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Abstract

e Systems Engineers are moving ahead with various
initiatives to enable Model Based Systems Engineering.
But these initiatives may not be capturing the idea that
these systems are Complex. INCOSE and 1SO-15288
process areas capture best practices to address
complicated systems, but that there are additional
methods require to address the emergent behavior
found in Complex Systems. This presentation will
discuss some of the deficiencies in the current
1ISO-15288 processes, then provide an overview of the
SACS Toolbox approach to viewing a complex system.



Message

* A popular understanding of Systems Engineering
is if an organization is mature in the INCOSE
Process Areas, then, the products and services it
produces will be optimal (low cost, high
reliability, optimal stakeholder satisfaction.)

* This is an optimization of a static, complicated
system, but not necessarily an optimization of a
complex, dynamic system, with emergent
behavior — particularly in terms of sociotechnical
systems!



Background on INCOSE / Systems
Engineering Practiced by This
Professional Group...



Origins of the Process Areas

* Inthe beginning, there were Mistakes made when developing complex products
and services.

* People developed Checklists to try to make sure these didn’t happen again.

 Sometimes the Checklists were moved up front in development and called
Requirements or Standards.

* Taxonomists and Ontologists (well, groups of engineers) got together and
started to group these Checklist activities into focus areas, and called them
Process Areas.

* Soon, Communities of Practice and event departments started to spring up
named after these Process Areas...

 Systems Engineering as a business function was born.

* As Computers improved to the present day, Systems Engineers are advancing
the use of the software tools and methodology to assist in the practice of these
process areas: MBSE — Model Based Systems Engineering was born.

Note: Notice the Cartesian approach: Break things into its component parts, sum
the parts into a whole...



INCOSE Process Areas
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Figure 1-1 System Life-cycle Processes Overview per ISO/IEC 1

6



INC

SE Processes —

ommunities of Practice

Process Area Binary Code (Heuristic) Programs Artifacts of the Process Typical Process Participants Process Area Binary Code (Heuristic) Programs Artifacts of the Process Typical Process Participants
M ff, CM M. . Compliance M: ,
CONFIGURATION MANAGEMENT Controlled Change Control | Co™Tigurations with Key Cs St'al" N Maitenane y Poliey, Procedures, and Quality Managers,
ontrotle ange Control Grid Assets pecialists, Maintenance QUALITY MANAGEMENT Quality Auditing Objectives for achieving ) 4 Bers, .
Workers Grid Reliability Compliance Staff, Quality
Documents, Records, IT Specialists, Document or Staff
iki . N o Risk Analysts, Systems
INFORMATION MANAGEMENT Information Ontology/Workflow Wikis, J_O”"‘a!z Recf’rdslcmtm' staff, RISK MANAGEMENT Risk Fault Trees, FMEA, Root | List of Grid Reliability o inee‘:s Secyurit
containing Gri Functional Managers, HR Y Cause Analysis Risks/Threats 4 g y
Information Knowledge Mgrs, Trainers Managers, Project Managers
List of Key Decisions,
HR MANAGEMENT Productive Performance Evaluations| Employees critical to HR Staff, HR Managers, Decision l\‘lllanagement Decision Makers, Managers
i i i iabili DECISION MANAGEMENT Selected MCDA, Decision Trees !
Trained Skills Grid Reliability Managers Policy / regarding Grid of Decision Makers
Reliability
Slystems :ecentl\; " g List of Projects currently Project Managers, Line
Implemented or Under Installers, Lead Engineers, : : n 4
IMPLEMENTATION Ready Build Instructions " | . d Users of g PROJECT PLANNING Planned Resource List, in planning, or recently Managers, Project
. Imp eme.ntam?n . End Users of System Scheduling Program | planned that impact Grid Coordi ! ¢
impacting Grid Reliability Reliability oordinators
Systems Recently j ] SUPPLY Good Deal Supply Chain Analysis, | List of Parts or Process Supply Chain Manager,
Integrated or Under Systems Engineers, Project Contracts currently in sourcing Commodity Managers
INTEGRATION Connected State Machines L X Managers, Test Technicians, Investment Study, Sales List of Sales Force, Business
Integration impacting N . ACQUISITION ROI
Grid Reliability Integration Technicians Balance Sheet parts/contracts Managers, Salesforce
R i List f i
Operations Plans, Mip | COMtrel Centers, Control [ s AKEHOLDER REQUIREMENTS DEFINITI Desired Requirements Tool eq"'l:eme"ts ist for Systems Engineers,
OPERATIONS Operating e Rooms, Different Shifts, Operations Staff ‘belp"’g'am - Customers, Stakfh"'ders
T ity Matri
Local/Backup REQUIREMENTS ANALYSIS Required Trace Tool racability Matrix o Systems Analysts,
Maintenance Crews, requirements technicians
Maintenance Schedule ! Maintenance M 3 i
MAINTENANCE Repaired Maintenance Project ' N anagers Prints, Software,
and Procedures X R Maintenance Staff ARCHITECTURAL DESIGN Functional Various Design Programs| Concept designs for Design Engineers, Analysts
Teams, Different Shifts "
systems
Standard Work and Checkout Proced Checklist of transiti
- e ) : TRANSITION Sufficient eckout Procedure, ecKlist OT ransition | rest Technicians, Build crew
Schedule, Resources Project Work (including Project Managers, Line Readiness items
PROJECT CONTROL Healthy . . - N - - P,
Allocation scheduling/monitoring) Managers Material Analysis, Inventory List of Facilities Manager, Safety,
. . . Lo DISPOSAL Scrapped A ) . A
impacting Grid Reliability Hazard Analysis disposed items Maintenance Staff
List of Ext I Sy ity M. Busi Process Library of Pi M , P
Resources Crtial 10 Grd|  Managers, Operators, ||| |7E CYCLE MODEL MANAGEVENT | Value added | process mprovements |y 20 (00700 | ™0 ovemensaft
EXTERNAL DEPENDENCIES Dependent Relationship Maps | vesourees ( nagers, Op , policies, p ' P
Reliability and their Maintenance Workers, Capitalization Tool Asset List of buildings CFO, Leadership Team
Interdependencies Executives, etc INFRASTRUCTURE MANAGEMENT Capitalized pitatizal ’ ! 8s , Leadersnip feam,
List of M © T Analysts, T Staff, M Forecasting Tool equipment, resources Finance
MEASUREMENT Accurate Analytics 18! C;)b' :'asurzr:/len I:a \ SL' a a ’E anagers, Portfolio of projects in Portfolio Managers,
jectives aizen Leaders, Executives PROJECT PORTFOLIO MANAGEMENT ROI Portfolio Tool orocesses an’; ;Ianned Leadership Team, Finance
Systems recently verified,| Test Technicians, Project Team
. P Tailori m P
VERIFICATION True Testing or under verification that Managers, Systems TAILORING Applicable Process Library Trace ail (?rln.g rocess , Process
impact grid reliability Engineers, Line Managers Tailoring Process Improvement Staff
Systems recently System Customer Liasons,
. - validated or under System Customers, System d t 1 I
VALIDATION Desired Surveys, Tracabili o N ! .
4 vy validation that impact | Operators, Stakeholders with re e a I S
grid reliabilty Approval Authority h

