFzz
é 160 - | EE 5]
— 140 - Tl ‘
©
<o
S 120 -
=
2 100 -
o
80 - -
= Automobile
60 196030;‘
§ 40 - Attas ICBM 950; L , IntegedCircuit
Integrated Circuit '
1960s Automobile
o 1 1 1 1 mxt&nl I 1
1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10
Complexity*
[Part Count + Source Lines of Code (SLOC)]
i
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META Approach to 5x acceleration of SE

Conventional
Product-Development

Design Flow
e.g., MIL-STD-499

[ Design Time: T]

5 . ... Tl
[ Requirements Deflnltlon]

)

7>

Concept Design

0.1T,

Preliminary Design

Detailed Design ] T3

System Integration ]

System Validation IT"

)

Deployment ]

Manufacturing

META
Product-Development

Design Flow

[ Design Time: O.ZT}

[ Requirements Definition ]

1

Abstraction-Layer Design

Layer N | I l /
/
Layer2 I ~ ~ 71
C /
Layer 1
107, Y Co(AriGy)
Ci(A1;Gy) C3(A3;G3)
Cr(Ap, Gp) =Cq £Cp £ - =:9 '
- Composition Rules
% Ca(A4:Ga)
k‘* Library y

Design-Space Exploration

Architecture Enumeration

Layer N
soteccs, SRR ©

(7] Eegsible

Layer2 Architecture Enumeration

Layer 1

Architecture Enumeration

[ System Validation - Confirmation ]0-274

[ Manufacturing

)

[ Deployment

)

Meta-Language
‘@Jn Semantic Domain)

Interactions

Metrics
* Complexity

- Structure, organization, dramics

iiiﬁka,-,-k]wm)

i=1 j=1 k=1

* Adaptability C(n,4)= Elai #
- Switching cost for alternative architectures

* Performance

kl“ Cost

\

/
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Vensim Model of META (5x) Process

META flag (on/off) Complexity RDT&E (NRE) Cost
Levels of Measure

Abstraction RE Staff Ratiog
<Requirements Elicitation> \Q\

o
<META Flag>_ : System
SOk Staff Ratio -0 Engineers Spending ‘/‘/
- <Architectures © °
<Time> META Fl. = ! X ) - . _—
o ag Explored> _ <Concept Exploration> o
<Requirementy <Component Model DI Staff Ratio
> Q Defined> Q Q 1 r Coverage>
Cognitive o De . A Library Cov LI'BM Testers

»

VV Staff Ratioo

) Dmignerso

<Productivity> <Designand —3
~rroductivity= | Integration> /if

Level of
. Abstraction

Schedule Pressuré

Structural

<Schedule Pressure> AN el . . - nri i ratinns
oAmhitecture R TR, Complexity 4 ~Novelty=_ - :~Lhangc Generation> <Verification>_
B Enumeration S "k 'it:t? n CG Staff Ratioo
<Validation>
Schedule Pressure y c Throughput ) alidation> _
o oncept Design Productivity Test ) .
Switch Switch ~ S Switch <Productivity> _
<Schedule Pressure> — <Schedule Pressure>_
. <Schedule Pressure> N / )
—or—S— Requirements Architectures
£D Defined 2 Tests Requirements
Requirements 5 Concept Explored System vValidated
s 5 go . - K ’ : . . Performed Validati 1
Elicitation o Exploration Designand | §pecifications \/ent'lcanonc idation |
/ o / \\0 Integration
<Time> Architectures Fraction of
© Exploration Rate : Desi <Stre <META Flag> —
p! o Retained l 8 eeg: <Requirements S[mugra! R Ca &’g‘gﬂg‘l‘t’f " Certificate of
,d( P Defined> _COmplexity=, ) Y “ompletion
R Fraction of Changes that o 1 f . °
CMETA Flagz] affect Requiremgnts L Al Change
<Fraction of Ch h <Tme>, Architecture o ] [© Generation 5
~Fraction of Changes t at <Level of Abstraction> Filtering Component O O \
affect Requirements> _ ) Model Library Q )
“ \ Coverage - Q <Requirements
\' 4 Cumulative Pending . 2 Defined>
META Flags Changes Changes
. oy <META Flagz¢/ <META Flag> | £ £ 5
Key META-related p <Productivity>_ ‘;|‘ Change Flag
features shownin red Model <l Certificate of
- Novelty,, R Completion
Librar Y O Component Model

