UNIVERSIDAD DEL ROSARIO

2 n] 3 14 i My | AR . seeeenec senesrener oGRS L1 LT Y
. i " |
EHHTHEEHH R o, - -
'.|“' _I ! ’ 4 ——ng
\ My ™ )
4

EEHLHHBIH Siaz7

Management of
engineering complex
systems
Review of present and
future research

Prof. Leonardo Pineda Serna (PH.D)

Research Area Technological Change

and Strategic Innovation

Business School, Universidad del Rosario, Bogota



The issues

Research area on technological change
and strategic innovation.

Are innovations accelerating technological
change?; or

Are technological changes accelerating
strategic innovations?

Where engineering meets management?,
or rather

Where management meets englneerlnggg‘,,él
ﬁﬁg
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SCOPE

 In the very near future, the study of
engineering complex systems is of
paramount importance not only to
engineering education, but also to

business education, more specifically in
terms of strategic management of
science, technology and innovation




Complex Systems
and Complexity Sciences

«| think the next century will be the century of complexity
(S.Hawking, 2001) »

As reported by Chuli, G. (2000). “Unified Theory’ is Getting Closer,
Hawking Predicts.”

“In the twenty-first century complexity is not a vague science
buzzword any longer, but an equally pressing challenge for
everything from the economy to cell biology.”

Albert-Laszlo Barabasi (2003). Linked: How Everything is
Connected to Everything Else and What it Means for Business,
Science and Everyday Life. New York: Plume.

“Make things as simple as possible, but no simpler.” Albert
Einstein

— But no formal definition (yet).
— No recognised complexity science (yet)
— A broad range af multidisciplinary approaches

UNIVERSIDAD DEL ROSARIO




HISTORICAL EUILDING 'DF THE

FEDEI?ATIDH OF AUSTEIAN INDUSTE"I" _

14 115. NOV




Encyclopedia of Complexity and System Science,
Springer Verlag 2009, 11 Volumes, 10370 pages.
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Encyclopedia of Complexity and Systems Sclence
Editor-in-chief: Meyers, Robert A

Version: print (book)

2009, LE30, 10370 p. 4300 illus., 2040 in color. In 11 volumes, not
available separately., Hardcover

ISBM:; 9T8-0-387-T5888-6

Online orders shipping within 2-3 days.

: : 3.799,00 €
SPRINGER Prepublication price valid until September 30, 2009 3.039,00 €
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Complex Systems Modelling.
...and Engineering?

[ International Conference on Complex Systems Engineering,
2 ENIM, Metz, September 21%, 2010

Dr. Edith Perrier

Director of Research at UMI UMMISCO, IRD
Head of the French National Network for Complex Systems
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» The French “roadmap” toward complex systems science

v"another way to circumscribe complex systems is to list “big
(horizontal) questions™ and “big (vertical) objects”, and cross them

Big questions

reconstruct multiscale dynam.

emergence & immergence

spatiotemp. morphodynamics

optimal control & steering

artificial design

fluctuations out-of-equilib.

adaptation, learning, evolution

7M16-18/2008 IXXI / ISC-PIF Summer School 2008 - Reneé Doursat: "Complex Systems Made Simple"

Toward a complex
systems science

CARGESE MEETINGS

2006, 2008
~40 researchers from
French institutions
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Complexity aspects

Founding Scholar

Complex systems,
systems

Ludwig von Bertalanfty (biology), Kenneth Boulding
(economics, philosophy of science, etc.)

Complex adaptive
systems

John Holland, Murray Gell-Mann

Nonlinear Dynamics

Henri Poincare, Edward Lorenz, Christopher Langton

Networks

Stuart Pimm, Steven Strogatz, Albert-Lazslo
Barabasi

Feedback

Claude Bernard, Norbert Wiener

Hierarchy

Simon Levin, Timothy Allen

Emergence

Numerous predecessors™ and recently John Holland,
Harold Morowitz

Self-organized criticality

Per Bak

Self-organization = order
< —>disorder

Emst Mayr, Ludwig von Bertalantty, W. Ross
Ashby, John von Neumann

Table 2.4. Key Complexity Terms and Founders in those fields

* One could name: Alfred North Whitehead, Henr1 Bergson, Georges Canguilhem,
2 2

Arthur Lovejoy, Rene Thom™
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RESEARCHERS

In the late 1960's cyberneticians such as Heinz
Von Foerster of the United States, . ..

