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1 Introduction

1.1 Document Purpose, Scope, Intended Readership
This publication is a light “primer” introduction to Systematica (S*) Models, the S*Metamodel, and their
purposes and uses, in both Model-Based Systems Engineering (MBSE) and other model-based practices.

What follows does not assume the reader is already proficient with models, modeling, or systems
engineering. Much of this content explains the “why” of S*Models, with only limited samplings of the
“how”. It may usefully be read by both newcomers to models as well as those who are more expert in the
subject. References are provided for those interested in going further.

1.2 The INCOSE/OMG MBSE Patterns Working Group

This document is a publication of the INCOSE/OMG MBSE Patterns Working Group, a component of the
joint INCOSE-OMG MBSE Initiative. INCOSE is the International Council on Systems Engineering (INCOSE)
and OMG is the Object Management Group (OMG). Formed in 2013, this working group is concerned with
advancing the practice, resources, and theory for creating and applying model-based patterns.

More information on this working group may be found on-line [1] and via the other References.

2 Ina Nutshell: What Are S*Models? What Is the S*Metamodel? For What Purpose?

e Models are descriptions of Modeled Things, for use and interpretation by Model Interpreters
(which may be humans, machines, or both). See Figure 1.

i
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Model " Modeling ™ , Modeled Thing

Rela(ionshlp

Model Infterpreter
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(Machine Interpreters) (Human Interpreters)

il

Figure 1: The Three-Way Setting for Models

e Modeled Things are portions of the natural and man-made world, for which Models encode what
humans believe is (or may be or could eventually be) true about those real Modeled Things.

e Models describe the solar system, manufactured products, chemical elements and reactions,
buildings and other civil structures, behavior of living things, aircraft flight, weather systems,
commercial vehicles, defense systems, computer software, and diverse other systems.

e Models come in many forms, including drawings and diagrams, mathematical equations and
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tables, executable computer programs or databases, and embodied physical replicas.

e Many models are created (authored) by human modelers, but machine learning algorithms also
allow computing machines to create some models from observed data.

e Models provide essential information to decision-makers (humans or automated systems), in
technical fields, business and finance, government, defense, and personal life. Accordingly,
shared, reliable methods of establishing and communicating confidence (or lack of confidence) in
what a model says are very important to model users.

e Models are the language of engineering and science. The discoveries and inventions they encode
helped power the abrupt STEM-based acceleration in the human standard of living in only 300
years.

e During that revolution, modelers and model users (particularly scientists, mathematicians,
engineers, and technologists) have been learning about the minimum conceptual content that a
model must contain, answering the related question, “What is the smallest effective model of a
system, for purposes of science and engineering, over the life cycle of a system?”

e An S*Model is any model, in any modeling language or in any modeling tooling, whose content
can be shown to include that minimal content. (S* is short for “Systematica”.)

e The S*Metamodel describes that minimal content, so that modelers and modeling tools can use
it to generate or manage effective models, and share a common understanding of what an
S*Model tells us—the model’s “semantics” (meaning).

e |n observed engineering widespread contemporary engineering practices, some models appear
to lack some of that minimal content (model is too small for intended use) or contain redundant
and conflicting content (model is too big). Both can create serious problems for model users.

3 Observed Phenomena and Physical Science Informed the S* Perspective

We call a model “valid” to the extent that we believe it accurately represents aspects of the
Modeled Thing that it is claimed to describe. Two very different kinds of practice have come into
play in determining the validity (accuracy of representation) of such models:

a. Agreement with Observation as the Arbiter of Validity: The successful rise of the physical
sciences depended on testing proposed models against observations of real systems they
claimed to model. Does a model accurately predict an observed phenomenon of the Modeled
Thing? That standard enabled multiple parties to “test” models to see if they really described
what was claimed, and was a major turning point in the physical sciences only 300 years ago—
particularly for falsifying models that were “not right enough” [2,3].

b. Human-Based Authority and Consensus as the Arbiter of Validity: At the start of the scientific
revolution, the above approach had to overcome resistance from human-based authority of
other types. The Copernican Revolution [4] marked one such turning point. But in more recent
times, other practices in making of formal consensus-based standards have likewise turned
to human opinion about whether a model is agreeable to a community in authority. For
example, that approach has been used with some success in the forming of standard models
for information system databases and information exchange. [5].

These two approaches to validation need not necessarily be in conflict, as they may involve a
consensus (per (b)) that real experiment and observation (per (a)) is in agreement with a model,
or not—as in the case of peer review of scientific experiment-based publications. But they are
also not necessarily in agreement. [6] Particularly in cases that have become disconnected from

S-Models and the S-Metamodel--A Primer WG REVIEW DRAFT V1.2.2 6



S*Models and the S*Metamodel: A Primer

direct experimental observation of phenomena, this consensus-based approach can lead to
confidence controversy that is difficult to resolve. [7].

Because of the spectacularly impactful effectiveness of models in the physical sciences, the
S*Metamodel perspective on minimum model content is heavily influenced by the history of
models in physical sciences of the last three centuries. That history is based upon models of
observed phenomena, against which proposed models may be validated. Accordingly, we can ask
what observable phenomena taught science about minimal necessary content of models.

