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Representing system patterns: An example

« S*Metamodel framework

* A Vehicle Pattern in SysML
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Representing System Patterns:
The S* Metamodel Framework

 What is the smallest amount of information we need to
represent pattern regularities?
— Some people have used prose to describe system regularities.
— This is better than nothing, but usually not enough to deal with the
spectrum of issues in complex systems.
 We use S* Models, which are the minimum model-based
Information necessary:

— This is not a matter of modeling language—your current favorite
language and tools can readily be used for S* Models.

— The minimum underlying information classes are summarized in the
S* Metamodel, for use in any modeling language.
« The resulting system model is made configurable and
reusable, thereby becoming an S* Pattern.




Representing System Patterns:
The S* Metamodel Framework

« A metamodel is a model of other models:

— Sets forth how we will represent Requirements, Designs, Verification, Failure
Analysis, Trade-offs, etc.;

— We utilize the (language independent) S* Metamodel from Systematica™

Methodology:
Simple summary of detailed S* Metamodel.

* The resulting system models may be AhA, Cemeae) T
expressed in a wide variety of third party A B Ao Comose) ’
COTS and enterprise information systems, ¢t [AmE) e o
based on S*Metamodel mappings to those e T e
environments. el hece')

- Has been applied to systems engineeringin | | ... =2 | outpu '
aerospace, transportation, medical, advanced f g T TL@ |
manufacturing, communication, construction,  =p=| ™ sssnen| et e
other domains. : 4__| ‘




Definitions of some S* Metamodel Classes

System: A collection of interacting components. Example: Vehicle; Vehicle Domain
System.

Stakeholder: A person or other entity with something at stake in the life cycle of a
system. Example: Vehicle Operator; Vehicle Owner; Pedestrian

Feature: A behavior of a system that carries stakeholder value. Example: Automatic
Braking System Feature; Passenger Comfort Feature Group

Functional Interaction (Interaction): An exchange of energy, force, mass, or
information by two entities, in which one changes the state of the other. Example:
Refuel Vehicle; Travel Over Terrain

Functional Role (Role): The behavior performed by one of the interacting entities
during an Interaction. Example: Vehicle Operator; Vehicle Passenger Environment
Subsystem

Input-Output: That which is exchanged during an interaction (generally associated

with energy, force, mass, or information). Example: Fuel, Propulsion Force, Exhaust
Gas

General
Vehicle

«Logical Systema
Local Atmosphere

Air - uLogical Systems
Vehicle
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Definitions of some S* Metamodel Classes

System of Access: A system which provides the means for physical interaction between two interacting entities.
Examples: Fueling Nozzle-Receptacle; Grease Gun Fitting; Steering Wheel; Dashboard; Brake Peddle

Interface: The association of a System (which “has” the interface), one or more Interactions (which describe behavior
at the interface), the Input-Outputs (which pass through the interface), and a System of Access (which provides the
means of the interaction). Examples: Operator Interface; GPS Interface

State: A mode, situation, or condition that describes a System’s condition at some moment or period of time.
Example: Starting; Cruising; Performing Maneuvers

Design Component: A physical entity that has identity, whose behavior is described by Functional Role(s) allocated
to it. Examples: Garmin Model 332 GPS Receiver; Michelin Model 155 Tire

Requirement Statement: A (usually prose) description of the behavior expected of (at least part of) a Functional
Role. Example: “The System will accept inflow of fuel at up to 10 gallons per minute without overflow or spillage.”

page 6
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Physical Interactions: At the heart of S* models

« S* models represent Interactions as explicit objects:

— Goes to the heart of 300 years of natural science of systems as a
foundation for engineering, including emergence.

— All physical laws of science are about interactions in some Way.
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Physical Interactions: At the heart of S* models

« S* models represent Physical Interactions as explicit objects:
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Pattern-based systems engineering (PBSE)

Model-based Patterns:

— In this approach, Patterns are reusable, configurable S* models of
families (product lines, sets, ensembles) of systems.

— A Pattern is not just the physical product family—it includes its behavior,
decomposition structure, failure modes, and other aspects of its model.

These Patterns are ready to be configured to serve as Models
of individual systems in projects.

Configured here is specifically limited to mean that:

— Pattern model components are populated / de-populated, and
— Pattern model attribute (parameter) values are set

— both based on Configuration Rules that are part of the Pattern.

Patterns based on the same Metamodel as “ordinary” Models



Pattern-based systems engineering (PBSE)

« Pattern-Based Systems Engineering (PBSE) has two overall processes:

— Pattern Management Process: Creates the general pattern, and
periodically updates it based on application project discovery and learning;

— Pattern Configuration Process: Configures the pattern into a specific
model configuration (e.g., a new product) for application in a project.
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Pattern configurations

A table of configurations illustrates how patterns facilitate compression,;

B

- Log10 [Pattern Configuration Size / Model Size]

Medical Manufacturing Over-the-
Road Vehicle

Manufacturing

Device Process Facility

I I | I System Type]

Log (Project-Specific
Compression)

[ ]
« Each column in the table is a compressed system representation with respect to
11 ” .
(“modulo”) the pattern;
« The compression is typically very large;
* The compression ratio tells us how much of the pattern is variable and how
much fixed, across the family of potential configurations.
Lawnmower Product Line: Configurations Table
Units Walk-Behind Walk-Behind Walk-Behind Riding Riding Riding Mower Autonomous
Push Mower Mower Self-Propelled Rider Tractor Tractor Autonomous
Push Mower Self-Propelled Wide Cut Rider Lawn Garden Auto Mower
Model Number M3 M5 M11 M17 M19 M23 M100
Market Segment Sm Resident Med Resident Med Resi Lg ident| Lg Resi Home Garden | High End Suburban
Power Engine Manufacturer B&S B&S Tecumseh Tecumseh Kohler Kohler Elektroset
Horsepower HP 5 6.5 13 16 18.5 22 0.5
Production  [Cutting Width Inches 17 19 36 36 42 48 16
Maximum Mowing Speed MPH 3 3 4 8 10 12 2.5
Maximum Mowing Productivity | Acres/Hr 1.6
Turning Radius Inches 0 0 0 0 126 165 0
Fuel Tank Capacity Hours 1.5 1.7 2.5 2.8 3.2 3.5 2
Towing Feature X X
Electric Starter Feature X X X X
Basic Mowing Feature Group X X X X X X X
Mower No. of Anti-Scalping Rollers 0 0 1 2 4 6 0
Cutting Height Minimum Inches 1 1.5 15 1.5 1 1.5 1.2
Cutting Height Maximum Inches 4 5 5 6 8 10 3.8
Operator Riding Feature X X X
Grass Bagging Feature Optional Optional Optional Optional Optional Optional
Mulching Feature Standard Factory | d | Dealer Installed
Aerator Feature Optional Optional Optional
Autonomous Mowing Feature X
Dethatching Feature Optional Optional Optional
Physical Wheel Base Inches 18 20 22 40 48 52 16
Overall Length Inches 18 20 23 58 56 68 28.3
Overall Height Inches 40 42 42 30 32 36 10.3
Width Inches 18 20 22 40 48 52 23.6
Weight Pounds 120 160 300 680 705 1020 15.6
Self-Propelled Mowing Feature X X X X X X
| Automatic TransmFeature X
Financials Retail Price Dollars 360 460 1800 3300 6100 9990 1799
Manufacturer 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 X X X X

A
4 |
3
5| e
X
X
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/
/
/
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v . Update
\ [ [ \ " Cycle
1 2 3 4 5
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Two entirely different hierarchies are involved
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Specific

What Is the Smallest Model of a System?

William D. Schindel
ICTT System Sciences
schindel @ictt.com

Copymight © 2011 by William D. Schindsl. Puiblizhed and used by INCOSE with pernsssion

Abstract. How we pepresent systems is fondamental to the history of mathematics, science,
and engineering. Model-based engineering methods shift the pature of representation of
systems from historical prose forms to explicit data structures more directly comparable to
those of science and mathematics. However. using meodels does not guarantee simpler
representation-—-indeed a typical fear voiced about models is that they may be too complex.

Minimality of system representations is of both thecretical and practical interest. The
mathematical and scientific interest is that the size of a system’s “minimal representation”™ is
one definition of its complexity. The practical engineering interest is that the size and
redundancy of engineering specifications challenge the effectiveness of systems engineering
processes. INCOSE thought leaders have asked how systems work can be made 10:1 simpler
to attract a 10:1 larger global commumity of practitioners. And so, we ask: What 15 the smallest
model of a system?
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Universal systems nomenclature, domain-independent.
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A vehicle pattern in SysML

phkg Features J
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Vehicle Pattern:
Model Organization (Packages)

pkg Model Organizamin)
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pkg Features ]

wmelaclasss
Feature

Attribute
Attribute

Vehicle Features
Model

afeaturas feature wfzaluren af@aturas
Personal Vehicle Comn:err.:ial \;'Iehicle Military Vehicle «iaatlras En:irre:r::i:ltal Cn‘::'lr:z:::;es Vehicle
Application Feature " Application Feature Safety Feature Group o o Performance
Group Application Feature Group Group Compatibility Feature | | | Compatibility Feature Feature
Personal Application Type || Commerical Application Type | | Military Application Type Safety Rating Erviranmental lssue Ceonsumable Type Top Speed
Duty Cycle Duty Cycle Dty Cycle Cruising Speed
[;S Cruising Range
Accelaration
| Seating
Load
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Automatic Braking Traction Control
System Feature Feature
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Reliability & Availability M eature
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Vehicle Assthetics Passenger Comfart Vehicle Management Cost of Operation Reliabillty First Availability Date
Feature Group Feature Group Feature Feature Design Life Development Cost
" Developmeant Time
. Scheduled Down Time . ;
Aesthetics |ssue Comfort lsssue A Operating Cast Unscheduled Down Time | | Unit Production Cost
Transfer Price
Target Volume
| | | | Target Production Rate
ofeat fealu Financial Risk
wfeaturexs Main:;ll:ll;?;lity «features sfeatures Accueuanlt:l;:l‘rly Schedule Risk
Operability Feature Feature Security Feature Configurability Feature Feature
Operations Capability Maintenance Capability Security Capability Configuration Capability Accounting Capability
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wfeatures
Cruise Control

Feature

[GEEEDS
afeatures Remaote |
Navigation Feature Autonomous

Qperation Feature

pkg Features ]
wmelaclasss .
P ehicle Features
Attribute
Attribute M d I
afeaturas feature wfzaluren af@aturas
Personal Vehicle Comn:err.:ial \;'Iehicle Military Vehicle «iaatlras En:irre:r::i:ltal Cn‘::'lr:z:::;es Vehicle
Application Feature " Application Feature Safety Feature Group o o Performance
Group Application Feature Group Group Compatibility Feature | | | Compatibility Feature Feature
Personal Application Type || Commerical Application Type | | Military Application Type Safety Rating Erviranmental lssue Ceonsumable Type Top Speed
Duty Cycle Duty Cycle Dty Cycle Cruising Speed
[;S Cruising Range
Accelaration
| Seating
Load
afeatures afeatures oa
Automatic Braking Traction Control
System Feature Feature
featura “features
y " Vehicle Deli
Reliability & Availability M eature
afaaturas afeatures . «features afeaturen Feature
Vehicle Aesthetics Passenger Comfort Vehicle Management Cost of Operation Rellability First Availability Date
Feature Group Feature Group Feature Feature Design Life Development Cost
" Developmeant Time
. Scheduled Down Time . ]
Aesthetics |ssue Comfort lsssue A Operating Cast Unscheduled Down Time | | Unit Production Cost
Transfer Price
Target Volume
| | | | Target Production Rate
ofeat fealu Financial Risk
wfeaturexs Main:;ll:ll;?;lity «features sfeatures Accueuanlt:l;:l‘rly Schedule Risk
Operability Feature Feature Security Feature Configurability Feature Feature
Operations Capability Maintenance Capability Security Capability Configuration Capability Accounting Capability

afeaturas
Communicatio
Feature Gro

afeatures
Remote Management
Access Feature

The feature of being capable of being
efficiently arranged or rearranged,
adjusted or altered for a different use
within the limitations of the current design.
This includes support for maintaining

awareness of the current or other

The feature of targeted configurations of
the vehicle being developed at an
acceptable cost in an acceptable time,
with acceptable risk.

configurations of the system.
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Vehicle Domain Model

bdd Vehicle Domain J
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Vehicle State Model

stm Vehicle State Diagram J
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Vehicle Interaction Model

pkg Interactions )
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Vehicle Interactions:
Which Actors Participate in Interaction?