... Humberto Maturana of Chile, . ..
... Gordon Pask and, . ..
.. . Stafford Beer of Great Britain . . . defined

cybernetics as, “the science of effective
organization.”

Edgar Morin calls, generalized complexity, it
seems that a significant philosophical wedge was
levied under the entire enterprise of the social
sciences and is slowly altering the position and
attitude of discourse. -
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FIRST AND SECOND ORDER
CYBENETICS

Whereas, first-order cybernetics dealt with
controlled systems,

second-order cybernetics deals with
autonomous systems.

Applying cybernetic principles to social
systems calls attention to the role of the
observer of a system who, . ..

... while attempting to study and understand
a social system, Is not able to separate
himself from the system or prevent himself
from having an effect on it. £
Kie
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Ross Ashby
An introduction to cybernetics.1956.

» The second peculiar virtue of cybernetics is
that it offers a methods for the scientific
treatment of the system in which complexity is
outstanding and too important to be ignored.

» Such systems are, as we all know, only too
common Iin the biological world.

» But science today Is also taking the first steps
towards studying “complexity” as a subject in
Its own right.

» Cybernetics offers the hope of providing effective
methods for the study and control, of systems ;g@
are intrinsically extremely complex. ﬁ'ﬁw
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Stafford Beer.
The Heart of Enterprise 1979

« Today, the stuff of management includes the four
Ms (Men, Materials, Machinery and Money), but is
best denoted as: COMPLEXITY.

Management at every level, from our management
of ourselves through every size of aggregation to

the management of the Earth is itself
‘complexifying’ —and it receives complexifying
Interference from every other level too.

Thus complexity proliferates; and it has become
virtually inmanegeable with existing managerial
tools.
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Definitions of Complex Systems

A complex system is a highly structured system, which shows
structure with variations (N. Goldenfeld and Kadanoff)

A complex system is one whose evolution is very sensitive to
Initial conditions or to small perturbations, one in which the
number of independent interacting components is large, or
one in which there are multiple pathways by which the system
can evolve (Whitesides and Ismagilov)

A complex system is one that by design or function or both is
difficult to understand and verify (Weng, Bhalla and lyengar)

A complex system iIs one in which there are multiple
Interactions between many different components (D. Rind)

Complex systems are systems in process that constantly
evolve and unfold over time (W. Brian Arthur)

Science, Special Issue Complex Systems, Vol. 284. No. 5411 (1999) J%i?%%
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Guide to the

Systems Engineering Body of
Knowledge (SEBoK) version 1.0

Please note that this is a PDF extraction of the content from www.sebokwiki.org

Ca:
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SEBoOK

Systems engineering is “an interdisciplinary approach and
means to enable the realization of successful systems”
(INCOSE 2012). It focuses on holistically and concurrently
understanding stakeholder needs; exploring opportunities;
documenting requirements; and synthesmng verifying,
validating, and evolving solutions while considering the
complete problem, from system concept exploration through
system disposal.

A systems enqineer IS “a person who practices systems
engineering” as defined above, and whose systems
engineering capabilities and experience include sustained
practice, specialization, leadership or authority over systems
engineering activities.

Systems engineering activities may be conducted by any
competent person regardless of job title or professional

affiliation. fé%"”i
t#
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THE KNOWLEDGE ECOSYSTEM

The diagram below shows the flows and interconnections among elements of a “knowledge ecosystem” of systems
theory and practice.

