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1 INTRODUCTION

The use of common elements across systems or products that are part of the same program or portfolio
has generally been identified as a way to increase affordability and decrease risk of the development
and operation of the portfolio [1, 2, 3]. Given the potentially high impact, it is desirable to identify
opportunities for commonality and assess associated benefits and draw-backs as early as possible in
the design of the portfolio (maximum design freedom). The work presented here is therefore focused
on the early stages of system design, often called system architecting or conceptual design.

2 EXISTING METHODS FOR IDENTIFYING COMMONALITY

In the most general sense, commonality is defined as the “possession of shared features and attributes

across different systems” [4]; these could include: specific functions, the system architecture, specific

operational characteristics, specific technologies, and specific design parameters of the system. A

number of methods for the systematic identification of commonality opportunities would have been

proposed; they can be broadly grouped into two sets:

e Function-based methods [1, 4, 5]: opportunities for commonality are identified based on
similarities in the function structures of the associated systems. Conceptual design solutions are
then created by assigning common functions to common modules.

e Methods based on similarities in engineering model parameters: these include optimization-based
platform analysis approaches such as described in [2, 8], as well as DSM-based approaches [7]
Methods based on function structures do not take into account similarities or differences in
architectural concepts, technology choices, or operational requirements, and are therefore not
sufficiently detailed to identify commonality for complex systems. Methods based on engineering
models can be very effective at identifying commonality opportunities for complex systems; the
required detailed models are, however, usually based on a specific concept and are therefore not
available during conceptual design. This indicates the need for new methods for the systematic
identification of commonality opportunities in complex systems during the architecting phase; the

System Overlap Matrix is proposed as one such method.

3 THE SYSTEM OVERLAP MATRIX

The SOM method is part of an integrated framework for architecting and commonality analysis of
portfolios of complex systems shown in Figure 1 [9]. As the SOM is used during the identification of
commonality options, its inputs are a set of interesting architectures / concepts for each of the systems
in the portfolio, which have been identified in the analysis of individual system architectures. Output
is a set of technically feasible commonality opportunities between systems for evaluation with regard
to benefits and penalties of commonality (see Figure 1).

The SOM itself captures 3 key system characteristics: functionality (i.e. functional requirements),
operational building blocks (i.e. operational requirements), and technology choices associated with the
functions. Figure 2 shows an example SOM for a spacecraft (excerpt); the functions and associated
technology choices are arrayed vertically to the left, essentially forming a vertically oriented
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Morphological Matrix [5]. Operational building blocks with their environmental subcategories are
arrayed along the top. As the number of functions and associated technology choices does not
necessarily equal the number of operational building blocks, the SOM is generally rectangular. A
SOM constructed like this can capture different concepts for one system in the portfolio. In order to be
useful for commonality identification between concepts for different systems in the portfolio, the
matrix has to be able to capture concepts of all systems in the portfolio. To that end, the union of the
functions, technology choices, and operational building blocks from all systems in the portfolios is
used. Concepts are marked in the SOM using “1” if a particular function / operations combination is
required, and “0” otherwise. Figure 3 shows the result of overlaying SOMs for concepts of two
different systems in the same portfolio; the overlay is accomplished by adding the entries in the
matrices for the individual systems. By successively overlaying matrices for pairs of system concepts,
an analysis of commonality opportunities can be carried out in an automated fashion.

The SOM can only provide insight into commonality opportunities related to requirements (functional
and operational) and technology choices associated with functionality; in order to identify
opportunities for architectural and design commonality, information about the internal connectivity of
the systems in question is required. We propose the use of component-component DSMs coupled to
the SOM via component-functionality and component-operations matrices (see Figure 4) [11].
Similarity in the number of components, component connectivity, as well as functionality and
operations assigned to components is a strong indication of opportunities for architectural and design
commonality between systems.