Three types of STEM-based observed natural phenomena have informed the S*Metamodel and
its use to describe S*Models [8, 9].

3.1 Phenomenon 1: The System Phenomenon

The traditional engineering disciplines have their technical bases and quantitative foundations in
the hard sciences’ descriptions of phenomena:

Engineering Discipline Phenomena Scientific Basis Representative
Scientific Laws
Mechanical Engineering | Mechanical Phenomena Physics, Mechanics, Mathematics | Newton’s Laws
Chemical Engineering Chemical Phenomena Chemistry, Mathematics. . . . Periodic Table
Electrical Engineering Electromagnetic Phenomena | Electromagnetic Theory Maxwell’s Equations
Civil Engineering Structural Phenomena Materials Science, . . . Hooke’s Law, etc.
Semiconductor Eng’g Semiconductor Phenomena | Solid State Physics, . . . Quantum Mechanics

Newton Mendeleev Boltzmann Maxwell Schrodinger
v-D=yp b — (Lo (= (Bo=Eu) kT E*
V B = U Na Ya .%
VxE =3 g
VxH=J+% HWOWQE)= zﬁ - [¥(t) =

Figure 2: Engineering Disciplines Are Informed by Observable Phenomena of the Sciences

Specialists in individual engineering disciplines (ME, EE, CE, ChE—without them, we would be
living as in 1500) sometimes argue that their fields are based on “real physical phenomena”,
“physical laws based in the hard sciences and first principles math”, and the like, while sometimes
claiming Systems Engineering lacks the equivalent phenomena-based theoretical foundation.
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Instead, Systems Engineering is sometimes viewed as emphasizing process and procedure; use of
critical thinking and good writing skills; organizing and accounting for information; integrating the
work of the other engineering disciplines and stakeholder needs—but not based on an underlying
“hard science” like other engineering disciplines. (However, this Primer argues otherwise.)

Each of the traditional physical sciences is based on a specific physical phenomenon (mechanical,
electrical, chemical, etc.) and related mathematical formulation of physical laws and first
principles. What is the equivalent “hard science” phenomenon for systems, where is its
mathematics, and what are the impacts on future SE practice? Are there also “soft” aspects?

In the perspective described here?, System means a collection of interacting system components:

Causes behavior

State Interaction
System
Component J

Causes changes in

External .~
“Actors” .

Figure 3: The System Perspective

By interaction we mean exchange of energy, force, material, or information (these are input-
outputs) by system components, through which one component impacts the state of another.

By state we mean a property of a component that impacts its input-output behavior during
interactions. Note the circular cause-effect definition chain here. See Figure 3.

So, a component’s “behavior model” describes input-output-state relationships during
interaction—there is no “naked behavior” in the absence of interaction. Interactions are thus
central to S*Models and the S*Metamodel.

The behavior of a system involves emergent states of the system as a whole, exhibited in its
behavior during its own external interactions, resulting in observable holistic aspects.

Observable phenomena of the sciences in all instances occur in the presence of special cases of
the (generalized) System Phenomenon: System behavior emerges from interaction of behaviors
(phenomena themselves) of system components a level of decomposition lower. (Figure 4)

- = .y N
Level (N+1) 7 ~— >
System / \
| / | i . i
v Inductive Ladder N to N+1: System level attributes (state
BN —7 iabl t in the characterization of
PN - variables, parameters) emerge in the characterization o
7 ,’\‘—;n;b:t; Level (N+1) system’s behavior in its external interactions within the next
AT aribue | SyStem Attributes  Jeve| system. Each such emergent behavior is a case of the
Level (N) y N System Phenomenon, governed by Hamilton’s Principle.
System | ,/ Examples: Conductivity of elemental atoms; position and
S 7’ size of Solar System center of mass; diet of organism.
e Qt;bute
Level (N) | attribute
System Attributes

Figure 4: The System Phenomenon

1 This definition of System is inspired by the success of 300 years of STEM using the mathematical foundations of Newton,
Lagrange, Euler, Hamilton, and those who followed. There are other definitions of “system”. For example [10, 11].
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The resulting patterns of recurring larger-scale behavior become the basis for recognition, mathematical
laws of motion or other hard science, heuristics, rules of thumb, intuition, prediction, or other exploitation
of those regularities. Phenomena in the “softer” domains in all instances likewise occur in the presence
of cases of the above System Phenomenon, even though the domain-specific phenomena, input-outputs,
states, and behaviors are different.

All these patterns are recurrences, having both fixed and variable (configurable) aspects. The heart of
physical science’s life-changing 300-year success in prediction and explanation lies in recognition,
representation, exploitation of recurring patterns. They are also at the heart of deep human intuition,
expertise, and heuristics.