Tha Syslems Praxis Framewark, a joint proyect of e infarnational Councl an Systams Enginganing amd the intarmalional Socity for the Systems Sciences

INTEGRATIVE SYSTEMS SCIENCE

identifying, exploring, and understanding patiems of complaxity thiough contributions frem

Foundations Theories Representations
Meta-theories of Methodology, General Systems Theory, Systems  Models, Dynamics, Metworks,
Ontology, Epistemology. Axiclogy,  Pathology, Complesdty, Anticipatory  Cellar Automata, Life Cycles,
Prasiclogy (theory of efective Systems, Cybemelics, Autopoiesis,  Cueues, Graphs, Rich Pictures,
aclion). Teleokogy, Semiotics and  Living Systerns, Science of Gerenc  Marralives, Games and Dramas,
Semicsle, Categories, eic. Design, Organization Theory, tc.  Agent-based Simulations, eic.

— -~ —

——T e

SYSTEMS THINKING

Appreciative and reflective practice using
‘systems-paradigm’ concepls, principlas, patliems,
.

SYSTEMS APPROACHES TO PRACTICE |
Addressing complex problemsoppartuniies using methods, fools, framewarks, practice patfemns, efc.

Pragmatic, Pluralist, or Critical multi-methodology uses heunsics, prootyping, modsl uniokdng,
boundary critioues, ete., to understand assumplions, contesds, and constraints, includng complesdty from
siakehoider values and valualions; chooses appropriale mix of haed', ‘soft, and custom methods; sees
sysiams a8 nebworks, enciaties of apants, organisms, ecosystems, thizomes, discoursss, machines, slc
‘Hard" methods am suited to soling weldefined  'Soft' methods ae suted 1o sructuring problems
probiems with refable data, clasr oplimizaiion goats,  mohing incompiste data, unclesr goals, perspechiwe
and at most cbiective complexity, use machine and e complesity eftc: use leaming systemn
metaphor and realstfuncionalst foundations metaphor and constructivistinterpredvist ioundations

. Cragtive Commons Afiribution 3.0 Licansa:
it fwww, systemspraxis.ong © 2012 Intemabanal Federafion for Systems Research

Figure 1. The Systems Praxis Framework, Developed as a Joint Project of INCOSE and 1555, (2 2012 International Federation for

Systems Research) Released under Creative Commons Attribution 3.0 License. Source is available at hitp:/fsystemspraxis. org/ é

s
framework. pdf. %;L
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The following diagram summarizes the way in which the knowledge in SEBoK Part 2 is organized.
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Figure 2. The Relationships between Key Systems Ideas and SE. (SEBoK Original ) ?@
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Characteristics of system elements and relationships for
objective systems complexity.

The following four features are given by Page (2009):

1. Independence: Autonomous system elements which
are able to make their own decisions; influenced by
iInformation from other elements and the adaptability
algorithms it carries with it (Sheard and Mostashari

20009).

2. Interconnectedness: System elements connect via a
physical connection, shared data or simply a visual
awareness of where the other elements are and what
they are doing, as in the case of the flock of geese or the
squadron of aircratft.
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Characteristics of system elements and
relationships for systems complexity.
« 3. Diversity: System elements which are either
technologically or functionally different in some way. For

example, elements may be carrying different adaptability
algorithms.

4. Adaptability: Self-organizing system element which

can do what it wants to do to support itself or the entire
system in response to their environment (Sheard and
Mostashari 2009). Adaptabillity is often achieved by
human elements but can be achieved with software.

Pollock and Hodgson (2004) describe how this can be
done in a variety of complex system types, including
power grids and enterprise systems.
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ATTRIBUTES OF COMPLEXITY

 Sheard and Mostashari (2011) sort the attributes of
complexity into causes and effects.

o Attributes that cause complexity include being non-
linear; emergent; chaotic; adaptive; tightly coupled; self-
organized; decentralized; open; political (as opposed to

scientific); and multi-scale; as well as having many
pieces.