Library Integrity N

Change
«mm DETC2012-70791, ASME 2012 International Design Engineering Technical Conferences (IDETC)and Management

de Weck O.L., “Feasibility of a 5x Speedup in System Development due to META Design”, Paper

II I " Computers and Information in Engineering Conference (CIE) Chicago, lllinois, August 12-15, 2012 21
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Benchmark Case Results (3,000 requirements )

Simulation Case Schedule to complete NRE S to complete
|dealistic Project 42.25 months S27.9M
Realistic Project w/changes 70 months S51.9M
META-enabled project 15.75 months S31.5M
Spending Rate
6M
Simulation Assumptions:
45M META-enabled All: Schedule Pressure = 1.5
/ META: 3-layers of abstraction (CB=9)
M Idealistic Project Realistic project META: C2M2L library coverage: 50%
1.5M (no ¢hanggs) with changes META: Novelty: 50%
/ META: C2M2L library integrity: 80%
0

Problems caught early: 70%
0 12 24 36 48 60 72 84 96 108 120

Time (Month) Key Result:

Spending Rate : META - enabled

Spending Rate : Realistic (with changes) META speedup factor = 70/16=4.4
Spending Rate : Idealistic (no changes)

Confirmed that META speedup of 5x is possible but cost reduction is only 1.5 x !
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META-Enablers Sensitivity Analysis is very revealing !

[2-3-5] Normalized Sensitivity Analysis:
A 100% change in a META process
[0,2 0.5 0. 8] parameter will cause a X % changeon
schedule and NRE cost
[0.5 0.7 0.9]
0. 6 0.8 1 . 0 ] I Effect on Schedule +
[ ] lodel Librar B Effect on Schedule -
B Effect on Budget +
[10 1.5 20] B Effect on Budget -
[0.5 1.0 1.5] Architecture Exploration RateJ
[1 0O 50 90] Maximum Architecture Throughput
ﬁq";ﬁg"e values | 170.0% -100.0% -80.0%  -60.0%  -40.0%  -20.0%  0.0% 20.0%  40.0%

0 Increasing Layers of Abstraction from 2 = 3 significantly improves schedule, there is
much less benefit in going from3 2> 4 or from3 2> 5
0 C2M2L Model Library Coverage (completeness) is key for both schedule and NRE

0 META ability to catch problems early has big budget impact
0 Schedule Pressure speeds up schedule — also in META - but costs more

Uiy 3
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Validation: 777 Electric Power System (EPS)

0 Project Parameters from Hamilton Sundstrand:
» 5 Years— Feb 1990 (project work authorized)
— Jan 1995 (final qualification test complete)
» Source control drawing was completed in
1993 This is the complete equipment spec.
» Number of customer requirements: ~1,500
» Number of Change Request: ~300

» Total number of major components: 33
- 2 Integrated Drive Generators (IDG); 1 auxiliary generator
(APU driven); 3 Generator Control Units; 1 Bus Power
Control Unit; 24 Current Transformers; 2 Quick
attach/detach Units

» Ratio of systems people working CDR to
people working Qualification test was 1:1.5

DC SYSTEM

AC SYSTEM

BACKUP

Approach: ol ] s
1. Approximately simulate B777 EPS Program execution N —— R ——

e ALTERMATE/STANDBY/BACKUP POWER FLT INST == FLIGHT INSTRUMENT BUS

2. Simulate META version of B777 EPS and see impact o cne = s e
ir

Massachusetts Institute of Technology




Comparison of B777 EPS Program (actual vs. META)