& 3

F'II

Q

)
co@oe o

C o
o
e
WAPAPE
i e e i

Figure 5: Recurrent Patterns: The Leverage of Scientific Laws, Rules of Thumb, Intuition

For each such emergent phenomenon pattern studied across the physical sciences, the emergent
interaction-based behavior of the larger parent system was discovered by Lagrange, Euler, and Hamilton
to be a stationary state space trajectory of the action integral—what came to be called Hamilton’s
Principle, expressed as equation. Extensions and alternatives to this formulation were developed by those
who followed, for discrete systems, non-deterministic systems, and other cases. Variational and
eventually Hamilton’s generalizations became the theoretical foundations of each of the specialized
phenomena of the various physical sciences (mechanics, electrical science, chemistry, quantum
mechanics, etc.). On this common mathematical foundation across all of the sciences, Max Planck
remarked that:

“It [science] has as its highest principle and most coveted aim the solution of the problem to condense
all natural phenomena which have been observed and are still to be observed into one simple
principle, that allows the computation of past and more especially of future processes from present
ones. ...Amid the more or less general laws which mark the achievements of physical science during
the course of the last centuries, the principle of least action is perhaps that which, as regards form
and content, may claim to come nearest to that ideal final aim of theoretical research.” [12]

Each discipline’s “fundamental” phenomena-based laws’ mathematical expression (Newton, Maxwell,
Schrodinger, et al) is derivable from the above formulation—as shown in many discipline-specific
textbooks. So, instead of Systems Engineering lacking the kind of theoretical foundation the “hard
sciences” bring to other engineering disciplines, it turns out that all those other engineering disciplines’
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foundations are themselves dependent upon the System Phenomenon and Hamilton’s Principle
mathematical expression of the inductive pattern from Level N to Level N+1. Many others followed with
generalizations and extensions to other cases, including discrete and non-deterministic.

So, the underlying math and science of systems provides the theoretical foundation already used by all
the hard sciences and their respective engineering disciplines. It is not Systems Engineering that lacks a
foundation—instead, it has been providing the foundations claimed by each of the other disciplines! This
also opens new perspective on how Systems Engineering relates to emerging future disciplines:

* The System Phenomenon and its supporting mathematics Y 5
; . . . A % . istribution networks
(Hamilton et al) provide the inductive ladder, explaining (*) | 2. Biclogical organisms, ecologies
theory of each new phenom level in terms of previous. 5. Market systems and economies
. . * Health care deliver
* As higher-level system patterns are discovered, © e o confiet
represented, validated, taught, and practiced, they become - Systems of innovation
“emergent domain-specific disciplinary frameworks”. - Ground Vehicles
- . . . . e . . T+ Aircraft
* This is evident in the history of scientific and engineering 8. Marine Vessels
domains and disciplines, and newer emerging ones. @ . Biological Regulatory Networks | |/

Traditional view: Expanded view: /]
The System Phenomenon

Systems Engineering ( I
Traditional Engi i (
Graditional Physical Phenomenm SERNHEEY AnliEanG I

Disciplinary Modules (Emerging Domain Phenomena

Emerging Doméin
Disciplinary Modules

Traditional Domain
Disciplinary Modules

/
* Explaining after their discovery, but generally not predicting them before. See P. W. Anderson [26]. ME, CE, EE, ChE, ...

The Systems Discipline

Q’radi‘tional Physical Phenomena

Figure 6: SE Foundations Support the Foundations of All the Engineering Disciplines

3.2 Phenomenon 2: The Value Selection Phenomenon

Engineers know that value is essential to their practice, but its “soft” or subjective nature seems
challenging to connect to hard science and engineering phenomena. What is the bridge effectively
connecting these, where is the related mathematics, and what are the impacts on future SE practice?

Figure 7: The Value Selection Phenomenon
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System engineers currently learn to seek out and represent (may model in detail) stakeholder needs,
measures of effectiveness, objective functions connected to derived requirements and technical
performance, etc.--what value does your system contribute?

This nearly always includes “conflicting” dimensions of value, when “trade space” value dimensions
appear to trade against each other—as in performance vs. cost. The resulting balancing act led to notions
of Pareto Frontiers and other multi-variate forms, Arrow’s Impossibility Theorem, and other formulations
and insights.

For many systems, lack of good knowledge (by even the customer) about value has changed engineering
into a discovery project, as in Agile Methods, Minimum Viable Products, Pivoting, Hypothesis Experiments,
and similar approaches. This is also related to the Model Trust by Groups Phenomenon.

Meanwhile, what are the phenomena associated with value, what is the bridge between subjective value
and objective science, where are the related mathematics and recurring patterns, and what are the
impacts on future SE practice?

What follows is not the same as simply “modeling idealized value”, which might seem natural but which
has some shortcomings. What distinction are we making here? This is where the “objective science”
comes in! We are interested in models that can be tested in experiments with real selection agents.

Systems engineering can catch up with what business has discovered and put into practice in recent
years—driving discovery with real experiments that test the validity of hypothesized value, in a dynamic,
pivoting enterprise. [13]

We are interested in what actual selection behavior tells us about value—not just what isolated offerings
of opinion about value or statements of preference. What really gets observably selected? That is the
distinction of the Value Selection Phenomenon. It is a real phenomenon that always occurs and can be
observed. It also can be influenced by advertising, culture, context, and bias. It can also help us engage
the “multi-variate value” challenge.