practices these
areas an how

they thin




INCOSE Concept of Time

Stages

, Utilization :
Process Groups Concept Development |Production : Retirement
upport

Technical ,
Processes

Project | ' . |
Processes

Agreement . | . |
Processes

l | l I I l
Organizational | | | | | |
Project-Enabling

Processes| | | I/W
Tailoring | This is how various

| .
Processes — process rise and fall

throughout a project,
but not Dynamics...




INCOSE Concept of Interrelatedness

P

{ Input Output
relationships aren’t

exactly what complexity

means by this...
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CMMI’s Maturity Suggested Progression Through
the Systems Engineering Process Areas

Table 3.2 Procass Areas, Caregonas, and Maturmy Levels
Process Area Caregory Mawrmy Level
Causal Analysis and Resoition (CAR)  Support 5
Staged Corfiguration Managemert (CM) Support 2
Selected Maturity Level Decision Analysts R ‘ Suppor 3
. {DAR)
I Maturity Level 5 Integraad Project Management (IPM) _ Project 3
I Maturity Level 4 Managemant
I Maturity Level 3 Measurement and Analysis (MA) Support 2
Maturity Level 2 Organizatonal Procass Definition Process 3
{CFD) Management
AM Organizatonal Process Focus (OPF) Process 3
Management
Organizatona Performance Process s
Management (OPM) Management
Organizatona Process Performance Process 4
{0FP) Management
Organizatond Training (OT) Process 3
|| Management
Product Intagration (1) Engineenng 3
Project Monitoring and Control (PMC)  Project 2
NN - N . ; 110 achieve maturi Management
D B GYOUPS of process areas chosen for process mprovementio chieve matunty level 3 :ruea :a-nhg Pp] =rqect 2
Management
Process and Product Qualty Assurance  Support 2
(FPQA)
Figure 3.2: Process Areas in the Continuous and Staged Representations Quantitative Project Management Project 4
{CPM) Managemant
Requirements Devalopment (RD) Engineenng 3
Requirements Management (REQM)  Project 2
Management
. . 2 Risk (RSKM) Project 3
Just improving pieces versgEn= et
Suppiler Agraement Management ect 2
doesn’t mean the i e
Technicd Soluzon (TS) Engineering 3
emergent whole will be Vaicaton (VAL Engeemg :
Verfication (VER) Engineering 3
better... '




Complex Systems Engineering?