Actors
E = c
- . =4 E “ (E128| 2 |
I Bl 2 SoalEE | 2B LY | 3ES| g8 5|28 ¢
v | B E[amlmETa 5|5 2 |eelEE e e B O e N = =
: R R R R R IR =R Essrasatel=|[ForafEsd
Interaction £| & E EEE%Bﬁ S IEGEE S |EuE2 R euss s|E5EE S(SEEBEE
Mame Interaction Definition R = P s S e T I e e A I ol s I B X
Qccount for The interaction of the vehicle with itz external managers, in which it accounts far wehicle utilization. ¥ | = ¥ | = »® ®
AT uel
Azpirate The interaction of the vehicle with the Local &tmosphere, through which airis taken into the vehicle for operational purposes, and x %
gaseous emissions are expelled into the atmosphere,
Attack Hostile | The interaction of the vehicle with an external hostile systemn, during which the vehicle projects an attack onto the hostile system's » u
Systen condition.
Awioid Obztacle | The interaction of the vehicle with an external object, during which the vehicle minimizes contact with or progimity to the object. . =
Configure The interaction of the wehicle with people or systems that manage its arrangement of configuration For intended use. = x| %
Deliver Wehicle | The interaction of the wehicle with the process of its delivery, including manufacture, distribution, and development. This includes
delivery of each configured version and update of the vehicle product line or family.
Interact with The interaction of the vehicle with an external higher level management system, along with the vehicle operator, through which the x ®
Higher Contral | wehicle iz fitinto larger objectives.
Interact with The intearction of the wehicle with another wehicle, inwhich information is exchanged to identify one wehicle to another.
Pl arby ehicle
Interact with The interaction of the vehicle with itz operatar.
Qlperator
Mlaintain System | The interaction of the vehicle with a maintainer andfor maintenance system, through which Faults in the vehicle are prevented or w w | ®
corrected, so that the inbended qualified operating state of the vehicle is maintained.
Manage Vehicle | The interaction of the wehicle with its operator andfar esternal management system, through which the performance of the vehicle w | o®
Ferformance is managed ko achieve its operational purpose and objectives.
Mlavigate The interaction of the vehiche with the Global Positioning System, by which the Wehicle tracks iz position on the Earth. = =
Ferfarm The inkeraction of the vehicle with an external Application Systemn, through which the wehicle performs a specialized application. »® »®
Application
Perform Dock | The interaction of the wehicle with an external docking system, through which the wehicle arrives at, aligns with, or departs from s
Approach & loading { unloading dock. = 13
Cleparture
Fiefuel Wehicle | The interaction of the wehicle with a fueling system and its operator, through which fuel is added tothe vehicle, = =
Riide In Vehicle | The interaction of the wehicle with its occupant(s) during, before, or after travel by the vehicle. 2|l H | ¥ H
Secure Wehicle | The interaction of the wehicle with external actors that may or may not hawe privilege s to access or make use of the resources of x| ®
the wehicle, or with actors managing that wehicle security,
Survive Attack | The interaction of the vehicle with an external hostile system, during which the vehicle protects its oceupants and minimizes » ®
damage tao itself,
Transport The interaction of the vehicle with a Wehicle Transport System, through which the Wehicle is transparted to an intended destination. . .1
?augl Chuer The interaction of the vehiclhe with the terrain ower which it travels, by means of which the vehicle moves awer the terrain. x x
efrain
YWiew Yehicle The interaction of the wehicle with an external viewer, during which the viewer observes the vehicle. = =
i
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Vehicle Feature-Interaction Associations
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Automatic Braking System Feature Travel Cwver Terrain
3
Commercial Vehicle Application Feature “ANY™ Perform Application FPK
4 | Group / Commercial Application Type
Communications Feature Group / Local Cellular |Interact with Higher Contral FPK
5 Communication Capability
Communications Feature Group / Secure Channel|Interact with Higher Contral FPK
6 | Communication Capability
Communications Feature Group / Wide Area  (Interact with Higher Control FPK
7 | Communication Capability Internet
Communications Feature Group / IFF Interact with Mearby Vehicle FPK
8 |Communication Capability -
Communications Feature Group / Local Bluetooth (Interact with Operator FPK
9 | Communication Capability Connectivity
Configurability Feature / Configuration “ANY* Configure Vehicle FPK
10 Management Capability
Consumables Compatibility Feature / Engine Air Filter|Maintain System FPK
11 Consumable Type
Consumables Compatibility Feature / Engine Oil Filter|Maintain System FPK
12 Consumable Type
Consumables Compatibility Feature / Lubricating Qil [Maintain System FPK
13 Consumable Type
Consumables Compatibility Feature / Fuel Refuel Vehicle -
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Logical Architecture Model
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Logical Architecture Model

The vehicle logical subsystem responsible for

bdd Wehicks | ag cal A'r:ﬂ“E(']l.l’E‘)

managing vehicle-level performance,

configuration, faults, security, or accounting.
This includes interaction with external

|
UEsapad

R[]

The vehicle logical subsystem responsible for
transmitting forces and maintaining structural
integrity of the overall vehicle. This includes
smoothing of dynamical forces during travel

across uneven terrain.

Altackable Detection
Interfaca Interface

ment

aLogical System»
Vehicle Interior
Structural Subsystem

|

Interface

NiED

sLogical Systams

Cperator [ Weather Aerodynamic | management systems, including the vehicle
. Interface | l1'.[-![['r!(L|—b'.E’r' | 9 ¥ e
«Logical Systerm operator.
Vehicle |
«Logical Systems |
Vehicle Management _— —|—
— System N
cLogical System:s
N . Vehicle Passenger sLogical Systems —|—
=7 Environment Vehicle Exterior —|—|—
% o Subsystem Structural Subsystem —
& o

sLogical Systems»
Vehicle External

Appearance Subsystem

Application Subsystem

aLogical Systems»

Vehicle Chassis

’— Structural Subsystem

sLogical Systems

Vehicle Propulsion

Subsystem

«Logical Systems

Higher Lewvel
Control Interaface

|_|

Vehicle Energy Storage & I

Conversion Subsystem

Collision
Interface

I

alntainer

nterface nterface

aintenance

Remote Management GPS

nterface nterface

Terrain
nterface

The vehicle logical subsystem responsible for
storing chemical, electrical, or mechanical
energy until needed, and converting that energy
into forms useful for propulsion or internal
consumption.
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Physical Architecture Model
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Acknowledgement: Influenced by related physical architecture work of John Thomas
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Allocation of Logical Roles to Physical Architecture
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Allocation of Logical Roles to Physical Architecture

« Same Logical Architecture covers many Physical Architectures:

Logical Architecture

- LAy AlSegion v av Vi

Aiibc_aliun

A\Ioc;{ion

Physical Architecture A Physical Architecture B
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Attribute Coupling Model

par Vehicle Range Parametric Diagram )
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Logical Architecture Views
Block Diagram and Design Structure Matrix (DSM)

* The structure shown in these architectural diagrams can
also be expressed in matrix form

— These matrices are known as: N2 matrices, Adjacency Matrices
and Design or Dependency Structure Matrices (DSMs)

— N2 because their column and row headings are identical, with the
matrix cells showing “marks” indicating relationships between
components.
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16 ] E)
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--Docking Interface 25
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[ Tome | {7 e Remote Management Interface 27 1
28
ical Arch Sl
Logical Arch. DSM 3ok

Diagram
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Logical Architecture Views
Block Diagram and Design Structure Matrix (DSM)

 In the case of Logical Architecture:
— The blocks in the LA diagram become rows and columns of the DSM
— The connection lines in the LA diagram become marks in the DSM

 Both views are visualizations of the same information:

— However the functionality has been partitioned into interacting
subsets — Vehicle Functional Roles and Interfaces in this case.
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Physical Architecture Views
Block Diagram and Design Structure Matrix (DSM)

* In the case of Physical Architecture:
— The blocks in the LA diagram become rows and columns of the DSM

— The connection lines in the LA diagram become subsystems or components in
the DSM shown in rows and columns

« Both views provide visualizations of hierarchy

— How the physical system has been partitioned into physical sub-systems that are
physically related (connected, contained, adjacent, etc.)

— The DSM additionally shows the interactions of subsystems
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Domain Structure Matrix (DSM) View of Same

 In the case of Coupled Parameters (attributes):
— Attributes become row and column headings in the DSM

— This includes adding rows and columns to the Logical Architecture DSM, showing
attributes of the Logical Subsystems

— Connection lines in the drawing become marked cells in the DSM

* Both views convey the same information:
— Which attributes are coupled (impact each others’ values)
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Domain Structure Matrix (DSM) View of Same

Instead of just showing which attributes are coupled, the DSM (like the
Parametric Diagram) can also symbolize the named Coupling that connects

them:

— This provides a reference to a (separately documented) quantitative coupling

description.

The|names of the couplings

can be introduced as row and column

— This becomes/a Multi-Domain Matrix (MDM):

headings, sepa/%;e from the rows and columns that list the attribute names:
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Requirement Statements
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Travel Over Terrain Vehicle VEH-1137 The vehicle shall be capable of operating 50,000 miles
64 between tire changes.
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65 between air filter changes.
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Failure Modes Model

Physical Entity

Failure Mode

Vehicle ECM Dead ECM

Vehicle ECM Network Connector Open
Vehicle ECM Network Connector Short
Vehicle ECM Erratic ECM

Battery Discharged Battery
Battery Battery Cell Short
Battery Battery Cell Open
Battery Battery Leak

Panel Display Fractured Display

Panel Display llluminator Fail

Bluetooth Module

Module Hard Fall

Bluetooth Module

Transmitter Fall

Bluetooth Module

Receiver Fall
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Filling in the Feature Population Form—with Stakeholder Needs
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Resulting Auto-Populated Requirements
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1. Stakeholder Features and Scenarios:
Better stakeholders alignment sooner

« Alignment with stakeholders is critical to program success.

