Samples from a simple illustrative example

* Product: Qil Filter
* Manufacturing System: Oil Filter Mfg System
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Physical Architecture Models describes the physical portion of the technology, to which Functional
Roles will later be allocated and optimized . . .

Product Physical Architecture

Architecture 1: Laminated and Accordion Architecture 2: Wound Filtration Fiber,
Pleated Filtration Media, Flow Orthogonal to Flow Orthogonal to Plane of Windings,
Plane of Media, Additive Impregnated Additive Impregnated

Filtering media
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support spring S valve Dlaphragm
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Inlet for oil to be filtered

100% long-strand cotton

Outlet for filtered ail dizposable lilter elemant

Inlet for oil to be filtered

perforated tube

Waper vant

Matering jat

Qi entry

Synfhe-ﬁc '. o Qil sample valve
Filter Media |
| #—— Electrical connection
PGPGI‘ Filter disk Evaporation chamber
Filter Media

Sealed stainless

steel heating olomaont Clean oil return ling

i



Physical Architecture describes the subject system's major physical components, their

organization, and primary physical attributes.

Product Physical Architecture

Architecture 1.
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Architecture Loop
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(few times)
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Components &
Relationships

Physical Architecture
Model
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Attribute Tuning Loop

(many times)

Setting / Adjusting
Attribute Values

—

v

N
(See Attribute Coupling Model)
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Directly addressing a key SE challenge: How do we discover all the Requirements,
including Manufacturing as well as others?

The three MBSE roads to finding all Requirements

MBSE provides a powerful paradigm for discovering all the
Interactions, and therefore all the system Functional and
Non-Functional Requirements:

1. Domain Model: Find all the external Actors that interact with the
system.

2. State Model: Find all the States (situations, modes, phases, use cases)
that the system will encounter.

3. Feature Model: Find all the Features valued by Stakeholders.

“" ‘

Benefit: These three (redundant) paths
provide a higher-than-usual assurance of
finding and validating all the Interactions
and Requirements.

This is illustrated by the following example a
,
Model extracts . . .. -

i




Domain Models directly help by discovering and capturing all the external systems physically interacting
with the Subject System—these are the source of all Functional Requirements.

Domain Models
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Domain Models show the external systems that interact with a Subject System over its domain life

cycle. This defines the System Boundary, External Interfaces, Domain Relationships.

Product Application Domain Model
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7
Domain Models show the external systems that interact with a Subject System over its domain life

cycle. This defines the System Boundary, External Interfaces, Domain Relationships.

Manufacturing Domain Model
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Stakeholder Feature Models address a key SE challenge by making explicit the ultimate stakeholder 8
outcomes against which all decisions, trade-offs, optimizations, and outcomes will be scored and

selected. This covers all Stakeholders, not just Customers (e.g., Shareholders, Community, etfc.)

Product Stakeholder Features, Feature Attributes

L EX
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Features are collections of Functional Interactions (behaviors) having value to Stakeholders;
their Attributes quantify that value impact. Features are in language of Stakeholders.

Product Stakeholder Features, Feature Attributes
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Alternate designs, different configurations, and technology generations
are all ultimately "Scored” in lower-dimension trade-off space defined
by the Stakeholder Feature Attributes.

For example: Every FMEA (Failure Mode Effects Analysis) failure
impact can be expressed in terms of Feature Attributes.
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Functional Interaction Models a key SE challenge by discovering and describing all external interactions ofQ
a Subject System. This leads to all functional requirements and thereafter all other requirements, in the
Detail Requirements Model.

Product Functional Interactions, Roles

Functional Interaction Functional Roles
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An Interaction of Systems, expressed as an external (outcome) relationship in which systems 11

impact each other's states. Interacting systems fill Roles in the Interaction. Interactions
technically characterize (model) the behaviors summarized by stakeholder-valued Features.

Product Functional Interactions, Roles
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An Interaction of Systems, expressed as an external (outcome) relationship in which systems 12

impact each other's states. Interacting systems fill Roles in the Interaction. Interactions
technically characterize (model) the behaviors summarized by stakeholder-valued Features.

Manufacturing Functional Interactions

Functional Functional Roles I
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ﬂ _ ‘L ater “drilled down" in Detail Level Requirements Model,
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State Models directly address a key SE challenge by discovering and describing all Situations, Modes, or 13
Use Cases (environmental states) that a Subject System will encounter. These are associated with
Functional Interactions that lead directly to requirements. State Models can also describe Designs.

Product State Model

State Transition
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14

States are Situations (Modes, Use Cases, Phases) that will be encountered in the
environment of a Subject System, in which it is required to meet certain requirements.

Manufacturing System State Model
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Logical Architecture Models directly address key SE challenges by partitioning the structure of

15

requirements into Logical Roles independent of design, then address more SE challenges by stimulating

design ideation and role allocation to physical designs and future technologies.

Product Logical Architecture Model
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Logical roles are subsets of system behavior that formally model subsystems even though
they have not been allocated yet to physical designs.