The effects of those attributes which make a system be
perceived as complex include being uncertain; difficult to
understand; unpredictable; uncontrollable; unstable;

unrepairable; unmaintainable and costly; having unclear
cause and effect; and taking too long to build. g’%}%

L
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The Complexification of
Engineering

Maldonado (2012) underlines that the complexification of engineering
consists in:

(a) that shift throughout which engineering becomes a science;

(b) thus it ceases to be a (mere) praxis or profession;

(c) becoming a science, engineering can be considered as one of the
sciences of compIeX|ty

* In reality, the complexification of engineering is the process by which
engineering can be studied, achieved, and understood in terms of
knowledge, and not of goods and services any longer.

Complex engineered systems and bio-inspired engineering are so
far the two expressions of a complex engineering.

2011 Wiley Periodicals, Inc. Complexity 17: 8-15, 2012
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The Complexification of
Engineering

 The complexification of engineering Is,
however, not to be taken as a diversification
of its fields and scopes neither in the use of a
range of mathematical, technological, and
computational tools.

Something deeper and from a wider scope
and reach Is at stake both within engineering
and In its relationships with other sciences
and disciplines, namely management.

What is truly going on affects the very nature
of science and of nature, eventually. s

-ﬂvw
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The Complexification of
Engineering

 |In his paper Maldonado points out the trend
of engineering to complexity.

Thus, “We consider how engineering
becomes a science on its own. In so doing,
we define the relationship between
engineering and complexity and we claim
that engineering is going through a radical
change of Iits very nature, even though such a
trend Is far from being general or normal.”qs,
G 4o

Rie
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The Complexification of
Engineering

 More recently, a new conceptual field has
been growing that focuses on systems or
software that supports engineering activities.

The importance of computing, modeling, and

simulation and even more widely the
significance of microelectronic systems and
components have triggered the importance of
meta-engineering.
e As indicated in the SEBoK. sfin
Kie
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The Complexification of
Engineering

 Meta-engineering has been conceived as
a sort of “engineering-engineering’” with
the help of software and/or systems that
support all daily activities, choices and

plans proposed or carried out by
engineers.

 The focus here Is placed on design, and
design Is conceived as the most

fundamental part of engineering at large.
ﬁH

i
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The Complexification of
Engineering

* |f classical engineering arose from its interest
In controlling and superseding nature (from
the 17% Century onwards), the new “nature”
of engineering so to speak has become the
world enterprises at large.

“By this we do not merely mean industrial
engineering or the like, but a new array of
literally engineering society, economics,
finances and management” prrey
)

L
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The Complexification of
Engineering

o Several authors speak about enterprise
systems engineering, but is more to stress
on system of systems engineering (SoSE).

* Our preference lies In the fact that the
concept of “system of systems” Is wider
and deeper than “enterprise”, which can
be rightly conceived as an element of
SOSE.




The Complexification of
Engineering

» System of systems engineering (SOSE)
represents not just a bifurcation within the
engineering sciences but, more appropriately,
a new territory for work and research.

 While it has being paying a debt to classical
and conventional engineering, it heads up
toward the recognition of information and
computing as

 vital assets for engineering leaving in the
backstage the traditional concern for matter

and energy. sin
K ﬂﬁ
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The Complexification of
Engineering

* As the world introduces new materials and discovers a
variety of different approaches, engineering becomes
less attached to the knowledge introduced from a-far and
starts to produce knowledge by itself.

As a result, engineering crosses the boundary that
separates engineering from science and heads up to the
production of knowledge as a vital process in
engineering.

In such a transition, engineering becomes solidly a

science and not just an application of knowledge
produced elsewhere.
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The Complexification of
Engineering
* The definite complexification of engineering is introduced

thanks to the development of complex engineered
systems (CES).

In this frame, the complexification is not to be taken as a
complication of engineering sciences, but rather as the

non-linearization of engineering, which entails the
entrance into, or the transformation of engineering as,
complex science.