« That alignment can be achieved earlier and maintained
stronger using:

— Stakeholder Feature Pattern: Aligns understanding of system
capabilities (base as well as options) and the nature of their value to
stakeholders

— Scenario Pattern: Aligns understanding of the concepts of operations,
support, manufacture, distribution, other life cycle situations; accelerates
alignment of system documentation, training, and communication.

« Both of these are “pattern configurations” directly generated
from the System Pattern—not separate and unsynchronized
iInformation.
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1. Using the Feature Pattern to Rapidly Capture &
Validate Stakeholder Requirements: An Example

Concept: The Feature Pattern is a powerful tool for establishing Stakeholder
Requirements—as a “configuration” of Feature Pattern.

By “configuration”, we mean that individual Features from the Pattern are
(1) either populated or de-populated, and (2) their Feature Attributes
(parameters) are given values: Patterri-Based Svetoiis

Engineerin? !PBSE)

System Families

LT

A
i
S ‘
- el
I I l f 1
e
Individual Product '
r System Configurations .

N T

Pattern Class Hierarchy

These can be expressed (1) as configured Feature objects and their attribute
values or (2) as sentence-type statements if desired, but in any case the
degrees of freedom (stakeholder choices) are brought into clear focus.
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Using the Feature Pattern to Rapidly Capture &
Validate Stakeholder Requirements: An Example
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1. Using the Feature Pattern to Rapidly Capture &
Validate Stakeholder Requirements: An Example
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1. Using the Feature Pattern to Rapidly Capture &
Validate Stakeholder Requirements: An Example
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1. Using the Feature Pattern to Rapidly Capture
& Validate Stakeholder Requirements

« Benefits.:

— A more complete set of stakeholder requirements—reduce omissions;
— Stronger alignment with stakeholders, sooner—surface issues earlier;
— Pattern identifies classes of stakeholders that might have been missed,;

— Pattern makes very clear the difference between Stakeholder
Requirements versus Design Constraints or Technical Requirements;

— The Pattern provides a clear place to accumulate new learning (e.g.,
additional Features);

— Sets up subsequent uses of Feature Pattern in support of Trade Space,
Risk Management, FMEA “effects”, and other applications.

 No free lunch:

— Interviewer needs to be knowledgeable about the Features;

— Stakeholders won’t have all the answers—find the right representative;
— Stakeholder representatives need know they are formal representatives;
— The Feature Pattern needs to be relatively complete.
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How do | know whether | have all the Features?

« This is why we use a Pattern!
— Moves problem to the builder of the original pattern, plus maintainer.

* Related key points for the builder of the Feature Pattern:
— First, identify all the Stakeholder classes
— Then, all the Features for each Stakeholder class
— Validate the Features with their Stakeholder Representatives
— Then, make sure all the Interactions are reviewed for associated Feature value
— There are well-known abstract Feature classes (e.g., Maintainability)

« Every time we discover another Feature, we add it to the

Pattern; for example:

— Every argument / decision should invoke trade space Features as its ultimate
rationale — a new one might appear during an argument.

— Every impactful Failure Mode should cause Feature impacting Effects — a new
one might appear while discussing a Failure Mode.
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1. Using the Interactions & States Pattern to Rapidly
Generate & Validate Scenarios: An Example

Concept: Scenarios can be efficiently generated, as single
thread tracings through the configured pattern State Model;

Each scenario “tells a story” within the system’s life cycle—
operations, maintenance, or other CONOPS type view,;

Early in life cycle: Stakeholders validate (or give feedback)
scenario;

Later in life cycle: Generates base data for training and
documentation, as well as test plans;

Akin to typical Use Case process, but easier maintained
ongoing as a part of the configured pattern;

Reference: Operational Views (OV)
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1. Using the Interactions & States Pattern to Rapidly
Generate & Validate Scenarios: An Example

Interactions &

~| States Pattern

Populatés States,
Interactions

Operational
(or other)
Scenario Model

Scenario
Validation
Process
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1. Using the Interactions & States Pattern to Rapidly

Generate & Validate Scenarios: An Example

Vehicle
Start Up

Scenario plan as state model tracing:
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1. Using the Interactions & States Pattern to Rapidly
Generate & Validate Scenarios: An Example

Scenario plan as sequence diagram and reguirements:

sd Navigation Scenario)

QOperator

Vehicle

Global Positioning

Higher Level Management

Local Terrain

System System: Mission System
\ | \ \ |
\ | \ \ |
‘ ' \ \ |
ref | Secure Vehicle \ \ |
\ | \ \ |
ref | Interact with Operator } } :
| | | | |
ref | Interact with Higher Control |
\ I \ \ |
par | | | | !
ref | Interact with Operator ‘ } } :
| I ‘ \ |
ref | Navigate | |
\ | \ \ |
ref | Interact with Operator ‘ } } :
| ! | | |
| | | | |
ref | Travel Over Terrain |
\ | \ \ |
ref ] Control Vehicle Direction !
i | ‘ State Interaction Capability Actor Req ID Requirement
T I T Operating Navigate Central Mission Vehicle VEH-1031 |The system shall allow the operator to select a pre-stored route for travel on a mission.
| | ‘ Route Download
I| Operating Navigate Trip and Mission | Vehicle VEH-1032 |The system shall calculate and display a recommended route to an operator-specified destination from
Route Display and the current location, providing turn-by-turn en route directions and progress tracking.
Directions
Operating Navigate GPS-based Vehicle VEH-1029 [The system shall sense the location of the vehicle by accessing the Global Positioning System (GPS)
Location Sensing satellite constellation and computing location on the surface of the earth, accurate to 10 feet.
Operating Navigate Map Location Vehicle VEH-1030 |The system shall display position of the vehicle on a pre-stored graphic map presentation, including major
Display road and geographic features, updating while enroute to reflect travel of the vehicle.
Operating Navigate GPS-based Vehicle VEH-1033 [The system shall display to the vehicle operator a location confidence indicator, signaling whether
Location Sensing accurate GPS location sensing is currently available.
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1. Using the Interactions & States Pattern to
Rapidly Generate & Validate Scenarios

 Benefits.

A more complete set of scenarios—reduces omissions;
Easier to generate from pattern;

Easier to keep consistent with configured system model as it evolves
over the delivery and life cycle;

Valuable not only for initial validation, but also as seed information for
generation of system training, documentation, SOPs;

As system requirements are configured, becomes progressively more
detailed,;

The Pattern provides a clear place to accumulate new learning (e.g.,
additional Scenarios);

 No free lunch:

The State and Interaction Pattern needs to be relatively complete.
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2. Using Pattern Configuration to generate
better System Requirements faster. Example

« Concept: Configured System Requirements can be semi-
automatically generated from Configured Features, using
the System Pattern;

« Low dimensionality / degrees of freedom choices in Feature
stakeholder space imply higher dimensionality / degrees of
freedom choices in Requirements space:

— The difference is made up by relationships encoded in the Pattern.
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Using Pattern Configuration to generate better
System Requirements faster: Example
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Features Document
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and Requirements Attributes System Pattern
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Requirements
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sing a Feature Pattern to Rapidly Capture & Validate
takeholder Requirements: An Example

Populating / depopulating Features:
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Using the Feature Pattern to Rapidly Capture & Validate Stakeholder
Requirements: An Example

Configuring Features: Setting Feature Attribute Values
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Resulting Requirements:  Attribute values can also be set
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Using Pattern Configuration to generate better
System Requirements faster: Example

* Requirements Attribute Value Setting
* A part of the configuration process
* Example: Cruise Control Speed Stability

* In PBSE, requirements attribute value setting can be manual,
semi-automatic, or automatic—in all cases, driven by Feature
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Using Pattern Configuration to generate better System
Requirements faster: Example

In general, Configuration Rules are found in the Relationships that associate the
model Classes, and also those that associate the model Attributes:
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Mechanical Bracket S*Pattern

* A notional early draft of part of an S*Pattern started as a placeholder
until the “Design Type Cert” Project is farther along.

* |llustrates mapping of S* into what is likely going to be done by an
FEA computational modeling toolset.

* See, for example, how some FEA items will be mapped to S*MTM
components, attributes, couplings, etc.
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Distribution
Channel

_ Channel ID
/ Channel Volume

Market
Segment

Lubricant Life

Product Service Life
Distrib. Cap Investment

Product Config

STAKEHOLDER
FEATURE

FEATURE PK ATTRIBUTE
( Other Feature Attribute )
( Other Feature Attribute )

Legend:

Selectable Value Option
Selectable Value Option
Selectable Value Option

Population
Relationship

(Mu Iti-Instance Feature Attribute)

( Other Feature Attribute )

Distrib Channel
Package Config
First Availability Date

Optimal i

Package |
Configuration J

Feature S

Package Type -
Package Volume

Distribution Domain Product Features

General Mechanical Static Bracket Pattern—
Stakeholder Feature Overview
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Samples from a simple illustrative example

» Product: Qil Filter
* Manufacturing System: Oil Filter Mfg System

(_@ ICTT System Sciences V143



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
Pleated Filtration Media, Flow Orthogonal to
Plane of Media, Additive Impregnated

Fittering media

Element « straight » pleated paper

suppert spring — Diaphragm

Outlet for filterad il

Inlet for oil to be filtered
perforated tube

Synthetic
Filter Media

Paper
Filter Media

‘-
N 7 Stainless Steel
Filter Media

|

Q@ ICTT Sy m

s

Architecture 2: Wound Filtration Fiber,

Flow Orthogonal to Plane of Windings,
Additive Impregnated

Onie micron filter disk

CGP™ treated long-strand
colton filter media (optional)

Tima-raleased additives

100% long-strand cotton
disposable lilter elemant

Vapar vent

Matering jat

Qi entry

Qil sample valve

#—— Electrical connection

Evaporation chamber

Sealed stainless

steel heating clomant Clean oil return lina



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

organization, and primary physical attributes.

Product Physical Architecture

Architecture 2: § =

Stakeholder
World

Architecture 1:

Filtering media
« straight » pleated paper
Anti drajn valve

Element
suppert spring

Diaphragm
Tapped plate

FRubber gasket

Different
architectures

Inlet for il to be fikered
‘IIIIIIIIII IIIIIIIIIII’

Outlet for filtered ail

Central S Inlet for oil to be filtered
perforated tube
. ‘ N
> Different attribute
values within same
‘,architec‘rur‘e
. A

Synthetic |
Filter Media

.
.
.
.
.
.
.
.
.
.
.
|

Paper
Filter Media

"
N
one mm.ﬂ A

o
H

.
g

Feature

Functional
Interaction
(Interaction)

i
| Systemof |
i Access | H

FEammgpan

m
0" "y

.
.

Architecture Loop

(few times)

Populating
Components &
Relationships

Physical Architecture
Model

Attribute Tuning Loop

<

(many times)

e
|
|

|

|

(_@mTT Sy |

Setting / Adjusting
Attribute Values
A2

v son
(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.