Comparsion B777 - Design and Integration, Validation and Completion

400 Specifications/Month
80  Specifications/Month . .
400 Requirements/Month C om p /e tion Tim es:
400 Requirements/Month
! Actual: 60.75 months
1
META: 16 months (predicted)
200 Specifications/Month Requirements Defined
40 Specifications/Month
200 Requirements/Month 2,000
200 Requirements/Month
0.5 1,500
0> B EPS - actual
£ 1,000
BY 77 EPS- MET, Z ~ 1,500 requirements
500
0 Specifications/Month /iework Ay
0 Specifications/Month /\ mountain 0
0 Requirements/Month 0 30Tim (6]8[ nth)% 120
0 Requirements/Month / e ve
8 Cumulative Changes
0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 400
Time (Month)
Design and Integration : B777-META ~
Design and Integration : B777-actual 200 300ys.100 Chlang es
Validation : B777-META
Validation : B777-actual
Certificate of Completion : B777-META Z/
Certificate of Completion : B777-actual 0
0 36 72 108
Time (Month)
Cumulative Changes : B777-META
Cumulative Changes : B777-actual
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A bitstream-programmable, “foundry-style” factory

DARPA

ASSumptions:
Paint & Finish + 40k-60k ft? total space_for GCV-scale capability I
* Need not be geographically co-located facturing - Wire bundles
Additive/Subtractive Custom components in-sourced to iFAB network o u tion e
Manufacturing + Unmodified COTS components out-sourced B\ e“ce” \nser
. c\
Welding Sheet Metal Fuels & Tribology
Fabrication
Composites

Autoclave
Tape Laying

£ Harness Buildup

Automated

Harness Loom Electronics Fabrication

Machine Instructions
(STEP-NC, OpenPDK)

Logistics iFAB Foundry

Configuration
TubeBending

. . Product Meta-
II I i I— Hydraulics & Pneumatics QA/QC Representation 26
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MBSE Case Study: REXIS

2 One of six instruments on the
OSIRIS-REX asteroid sample return

0 Launch happened on Sept 8, 2016

0 Measures X-rays that are fluoresced
from 101955 Bennu

0 Fluorescent line energies depend on

the atomic structure of the matter
» Provides a unique elemental signature
» Line strengths reflect element
abundance

Spectrometer
)

- a7
o

SXM
shown to
scale

Credit: Mark Chodas
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REXIS Design History Overview

SysML Models created for

SRR SDR SRR, SDR, and PDR
January 24, 2012 April 24, 2012
N % PDR CDR
January 31,2013 February 18-20, 2014
V V \4 \4

2012 2013

« SysML models created at SRR, SDR, and PDR

* From Fall 2011 through Spring 2012, REXIS team
composed primarily of undergraduates
— With grad students and faculty mentors

 From Summer 2012 to present, REXIS team composed
primarily of grad students
— With faculty mentors and undergraduate volunteers
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REXIS Design History

Coded Aperture Mask Support
Mask - --Frame
Mask/Shield

Support Structure

|_Optical Bench

Note: Side shield removed to show interior

— Imaging
— Data Processing
—— Structures/Thermal
Coded Mask (Au)
Mask Frame
Sun Shield (G10)
(SXM located on side Shield
Sun Shield)
Truss

Hot Radiator

(Cold Radiator)
(Al, G10)

Radiation Cover

Thermal Isolation

/ Layer (G10)

CCID-41 Array

Side Shield/
Mylar Insulating Detector Assembly
Layer 1 Mount
|_Detector Electronics B 'Mai::Elec?ronics Bo'ard
4 »x CCID-41 Electronics ;;cg);‘::f‘““ ::\?»A iﬁ?vo(onl!o?l?:-:“
. X -1MEB - RS-422 to spacecraft
Detector Plane - Hsex i’fi:\t &p(_’ameraLink (FPE)
SRR - January 2012 SDR - April 2012
Radiation Hinge Coded
co Aperture
coced Mask Frame Thermal Strap ~ Mask