16

Allocating Logical Architecture to Physical Architecture
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Directly addressing a key SE challenge, multiple alternate physical architectures are typically 17

supported by a single Logical Architecture! This provides a powerful means for managing across
Technologies & Configurations, and enhances Platform Management.

Alternate Technologies, Family Configurations, Roadmaps
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Detail Interaction Models directly address key SE challenge by providing model-based
Requirements. These include Functional as well as non-Functional aspects, including all technical
requirements (Role) Attributes.

Detail Interaction Models

T T T I N NN N I NN NN NN N NN NN NN NN NN N NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN FFANFAANAAANANNNN] IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII]‘

Manufacturing Unit : .
L .
- L L
Bonding Management System Bonding Managed Transformation - - H -
Materials In Transformation H .
Ci 3 L L

orce -
v -

7 .
Compression d Compression |c bk Thermal . :
jompression ompressio B ermal . . L] "
o o ] I Eoms Compression Energy Filter Media . .
Access Role . .
L L
"’ Boha . H

0’. Force L] -‘
* el o ’0,‘
5 g i i i Lz o
1 Heating Thermal <] Material Heahng Thetmal Bonding - - Py
Heating Control (e ] Heat Source Energy . Access Role Endroy Compound | Aitbome Local Airspace ] :0
! - k Contaminants -
*e Ve ] .
* - *e Band M .
‘e ’0 ® Force " n
. * * v n [
’. * °. L] -
P * * n
e “ Thermal " : =
* -
‘., Epery ‘.‘ End Cap . .
.'0 % S - -
* * * ] -
'tA Compression ’. * # : :
- Force * [ L
'0. ‘o‘ *e . .
- * ] -
* ® " U
O. * N
EJ . *

* L

0. -

T T T T T T T T T T T T T R T TR A -

‘e

Benefit: This allows prose Requirements Statements to be viewed as
Transfer Functions, greatly improving ability to audit regular detail
requirements by embedding them in the Model:

.-+ Réqlirement OFM-32: “The Manufacturing System shall deliver a Compression Force 8 =+»,

'[.Mln, Bond Force] for a period of [Min Bond Tume]"
Requirement OFM-33: “The Manufa
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sufficient o maintain a bond temperature of [Min Bond Temperature] for a period

of [Min Bond Time]."

Requirement OF-51: "The Oil Filter shall operate at lubricant pressure of [Max
Lubricant Pressure] with structural fajlure ratesless than.[Max Structural ||

Failure Rate] over an in-service life of [Min Service Lifel."
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The Attribute Coupling Model addresses a key SE challenge to understand the quantitative 19
coupling of stakeholder preferences (Features) to technical requirements (Roles),
establishing a Feature-based scoring space for trade-offs.

Attribute Coupling Model--Requirements
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The Attribute Coupling Model addresses a key Challenge to describe the coupling of Design 20
Component attributes to technical requirements (Role) attributes, provide scoring (in Feature
Space) of Design Attribute solutions.

Attribute Coupling Model--Designs

*The “A" and "B" couplings
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Attribute couplings cross domains

| & The Coupling Model is a unifying framework :
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The Family Configurations Model directly addresses a key SE challenge by providing Class
Hierarchy Models with Configuration Rules (Gestalt Rules) that govern Platforms and

Portfolios of Products, Systems, and Technologies.

Family Configurations Model

The Family Configurations Model supports multiple configurations, technologies:

]
- ' MARLEEERRENg
Lawnmower _T* e
System = B -
L =
Pattern-Based Systems ‘----;:|.‘.V = C
. . * 3 — — -
Engineering (PBSE) = :f‘f"]mf’;- :
i :‘-? R R e
"’O. - -.“}..---.
Walk-Behind L Autonomous ' A %
Mower Riding Mower Mowing System ! & T. ;
. ighro, K 35 - .
efn " Product Lines or : - ‘
/ \ / \ System Families i. o :
Push Mower Self,'\fg‘?vl:"ed Rear Engine Rider Tractor or ;;fg.f'éﬂ;?;ﬂfﬁm
r / \ r /4 \ Pattern Class Hierarchy
Model M3 Model M5 Self- &?dseell?/grt V‘Qf:ci Model M17 Model M19 Model M23 Model M100
Push Mower Propelled Mower Mowerp Rear Engine Rider Lawn Tractor Garden Tractor Auto Mower
. I‘.I \ \ﬂ N . : L N
1R, = ﬁr &D * @ m
»  This can be exploited by partitioning the model to integrate with existing