- A

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 =2

(67|CTT sy  Model extracts . ...
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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.

omain Models

Mounting Coorting MES
( System
Supports .
Exchanges Trangmits Tr_an r_niLs Amblent Air (—— Mrae"c‘:‘enr::r::]e
Service Person Hgat Shpck  Vibration —— z
Titeifa
Interface k‘
* : c. e 7 8
. .| Manufacturing System
*e i Inspection
*e g System
A
|- * - ; T :
* i ° —| [ ———C 0 L
., LUSbI’SIf:rt:d . Operator sim| g R T T TR sl
Ren o‘ Y "’ Transtpms fors Distributes
Isol - e
2 *
Lubricates: " *s Hops Material Delivery | sfois | Materials In Supples i Distribution
Removes and COnt!ana«es Hegts "‘ ‘_‘ System Transformation Finished Eroduct System
* *
i Releases . . R *s . s Hogses Cﬂ%mm wq-'mm Saisafosies l i
Removed Solid Lubricant In Trafignits Lubncanﬂp ol " »
' : 3 Hydraulic | e 3 Qs . W
Contaminant Filtration "if Distributiors, . i — . ) — - Packaging
L (3 * Building System JLocal Airspace Utilities System
. - > | S . Contains. Condiions System
* Pressrizes * o ‘
Relepses ‘.v SI‘ “ : Cont tes.
*d_ubricant +, Lubricant . N
by . . L]
‘{ Removed Water Local Surface Digtsibution *, Transport Jrocal
* . O Environment
Pump Centainment B »
> - L] ad
i &
» K]
Lemmpmmmonnn .
:d Shk&ddev o o
3 World ‘a -
. -
A o
: v | 4 »
A i
Functional H ‘.
Inter action e ’.
R:;?‘r[\m;:ills (Interac.inn) e
Product Application Manufacturing Domain Model
M .
Domain Model :
H
H
Technical .
v Y wors H
} Language :
4 togicallsystom) {
ok Requirement | Functional 3
Requirements Statement ! Role H
* 7 REIY :
'
.
H
'
'
'
.
.
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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

Q@ ICTT Sy

Remo{

Mounting
( System
Supports
Exch@nges Trangmits T(an ,rpils % Amblent Alr
Service Person Hgat Shpck Vibration —— §§

Interféce %.@ |

reeesse 3 i Exchanges J J
L Removes % g Heat Emits
Installs § sy | Vapors
Inspect Nil Eiltar ¢ .
—— | Oil Filter System -8
[
Sic .
Si2 3ig Lubricated
giE Zis
s and :\n? % i System
Isokntes = Contam nanfl éLubricallt Lubricant § ]
Interface  Filtration interface Thermal Interface Lubrigates
Exchanges
Rerlr;g:/aetzsand CI;F]S XHe gtg © Coriakinaiog: 1"
’ Releases 5 .
Removed Solid Lubricant In Transmits Lubricant In .
Contaminant Filtration Hydlo: o Distribution S
L Leaks Press|irizes
Relehses to
Lubricant Lubricant
—+ Removed Water Local Surface Distribution Transport
Pump Containment
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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.

Manufacturing Domain Model

| Modeling Style Note: Material In
“um=—  MES = Transformation Shown External to Subject

Manufacturing System.

Maintenance Supervigory Control Can be directly transformed to/from
4 Technician { Sysien nierface X
5] Process Flow Diagrams (PFDs).
L Maintains 3@
83 | 2
| Manufacturing System [~
zio : Inspection
Operates R
( g System
N O pe ra to r ' Transformation Mo h—g ?r't-leﬁq.g::fégce Airspaice Suports
ﬂates IE:Jelrl:;ll% rietace “interface Inspects
Transforms Mdnitors Distributes
Hoyses . H ) . i & B 3
Material Delivery | suppiies Materials I_n Supplies Eiriished Prodict Distribution
System Transformation System
- Heibses ContaAn:nates Corl;t:)r;r;tes Conta/r::nates k Backeges
A
Building System Local Airspace Utilities System Pagraging
\ Contains Conditions Syste m
Contarpinates
Weathers Local
( (:’ |CTT Sy Environment



Stakeholder Feature Models address a key SE challenge by making explicit the ultimate stakeholder 68

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

EJ Microsoft Excel - 0il Filter Pattern V4.1.1.xls

Typeaquestionforhelp = o & %

| Fle Edit View Insert Format Took Data Window Help

NEHRGEGRVE SS9 @ F 4] E](R[EGoon - @!
: Aria w10 /B ZU[E[EBHES % B3 FEE-O-ACN
LJ EJ E!J = N | | , ".;| Lﬁ 'd_»J Hﬁ;ﬂ ¥'¥ Reply with Changes... End Review...
112 - # The feature of providing services with a specified level of reliability over the normal operating life of a system
G H | K L [ N 8] P &
Feature Name |Config Rule Feature Definition Feature PK Attribute Definition Attribute Attribute Values Featu
Ref for Attribute Units Statu
Population |
1
Engine Lubricant |Mandatory |The feature of maintaining a Service X |The type of lubricated system MIA Consumer Automotive, Commercial Automotive, |Namec
Filtration Feature lubricating fluid at a required level of  [Application application supported by a lubricant Fixed Base Engine System, Harsh Environment,
cleanliness while it is in service in a filtration system. More than one type High Thermal Environment, Cold Environment
specified application, including the may be instantiated for a single
removal of contaminants associated product configuration.
2 with the application.
Engine Lubricant Lubricant Type The type of lubricating fluid to be used. |MN/A 0 Mamec
3 | Filtration Feature
Engine Lubricant Lubricant Flow The rate at which the lubricating fluid ~ |N/A High, Medium, Low Namec
Filtration Feature Rate must be circulated in order to meet
4 equipment lubrication objectives.
Engine Lubricant Lubricant The amount of hydraulic pressure NIA High, Medium, Low Namec
Filtration Feature Pressure Range under which the lubricant will circulate.
5
Engine Lubricant Filter Efficiency The range of filtration efficiency MNIA 0 Namec
Filtration Feature Class provided by the filter
&
Mechanical Mandatory | The feature of being compatible in Mechanical The mechanical form of an interface.  |N/A 0 Namet
Compatiblity form factor and mechanical interface |Interface Type
Feature with the system in which the system
7 will be installed.
Mechanical Spatial Form The three dimensional structure of 2 |N/A 0 Namec
Compatiblity Factor compaonent, subsystem, or space
Feature within a system reserved for a
8 compaonent or subsystem.
Cost of Operation |Mandatory |The feature of supporting cost- Lubricant Life The amount of time, in operating MNIA Standard, Long Life
Feature effective lubrication of an application, hours, that a lubricant is intended to
by minimizing the cost of lubrication operate, meeting requirements within
consumables per operating hour. the specified environment, before it is
9 replaced.
Cost of Operation Service Life The amount of time, in operating MNIA Standard, Long Life
10 Feature hours. that a lubricant filter is intended b}
I CTT Sy M 4> M [( Menu / Change History / Options / Wkbk Issues f Stakeholders / Advocates Stakeholder-Advocate Stakeholder Needs % Features gzt (A ey o) ¢ Feature J < | J
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. . . . . 69
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

Stakeholder [l
World .
Language ]
E3 microsoft Excel :
.
Fle Edt View Insert Format Tooks Data Window Help Typeaquestionforhep = - & x :
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. Ref for Agribute | Lww®® Units est® statu ' H
‘0‘ .0‘ Population ‘-‘l“ ““‘ b | H Input/ H
3 . -‘l“- ““ H : Output '
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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.

Design
Concept #1
Design
Concept #2

impact can be expressed in terms of Feature Attributes.

[ ¢ 3 ICTT Sy For example: Every FMEA (Failure Mode Effects Analysis) failure

Configuration Score Sheet




Functional Interaction Models a key SE challenge by discovering and describing all external interactions of 70
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
"f"ih‘er' Lubricant .:‘. Lubricant in Filtration, Oil Filter System, Removed Solid Contaminant, Removed Water
....'ll. --l““v.ﬁ
Install Filter ."v.,S.ervice Person, Filter
Monitor Filter FiITer',.'Mon.iTor & Control System
Prevent Vapor Leakage Lubricant, Vapor:,'FLI:r.er, Atmosphere
Prevent Lubricant Leakage Lubricant, Filter, Local Su;"facg:
Transmit Shock & Vibration Filter, Mounting System "'u,.
0..‘. ]
Transmit Thermal Energy Filter, Lubricant, Mounting System, Ambient Ai o Mg :
. ystem
N el ol ol Ambient Air
Service Person Bt Shpck Vieron oo Z;'g

apors

g Lubricated
Every system directly interacting with
the Subject System (Oil Filter System) -~
. . . . Removed Solid [~ | Lubricant In Lubricant In
contributes to its Requirements. D[ I Ftton ﬁ“"]
E 1 N LP:T"mt Lubricant E
(( 3 icTT Sy L L B DU B =



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

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

& Funcﬁc;hgl

Stakeholder
World

Functional Roles

!
i Stakeholder - Feature
B (_atiribute )

Functional
Interaction System
(Interaction)

| System of |
i Access |

............

T 4

E Seenset
£

. {
.: InTer‘GCﬁm""----...--.-....._." E -y
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- % ‘t‘ .'~ ! R:%TveL:gts
L] L] * * H
» | Change Filter H Servieé Person, Filter ‘o, )
" . o S H
. . o ‘e H
- - . [
. Monitor Filter ': .‘l’-‘ilfer', Monitor & Control System ‘s : -
: i F K P
E Prevent Vapor Leakagei :' Lubricant, Vapor, Filter, Atmosphere -'_‘_ wammmsssssssssEEEsEs oe(a.lAL'WZ.' d
" : M . E Requirements
E Prevent Lubricant E 9 Lubricant, Filter, Local Surface o :
- Leakage P . E High Level
: u “ U ¢ Design
- hd LJ .
- Transmit Shock & . ﬁ«]fer, Mounting System .: "--{L--‘
% | Vibration . . R
H _-. ”. ‘0’
'-_ Transmit Thermal :. Filter, LuBPmpnT Mounting System, AmblenT Air
4 Energy N B L S
L]
. N
. LA
. L
“ ..
"‘ 0: “‘: -
*
et Interactions involve two or more systems Rt
______________________________ \ ““‘ (3
I Interaction D I ge® *
| P4 .*
| EZIn- R o*
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.

Input/Outputs exchanged during

these interactions are:
+ Energy
* Force
* Mass
+ Information
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An Interaction of Systems, expressed as an external (outcome) relationship in which systems 72

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 ]
;o cmmee | MES :
Impregnate Lubricant Manufacturing Syste¢
Additive . | | Maintenance -
s Technician .
: Maintains % i E
Fold Accordion Pleats Manufacturing Systé % .
9>y . Manufacturing System .
. tes Eo In: tion .
: o e :
Cut & Separate Filter Manufacturing Syste | U operator ‘:ﬂ“ o Wmml M“;T]ni'm I;“ oL
. 15 ng;oe ... Interface ) “firtertace Inspects. - :
O Material Delivery | sibpies Materials In Supplies o Distribution  |a
Roll Filter Element Manufacturing Syste System [ | | Transformation [ [ ||| msned Product System
Wind Filter Element Manufacturing Sysfe: Building S — ; it i Packaging o
' g System o Local Airspace Sondiiien Utilities System System .
““ g a
““ . Cnnm+nales .
i hr ] L — Local :
Insert Filter Element Ma‘rklf‘qemrmg Sysfi A :
----- ““‘ e
R *Perform End Seal Bonding Manufacturing System, Materials In Transformation, Local Airspac.é"-....,‘
] .'-....... ...... '. ------- ----___-l“
N RS EEEsssssssssEsssssssEEEEEEnEEeeenEEEEnnnEEEERRREEETT

“«Later “drilled down" in Detail Level Requirements Model,

C ) ICTT System Sciences to obtain Requirements Statements.