4 CONCLUSION

A new method has been developed using a matrix which captures the union of all functions, associated
technologies, and operational building blocks for all systems in a system portfolio. All interesting
concepts identified for the systems in the portfolio can be mapped out in the matrix. The matrix can be
used in an automated fashion to identify opportunities for commonality in functionality, associated
technologies, and operations between concepts for different systems in the portfolio. When coupled
with a component-component DSM to allow for the assessment of system-internal connectivity, it can
further provide a tool for identification of opportunities for architectural and design commonality.
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Figure 1: Systems architecting and commonality analysis framework [9] (shown for 2 systems)

Operational building blocks condensed from FFBD
(each building block is based on a specific set of “physics”)

Excerpt from the

generic overlap matrix Subsystem function Operatiol ilding bibck {bas hysics
Detailed functionality Ascént Coast m
. |Technology Gunstis] €3t | woas | s [ousate| 120 | @ | wo s | cuis e | pun
Technology choice for Vil iR deter i oty
detailed functionality i\ B utaons
Earih horizon sameors
N
Cacmnml

oG e sian o somin i sapahilty
WU transltional

\g‘lukmm
IC hof 1340 s4REaE

TS senors Spacecraft elements / modules

LW it sl S sman I ~A 4ot h

Bacara) ol can'be'mapped-out in-here
T g

Tha-lcvadll Lornpastenisy

Lo mpelink

T
IPARCE(9 )
Detailed subsystem é L

N J G cunel mp-link
funct|ona||ty BT e —— T

Al oA el

At it evikh Goon upei viien
Asornatic wih gieund saperuision
Lo aw b ol

Subsystem functionality ———_]
(excerpt)

\ Povide'sNaC

Figure 2: Excerpt from the System Overlap Matrix template for a spacecraft
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Figure 3: Overlap of SOM for CEV Crew Module and LSAM ascent stage concepts [10]. Analysis
is based on adding the entries from matrices for the individual systems; fields with a 2 indicate
overlap. Further overlap: functionality (blue), operations (green), technology (vellow)
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Figure 4: Coupling of SOM to component-component DSM via component-operations /
functionality matrices for identification of opportunities for architectural and design commonality
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Introduction and Motivation (1)

* The development and operation of portfolios of complex systems is
becoming commonplace in many areas including:

— Communications and transportation infrastructure
— Defense systems, transportation systems
3 — Space exploration programs (human as well as robotic)
)i\’ * These portfolios may include systems that are under development and

‘/‘;' that are planned for future development, as well as legacy systems
‘4 « Example for such a complex systems portfolio: NASA Constellation
'@' program with its associated launch vehicles and spacecraft
0 20.10 20]5 20.20
E E Development and testing
E E E Operations / production
ISS |
Ares | Ares |
CEV / Orion CEV / Orion
Ares V Ares V
LSAM LSAM

' ' '
' '
Image credit: NASA 'I'I-I“
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Introduction and Motivation (2)

+ Commonality between systems in this portfolio (defined as possession
of shared features or attributes) may offer the following advantages:
— Reduced lifecycle development cost and risk for the portfolio
— Reduced lifecycle operations cost and risk for the portfolio
) — Accelerated development schedule

\_)_jz — These benefits need to be weighed against possible cost and risk penalties
iﬁ\ on the systems in the portfolio developed first
7\ * Opportunities for commonality should be identified when maximum
"\@ design freedom is available, i.e. during system architecting
dv ' » Two major groups of methods exist to analyze commonality
/ 'Q opportunities for systems:
\W,‘ — Manual comparison of function structures (suitable for low-complexity
a‘ | systems, but less so for complex systems)
vaYy — Methods based on detailed engineering models (require concept which is
/
;‘ ‘ developed during systems architecting)
b

(/ + This indicates that new methods are needed for system architecting
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Framework for Commonality Analysis During Conceptual Design

Solution-neutral domain Solution-specific domain
Stakeholder
and value Architecture analysis: Interesting Worthwhile
‘ delivery analysis -Enumeration (Sys?;n?qlgigtg;setesm 2 commonality
L o . » -Evaluation opportunities
) Vissin objecves, | Selection
\ \\//,, (System 1 and System 2) -SenS|t|V|ty anaIySIS Commonality
,/\, opportunity
‘; identification | Commonality
4 \ Iterations opportunity
not shown Feasible commonality opportunities| evaluation
“ (between Systems 1 and 2)
% ' * A 4-step framework is proposed for the systematic analysis of
\ ’ commonality opportunities during the systems architecting phase
»" * Analysis of stakeholder needs and system architectures to address
'{ { these needs precedes commonality analysis
N\

— Analysis carried out without consideration for commonality

//' "‘f
(. Commonality analysis consists of identifying opportunities for
commonality and subsequent quantitative benefit / penalty evaluation
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Overview of the System Overlap Matrix (SOM)