Portfolio Roadmaps for Markets, Technologies, and Products



Family Configurations Model
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Lawnmower Product Line: Configurations Table
Units
Walk-Behind | Walk-Behind Walk-Behind Autenomous
Mower Mower Mower Riding Mower | Riding Mower | Riding Mower |Mowing System|
Self-Propelled | Self-Propelled | Rear Engine Autonomous
Push Mower Mower Mower Rider Tracter Tracter Mowing System
Wide Cut Self | Rear Engine
Push Mower | Self-Propelled |Propelled Mower Rider Lawn Tractor | Garden Tractor| Auto Mower
Model Number M3 M3 M11 M17 M18 M23 M100
Small Medium Medium Large Large High End
]mﬂ Segment Residential Residential Residential Residential Residential Home Garden Suburban
Briggs & Briggs &
Power Engine Manufacturer Stratt Stratton Tecumseh T h Kohler Kohler Elektroset
Horsepower HP 5 6.5 13 16 18.5 22 0.5
Production Cutting Width \Inches 1 18 36 36 42 48 16
Maxirmum Mowing Speed MPH 3 3 4 8 10 12 25
Maximum Mowing Productivity Acres/Hr 1.6
Turning Radius \Inches 0 0 0 0 126 165 1] Pattern-Based System
Fuel Tank Capacity Hours 1.5 1.7 25 2.8 a2 35 2 Engineering (PBSE
Towing Feature % X
Electric Starter Feature X X X ¥
Basic Mowing Feature Group X X X X X X X
L MNumber of Anti-Scalping Rollers 0 0 1 2 4 [ 0
Cutting Height Minimum Inches 1 1.5 1.5 1.5 1 15 1.2
Cutting Height Maximum @es 4 5 5 6 8 10 3.8
Operator Riding Feature X X b
Grass Bagging Feature Opticnal Optional Optional Optional Optional Optional
Mulching Feature Standard  |Factory Installed| Dealer Installed
Aerator Feature Optional Optional Optional
Autonomous Mowing Feature % ‘
Dethatching Feature Optional Optional Optional 1
Physical Wheel Base Inch 18 20 22 40 48 52 16 ‘ll
Overall Length Inches 18 20 23 58 56 68 28.3
Cverall Height \Inches 40 42 42 30 32 36 10.3
\Width Inches 18 20 22 40 48 52 236
Weight Pounds 120 160 300 680 705 1020 156
Self-Propelled Mowing Feature X X X X X ¥
Fully Automatic Transmission Feature %
Financials Retail Price Dollars 360 460 1800 3300 6100 9980 1788
L facturer Cost Dollars 120 140 550 950 1800 3500 310
Maintenance Warranty Months 12 12 18 24 24 24 12
Product Service Life Hours 500 500 600 1100 1350 1500 300
Time Between Service Hours 100 100 150 200 200 250 100
Safety Spark Arrest Feature X X 4 X X X

Product Lines or
System Families

h or System Configurations
]

Pattern Class Hierarchy

INNNENNENNNY

S
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Family Configurations Model

INEENE NN

Class Hierarchy of Dynamic Process Models (Finite State Machines) Pattern-Based Systems  , +*
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Most Abstract Superclass
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Pattern Class Hierarchy

Dynamic Model
(FSM)

- Subclassing:
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Even More Specific

Subclass Process B1A < B
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Family Configurations Model
=P\~

Market Pattern Technology Pattern Product Pattern
Portfolio Portfolio Portfolio
What Market Segments? What Do Stakeholders Want or How Do Technologies Behave? What Roles What Are Product Requirements? How, and
Need? From What Functionalities Would They Benefit? Can They Perform? What Is Claimed? How Well, Are They Satisfied by Designs?

1 [ [
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Functional Functional
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Interaction L] Interaction i
| |
I 1

Interaction

Items in bold colors are
“owned” or “co-owned",
by that pattern

Requirements Functional ’ Requirements Functional , Requirements Functional ’ mp:f,.::,','ﬁ.,': ::,fu.
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“owi y another
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esion |t
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Scoring across configurations

Design Design Design Design
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The preceding multiple SE challenges are all addressed from a single, consistent, underlying Model/Patterpy
information model. This reduces effort to produce consistent, auditable Model Views.

Extracts from Underlying Model

Product and Product and
Manufacturing Individual model views address the Manufacturing
Dotmain Models listed challenges from a consistent Coan."L':jc'lYT.ons

. . ? ig ,
underlying base of information fryvin
.--‘----‘- --------------------------------------------------------------

Stakeholder Sihoke | oo kenolder Feature Product and
Feature Yy Manufacturing
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' o Models
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N}ar;ufac‘;grmg y Manufacturing

n er‘ac IOHS : + Requirement (’:5"::';:::;?) LOQ'CGI

Models e Sta‘e'“e"‘m+ s Architecture
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Implications for discussion

Model-Based Systems Engineering (MBSE) Metamodel provides:

an information framework organizing and integrating all requirements
and design information--combining partner and other source models;

- Integrates across Product Application, Manufacturing, and other
Domain Systems -- facilitates finding where the “holes"” are;

- Explicates decision-making criteria in Stakeholder Feature trade-off
configuration space;

- Unifies mathematical and prose requirements, design constraints.
Pattern-Based Systems Engineering (PBSE):

- Applies and extends the MBSE metamodel to describe Patterns of
requirements and designs;

- These can represent product platforms with configurable options;

- They can also represent consistent Market Portfolios, Technology
Portfolios, and Product Portfolios, all of which are dynamically
changing;

- PBSE is inherently enabled by starting to perform MBSE.

(_3 ICTT System Sciences
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For additional information

Bill Schindel

ICTT System Sciences
378 South Airport Street
Terre Haute, IN 47803
812-232-2062
schindel@ictt.com

Q@ ICTT System Sciences
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