State Models directly address a key SE challenge by discovering and describing all Situations, Modes, or 73
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 States answer the question: “When
State ‘ o - . . does each requirement apply?"
Being Installed

Fu nc.'. i 0 nal Manufacturing [ Being Distributed w Install Filter

” omplee Prevent Lubricant Leakage G
Interactions Completed

Store Packaged Product
Transport Packaged Product
\ Identify Packaged Product

Display Packaged Product )
Impregnate Lubricant Additive Purchase Packaged Product A
Fold Accordion Pleats L :

Gt & Separate Filter Element
Wind Filter Element

Insert Filter Element ‘
Perform End Seal Bonding ( Being Refurbished (

Y
Refirbish Filterin: ilteri
Inspect Product e 9 w ( Not Filtering W
) Remove Filter Media

Completed
Insert Into Package - z
Filter Lubricant
Clean Filter Media J I

: ? Transmit Shock & Vibration
Insert Filter Media
Manufacturin Reinstallation
Started

Selgcted
Disposal —/
mple t

A
Monitor Filter
: - r—/ Prevent Vapor Leakage
( Being Dispased Of w - \ Prevent Lubricant Leakage
Refrbish ( Being Removed Transmit Thermal Energy
Store Disposed Product Selgoted o
Pre-Process Disposed Product
Recycle Disposed Product
Destroy Disposed Product
Decompose Disposed Product

F
L . 7

Selected

% Being Manufactured

In Service )

Remove Filter
Prevent Lubricant Leakage

Replacement j
Decision
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74

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.

anufacturing System State Model

Cell Stgrtup Completed

( )
( Process Cell Starting Up - A 3
( Process Cell Operating i [Pitatoldd 5
: e ]
Invoke Interlocks { .
Start Process Cell Systems : H
Perform Process Cell Diagnostics K A Functional :
Attenuate Emissions H inoraction System H
Attenuate Noise High Level (Interaction) H
Attenuate Vibration R Requirements H
Contain Materials Planned Ildle Transiton\ |+ | | | || et
Detect Fault Planned > i System of |
\Crevent Infiltration e Initiated | Access |
A Perform Idle Shutdown Idle H
ranson E
( Process Cell Producing \ Complefed y e E
‘Worl
Cell Lang :99 '
.
i
% Cell Shutdown Requirement 1
Falled Compjleted haareons Statement :
Impregnate Lubricant Additive Unplanned Shutdown :
Fold Accordion Pleats — Iniated H ]
fProcess Cell Shut DOWT“ Cut & Separate Filter Element - E
Roll Filter Element . ]
Inspect Process Cell ) Wind Filter Element nplanned Idle Transition F “‘32;::‘” E
Remove Component Insert Filter Element k. 2
Install Component Perform End Seal Bonding ceaa
Protect Assets H Insert Into Package Perform Idle Shutdown
1\ Monitor Product Quality
Account for Unit Production
\_ J Y Y
( Process Cell Idling N\
b . y,
Shutflown
Compgleted A L Idle Transition
Completed
(ﬁocess Cell Shutting Dow“ Idling Extended--Unplanned

Restart

Remove Energy
Perform Shutdown Positioning
Release Interlocks

Planned Idling

Perform Idle Operation
Load Materials
Remove Materials
Reset System Status

Unplanned Idling

Perform Idle Operation
Perform Emergency Activites

Restarting

Perform Idle Restart

Re:

Comyg Idle Plan Completed

\_ Planned J
Shutdown Initated
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Logical Architecture Models directly address key SE challenges by partitioning the structure of 75
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

Mounting

------ Trandmits _Transdhits Interface
S”"‘%m 'éq?k ’ \}h«l:m B Gl G e s 3
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: -+ > I Interaction ystem
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=23 Exchanges Oy i System of | E
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H oS
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355 Solid Solid Lubricant 4« Laie EH
: Contaminant Contaminant Containment =/ 1© :
; Retainer Remover Subsystem '
Seeaay Removes J
Isola /
H H Cleans Cleans. H
[ H H
_____ Co gt_a;_r;lgergl : Lubn'car_-‘ PR Lubricant E
nterface

“Filiration interface’ S Themalnterdace
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Logical roles are subsets of system behavior that formally model subsystems even though 76
they have not been allocated yet to physical designs.

Allocating Logical Architecture to Physical Architecture

ing.
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Trandmits Transifits
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Directly addressing a key SE challenge, multiple alternate physical architectures are typically

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

‘--'R'equmemenf OFM-32: “The Manufacturing System shall deliver a Compression Force" of"-.
"'----..[Mm_Bond For‘ce] for‘ a period of [Min Bond Time]".
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Benefit: This allows prose Requirements Statements to be viewed as
Transfer Functions, greatly improving ability to audit regular detail
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The Attribute Coupling Model addresses a key SE challenge to understand the quantitative 79
coupling of stakeholder preferences (Features) to technical requirements (Roles),
establishing a Feature-based scoring space for trade-offs.

Attribute Coupling Model--Requirements

*The "A" and "B" couplings
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The Attribute Coupling Model addresses a key Challenge to describe the coupling of Design 80
Component attributes to technical requirements (Role) attributes, provide scoring (in Feature
Space) of Design Attribute solutions.

Attribute Coupling Model--Designs
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Attribute couplings cross domains

£ The Coupling Model is a unifying framework
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The Embedded Intelligence (El) S*Pattern

* For any embedding of intelligence, in the form of automation, human
operators, or other systems of management, feedback, regulation.

MTS

sou,
TS MDS

(El Pattern is currently being L
exploited in a team paper by e
GE, ANSYS, FDA, and ICTT L
authors, about model VVUQ s oo

control.)

In systems with embedded L
<




Embedded Intelligence (El) Pattern

* The EI Pattern returns to the perspective of Norbert Wiener, who
first coined the term “cybernetics” to refer to the study of
communication and control In living and human-engineered
systems:

« Especially appropriate if we are interested in Cyber-Physical Systems — but
now we are interested in more than just feedback and control performance
(studied by Wiener) . . .
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Embedded Intelligence (El) Pattern

* The EIl Pattern is an S*Pattern that emerges to
describe intelligence in explicit models of evolving

systems in the natural and man-made world:

 Also referred to as the Management System Pattern.
« Concerned with the emergence of four roles, emergent at

multiple hierarchical levels:

SOou

MTS

<

sou
MTS

sou,

MTS DS

sou,
MTS e

MDS
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Embedded Intelligence (El) Pattern

SOu

MTS MDS

 Managed System (MDS): Any system behavior whose
performance, configuration, faults, security, or accounting
are to be managed--referred to as System Management
Functional Areas (SMFAS) or in ISO terminology fault,

configuration, accounting, performance, security (FCAPS).

* These are the roles
systems” in a cyber-

nlayed by the so-called “physical
physical system, providing physical

services such as energy conversion, transport,

transformation, or ot

nerwise.
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Embedded Intelligence (El) Pattern

SOu

 Management System (MTS): The roles of performing
management (active or passive) of any of the SMFAs
of the managed system.

* These are so-called “cyber” roles in a cyber-physical
system, and may be played by automation technology,
human beings, or hybrids thereof, to accomplish
regulatory or other management purposes.
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Embedded Intelligence (El) Pattern

MTS MDS

« System of Users (SOU): The roles played by a system
which consumes the services of an managed system
and/or management system, including human system

users or other service-consuming systems at higher
levels.
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Embedded Intelligence (El) Pattern

SOu

MTS @‘ MDS

« System of Access (SOA): The roles providing a means
of interaction between the other El roles.

* Engineered sensors, actuators, the Internet, and
human-machine interfaces have contributed greatly to
the emergence of the “Internet of Things”..
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Embedded Intelligence (El) Pattern

* The State Model portion of the El Pattern provides insight
into the nature of the “regulatory” role of embedded
Intelligence.

* These show numerous “situation resolution cycles” that
drive the managed system to nominal states, when
various situations aré encountered:

— Major mission cycles, from mission start to completion

— Faullt resolution cycles, other lesser or minor situation resolution
cycles

— Configuration change cycles, including adaptations
— Fulfillment of requests for services —e

— Security condition resolution cycles

— Other situation resolution cycles ﬁﬁ

» Specific or general situations

Sample El Situation
Resolution Cycle
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Embedded Intelligence (El) Pattern

« A system that Is ca

pable of not only traversing a situation resolution

cycle, but also recognizing that a triggering situation has arisen in the
first place is said to be “Situationally Aware”:

« [f a human operator control panel has a “mode switch”, the system relies on the
human to be aware of situations, launching the appropriate cycles

« More advanced systems recognize these situations autonomously—also leading
to El Attention Model recognition of finite system resources.

Actor 3 90




G /ﬁﬂ:} Sample S*Pattern Extracts
v zd f;‘\;‘h

From Embedded Intelligence (El) Pattern (AKA Management Pattern):
* Generic El Functional Roles and Situation Management States

« Sample E| Stakeholder Features

« Sample El Interactions

« Sample ElI Requirements and Attribute Table References

* General Pattern Configuration Overview

11" Annual INCOSE SUPERIOR SYSTEM SOLUTIONS FOR 11 - 14 October 2017
Great Lakes Regional Conference | TODAY’S COMPLEX ENVIRONMENTS | Twin Cities, Minnesota 91



Generic El Functional Roles, SMFA Situation Management States

SOu

SOuU
MTS

MTS MDS TS

The System Management Functional Areas

(SMFAs): Manage aspects of a system’s
faults, configuration, accounting,
performance, or security (FCAPS).