Operational building blocks condensed from FFBD
(each building block is based on a specific set of “physics”)

Excerpt from the

generic overlap matrix Subsystem function Operatlol liding blbck (base slcs
Detailed functionality Ascent Coast "
) Technology R N I I e e -
Technology choice for [Frretie s svterenirantens conaiiey
detailed functionality §\ o et
a4 N\ el
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l‘ &
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g
b o
V\4 . . .
' ' * Internal functions and associated technology choices are arranged along the
‘ﬂ vertical (one-dimensional Morphological Matrix)
“ /”«F * Operational building blocks are arranged along the horizontal
?‘v * In order to be able to capture any system concept, functions, technologies and

operations need to be the unions of all corresponding sets in the portfolio
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Application Example (1) — CEV Crew Module GN&C Subsystem

Subsystemn functionality i (| 8
Dreralled funalenallty Asecnt Coast Eum

Tachnalagy Gemeric Emlh Fuon Mas | Generic LEO [ LLD LMG | Generic | Iisertion | jection | MEC | Descent

I'rewaclz attiude determanaticn capsabiy 1 1 1 1 1 1 1

AU v oativanal 1 1 1 1 1 1 1

[tar trakecrs

Farth horizon sensors

[sun senears

(Crow-oporated acxtant
rand up-link 1

Pruile lucalion detesn

o1 capalilily 1
AU - ranakitional il
St Lkeer s

Earth horlzon sanecre

sun scnzara

Crem-opented sextml
Grownd up link

Caleubits guidanse 1
[Onbrwan il o

palen (55 1

Provide GN&C

[Craw Inpat
Ar v 1p-link

Generate control connnands

on-o

ANAITCT (S}

e inpart
1 vl uptinnk
Prodda hazard auoldanca capablity

(Aubonomons ondvoard

(Ao miatic will 1w supsndvion

Automirls With o sund supcrasion

(Crewedvnser

mn & <o
Product Development @ e we

Technische Universitat Minchen

9th International DSM Conference 2007- 7

CAPITALIZE ON COMPLEXITY

Application Example (2) — LSAM Ascent Stage GN&C Subsystem
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Application Example (3) — CEV CM and LSAM Ascent Stage Overlap
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SOM and DSM (1)

* The System Overlap Matrix does
not capture internal connectivity of

Component-
operations
matrix

=\

N

Component- the systems in the portfolio
component « This means that it cannot be used

| 4 2 Operations
P 5
] g
@'\ § System
dv ‘ % Overlap
/ ! 5 Matrix
¢ T

DSM to identify opportunities for design
and architectural commonality
* Internal connectivity can be
Component- effectively analyzed using
fU”r‘;‘]téot:‘ij“tV component-component DSMs

* By coupling a component-
component DSM to the SOM (via

M Product Development

component-function and
component-operations matrices),
integrated commonality analysis is
possible

Tum @?@;
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SOM and DSM (2)

System 1 concept Commonality assessment System 2 concept

Component- Component-
Companent | Component Component- | Companant- operations component
aperations component operations companant matrix D&M
matrix oEM Mgtz DsM
w OpZration: w Cprations w Cpersticns
b i y b
g |::\ g { £
£ Caompanent- /= Companent- y £ Component-
A stam - : z System B i System r .
5 ger‘lap functionality b Oiserlap functionality 5 Of'erlap functionality
£ Matrix st x £ Matrix il £ Matrix matrix

* Overlap could be carried out in the same way as for the SOM

* Clustering of the DSM with subsequent comparison of the order of
functions in the SOM can also be used for identification of
common sets of closely interrelated components

11."1@?@;
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Summary

The development and operation of portfolios of complex systems
including legacy systems, systems under development, and planned
future systems is commonplace in many areas

Commonality can offer significant life-cycle advantages with respect to
cost, risk, and schedule, especially when considered early in design

The System Overlap Matrix (SOM) is a method and tool for the
identification of opportunities for functional, operational, and technology
commonality between complex systems

The SOM is intended for application as part of a framework for
architecture and commonality analysis during early design

When coupled with a component-component DSM, the SOM can also
be used for identification of opportunities for architectural and design
commonality

Opportunities for future work include more detailed investigation of
DSM clustering on commonality analysis and integration of the SOM
with system architecture analysis for automated end-to-end analysis
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