Settings
Consumer Market

Types of Selection

Retail purchase selection

Selection Agents

Individual Consumer; Overall Market

Operational Use

Decisionto use productA or use productB

User

“Matching Market”

profile, selection of school

Admissions Committee; Stude| 53\6 e
; AN
Family \)«\a

Q

Life choices

Ethical, moral, religious, curiosities, interests

Individual

O
\\\\‘0‘! 0

Democratic election

Voting

Voters; Voting Blocks

Business

Risk Management, Decision Theory

Risk Manager, Decision Maker

Figure 8: Different Types of Selection--Not Always by Humans
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Even if value (human-based or not) seems subjective, expression of value in the real world is always via
selection, which is an objectively measurable interaction-based instance of the System Phenomenon:

Fj
Experienced ,
Performance /

Figure 9: Selection versus Performance--Not the Same

Other
Influences

Selection

Value refers to Interactions of two very different types:

1. Performance Interactions (real or planned, present, past, future) embody and deliver Value from
Performers (this is currently more familiar to systems engineers):

e Example: The “ride” a passenger experiences, over a bumpy road in a vehicle. See Figure 10.
e An actually experienced, simulated, imagined, or promised performance interaction.
e This might seem like what we’d want to model (and we should), but there is more than this.

2. Selection Interactions (human or otherwise) express the comparative Values of a Selection Agent,
human or otherwise (familiar to consumer marketers, behavioral economics specialists, web-based
experimentalists, big data specialists):

e Example: The selection of a vehicle to buy, from among competing alternatives. See Figure 10.
e Thisis what we advocate also be modeled. It might seem it ought to produce the same result, but
there is more to it. For example, what is the effect of advertising, or reference networks?

Here we are emphasizing selection outcome as the ultimate expression of value. Performance Interactions
remain essential to representing the possible choices. Selection Interactions typically choose from across
multiple dimensions all at once, in the real world.

Value is not solely inherent to a subject system’s performance. A performing system, moved from one
country-culture-application-market segment to another, with no technical changes, could offer the very
same technical performance (assuming the application/operating environment remained the same
otherwise), but be valued differently by the new and different stakeholders in that different culture—as
their Selection behavior will ultimately express.

The Selection Phenomenon is what we want to understand to quantify relative value, always expressed
as selection--influenced in part by the Performance Interaction, but also by the nature and behavior of
the Selection Agent/agency and environment, which may be impacted by past experience, learning and
habituation, advertising and promotion, trends and fashion, peer groups, etc. Much innovation has been
occurring in those other spaces—such as choice and distribution through on-line and other non-traditional
systems.
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The Features portion of the S*Metamodel expresses See also Section 4:
selectable aspects of a system’s performance, which are the ™ ™ e e e e e e e e e e e e e e e
basis of the selection interactions. These Features are only : Feature :
partly a function of the performance of the system of : 777777777777 [ —— :
interest—they are also a description of the selection agency, : S — :
whether it is based in human judgment or survival in combat 5 : '"‘”T‘”" '"‘e”’r“"“ :
and the environment. = F = : " [ovomormo] [ Petmare i
o e DU
SN | L

‘ !

| | \
Selection i ] Performance
(notional Select or 1 » / g (notional model)
model) . Coupling A T

S
A Vehicle

( )

\

|

|

|

|

|

|

1

Point of Purchase VAN -
System /1 I
} SN

|

|

|

|

|

|

N
\

(

|
Vo
|
1
1 1 I
Pfodgigfr:nsg 2?:m |@=—=p  Purchaser Inertial FrecemEr Seating «—> Frame & Suspension “—> Propulsion Terrain o
Performance \ Frame Subsystem Subsystem System System } }
Promise Profile /~ AN P,efes(ee‘:gg%"m“e S Weight - Seat Stiffness )} ===~ _ Damping ___ )————= N Temain Profile ) — | } |
\ - s Sensed Ride Profile )« < \\ (__SeatHardness )} ——~._ \ —7\\ \ i)
e | ) e (Ceeeedely ||/ C pasona~ J-, ) | (viraoneroie S~ N} [ L 1
Simulation S rofle / 1 o 0 r [ i VAN L
System ol : A P L L / 10
|
g \ ! i | / P
‘ i

|
|
|
( Performance ) __ ! , /N ‘\ AN y ,
Simulation Profile N , / S ESELES Seat Behavior \ P - /

N -~ o= /

\ P_erformanc_e ,,,,,,, L / S Coupling o Suspended Frame O™ —_— _ _ _ _ _ ___ ________________ -7 ;

geliefs CouplingZ. © (| T Se——— ——LQynamics Couplingd¢- - — —— ————— —— —— ————________— ’//
N )

Figure 10: Example: Selecting Vehicle "Ride"
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We note that human subjectivity appears in two separate ways within the framework of Figure 10:

1. Ahuman may be a part of the Performance Interaction, and form sensory and mental perceptions
about what performance is occurring—not its value. (e.g., Passenger in Figure 10 example.)

2. A human may be the Selection Agent in the Selection Interaction, acting on acquired beliefs about
relative value. (e.g., Purchaser in Figure 10 example.)