MDS: Managed System
MTS: Management System
SOA: System of Access
SOU: System of Users

SOou,
MDS

MTS

SOou,
MDS

=

MTS

SOou,
MDS

MTS
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Sample El Stakeholder Features
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Stakeholder

A

High Level
equirements

cececccccccccccccccagecccccccccanaa,

Stakeholder N
World Requirement —
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(_attribute )

Technical
World
Language
B
Technical

! Detail Level Requirement
(Requirements| WH Statement
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' ‘ Design -J
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Sample El Interactions
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Sample El Requirements and Attribute Table References

Functional IPK Value Functional Role Req. ID Requirement Statement Requirement
Interaction Status
1 X hd -l - - -
Maintain System| 301.3 Automated Fault Maintainer AUTO  |The maintainer shall receive, understand, and act upon the fault data |Ready For
Data Analysis 4012 |analysis reports listed in the Reports Table as routed to the Review
maintainer and associated with Automated Fault Data Analysis.
198
Maintain System| 301.3 Automated Fault Managed System AUTO  |The system shall automatically generate the fault data analysis Ready For
Data Analysis Level N} 4011 |reports listed in the Reports Table as associated with Automated Review
Fault Data Analysis, upon the trigger events and for the repart
133 consumers listed there.
Maintain System| 301.3 Automated Fault | Management System | AUTO |The system shall receive and process the fault data analysis reports |Ready For
Data Analysis (Level N+1) 4013 |listed in the Reports Table as routed to the supemrvisory management |Review
system and associated with Automated Fault Data Analysis.
200
Maintain System| 3014 Process Context Maintainer AUTO |The maintainer shall receive and understand the historical fault data |Ready For
Automatic Fault Data 4084 |log views, displays, or reparts of the types [Report Type], including  |Review
Logging process context data, listed in the Reports Table, when indicated in
that table as maintainer directed by [Data Consumer], requesting
201 these if so indicated in that table by [Triggering Event].
Maintain System| 301.4 Process Context Managed System AUTQ |The system shall transmit fault data for faults found in the Alarms,  [Ready For
Automatic Fault Data (Level N} 4081 |Exceptions, and Notifications Table that are listed in the Logged Review
Logging Data Table, for capture by external management system log,
202 including process context data.
Maintain System| 301.4 Process Context | Management System | AUTO |The system shall transmit fault data for faults found in the Alarms,  |Ready For
Automatic Fault Data Level N) 4081.1 |Exceptions, and Notifications Table that are listed in the Logged Review
Logging Data Table, including process context data, for capture by external
203 management svstem log
Maintain System| 301.4 Process Context | Management System | AUTO |The system shall receive and record fault data for faults found in the |Ready For
Automatic Fault Data (Level N+1) 4082 |Alarms, Exceptions, and MNotifications Table that are listed in the Review
Logging Logged Data Table from the managed system, along with the
204 [Additional | ogged Context Datal. for subsequent generation of log
Maintain System| 301.4 Process Context | Management System | AUTO |The system shall produce the historical logged fault data views, Ready For

TA--Aams, Exceptions, and

Metifications Table
TC--Discrete Caontrol {Loops)

Table
TH--Logs and History Table

Tl--Calculated Variable

Table
TL--System Response Table

Measured Outputs Table
Thi--F ailure Sequence Table

T2
TH--Human Outputs Table

T7--Human System

Managers Table
TF --C perational Sequence

TE--Recipe Capabilities
Table

T1--Managed System
T4--Managed System
Controlled Inputs Table
Table

T5
TJ--Equipment Module

Table

TB--Regulatory Control
TH

Loops Table
TD--Irterocks Table
TG--50Ps Table
TH--Reparts Table
51--Sensors Table
52--Actuators Table

T3
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Understand your systems.




General Manufacturing S*Pattern, with Embedded
Intelligence: Smart Manufacturing Pattern for the loT Age

* For any manufacturing process, and with varied levels of
Instrumentation and management.
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The Process Engineer’s Perspective

* Process Engineers are trained to visualize
manufacturing as transformations of material (or of
iInformation).

* This Is frequently represented graphically using
Process Flow Diagrams (PFDs):

qTr‘ansforma‘rionq Transformation # Transformation ‘

No. 1 No. 2 No. 3

* The material flowing out is different than the material
flowing in--it is “transformed” chemically, structurally,
thermodynamically, as information, visually, etc.
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A Simple Example:
Manufacturing Oill Filter Cartridges

Oil Filter Cartridge Manufacturing Process Flo
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Process Engineering vs.
Equipment Design

Transformation Transformation Transformation
No. 1 No. 2 No. 3

* By omitting equipment-specific design, the PFD
perspective has the advantage of emphasizing what is
required to be changed (transformed) about the
material, without describing how manufacturing
equipment, tools, people, or control systems will
accomplish those transformations:

1
Laminate H Fold F Impregnate Cut Glue & Insert ‘ Bond Inspect Package
\ .

* Since It describes the required transformations, it is a
form of partial requirements on a manufacturing system.
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Process Engineering Challenges

Process Engineering and Process Flow Diagrams
provide powerful tools for conceptualizing
manufacturing processes.

However, the fact they use a perspective or
Ianguage separate from design of equipment
requires that the enterprise bridge a gap when
Integrating PE Into the larger engineering context.

For example, not all requirements on a
manufacturing system are requirements of the
process itself—they may even conflict.

Various enterprises and trade groups have wrestled
with the question of integrating the larger
engineering process for manufacturing systems .
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Integration with the larger
engineering context: Challenges

. How can the language and perspective of process engineers be more effectively coupled to
those of equipment designers?

. How do process requirements fit into overall manufacturing system requirements, which have
larger scope?

. What is the relationship of physical equipment design to these requirements?

. How can process requirements for new or modified products be incorporated early enough in
the equipment design cycle?

. How are manufacturing system requirements that are not transformation of materials related
to this?

. How can we conceive new manufacturing solutions without being mentally trapped in
assuming constraints of past designs?

. How can candidate manufacturing designs, design changes, or design risks be evaluated in
light of process engineering needs?

. How are industry reference models of manufacturing (e.g., ISA, ISPE, etc.) related to these
Issues?

. More generally, how can increasingly complex advanced manufacturing systems best be
engineered, over their life cycles?
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The need for a
Science-based Understanding

* Industry trends increasingly emphasize science-based
understanding of manufacturing processes:

« Unit operations: key parametric relationships—materials
science, chemistry, physics, etc.

First principle and empirical characterizations;
Mathematics of production flow;
Process capabilities and control laws;

Regulatory (e.g., FDA) pressures for a more science-based
approach.

« How do we fit science-based understanding into an
Integrated framework of process and equipment
engineering?
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The need for a
Science-based Understanding

« Literally everything we know from the physical sciences is about the
behavior of interacting system components—whether in chemical
reactions, electromagnetics, acoustics, mechanics, thermodynamics, or
other discipline-specific interactions:

System Material In
Component Transformation

Force, Energy, Mass, Natural sciences Manufacturing Force, Energy, Mass,
Information perspective perspective Information

Manufacturing
System

System
Component

« Accordingly, the interactions of Materials In Transformation with the
Manufacturing System assign “roles” to the Manufacturing System and
the Materials, which are required to be met by what we have learned
from sciences and by the results we want.
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An example Interaction

Material In Compression Compre55|0n Compression
Transformation Force Source Force
Force, Er\li;iz;nl\;lszsr; Generic Specifi Compression Compression
Interaction Interactio . . Foree . Foree
) Filter Media —® Adhesive < End Cap
Manufacturing Heat Heat¢
System Energy ey Ererey
Heat
Source
Interaction = “Bond Filter Media to End Cap” O:
Functional Roles (of materials and equipment): .'
. . \
e Filter Media
 EndCap Each of these “Roles” includes specific Required Behavior in order
e Adhesive to meet expectations for the overall Interaction.

Heat Source
Compression Source

The Physical Component to which the Role is allocated must meet
those requirements—whether Equipment, Materials, or People
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Models can describe Manufacturing Systems,
as well as Manufactured Products.
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Modeling transformation behavior

This Metamodel re-positions prose functional “Requirements Statements”:

These textual statements become a formal part of the model.
All functional requirements are modeled as external interaction behaviors.

They become input-output relationships describing external system “black
box” behavior during Interactions with external actors—a “prose transfer
function”:

*  “The Manufacturing System shall deliver to the Materials In Process a Compression Force of
[Min Bond Force] for a period of [Min Bond Time]”.

*  “The Manufacturing System shall deliver to the Materials in Process Heat Energy sufficient to
maintain a bond temperature of [Min Bond Temperature] for a period of [Min Bond Time].”

Compression Force Com preSSIOn

Source
Compression Force Compression Force

Filter Media —¥® Adhesive < End Cap

FurtheF"eE‘l%scribec wind ‘W)5)T,
Heat

Source
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It works for the Materials in Process, as well
as the Manufacturing System

In the same way, in the same model we can describe the required behavior of the
Materials in Process:

«  “The Adhesive, Filter Media, and End Cap shall bond upon input of a
Compression Force of [Min Bond Force] for a period of [Min Bond Time],
accompanied by input of Heat Energy sufficient to maintain a bond temperature
of [Min Bond Temperature] for a period of [Min Bond Time].”

«  “The Oil Filter shall operate in service at Lubricant Pressure of [Max Lubricant
Pressure] with bond or other structural failure rates less than [Max Structural
Failure Rate] over an in-service life of [Min Service Life].”

Compress ion Force CompreSSiOI’]

ompression Force
Source
Compression Force Compression Force

Filter Media —9 Adhesive < End Cap

Heat Hea +
Energy Heat
E
nergy Energy
Heat

Source

e Further described in (Schindel 2005).
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Applying the concepts to
manufacturing processes

« For some process engineering specialists, material scientists, or other disciplines, an
understanding of the behavior of the material during transformations is essential:

* bending, forming, structural deformations, cutting, milling, extruding, compression
« chemical, biochemical, electrochemical reactions, distillation, fermentation, etc.

* heating, cooling, bonding, welding, fastening, mixing, blending

« other transformations

» These specialists think about the “Material In Transformation”:
* how the material behaves during each of a series of sequential unit operation transformations;

» During each transformation, the Material will exchange enerqy, force, mass, or information with the
Manufacturing System, as well as with itself--

Material Flow Material Flow

Material In Material In Material In
Transformation Transformation Transformation
Force, Energy, Mass, ‘ ‘ Force, Energy, Mass, ‘ ‘ Force, Energy, Mass, ‘ ‘
Information Information Information
Manufacturing Manufacturing Manufacturing
System System System
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Process: What the Material “Sees”

You——>%

* Imagine that you could “ride through the process with the material’.

* Imagine that you could “see what the material sees” (forces,
temperatures, etc.).

« This is the “process view” of the process engineer, materials scientist,
chemist, metallurgist, or other process-related specialist:

$

$

$

—

/\
Material In

Transformation

m—

Material

/\
Material In

Transformation

—

Material

/\
Material In

Transformation

—>

Force, Energy,

Mass, Informa'riorI

'

Force, Energy,

Mass, InformatiorI

=l

Force, Energy,

Mass, InformaﬁorI

- |

Manufacturing
System

Manufacturing
System

Manufacturing
System
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Less detailed PFD views

« Others people’s jobs don’t need that much detail, so they
think of the transformations as “black boxes™; so that . . ..

Material In ‘ .
| Transformation ‘
Fofce, Enerdy, Mass,
nnnnnnnnnn

Manufacturing
System

Material In
Transformation

Material In ‘1:>
Transformation ‘

Manufacturing |
System |
I

|
I
I Manufacturing
I System

becomes a Process Flow Diagram (PFD):

Transformation q Transformation q Transformation #

No. 1 No. 2 No. 3
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Material In Transformation can be modeled as “logically
outside” the equipment’s transformation role

 Difference between these two representations:
 the Material In Transformation is “logically outside” the Manufacturing System, but . . .
« that Material In Transformation is “logically inside” the PFD Transformations:

. \:lt ial Fl .
Material In e . Material In
| Transformation ‘ Transformation
I Fofce, Enerdy, Mass, ! ; .
I Infdrmation

Material In ‘:>
Transformation ‘

Manufacturing
System

Manufacturing
System | N\

-
——
=
-
]
<
o -

System

N\
PFD Transformation

 After all, the Material In Transformation is not a part of the BOM of the
Manufacturing System!

« The advantage of this approach is that it allows us to use the MBSE technique
that all the functional requirements on the manufacturing system are found at the
points of input-output boundary crossings of that system
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“Registered Process” As
Requirements

- Many manufacturing “processes” have a kind of managed existence
separate from their specific implementation with equipment:
« When a PFD describes a process before there is equipment design;

* When a “registered process” has been approved by a regulator, and a factory is
constructed to implement that specific process;

- When a low-volume process has come out of a laboratory to a pilot production line,
but not yet been scaled up to production volume.