We have found that as complexity has increased, the ability of technology to dominate the solution space is diminished. We lack capabilities to effectively address
multidisciplinary problems emerging in the 21st century.

Technology Influence

Complexity

In order to engage high complexity systems problems the hard technological perspective must be expanded to include a soft perspective that accounts for human,
political, organizational, managerial and policy elements associated with the complex systems problem.



IEEE 9" International System of Systems Engineering Conference (SoSE 2014) — Outline Program
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Dartmouth Engineer Magazine

Complex Systems

Tackling surprises in multi-component systems, from human behavior to
robotic smarts

BY LEE MICHAELIDES AND KAREN ENDICOTT
COVER ART BY MICHAEL AUSTIN

Don't worry if you're not sure what a complex system is. Even the people who study multi-component
systems, such as the internet, communication networks, industrial processes, and interacting teams of
robots, define complex systems in various ways.

Some see complex systems as having so many components that they are difficult or impossible to model.
Others emphasize that interacting components produce unexpected emergent properties that make the
overall system tough to model. Still others see complex systems as intricate interfaces between humans,
nature, and technologies. One of Thayer's three research focus areas (the other two are engineering in
medicine and energy), complex systems provides room for creative new ways of thinking about the world
around us. Here we look at some of the complex system challenges that Thayer professors are trying to
understand and solve.
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Cybernetics — Which Systems can
INCOSE’s Processes Address Well?

1st Order — Systems as objects

2nd Order — How to measure being a part of
the system (dynamics)

3rd Order — Complex, open-minded, dynamic,
self organizing, emergent — system reproduces
itself while adapting to change

4th Order — System redefines itself entirely



INCOSE Complexity Working Group’s Advice

Assertion: Complex-systems can only be engineered by intervention, not by specification and then
development. - Brian White:

Complex Adaptive Systems Engineering (CASE) - Complex Systems Engineering Principles:
e 1. Bring Humility

. . Follow Holism
. . Achieve Balance

. Utilize Trans-Disciplines

. Embrace Political, Operational, Economic, and Technical Factors
. Nurture Discussions

. Pursue Opportunities

. Formulate Heuristics Some INCOSE members

may be familiar with the
Complexity Working
Group’s advice in this

[ ]
O 0 N O U1 A W N

. Foster Trust

* 10. Create Interactive Environment
e 11. Stimulate Self-Organization
 12.Seek Simple Elements

 13. Enforce Layered Architecture



Systems Engineering — Applying
Complex Systems Thinking

System Engineers cannot control complex systems
development. They can only influence projects by
targeted communications.

System Engineers need dynamic models of the Social
Behavior of their teams in order to steer them through
targeted communications

System Boundaries should be drawn around the
stakeholders and environment of the system, not the
development team

System Engineers need to bridge the gap between the
Natural Sciences, the Social Sciences, and the
Humanities



Suggested Competencies to Consider

Applied Complexity Science
Coursework in Non-linear Dynamics and Chaos
Coursework in Communications

Coursework in performing Surveys and analyzing their
results correctly

Coursework in Causal Mapping
Coursework in Data Mining and Data Analytics

Experience with leading Self-Organizing Teams (e.g. Open
Space, World Café, Kaizens — not just Waterfall or Agile
Project Management Processes.)

Practice applying tools to Social Systems, not just Technical
Systems
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Definitional Test of Complex Systems (DTCS) Varlables Analyzed for the 20 Communities In the Summit County Database
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STEF

* Over the past several years we have developed a case-based,

mixed-methods, density approach to modeling the temporal and

spatial complexities of big data.

* The platform for this approach is called the SACS Toolkit. In
terms of simplifying assumptions, the Toolkit employs three
novel solutions:

e (1) it conceptualizes the complex causal organization of a
system as a set of microscopic cases (k-dimensional vectors
spaces);

e (2) it clusters/groups cases to identify major and minor
profiles and (discrete or continuous) trajectories

* (3) it translates their high-dynamic microscopic trajectories
into the movement of macroscopic, low-dynamic densities.

\
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TABLF 2
Deafin

—
STEF

— * The strengths of this approach are several. It allows researchers to:

Model complex systems as sets of cases.