Aperture Mask

Mask Frame
Access Port
Radiator ——>
Radiation
Cover
Truss
Detector
S.lde Thermal Assembly
Shields Mount (DAM)
Strap
Thermal Detector
Isolation Assembly
Electronics Layer (TIL) Support
Box Structure
(DASS)

PDR - January 2013

Massachusetts Institute of Technology

(not visible)

Detector
Assembly
Mount
(DAM)

Frangibolt
(inside
housing)

Radiator Truss

Radiator
Standoffs Truss
Thermal
Isolation
Flexprint Layer (TIL)
Cabling
DAM
Electronics Thermal
Box Detector Assembly  Isolation
Layer (TIL)

Support Structure

(DASS)
CDR - February 2014
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REXIS Design History Statistics

Parts per Assembly

70

—4—DAM
/

——Electronics Box

)]
o
|
I

wde=TTrUuss

wn
o
|
I

- Radiation Cover

—==Main Electronics Board

| —@—Detector Electronics

e SX M

N
o

Number of Parts per subassembly
w H
o o
| |

[EEN
o

SRR SDR PDR CDR

[ All assemblies experienced parts growth ]
30
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REXIS Design History Statistics (cont.)

Ports per Assembly

300

——DAM

—— Electronics Box /

250 +—
= TrUss
—== Radiation Cover

-~ Main Electronics Board

-0 Detector Electronics

3
|

N / /

N

Number of Ports per subassembly

\
\

——

7N\

SRR SDR PDR CDR

r

All assemblies experienced interface growth

IIII- \.
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REXIS Design History Statistics (cont.)

Ports Per Part in each Assembly

8.00

Interfaces per part

3

\ ——DAM
——Electronics Box
=de=Truss

n \\\ ‘74; 94

> — —==Radiation Cover
i P —=Main Electronics Board
\)< / —&—Detector Electronics
Y v

et SXM

3

3

3

3

Ports per Part per subassembly
o
8

1.00

0.00

SRR SDR PDR CDR

design matures from SRR to CDR

[ Average number of interfaces per part is invariant as ]
T 32
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Outline of this seminar

o The Swiss F/A-18 Story

aResearch in Change Propagation Analysis

2 META and Model-Based-Systems-Engineering (MBSE)
0 “Utopia” for Systems Engineering in 2041
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SE today and “Utopia” in 2041

0 SE today
> Systems Engineering has transitioned to adulthood in 25 years
SE has spread to many industries incl. medical devices etc.

>
> MBSE: Moving from documents to interactive models
>

META: Design systems from libraries of components using
compositional rules and guarantees of correctness . Speedup 4-5x.

> YES, we are much further along.

0 SE “Utopia” in 25 years
> We design “elegant” systems with only essential complexity
> Every physical system has a model-based “digital twin”
» There is a “Nobel Prize” awarded for Systems Engineering

> The 1st,2nd___ law of systems science and engineering is well
established and widely accepted (similar to thermodynamics)

Massachusetts Institute of Technology © Olivier de Weck, September 2016 Page 34



1st Law of SE

220

— — — Graph Energy bound
_*_
m Graph Energy I
- -~ ~
- ~
180} ;7 N
/
/
160} / N
Y, \
~ / i
< 40t /
w /
/
L 4
120 \
; \
100k L
/
JE|P
8o0p
!
&0 | | | ! ! L I L I
0 o 20 30 40 50 B0 70 80 80 100

W (%)

Conservation of Complexity

DSM size vs critical density/critical av. degree

—#— critical density
—#— critical average degree H

| L | | L |
40 60 80 100 120 140
DSM size (N)

160

At a critical nodal degree <k>., = 6 systems transition from a
lower-complexity hierarchical to a higher-complexity
distributed architecture. Essential complexity is conserved.
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