« This reflects the idea that the requirements of a manufacturing system
are something more than producing the end outputs from the Initial
Inputs—it is also expected to embody a specific targeted manufacturing
process.

« This is why we model the “Materials In Process” as an external actor
Interacting with the equipment.
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Logical Systems vs. Physical
Systems

MBSE expresses what the Manufacturing System contributes to the
process, using Logical Systems:

» Logical systems are defined by their required externally visible behavior, as
seen by the other interacting actors, without regard to the physical design
used to accomplish that behavior.

Logical System Roles:

— represent transformation or other behavior of the
manufacturing system, without regard to its design.

— Certain Logical Manufacturing Roles must produce (or e

consume) certain forces, energy, or information, T
exchanged with the Material In Transformation.

Physical Manufacturing Systems: Y
— Are defined by their physical identity, not their behavior. e T\
— Logical behaviors are then allocated to physical equipment. ‘

\\\\\\\\\

Logical Roles are allocated to Physical Systems
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Logical Systems vs. Physical

Systems

Material In

Transformation
Logical Architecture FOI"CQ, Ener-gy’ Mass,
e Informatidn
Logical
iz = oo D > Manufacturing
i S i 2 ’
A - N Role
i e \  Alokation Is allocated to
Allocv!ation :r A‘i‘l’b(:_f(ion \ %
: ! Physica; Architecture 1‘ P hys i CGI
\ | .
y 7 i - —_———— Manufacturing
4 j
" System
! — y
Y 4
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Manufacturing system
requirements

* The input-output relationships (relationships
between input-output Forces, Energies, Masses,
Information that are exchanged with the Material In
Transformation) of the Logical Manufacturing Roles
turn out to express the requirements allocated to the
Manufacturing System to accomplish the
transformation: Marerial Tn

Force, Energy, Masq,
Informatio

Logical
Manufacturing
Role

Is allocated to

Physical
Manufacturing
System
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Manufacturing equipment
design

* The allocation of logical manufacturing roles to
physical equipment components describes the
high level design of the manufacturing system:

Material In
Transformation

et |1 |

Logical
Manufacturing
Role

Physical
Manufacturing
System Component

» This begins the embedding of process requirements into
an integrated framework of system requirements.
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Materials roles

« For materials scientists, chemists, metallurgists, and RN
other specialists in materials . . . \\
« These specialists seek out materials that have R
properties desirable for transformations: [ Material Tn Y
* bending, forming, structural deformations, cutting, milling, \ T"“"Sf°'"m°*'°"/
extruding, compression Force, Energy, Mas? l' T l
. . . . . Informatign
» chemical, biochemical, electrochemical reactions,
distillation, fermentation, etc. Logical
* heating, cooling MGHU:;G?TUN"Q
* bonding, welding, fastening —
° miXing, blending Is allocated to
 other transformations :
Physical
« The logical transformation model facilitates description Manufacturing
of those properties, somewhat independent of specific System
materials:

* Encourages understanding of materials requirements and

opens thinking to new materials solutions. 118



Materials roles

- Just like the equipment, logical roles are allocated to
the Materials In Transformation, which they must
satisfy in order for the transformation (or transport) to

succeed:
Material In
Force, Energy, Mas% l T l
Informatio

Logical
Manufacturing
Role

Is allocated to

Physical
Manufacturing
System Component

e This means that we can create an integrated model that couples the roles of
interest to the process engineer and equipment design with those of interest to the

materials specialist . . . .
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Process Flow Diagram (PFD)
Transformation Transformation Transformation
— - —
1 2 3
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GLRC14 Sample Pattern Extracts

From Smart Manufacturing Pattern:

« Manufacturing Domain Model and Hierarchy
« Manufacturing Feature Model—Generic Level
« Sample Manufacturing Interaction Models

« Sample Manufacturing Systems of Access Models

11" Annual INCOSE
Great Lakes Regional Conference

SUPERIOR SYSTEM SOLUTIONS FOR
TODAY’S COMPLEX ENVIRONMENTS

11 - 14 October 2017
Twin Cities, Minnesota
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Manufacturing Domain Model and Hierarchy

Enterprise Automation
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Manufacturing Feature Model—Generic Level

Cost Effective
to Deliver
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Manufacturing Feature Specialization by Feature Primary Keys

Operability, AKA
Performance Management

S
Feature— . Operability

Feature Primar)‘ Operations Capability
K z

|
|
p’gna Ke B RS :
T T T T - L7 ! S S~ < e e
[ Performance j [ Performance j[Performance Control][ Sequence Control ][Production Ticketing] Production Batch Records Planning and PAT-Lab Data Control | Performance Alarm [ Data Access ] Mechanical Access]
Management Data Procedures Execution Management
-502.3: Automatic -503.1: Automatic -504.1: Integrated -505.1: Electronic -506.1: Electronic -508.1: Basic -509.1: PAT Based -HMI -Basic Tools
Performance Sequence Control- Electronic Production Work Instructions Batch Record Manufacturing Feedback Control
Feedback Control Batch Context Ticket Execution -Network -Special Tools
-505.2: Integrated -506.2: Electronic Management -509.2: PAT
-502.4: Semi -503.2: Automatic -504.2: Electronic Procedure Access Batch Reports Measurement -Sensors -Access Space
Automatic Sequence Control- Production Ticket -508.2: Integrated
Performance Basic -505.3: Electronic -506.3: Paper Batch ~ Manufacturing -509.3: Automatic -Actuators -Access Ladders
Feedback Control -504.3: Paper Procedures Record Execution Material Sampling
-503.3: Semi- Production Ticket -External Systems
-502.5: Manual Automatic Sequence -505.4: Paper -508.3: Paper Based ~ -509.4: Manual
Performance Control Control-Batch Context Procedures Production Planning Material Sampling -Instrumentation
and Scheduling
-502.6: No -503.4: Semi- -510.1: Integrated
Performance Control Automatic Sequence -508.4: Production LIMS Interface for
Control-Basic Planning and Feedback Control
Scheduling
-503.5: Manual Management -510.2: Lab Data
Sequence Control Integration Manual Entry for

Feedback Control

-510.3: No Lab Data
Entry
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Manufacturing Feature Specialization by Feature Primary Keys

Tim, ar,
M‘

Fault Management [

T——Feature—,

Maintainability

Maintainability, AKA
Fault Management

Lo
vea\“ ey

Fault Data

Fault Ticketing

1
} [Preventlve Malntenance} [Predlctlve Mamtenance} [ Fault Diagnosis } [

Inspection

-301.1: Maintenance
Supervisory
Management Integration

-301.3: Automated Fault
Data Analysis

-302.4: Automated Fault
History Analysis

-301.4: Process Context
Automatic Fault Data
Logging

-301.5: Automatic Fault
Data Logging

-301.6: Process Context
Automatic Fault
Detection and Display

-301.7: Automatic Fault
Detection and Display

-301.8: Manual Fault
Data Logging

-301.9: Manual Fault
Detection

-302.1: Automated Fault
Ticketing

-302.2: External Fault
Ticketing

-302.3: Manual Fault
Ticketing

-303.1: Automated PM
Routine Ticketing

-303.2: External PM
Routine Ticketing

-303.3: Manual
Preventive Maintenance
Scheduling

-304.1: Predictive
Maintenance Ticketing

-304.2: Predictive Fault
Capability

-304.3: Built-In Self Test
-303.4: External
Predictive Maintenance

Capability

-303.5: No Predictive
Maintenance Capability

-305.2: Automatic Fault
Diagnosis

-305.4: Manual Fault
Diagnosis

-306.1: Manual
Inspection and Routine
Servicing

-306.3: Maintenance HMI

j[ Mechanical Access }

] Fault Alarm [Malntenance Accessj E:ault Repair- Serwcmg][ Data Access
Management

.307.2: Automated §05.3:tll\/lanuaIRFauI‘t -HMI
Alarm Management orrection or Repair
-Network
-307.3: Alarm s
Classification -Sensors
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-307.4: No Alarm

Management
9 -External Systems

-Instrumentation

-Basic Tools
-Special Tools
-Access Space

-Access Ladders
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Manufacturing Feature Specialization by Feature Primary Keys

Configurability, AKA

&
g
'/alugskey

_ Configuration Management
Feature— . | configurability
M [Conflguratlon Management Capablllty]
Key wis l
///// // :
/// // I
- - |
|
|

[ Configuration Management

i

Configuration Data

Reconfigurability

Data Access

][ Mechanical Access ]

-201.1: Configuration Supervisory
Management Integration

-202.1: Automatic Configuration Data
Logging

-202.2: Process Context Automatic
Configuration Data Logging

-202.3: Manual Configuration Data
Logging

-203.1: Automatic Configuration Data
Measurement and Display

-203.2: Process Context Automatic
Configuration Data Measurement and
Display

-203.3: Manual Configuration Data
Measurement

-204.1: Automatic Reconfigurability

-204.2: Semi-Automatic
Reconfigurability

-204.3: Manual Reconfigurability

-HMI

-Network
-Sensors
-Actuators
-External Systems

-Instrumentation

-Basic Tools
-Special Tools
-Access Space

-Access Ladders
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Manufacturing Feature Specialization by Feature Primary Keys

Securability, AKA
— Feature— . | Securability Security Management

— [Security Management Capability]
e P — -7\
Fea - / \\\
Key- - e \ NS

- \

Ry -7 s \ ~
/m //// 7/ \ \ \\\
l/a,y/fe -7 g \ \ S~
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eS /// Ve \ \\ \\

// /
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\ \ ~
[ Security Management ] [Identification and Authentication][ Signature and Records ][ Data Access ][ Mechanical Access ]

-401.1: Security Supervisory -402.1: Biometric Based -404.1: Electronic Signature -HMI -Basic Tools
Management Integration Identification and Authentication  Capability Network _Special Tools
-401.2: Automated Security -402.2: Automatic ldentification -404.2: Electronic Record _Sensors Access Space
History Analysis and Authentication Capability P
-401.3: Internal Security Logging -402.3: Manual Security -404.3: Hybrid Electronic Records -Actuators "Access Ladders

Identification and Authentication  Capability _External Svstems
-403.1: Automatic Operational y
Privileges Authorization -404.4: Paper Records and :
. -Instrumentation
Signatures
-403.2: Manual Operational

Privileges Authorization
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Manufacturing Feature Specialization by Feature Primary Keys

Accountability, AKA
Accounting Management

\Feature\> Accountability

[Accounting Management Capability]
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~ - INCOSE Manufacturing Interactions: Generic
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Interaction: Transform Material

Definition:

Model Information:

Other related
interactions:

Unit Operation
or Lower Case

The interaction between process equipment and materials in process in which the
materials' structural, chemical, or other physical aspects are altered.

Only Unit Operation (or lower) level cases model material transformation forces,
transformation energy, and transformation mass flows that occur during the
transformation process, as seen by the material in process. Higher level cases model
only the pre and post interaction materials. The attributes of the process and
materials are modeled according to this same division.

Receiving and providing raw, in-process, or finished materials are part of the
Transport Material interaction, not this interaction. The scope of this interaction
does not include the management of transformation processes by human or
automated means—for those aspects, refer to Operate System.