Explore these systems at multiple levels.

Examine the interactions between system and environment.

Explore the relationships amongst the cases (networks).

Address and combine both structure (organizational pattern) and agency.
Study complex causal structure.

Use small to big data.

Model these systems as static or longitudinal.

In terms of longitudinal, we can model as discrete or continuous

In terms of continuous modeling, we can:

map the complex, nonlinear evolution of ensembles (or densities) of cases;
classify major and minor clusters and time-trends;

visually identify dynamical states, such as saddles and attractor points;

plot the speed of cases along different states;

detect the non-equilibrium clustering of case trajectories during key
transient times;

construct multiple models to fit novel data;

predict future time-trends and dynamical states; and, finally, in terms of
impact,

generate results that are visually and conceptually intuitive to private/public

sector users and policy makers.
| —
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Definitional Test of Complex Systems (DTCS) Varlables Analyzed for the 20 Communities In the Summit County Database
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* Researchers in the social sciences currently employ a variety .

reater than

of mathematical/ computational models for studying complex ..

s Systems. ;—
* Despite the diversity of these models, the majority can be vl

=== grouped into one of four types: .y
— eguation-based modeling,
— stochastic (statistical) modeling, _
= computational modeling :——_
— network modeling. —

* However, David Byrne and colleagues have added a fifth type: —=
case-based modeling
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Cases Are Complex Systems

* Byrne is recognized, internationally, as a leading ~ _.
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Cases Are Complex Systems

* What scholars (including the current authors) are only
beginning to grasp, however, is that Byrne sees these areas
as conditional upon one another — that is, they are two
sides of the same theoretical/methodological coin:

* His premise, while simple enough, is ground-breaking:

— Cases are the methodological equivalent of complex systems;
or, alternatively, complex systems are, theoretically speaking,
cases and therefore should be studied as such.

* With this premise — Byrne introduces an entirely new
approach for modeling social complexity and the temporal
and spatial dynamics of complex systems.
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Cases Are Complex Systems

* There are several strengths to this approach, three of
which are crucial to the work Dr. Rajaram and | are
doing:

1.

It embraces an interdisciplinary framework —with great
thought given to the transport of theories, concepts, and
methods between scientific and disciplinary boundaries,
for the purposes of modeling social complexity and
complex social systems.

It employs a mixed-methods toolkit, including case-
comparative analysis and many of the latest advances in
computational and complexity science method.

It provides an epistemological platform (grounded in
complex realism) for constructing a cohesive ‘complex
systems’ methodology, based on its concept of the case.



Cases Are Complex Systems

* Pace Byrne, we seek to develop a
mathematically-rigorous, computationally-
based, mixed-methods platform for modeling
social complexity and complex social systems.

* The purpose of this presentation (in
combination with that of Dr. Rajaram) is to
explore what we have so far accomplished —
albeit tentatively.



Cases Are Complex Systems

e To begin, we have introduced two new terms:

— case-based complexity science is the attempt to actively
integrate case-based method with the latest developments in
the complexity and social sciences for the purpose of modeling
complex social systems as sets of cases.

* |t also revolves around a particular set of epistemological
assumptions:

* Complexity theory is not so much a substantive theory, as much as it
is an epistemologically explicit attempt to model social life in complex
systems terms.

* |t also revolves around complex realism

— In turn, case-based modeling is the mixed-methods set of
techniques scholars use to engage in case-based complexity
science, particularly the latest developments in the
computational and complexity sciences.

* The key to this approach is that the methods serve the purpose of
case-comparative analysis, from small to big data!




Cases Are Complex Systems

* We also introduce a new methodological

framework: the Sociology and Complexity
Science (SACS) Toolkit.

 The SACS Toolkit is a the case-based, mixed-
methods, computationally-grounded platform for
modeling socio-biological complexity and, more
specifically, complex socio-biological systems.