A further insight: Note that neither of these two parties is the Modeler: The role of the Modeler is to
discover, express, and validate models of both the Performance and Selection aspects of the systems at
hand--whether those humans are flying aircraft or choosing products.

This clearly involves modeling of human behaviors. That should hardly be a surprise, after decades of
impactful modeling, Nobel prize recognition, and now on-line machine learning and millions of confirming
experiments, about the value-based behavior of humans making choices [13, 14, 15, 16]:

“Mind-blowing"—USA Today

) Judgment New York Times Bestseller s THE s
e ron | RO | MICHAEL Y | (OGRS
FAST .. SLOW Heuristics LEWIS
P o and biases st h

DANIEL THE
KAHNEMAN UNDOING
PROJECT

MICHAEL SCHRAGE

Figure 11: There Has Been Major Research and Practice Advance Concerning Human Choice

3.3 Phenomenon 3: The Model Trust by Groups Phenomenon

The physical sciences accelerated progress in the last three centuries, as they demonstrated
means for not just the discovery and representation of Nature’s patterns, but also the managed
awarding of graduated shared trust in them by their users (Figure 1). What is the scientific basis
of such group learning, how is it related to machine learning, and how does it impact future
practices?

Phenomena 1 and 2 above are about motivation for the content of S*Models and the
S*Metamodel, both discussed in the next section. Phenomenon 3 is about motivation for the
content of learned S*Patterns and the Innovation Ecosystem Pattern--including how confidence
in models is managed and represented. Those subjects are described in [27].
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What Is an S*Model? What Is the S*Metamodel?

What is the smallest model of a system, having sufficient content for the purposes of engineering
or science, over the life cycle of the system? This question has both practical and theoretical
significance [17]:

e Practically, we don’t want a model to be missing information that will be needed. But we also
don’t want a model that is too big--cumbersome to understand and maintain. An internally
redundant model can be self-contradictory and harder to maintain.

e Theoretically, scientists have sought the smallest model sufficient to describe the behavior of
a system. That is, they have favored the simpler of two explanations of a system—a criterion
called “Occam’s Razor” [18]. Further theoretical significance is that the size of a system’s
smallest model is one of the measures of the complexity of that system. [19]

An S*Model is any model, in any modeling language or in any modeling tooling, whose content is
made up of that minimal content, consisting of a targeted set of formal model concepts that were
selected from the successful history of the system models of STEM. “S*” is short for
“Systematica”. That minimal content framework is formally described by the S*Metamodel. [20]

A metamodel is a model describing other models, so that those other models are similar enough
to each other that they may be described by a single such metamodel. A metamodel provides the
“rules of the game” for creating or interpreting the meaning of the models it describes. It
describes the language or semantics of models conforming to it. Metamodels are also used to
formalize automated tool-based languages. Examples of metamodels include the metamodels for
the software modeling language UML or the systems modeling language SysML. [21].

The formal definition of the S*Metamodel is provided by [20], which is a detailed description of
over 100 pages. Most of the time, an intuitive, less complete reference is useful, such as provided
by the diagram of Error! Reference source not found.. That “intuitive pedagogical” diagram depicts a
subset of some of the prominent classes of information entities (“metaclasses”) and
approximately how they are related to each other (“metarelationships”).
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Figure 12: Informal Representation of Core of S*Metamodel

(Note: This is an informal “pedagogical” summary. For the formal S*Metamodel, refer to [20].)
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The S*Metamodel is not a replacement for commercial modeling tools or modeling languages.
Instead, it has been “mapped” into such languages and tools, to establish a minimal consistent
and portable core. S*Models are therefore commonly constructed and used within various
commercial off the shelf (COTS) modeling toolsets and modeling languages, such as SysML tools
and language. (Refer to Section 5.)

4.1 Sample of Selected S*Model Classes (Metaclasses)

The following summarizes some of the S*Metamodel classes (metaclasses) that are components
of S*Models.

4.1.1 System

A System is a collection of interacting components. By “interact” we mean the components
exchange input-outputs (typically energy, force, material, or information) that change the state
of the components. The components transform inputs into outputs, depending upon the state of
the components. A component can itself be a System, called a sub-system.

4.1.2 Interaction (Functional Interaction)
This section is motivated in part by Phenomenon 1 of Section 3.1.

A Functional Interaction is an interaction of two or more System Components, whose behavior is
described by their Functional Roles. Interaction means the exchange of Input-Outputs (typically
force, energy, material, or information) whereby one System Component affects the State (see
State) of another System Component. Interactions are the observable phenomena-grounded
basis of the theoretical foundations of the physical sciences and engineering disciplines. All
behavior occurs in the context of interactions. The behavior of each interacting component is
determined by its state, and that state can in turn be changed by the interactions.

Model authors are interested in discovering and including all the interactions relevant to their
models. The S*Metamodel makes this completeness goal less difficult by providing three
independent conceptual pathways to check, for what should be the same set of interactions (see
Figure 12):

e Value: The Feature-to-Interaction relationship trace helps to verify that all the
stakeholder-valued Features have representation in Interaction space.

o External Actors: The Interaction-to-Interface relationship trace helps to verify that all the
external actor interfaces have representation of the Interactions associated with them.

e Time/Mode/Situation: The Interaction-to-State relationship trace helps to helps to verify
that all the “situations”, modes, use cases, or periods of time that the modeled system
will encounter have representation of all the Interactions associated with them.