In Process In Process
Materials and Materials and
Airspace Airspace
* A
L 9
L e~ 8‘3 se H_|g ert an
o L o £ == T Unit Operation
© 2 2 o 29 =0 c
5 2S¢ s Eg ase
- 8= k=l
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Yoy vy S
Producing Producing
System System
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Interaction: Operate System

Definition: The interaction of a managed system with a higher level management system and/or operators and
managers acting in higher level management roles, through which the performance of the managed
system in its basic mission is managed. The scope of this interaction does not include the actual
production transformations of the managed system, but is focused on the management of their
performance. It does not include management of faults, configuration, security, or accounting
aspects.

01 [0 I EIEELE Transform Material; Maintain System; Configure System, Secure System, Account for System.
Interactions:

Primary Key
Values:

Interaction: Operate System

Operator Management System Operator
— Materials In Process — (LeveI N Role) (Level N+1) (Level N+1 Role)
Material
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MS :tr;al P Autom)ation [Supervisory
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Interaction: Maintain System

b5l The interaction of maintenance occupants and higher level management systems with a
managed system, for purposes of maintaining that system in a qualified or appropriate state for
its intended purpose. This includes all forms of maintenance -- the prevention of faults
(preventive maintenance), as well the detection, diagnosis, recovery, and repair of faults
(corrective maintenance).

Interaction: Maintain System

) |

Maintainer
Management System (Level N+1 Role)

(Level N+1)

Maintainer
Input
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Notification

Autonjation [Supervisory
Command
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Interaction: Configure System

Definition: The interaction of a managed system with a higher level management system and/or
operator acting in a higher level management role, through which the configuration

of the managed system is managed.

Interaction: Configure System

Management System Operator
(Level N+1) (Level N+1 Role)

t

Autonjation [Supervisory

Command
Managed System (Level N) 5.
> c
s c
Automation| Supgrvisory o ol
Managed System Data 538
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Y
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Autonfation _J YOperatr

Super{/igorylnterfaé_ |~ Interface
|
|

Marjaged System
Command

Management y _ _
Interface

[
|
|
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Interaction: Secure System

Definition: The interaction of a managed system with a higher level management system and/or
operators acting in a higher level management role, through which the security of
the managed system assets and capabilities is managed.

Interaction: Secure System

Management System Operator
(Level N+1) (Level N+1 Role)

t

Autonjation [Supervisory
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> c
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Interaction: Account for System

Definition: The interaction of a managed system with a higher level management system and/or
operator acting in a higher level management role, through which the utilization of
the resources or capabilities of the managed system is accounted for.

Interaction: Account for System

Management System Operator
(Level N+1) (Level N+1 Role)

t

Materials In Process

Mg ;gal Autonjation [Supervisory
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Account for System: Requirements

Interaction | Interaction Primary Role Req ID Requirement
Key
Account for | 101.2 Automated Managed | AUTO [The system shall produce the system accounting analysis outputs, views, displays, or reports as
System | Accounting Analysis | System 6001 [isted in the Reports Table.
(Level N)
Account for 102.1 Process Managed | AUTO [The system shall transmi em utilization data, as shown in the Logged Data Table, for capture
System Context Automatic System 6011 [y external manageme ystem log, including process context data.
Utilization Data (Level N)
Logging
Account for | 102.2 Automatic Managed | AUTO [The system s ansmit system utilization data, as shown in the Logged Data Table, for capture
System Utilization Data System 6021 |y external agement system log.
Logging (Level N)
Account for 102.3 Process Managed | AUTO shall measure and display system utilization data as listed in the Managed System
System Context Automatic System 6031 ed Outputs Table, including process context data and including a status of data indicator.
F ‘ Stakeholder A
_/ oo all measure and display system utilization data as listed in the Managed System
Need g)uts Table, including a status of data indicator.
R
_/ iz SYSiem all display or report system utilization data as shown in the Logged Data Table, for
e }— Sy §or logging of such data.
_ ﬂ all all the operator to manually measure the system utilization data listed in the
: | anguage & e am Measured Outputs Table, for those listed for the Manual Utilization Data
“' E capability.
_/ foatal syt ! §al| display, indicate, or report the materials utilization data listed in the Managed
: eaurgmants 7 Role rred Outputs Table, for those listed for the Automatic Materials Utilization Tracking
Py ek iincluding a status of data indicator.
_/ A basion e §al| depend upon external (Operator) capture and tracking of materials utilization
Sy Constraint e ie Managed System Measured Outputs Table, for those listed for the Manual
p Vu _______________ ‘” e ~“ation Tracking capability, and including a status of data indicator.
Account for Accounting Managed |GS_AMThe system shall provide accounting management capabilities such that it complies with the
System Management System AR_1 regulations required by the regulators listed in the Applicable Regulators Table.
Regulations (Level N)
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Interaction: Consume Utility
The interaction whereby utilities are transferred between systems.

Model Information: Instances of this interaction may involve production input and outputs, raw
materials, utility media supplies and returns, exhaust, energy, mounting/support
forces, vibrations, etc. A subject system may be a source (supplier) of one instance
of media or force transfer and a sink (destination) to another. Media or force

transfer interactions imply a hidden system of access (SOA) role that may be detailed
in selected specialized patterns.

Resource Resource
Supplier System Consumption
Media- .- System
— — P
Roles Allocated To: Force -~
. /
* Subject System / Roles Allocated To:
* Utility System f e Subject System
¢ Building System '\
Y _
/// \\\
7/ N\
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\\ Force Transfer SOA | Force )
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Interaction: Protect

Definition: The interaction of a subject system with external actors (other systems, people,
product and material, and the system's environment) such that the subject system
itself, the external systems, people, product and material, and the subject system's
environment are protected from hazards originating in each other. This includes
maintaining structural integrity, along with distribution of and protection from static
and dynamic forces.

Model Information: A given instance of this interaction may have any of its four common roles allocated
to either the Subject System or any of the External Actors interacting with the
Subject System.
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(SOA)
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V4| Model Repository Reference S*Pattern

* Intended primarily as a reference framework (requirements, design,
otherwise) for describing this large space, and offerings (third party or
otherwise) within it.

e Because of its wide breadth:

* It expected that most practical cases will be federated sets of COTS and other
information systems, not any single system—at least, not for configurations including a
large number of the Features listed by the reference pattern.

e This S*Pattern is currently focused on the (configurable) Stakeholder Features, pending
further discussion.

* One or more specific configurations of this framework are expected to be
illustrated by real systems during the Launch Projects—whether made mostly
or only partly of existing COTS, enterprise, of institutional systems and
platforms, or additional components.

* A key value of this framework is as an open reference for others, encouraging
a large community—not a single proprietary implementation.



Features of Model Repository

-y

(=

Fit to User and Use

Repository features
associated with fitness of
the Repository to intended

use and users

Persistent Model Repository Model Compatibility Community
Credibility of Interest
Support and Teaming
Support
Repository features providing persistent Repository Repository features supporting the Repository
(memory) services for virtual models of features compatibility of virtual models across features
systems supporting representations, media, and life cycle supporting
credibility of tooling collaboration
shared and _
models community
use of
models
Model Application Transaction Support Mogelt:[Based Model Life Cycle Management Repository
rn
Sl?p;}ort Sy_stem_ .
Sustainability
Repository features supporting repository Repository Repository features supporting Repository
transactions specific to targeted applications of features management of the life cycle of features
the repository supporting models. sustaining its
reusable

configurable
model-based
patterns

Notes:
« This pattern is a specialization of the S*Repository Pattern.

« A specific repository configuration may have a populated subset of the features of this pattern

framework.

«This is a Feature pattern describing the trade space for such repositories, but the appearance
of a Feature in the above model is no guarantee that it can be supported in an implemented

system, unless it appears in the configured Features for that system.

sustainability

Configurable
Repository
Deployment

Repository
features
supporting
varied
deployment
options

Repository
Release
Roadmap

Repository
features
release plan

V4l Model Repository Feature
Model: Summary Feature Groups
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Features of Model Repository

Persistent Model Repository

Repository Service
Persistent
Repository
Service

Repository
Organization

ORGANIZATION CAPABILITY

Model-Based Representations

Conceptual Model

Representation

Conceptual Model Representation Type

(C__Conceptual Model Interoperability

)

Executable Model
Representation

Non-Model Representations

Document

DOCUMENT TYPE

Database

Database Type

Model Credibility
Support

Compatibility

Model Semantic Compatibility

odel
Verification
Support

Metadata

Integration
Capability

Model Validation
Support

Adaptability to
Model Semantics

Info Systems Compatibility

Enterprise
Information System
Compatibility

SYSTEM ID

Modeling Tools
Compatibility

Engineering Tools
Compatibility External

Information System

Community of Interest and

Teaming Support

Collaboration
Support

Consortium Asset
Member Access

Partner
Ecosystem
Access Feature

Fit to User and Use

Supported User
Population

TARGET GROUP

User Education
Feature

EDUCATIONAL
CAPABILITY

Built In
Guidance and
Education

User Interface
Capability

Ul CAPABILITY

User Experience

Model UQ
Support

Compatibility

SYSTEM ID

Adaptability to
Information
Systems

SEMANTICS TYPE

Schema and
Ontology
Mapping

Simulation Tools Example Models

Compatibility

Feature

EXPERIENCE TYPE
Satisfaction

My Customizable
Repository

Hybrid Public-
Private Layered
Model Security

Physics Based
Model Support

Model Portfolio
Management

PORTFOLIO CAPABILITY

Model VVUQ
Pattern Support

PLM Systems
Compatibility

Data Driven

Decision-Making
Model Support

Support
Capability

DECISION TYPE

Computational Assimilation Alds

Model — System
Model Integration

Model
Representation
Linearization

Interface
Technology
Compatibility

INTERFACE TECHNOLOGY

Collaboration Tools
Compatibility

Relying
Stakeholder

STAKEHOLDER

Learning Tools
Compatibility

System
Performance and
Capacity

SYSCIIREEETIY
and Availability

User Experience
Feedback
Support

Technical
Compatibility
Standards
Compliance

External

References
Access

Annotation
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Model Scope and Content

Model Scope and
Content Support

CONTENT AREA

{ Fesavaw o
.
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Multi-Level System
Model Support

Regulatory Entity

Team
Identification
Feature

Interface Support

API Support

APITYPE

User Standards
Compliance

STANDARDS AREA

Cost of Use

Configurable

REGULATOR

Component Model
Support

HPC Infrastructure
Access Facilitation

HPCI TYPE

Learning Sharing
Feature
Model Dataset

Support

Issues
Submission and
Tracking Feature

Model-Based

Model Life Cycle Management

Repository
Deployment

Model Application Transaction Support Repository Release
Roadmap

Repository

Repository System
Sustainability

Pattern Support

Model
Maintenance

Modeled System Cross-Domain

Enterprise

Model Configuration
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Model Versioning

Model Application
Development

Life Cycle Support

and Configuration
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Notes:

« This pattern is a specialization of the S*Repository Pattern.

A specific repository configuration may have a populated subset of the features of this pattern
framework.

«This is a Feature pattern describing the trade space for such repositories, but the appearance
of a Feature in the above model is no guarantee that it can be supported in an implemented
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system, unless it appears in the configured Features for that system.