SACS Toolkit
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Abstract Researchers in the social sciences currently employ a variety of mathe-
matical/computational models for studying complex systems. Despite the diversity
of these models. the majority can be grouped into one of three types: agent (rule-
based) modeling, dynamical (equation-based) modeling and statistical (aggregate-
based) modeling. The purpose of the current paper is to offer a fourth type: case-based
modeling. To do so, we review the SACS Toolkit: a new method for quantitatively
maodeling complex social systems, based on a case-based, computational approach to
data analysis. The SACS Toolkit is comprised of three main components: a theoretical
blueprint of the major components of a complex system (social complexity theory):
a set of case-based instructions for modeling complex systems from the ground up
(assemblage). and a recommended list of case-friendly computational modeling tech-
niques (case-based toolset). Developed as a variation on Byme (in Sage Handbook of
Case-Based Methods, pp. 260-268. 2009), the SACS Toolkit models a complex sys-
tem as a set of k-dimensional vectors (cases). which it compares and contrasts, and
then condenses and clusters to create a low-dimensional model (map) of a complex
system’s structure and dynamics over time/space. The assembled nature of the SACS
Toolkit is its primary strength. While grounded in a defined mathematical frame-
work, the SACS Toolkit is methodologically open-ended and therefore adaptable and
amenable. allowing researchers to employ and bring together a wide variety of mod-
eling techniques. Researchers can even develop and modify the SACS Toolkit for
their own purposes. The other strength of the SACS Toolkit, which makes it a very
effective technique for modeling large databases, is its ability to compress data matri-
ces while preserving the most important aspects of a complex system’s structure and
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SACS Toolkit

1. First, it is comprised of a theoretical blueprint for studying complex
systems called it social complexity theory. Social complexity theory is not

a substantive theory; instead, it is a theoretical framework comprised of a
series of key concepts necessary for modeling complex systems. These concepts
include field of relations, network of attracting clusters, environmental forces,
negotiated ordering, social practices, and so forth. Together, these concepts
provide the vocabulary necessary for modeling a complex system.

2. Second, it 1s comprised of a set of case-based instructions for modeling
complex systems from the ground up called it assemblage. Regardless of the

methods or techniques used, assemblage guides researchers through a seven-
step process of model buildingwhich we review belowstarting with how to
frame ones topic in complex systems terms, moving on to building the initial
model, then on to assembling the working model and its various maps to finally
ending with the completed model.

3. Third, it i1s comprised of a recommend list of case-friendly modeling
techniques called the case-based toolset. The case-based toolset capitalizes on

the strengths of a wide list of techniques, using them in service of modeling
complex systems as a set of cases. Our own repertoire of techniques include
k-means cluster analysis, the self-organizing map neural net, Ragins QCA, net-
work analysis, agent-based modeling, hierarchical regression, factor analysis,
grounded theory method, and historical analysis.



SACS Toolkit

We begin our review of the SACS Toolkit with five opening points:

(1) For the SACS Toolkit, case-based modeling is the study of a complex system §
as a set of cases ¢; such that:

= {c; : ¢; 1s a case relevant to the system under study}. (1)

(2) At minimum, S is comprised of one case ¢;.

o — Lnaxnmum number of cases that can be
. practically speaking the upper limit
will be bounded, basegijon the partlcular set of cases 1dentified for study—which
is always an empiricajssue.
(4) We denote the numbefjof cases being studied by n.

This is our ﬁrst 5|mpI|fy|ng assumptlons

(5) Each case ¢; in § i1s a k dimensional row vector ¢; = [x;y, ..., xik], where each x;;
represents a measurement on one of the variables being used to model a complex
system.
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Figure 1
Example of the Final Map Created by the SACS Toolkit for Current Case Study
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SACS
Toolkit

TABLE 2

Vanables Analyzed for the 20 Communities in the Summit County Database

Compasitonal
Factors

Population 85 years of age of older’

% White Population’ (Defined as number of persons identifying themseles as “YWhite” in response to
the 1990 US Census or “White Alone” in response Lo the 2000 US Census)

% African-American Population’ (Defined as the number of persone identifying themselves as *Black
of Alrican-Amencan” in response 1o the 1280 US Census or “Black or Alrican-American Alone™ in
response to the 2000 US Census)

Median Household Income'

Factors

Overall Poverty (Defined as the number of persons living “below the paverty level” as defined by the
U.S. Census)

Public Assstance’ (Defined as the number of houscholds receive public assistance as defined by
the US. Census)

Persons 25+ Years with High School Diploma’

Net Job Growth® (Defined as the number of jobs in 2000 minus the number of jobs in 1890,
Unemployment Rate’ (Dafined as unemployed civilan labor force)

Housing atlordablity’ (Defined as the parcentage of households whare morntgagelrant s greater than
30% of the household Income)

No Health Care Coverage’ (An estmate of the number of individuals with no health care coverage
based upon a statewide survey (Behavior Risk Factor Surveldlance Survey — Centers for Disease
Control and Fravention)

Heakh Qutcomes

No Frst Trimester Prenatal Care’ {Defined as the number of births occurrng to mothers from 1986
to and including 1958 for which no prenatal care was received dunng the first three months of the
pregnancy)

Teen Bith Rate’ (Defined as the number of births cccurring between 1885-1956 to mothers 15 to
and including 1?ycanofaqcz
Childhcod Immunization Rate” (Defined as the percentage of children with a complete immunization
senes 431 by ther second bithday based on the kindergarten retrospective study)