This discovery power is magnified by realizing that every Interaction should appear in all three of
the above sets. This completeness of Interactions has dramatic consequence in Section 4.1.6.

4.1.3 Feature (Stakeholder Feature)
This section is motivated in part by Phenomenon 2 of Section 3.2.

A Stakeholder Feature is a collection of Functional Interactions having stakeholder value
implications. Features are used to summarize product functionality in terms of value, service, or
capability recognized by customers or other stakeholders. Economics, quality, performance, risk,
or other measures of effectiveness are often associated with Features. The total Feature set of a
system of interest establishes the “trade space” in which various issues are traded off against or
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compared to each other (a form of selection itself), as to the relative stakeholder appeal, score, or
likelihood of subsequent selection by other agencies. In addition to the value-laden concepts, the
same Features also represent risk—all risk is risk to Features (see Feature Impact). For system
families, product line engineering (PLE), and configurable platforms or S*Patterns, Features are the
primary point at which stakeholder configuration choices are expressed, thereafter driving all other
points of variation within a S*Model of such a system pattern. This is directly related to the formal
standard on Feature-Based Product Line Engineering (PLE) [28].

Functional Role (Role)
A Functional Role is the behavior displayed by one of the interacting entities during a Functional
Interaction. (A component “plays a role in the interaction” according to the Functional Role(s)
allocated to it.) Because it is entirely described as behavior, a Functional Role is a Logical System. A
Functional Role may eventually be allocated to a Design Component to perform that behavior, but
the Functional Role is viewed as meaningful whether or not so allocated.

The behavior demonstrated by a Functional Role is its input-to-output transformation behavior,
modulated by its attribute values. Its behavior also includes changes to its (state variable) attribute
values.

Design Component
A Design Component is a System defined based upon its identity or composition (but not its
behavior). Emphasizing identity, Design Components are sometimes given proper names, such as
names of commercial products, materials, chemical elements or compounds, part numbers,
corporate systems, people, organizations, buildings, etc. Design Components fulfill the Functional
Roles (Logical Systems) allocated to them by the allocation of Roles to a Design Component.

Requirement Statement
A Requirement Statement is a description of behavior, in prose, mathematical, or other form,
relating a System’s Inputs, Outputs, and Attributes, against which an engineered System may be
verified. More generally, a Requirement Statement may be viewed as a non-linear transfer function
[22], describing the relationship of Outputs to Inputs, parameterized by Attribute values.

Requirement Statements participate in three-way relationships with Interactions and Roles. By this
we mean that the Requirement Statement describes the Functional Role’s behavior during the
Interaction. Requirement Statements are seen as allocated to Functional Roles (whose behavior
they describe), which are in turn allocated to Design Components.

Model authors are very interested to discover and include in their models all the relevant
Requirements Statements that are relevant. The S*Metamodel makes this completeness goal less
difficult. That is because of recognizing that finding all the Requirements Statements is directly
related to finding all the Interactions. Section 4.1.2 summarized how intermediate completeness
goal is accomplished.

Attribute
A modeled Attribute is a modeled property or characteristic of any of the metaclasses, which can
take on different attribute values to further describe (parameterize) the various instances of those
classes and how they vary.
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An attribute may belong to (describe) any metaclass, including another Attribute. Particularly
prominent cases include:

e Feature Attributes: Attributes of Features parameterize, quantify, or modulate
stakeholder-perceived value (positive or negative), financial performance, risk, capability,
configuration options, or other variable aspects of Features as seen by stakeholders. Such
attributes may have continuous, discrete, quantitative or otherwise enumerated values.
Feature Attributes include what system engineers call “Measures of Effectiveness” (MOEs).

e Role Attributes: Attributes of Roles quantify or modulate the technical descriptions of
behavior provided by Roles. They include dynamical state variables, relatively more fixed
configuration parameters (e.g., capacities), behavior profiles, quantitative numerical or
qualitative kinds of values.

e Design Component Attributes: Attributes of Design Components describe identity. They
include part or assembly numbers, names or identifiers,

e Input-Output Attributes: Attributes of Input-Outputs parameterize Input-Outputs, typically
describing 10 quantity, strength, or other characteristics of an Input-Output.

4.1.8 Attribute Coupling
An Attribute Coupling is a relationship between two or more Attributes that defines or constrains
the value relationship between the Attributes. An Attribute Coupling is sometimes called a
Parametric Coupling. Prominent cases of Attribute Couplings are shown in Figure 13:
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Figure 13: Prominent Types of Attribute Couplings

e Fitness Couplings: These describe the quantitative or other relationships between Feature
Attributes and Role Attributes. These characterize perceived value or capability variables
as a function of technical behavior variables.

e Decomposition Couplings: These describe the quantitative or other relationships between

Roles Attributes at one level of decomposition and Role Attributes at another level of
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decomposition. They describe how emergent higher-level system attributes are dependent
upon lower-level subsystem or component attributes.

e Characterization Couplings: These describe how Role Attributes (which describe behavior)
vary as a function of Design Component Attributes (which describe identity of Design
Components. In effect, Characterization Couplings are equivalent to “commercial data
sheets” or catalogs, showing curves, tables, or formulae for performance across different
Design Component allocations.

e |0 Couplings: These describe how Attributes of an Input-Output are related to Attributes
of other Input-Outputs.