The Figure synthesizes the evolution of engineering in
time and hence its relationship to science.
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The Complexification of
Engineering

* One recent fast development to be taken
INnto account iIs materials sciences— a
concept that crosses or encompasses
physics, chemistry, and engineering;

e material sciences are In fact frontier
science.

 Development of composite materials, and
completely new materials, including
ceferene and graphene. _
Wi
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The Complexification of
Engineering

e Engineering complex systems consists in
producing systems capable of adaptation,
change and novelty, and not any longer systems
defined by stability, predictability, reliability, and

Control.

e This last is more “management” oriented at

enterprise level
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The Complexification of
Engineering

 Two areas actively contributing to the
development of complex engineered
systems, namely living technology and
synthetic biotechnology.

It IS our contention that such a theoretical
framework can be provided by the other great
component by which engineering becomes
complex science: bioinspired engineering.

 The Figure explains itself. £
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The Complexification of
Engineering

 What Is the Interest In tracing the map of
the complexification of engineering?

 Three main reasons, namely

l. Understanding what engineering
really iIs like is vital for the
comprehension of technology.

 To be sure, that Is the subject of
philosophy of technology;




The Complexification of
Engineering

Il. In the history of mankind the
relationships between science and
technology have never been so passionate,
vital, and crucial. In an optimistic view of future
our fate depends on knowledge and research,

and the engineering sciences play a
fundamental role then;

Ill acting upon nature and society Is a
matter of both sensitivity and intelligence.

Two ways how we act are science and
technology, not to mention art at large. 5o
%'{‘A%
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Training in complex systems

* Present curricula at the university level are based, all over the
world, on well-focused, disciplinary subject matters because
the cumulative built-up of scientific knowledge in every field

Inevitably requires specialization and results in fragmentation.

On the other hand, many experiences in research or
management request interdisciplinary skills and viewpoints as
well as integrated modelling tools accounting for multiscale
data and multiple interacting processes: The need for new

educational paradigms emerges.

wik
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Training in complex systems

e The field of complex systems is not yet in a state to be
taught in the same way as classical science at
University, anyway many masters and PhD curriculum
are now proposed to students to cross traditional

boundaries .

 We give here some examples of educational
programmes which are in development in France and in

Europe in this context.

Xk
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New Masters and PhDs

MASTER AND DOCTORAL
PROGRAMS IN

COMPLEXITY SCIENCES

HTTP://COMPLEXSYSTEMSSTUDIES.EU

*ik
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Teaching about complex systems in
engineers schools? An open discussion

 How far concepts and tools from the complex
systems scientific community are already taught in

engineers schools or in mainstream education?

 To which extend a general overview of a broad
range of mathematical or computer modelling
approaches has to be taught in a given field of

application?

o
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Teaching about complex systems in
engineers schools? An open discussion

Do we have to encourage autonomous distant learning
through the Internet and videoconferences or to build specific

curricula?
Which are so far the main type of applications in engineering?

E. Morin (Seven Complex Lessons in Education for the
Future, 2002) points out that learning means how to face

uncertainty , given that «kknowledge supposes navigating in

an ocean of uncertainties through archipelagos of

certainties”.

G 4O
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What's next?

* Recognize the need for strategic decision
making, from the perspective of complexity.

* Introduce tools and general methods of the
theory of complex systems within a general

theoretical framework engineering student
can adapt to their own research practice.

Determine the type of emergent phenomena

that require complexity theory for proper
modeling, simulation and understanding, from

the perspective of organizational
management. s

-ﬂvw
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What's next?

« Know the basic mathematical foundations of
fractal geometry and fractal analysis of stochastic
processes, and associate them with the research
topics of interest to engineering education.

Understand the basic tools for analyzing nonlinear
dynamic systems and understand the
phenomenon of chaos that such systems can
reach display, and identify their applicability in the
areas of education and research in engineering.

Introduce some theoretical proposals to
contextualize complex systems engineering. g@g"q
LaTo
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Muchas gracias
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