Child Abuse/Neglect” (Defined as the number of referrals resuling in assessmert per 1,000 childre
under 18 years of age)

Elder AbusaMNeglact’ (Defined as the number of referrals received by the Department of Jobs and
Family Sernces for abuse, explotation, or neglect)

Years of Potential Life Lost par Death® (Defined as the sum of the differences betveen the age at
death and the life expectancy at age of death for each death occurring between 15801558 due to all
causes divided by the number of deaths due fo all causes within the census tract cluster borders
where these borders are defined by Unked States Cansus Buraau census tracts)

Dats Sources. (1) Unieg STARS Carmus DU 1040 80 2000 LWcenal Carmuses, (2] OFo Deparmert of EIuCsInn, () MotNs, (4] Akon
Cty Heath Department, Office of Epsdemioiogy. (5] Otso Depariment of Heath; (6) Crikren's Services Boarg, [) Summt County Department of
Jobs and Famey Servce
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FIGURE 1
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Visualizing The U.S. Electric Grid |, —
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1. The Power Grid is a Complex System of Multiple Networks

As a major study on the American energy grid recently explained (See Nature Physics, Aug 2013), a
complex system such as the power grid is a dense web of interconnected and interdependent
networks—each a different type:

There are, for example, the human social networks among key players in the power industry (CEOs,
engineers, technicians, etc).

There are also the organizational networks among the institutions that run the power grid, including
E distributors, transmission companies, generating companies, etc.

There are inter-organizational networks within companies, which exist among, between and across
different people and departments.

Then there is the actual power grid equipment, comprised of the cables, generators, power stations,
etc that generate and provide power to people.

Finally, there are the environmental networks in which the power grid is situated, including local
ecosystems and weather.

Beyond this web of networks are also the political and economic networks in which the power
industry is situated, from local towns and communities to the larger business community and
economy to cities, states and the federal government.

S St ¢
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2. A Complex System of Embedded Networks is Highly Sensitive to Power Failure

As the aforementioned major study in Nature Physics also found, such a complex system is highly
sensitive to violations, misoperations, errors and risks—which can lead to system-wide power
outages and collapse.

| This sensitivity is due, in large measure, to the complexity of this system and the embedded nature
of its multiple networks (listed above), each overlapping and influencing the others.




Our approach (which combines what is known in

physics and applied mathematics as the inverse and direct

problem) is novel in four important ways: first, we take a

Simplifying unique, data-driven view of the cases in a cohort, which
Assumptions we define as K dimensional vectors, where the velocity
vector for each case is computed according to its particu-

— lar measurements on some set of empirically defined

social, psychological, or biological variables.

Second, we translate the data-driven, nonlinear trajec-
tories of these microscopic cohort constituents (cases)

into the linear movement of macroscopic trajectories,
which take the form of densities.

Here, we are drawing on Haken’s synergetics and the idea that self-organizing
macroscopic trajectories are less dynamic, generally speaking, than microscopic
trajectories, which are high dynamic, out of which the former emerge.



Simplifying
Assumptions

—

|

For our empirical case, we drew our data from the Gap-
minder website. The Gapminder website (created by Ola

|

Rosling, Anna Rosling Rnnlund, and Hans Rosling) provides
researchers, teachers, students, and the general public a
wealth of time-series data (often starting back in the early
1900s) on the economic, political, cultural, social, biomedi-
cal, and health development of countries throughout the
world, which it converts into a series of two-dimensional
(2D) animations and interactive graphics (see http://www.
gapminder.org/). For the sake of demonstration, therefore,
we consider a database with two variables (K = 2) from
Gapminder; namely, per capita GDP (x;(¢)) and life expect-
ancy (x2(t)) for 156 countries over 63 years (1).



SACS Toolkit

Because S consists of n cases {¢;}i_,. and each case ¢; has a vector configuration of
k dimensions, it is natural to represent S, at least initially and at its most basic, in the
form of a data matrix D as follows:

c

Cn

X11

| Xnl

X1k

Xnk |

(6)

In the notation above, the n rows in D represent the set of cases {c;} in S, and

~ . .. N
the k columns represent the measurements on some finite partition Ule O; of Wi
and Ej as defined in Eq. (5) that couple to form the vector configuration for each ¢;.