4.1.9 State

A State is the value of a state variable describing some changing or changeable condition, characteristic,
or parameter of a system. Some state variables can take on a continuum of values, and others are
constrained to a finite list of possible values. In the latter case, a finite state model enumerates those
States. In the finite state case, each State persists for a period of time. In all cases, the state of a System
helps determine future behavior in which Functional Interactions are to be performed, entered, and
exited based upon events. The finite States of an environmental System of a subject system are use cases
for the subject system. During a use case, the subject system is required or expected to perform certain
functions, interacting with the environmental system.

4.1.10 Input-Output (10)
An Input/Output is that which is exchanged between interacting systems. Particular Input-Outputs of
interest are forces, energy, material, or information.

4.1.11 Interface

An Interface is an association of a System (which owns, provides, displays, or exposes the Interface), one
or more Input/Outputs (which flow through the Interface), one or more Functional Interactions (which
describe behavior at the Interface), and a System of Access (SOA), which is the medium enabling or
mediating the interaction between systems or transporting their exchanged Input-Outputs.

4.2 Additional Parts of the S*Metamodel

There are other types of S*Metaclasses, as well as S*Metarelationships, not shown in the informal
diagram of Error! Reference source not found., that are parts of the S*Metamodel. The more complete a
nd more formal reference is [20]. Among these are failure and risk analysis classes, meta-relationships
between the meta-classes, and S*Pattern configuration rules.

4.3 ASimple Example S*Model in OMG SysML

Sample views from a simple S*Model in SysML form are shown in Figure 14.
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Account For The interaction of the vehicle with its external managers, in which it accounts for wehicle utilization. ® ® ® ® ® ®
TEA =] us ]
Aspirate The interaction of the wehicle with the Local Atmosphere, through which air is taken into the wehicle for operational purposes, and ¥ »®
gaseous emissions are expelled into the atmosphere.
Attack Hostile | The interaction of the vehicle with an external hostile system, during which the wehicle projects an attack onta the hostile system's ¥ ¥
System condition.
FAuoid Obstacle | The interaction of the vehicle with an external object, during which the wehicle minimizes contact with ar progimity o the object. = =
Configure The interaction of the vehiche with peaple or systems that manage its arrangement or configuration for intended use, = LR
Dieliver Wehiche | The interaction of the vehiche with the process of itz delivery, including manufacture, distribution, and development. This includes
delivery of each configured wersion and update of the vehicle product line or family.
Inkeract with The interaction of the vehicle with an esternal higher level management system, along with the wehicle operator, through whick the ¥ ¥
Higher Contral | wehicle iz fitinto larger objectives.
Inkeract with The intearction of the vehicle with another vehicle, in which information is exchanged to identify one wehicle to another.
Mearby Wehicle
Interact with The interaction of the vehiche with itz aperatar.
Clperator
Paintain Systemn | The interaction of the vehicle with 3 maintainer andfor maintenance system, through whick Faults inthe wehicle are prevented or ¥ % | x
cofrected, 2o that the intended qualified operating state of the wehicle is maintained.
Manage Vehicle | The interaction of the vehiche with itz operator andfor esternal management system, through which the performance of the vehicle x| %
Ferformanie iz managed to achieve its operational purpose and objectives.
Mavigate The interaction of the vehiche with the Global Positioning System, by which the Yehicle tracks iz position on the Earth, = =
Perfarm The interaction of the vehiche with an esternal Application System, through which the vehicle performs a specialized application. % %
Application
Ferform Dock. | The interaction of the vehicle with an esternal docking system, through which the wehicle arrives at, aligns with, or departs from a
Approach & loading ! unloading dack. = =
Cleparture
Fefuel Vehicle | The interaction of the vehicle with a fueling system and its operator, through which fuel is added to the vehicle. = =
Ride In Wehicle | The interaction of the vehicle with its occupant[s) during, before, or after travel by the vehicle. X | X | X[ X
Secure Wehicle | The interaction of the vehichs with external actors that may or may not have privileges to access or make uze of the rezources 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 wehicle protects its occupants and minimizes ¥ ¥
damage o itself,
Tranzport The interaction of the vehiche with a Wehicle Transport System, through which the Wehicle is transported to an intended destination. = =
Paue_l Qier The interaction of the vehiche with the terrain ower which it travels, by means of which the wehicle moves aver the terrain, % %
errain
Wiew Vehicle The interaction of the wehicle with an external viewer, during which the viewer observes the vehicle, x ®
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Features Interaction Interaction PK | Functional Role Req ID Requirement
Value