Simplifying Clustering and grouping to search

Assumptions for major and minor configurations/

> profiles and trajectories (discrete or
continuous)




TABLE 3

Final K-means Cluster Solution for 20 Communities in Summit County

Variables

(Unless otherwise noted,
all data is from 1990—See Table 2)

1. (*) The values listed in the columns for all 7 clusters represent the average
Column 1. In cluster analysis, these averages are called the cluster’s centroids. 2. Community Membership for each of the 7 Clusters is as follows: Cluster 1: Stow/

% Non-Hispanic Caucasian
% African-American

% Overall Poverty

1990 household Income

Job Growth (1993 to 2000)
% Civilian Labor Force (16+ old)

% Receiving Public Assistance
% No High School Degree (25yrs+)

% of households mortgage/rent is <30% of income

% Unemployed
% No 1st Trimester Care 1995-98

Teen Pregnancies per 1000 births (1995-1998)
% children immunized by 2yrs of age

% No Health Care Coverage
Child Abuse/Neglect Rate per 1000

Elder Abuse/Neglect Rate per 1000
Years Lost per Death 1998

97.3*

1.7

3.60

41464

31.87
96.17

2.8
15.3

16.0

3.8
5.63

5.80
74.1

4.20
10.8

4.1
13.83

L, )

2

68.6

28.0

44.30

11404

20.80
85.90

25.8
41.5

43.4

141
24.60

66.00
40.0

25.30
98.3

53.8

93.5

5.6

6.04

36021

17.36
95.22

4.3
16.8

17.6

4.8
7.54

12.54
76.5

6.34
19.3

4.9

16.40

13.96

Cluster

97.6

1.0

1.00

68083

27.70
96.60

1.4
2.7

15.8

3.4
1.20

1.30
86.1

1.20
4.0

2.1

10.50

ent that the co :

93.8

4.7

2.60

49144

43.10
95.70

2.6
11.1

19.0

4.3
4.80

3.50
72.9

3.70
6.8

4.8
10.60

98.4

1.0

6.77

30002

15.83
94.73

5.6
22.1

18.1

5.3
8.90

12.33
78.1

8.40
16.2

9.1
14.40

77.5

21.2

19.30

21688

.33
90.82

13.8
29.4

27.4

9.2
14.78

47.72
60.7

14.52
60.5

9.3
15.18

i t cluster scored for each variable listed in

Silverlake, Northfield/Macedonia/Sagamore, and Richfield/Peninsula; Cluster 2: Central Akron; Cluster 3: Twinsburg, Northwest Akron, Munroe Falls/Tallmadge, Norton
and Franklin; Cluster 4: Hudson; Cluster 5: Copley/ Bath/Fairlawn; Cluster 6: Springfield, Coventry/Green and Cuyahoga Falls; Cluster 7: North, West, Southwest, South and
Southeast Akron and Barberton City.



FIGURE 3: Final Cluster Centers Solution of 20 Communities in Summit County Using SOM
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Figure 4:
Network Map of the Seven Clusters in Summit County and their Respective Communities
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NOTE: Distances between clusters are based on Euclidian distances arrived at through k-means analysis. Distances within clusters
for each community are based on within-cluster measures. All measures are non-standardized.



TABLE 6
Change in Final Cluster Solutions for 20 Communities in Summit
County, 1990 to 2000

YEAR
COMMUNITY 1990 2000
Cluster Cluster
Membership Membership
(Affluent Cluster) Hudson 4 4
(Affluent Cluster) 5 5
Copley/Bath/Fairlawn
(Middle Class Cluster) Stow/Silverlake 1 1
Northfield/Macedonia/Sagamore 1 1
Richfield/Peninsula 1 B*
Twinsburg 3 1*
Northwest Akron 3 3
Munroe Falls/Talimadge 3 3
Norton 3 6
Franklin 3 3
Springfield 6 6
Coventry/Green 6 3*
Cuyahoga Falls 6 6
(Poor Cluster) North Akron 7 7
West Akron 7 7
South Akron 7 7
Southwest Akron 7 2*
Southeast Akron 7 7
Barberton City 7 7
(-Poorest Cluster) Central Akron 2 2

1. (*) The values listed in the columns for all 7 clusters represent the average
value/measurement




How did things change between 1990 and 20007?
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Network of Attracting Clusters Yr = 1990 (Within and Between Euclidian Distance Measures)




How did things change between 1990 and 20007
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Network of Attracting Clusters for 1990 with Summit County
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Figure 7: Summit-SIm Dashboard in Netlogo
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FIGURE 7:
Snapshot of SummitSim with a Preference Rating of 3 for all Agents
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NOTE: Rich Agents = Squares; Middle Class Agents = Stars; and Poor Agents =
Triangles. Cluster A identifies one of the dense clusters of rich agents. Cluster
B identifies one of the dense clusters of poor agents; which complexity scientists
would call a poverty trap.