Accountability Account for System  [Operating Hours  [Wehicle WEH-1002  |The system shall record and make available for display the
Feature[Operating Hours Accounting accumulated hours of vehicle operation.
Accounting]
Accountability Account for System  [Vehicle Mieage Vehicle WEH-1147  |The system shall record and make available for display the
Feature[Vehicle Mileage Accounting accumulated distance since vehicle manufacture.
Accounting]
Automatic Braking Travel Over Terrain Vehicle WEH-1132  (The vehicle shall travel under the control of its operator, as to
System Feature[]. Cost of vehicle speed, acceleration, direction, and power.
Operation Feature(],
Automatic Braking Travel Over Terrain Vehicle WEH-1133  [The vehicle shall be capable of sustained cruising speed of
System Feature[], Cost of 80 miles per hour over Class 7C terrain.
Operation Feature(],
Automatic Braking Travel Over Terrain Vehicle WEH-1134  [The vehicle shall be capable of accelerating from standing
System Feature[], Cost of start to 60 miles per hour in not more than 12 seconds.
Operation Feature(],
Automatic Braking Travel Ower Terrain Vehicle WEH-1135  |The vehicle, loaded with its passenger and other load
System Feature[], Cost of maximum, shall be capable of stopping from a speed of 60
Operation Feature[], miles per hour in 200 feet on dry pavement.
Automatic Braking Travel Owver Terrain Vehicle WEH-1136  |The vehicle shall be capable of operating 5,000 miles
System Feature[], Cost of between oil changes
Operation Feature(],
Automatic Braking Travel Over Terrain Vehicle WEH-1137  [The vehicle shall be capable of operating 50,000 miles
System Feature[], Cost of between tire changes.
Operation Feature(],
Automatic Braking Travel Over Terrain Vehicle WEH-1138  |The vehicle shall be capable of operating 25,000 miles

System Feature[]. Cost of
Operation Feature(],
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Terrain Profile ‘Vehicle Performance Aerodynamic Resistance
weight oclane rollresist
[ 1 [
Vehicle Weight Rolling Resistanca
Fuel Octane
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Feature Effect Severit Functional Component Failure Probability Mitigation
(Failure y Failure (Counter Mode (Control)
Impact) Requirement)
Navigation No Serious The system displays | Vehicle ECM Erratic 0.0015 Nav Backup
Feature [GPS- Confidence in | (4) a location that is not ECM Mode:
based Location Displayed accurate to 10 feet. External Nav
Sensing] Position Module
Navigation False Critical The system displays | \enicle ECM | Erratic 0.0015 None
Feature [GPS- Confidence in | (5) glc_)catlon con_fldence ECM
based Location | High Error indicator that is not
Sensing] Displayed correct.
Position
Navigation No Displayed | Serious The system does Panel Fractured 0.0003 Nav Backup
Feature [GPS- Location 4) not display the Display Display Mode:
based Location graphic map External Nav
Sensing] presentation. Module
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bdd Vehicle Physical Alchiieclun?)

«Physical System»

Physical Vehicle

«Physical Systems»
Vehicle Electrical

System

«Physical Systams
Vehicle Body

¢

«Physical Systems
Vehicle Chassis

¢

«Physical Systems

Powertrain

¢

«Physical Systams
attery

«Physical Systems
Vehicle ECM

«Physical Systems»
Body Exterior

«Physical System»
Vehicle Frame

«Physical Systems»
Fuel Tank

«Physical Systams
Powertrain ECM

wPhysical Systems
Electrical Power
Distribution System

aPhysical Systems
Data Distribution
Metwork

«Physical System»
Body

«Physical System»

«Physical Systams

System

«Physical Systems
Transmission

«Physical System»
Vehicle Interior

«Physical Systems
Vehicle Driveline

«Physical Systems
Brakes

«Physical Systems
Engine System

0

«Physical System»
Engine ECM

wPhysical Systems
Engine Assembly

«Physical Systems
Lubrication System

«Physical Systems»
Cooling System

«Physical Systems
Induction System

«Physical Systems»
Fuel System

Acknowledgement: Influenced by related physical architecture work of John Thomas
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5 Tooling and Language Mapping

S*Models and the S*Metamodel are neutral as to specific modeling languages and tools, and meant to be
used with those tools and languages by means of “mappings” of the S*Metamodel into various languages
and tools. An example of such a mapping into an OMG SysML tool is [24]. Following such a mapping and
preparation of a tool-specific profile, $*Models may be created and managed in any such COTS tool.

5.1 A Starter Kit for S*Modelers
For those with access to Dassault Cameo Systems Modeler configured for OMG SysML modeling, the
following resources can be used as a “starter kit” to establish an environment for creating S*Models:

Resource S*Models Starter Kit | S*Patterns Starter Kit
[25]
S*Models and S*Metamodel Primer X
S*Patterns Primer

S*Patterns Configuration Wizard
S*Patterns Configuration Wizard Guide
S*Metamodel Document

Mapping Document to SysML in CSM
S*Profile and Project Template for CSM
S*Pattern Management Guide for CSM
Loadable Example S*Model: International
Power Converter

OO IN DU R IWINE
XXX > | [>|>x[>x|x

XX | X[ XX
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