FIGURE 4

State Space Fit for Best Model
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Shown bere are several computed Matlab models for the first component of velocity vector f1. Models were crested using the ordinary dfferential equation solution from
Ewrega In dl three models, the X-ais represents GOP; and the Y-ais represents Life Expectancy. In the models, the blue trajectories are from the data; green trajectories
are the fitted model




Third, we perform this translation by fitting the time
trajectories of these cases using an autonomous (and, in
some instances nonautonomous) ordinary differential
equation (ODE) (1). In most cohort studies, be they net-

work studies or otherwise, the laws governing their macro-
scopic dynamics are not known [17,18]. Fitting functions
with an autonomous ODE must, therefore, be entirely
data driven and based on a “goodness of fit” model. Our
unique solution to this data-driven problem is to employ
— a genetic algorithm, as it does not require any a priori
knowledge of the laws governing the data [19]. Instead, it
uses the data to evolve to an optimal solution. It can do
so because a genetic algorithm is a “brute force” search,
but in an efficient way. Also, it finds global minima (as
opposed to local minima), hence, it is a global optimiza-
tion routine. As such, a genetic algorithm allows research-
ers to find the novel, mechanical laws of motion for social
science and biomedical cohort data—with the knowledge

that, often, each new dataset presents a new search for
new laws, hence the study of complexity [20].

Simplifying
Assumptions



FIGURE 2
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"Eureqs gives multiple models for the vector field of velocities. Figure 2 shows several computed models for the first
component of velocity vector f1. The best it moedel (215 in owr case, shown above) |5 usually the one that has a midJdevel
complexity in terms of number of polynomial symbaols and the error values in the mid range amongst all models.
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Shown bare is are the state space trajectonies for two of the models we settled on using Eurega. Inboth
models (A and B), the X-axis represents GDP (convertad to 2-scores); and the Y-axis represents Life Expectancy
(converted to z-scores). In both models, the arrows show the direction of the trajectories; the larger the arrow
the higher the vectar’s weocity, Model A: In this model, ¥l countries are included; the red dot located in the
top-left sectonof Figure 2 shows a addle point; and the red dot located in the top-middie sectionof Figure 2
shows a spiraling source. Model B: In this model, the minority trajactories of Luxembourg and Kuwait were
remaved; the red dot here Is a source.




Simplifying
Assumptions

——>

Fourth, using the vector field thus obtained, we use the
advection PDE to simulate the evolution of a distribution
of cases (as densities) across time (2). The advection PDE
has been used extensively in fluid mechanics and electro-
magnetism to model the transport of physical quantities
such as mass and charge, respectively [21,22].



Advection equation — transport of
density of cases

Notion of transport is applicable to a variety of topics in sociology such as
residential mobility and health trajectories.

Residential mobility — variables are actual geographical ones. Trajectories
are in physical coordinate space.

Health trajectories- Variables are biological, sociological markers — state
space is more abstract

pt+V-fe)=0 plry=0p(xy,0) = po(x,y),

<






FlexPDE Contour Plots for GDP and Longevity

Model A: Full Model

Contour Plot for Speed of Cases

Model B: Without Kuwait or Luxembourg
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Model C: Without Kuwait or Luxembourg,
but with time as an Independent varlable.

Contour Plot for Distribution of Cases at t=0

Contour Plot for Distribution of Cases at t=

Contour Plot of Lyapunov Density

Contour Plot of Lyapunov Density
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Shown here are several computed models for FlexPDE. Models were created using the advection equation. In all theee models, the X-axis represents GOP and the Y-axis
represents Life Expectancy; both scores on the axes were convereted to z-scores for noramization and comparison. NOTE: In the Lyapunor Density, higher values mean




Unigueness of our approach

Continuous time modeling

Deterministic modeling

Differential equations (both ODE and PDE)
Gradation of state space based on velocity of motion

Non-equilibrium clustering using the Lyapunov density plot



Strengths

Prediction of longitudinal evolution of cases with multiple
variables across time

Studying complexity in dynamical motion of cases in the form
of saddles, sources, sinks, or periodic orbits

Gradation of the state space into regions where cases move
faster (or slower) from the velocity contour plot

Non-equilibrium clustering of trajectories from the Lyapunov
density plot (higher values mean more trajectories have
squeezed through)



Strengths

Prediction of majority trends in trajectories for novel choices of
initial profiles or densities

Multiple models to describe the same phenomena allowing for a
choice of better ones

Ease of incorporation of new data into the modeling process to fit
the database as it grows



Thanks!

For more information, visit me at:

http://www.personal.kent.edu/~bcastel3/brian%20castellani.html




