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Warren Weaver’ classes of systems and problems

m organized simplicity e
e very small number of variables
m Deterministic
e classical mathematical tools
m Calculus
m disorganized complexity
e very large number of variables
m Randomness, homogenous
e statistical tools

m organized complexity

° _sizable num_ber of variabl_es which are
interrelated into an organic whole
e study of organization
m whole more than sum of parts

m Massive c_ombinatorial searc_;hes need for new
mathematical and computational tools

Weaver, W. [1948]. "Science and Complexity". American Scientist, 36(4): 536-44.
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examples

Organized

simplicity q

Disorganized complexity

in biology, medicine,
society, and technology

Most relevant to prolems

Randomness

Complexity
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from computational to systems thinking

m organized complexity
e study of organization

m whole is more than sum of parts
m Organizational properties (“systemhood”)
e Need for new mathematical and computational tools
m Massive combinatorial searches
m Problems that can only be tackled with computers
e Computer as lab
e Interdisciplinary and collaborative science

m Thrives in problem-driven environments
e Los Alamos, Santa Fe, all new computing centers.

m thinghood and systemhood

e developing general-purpose computing further
m  Computational thinking and cybernetics
e Some (all?) mechanisms and organizational principles are implementation-independent
e Hardware vs software
e Integration of empirical science with general systems
m Interdisciplinarity coupled with computational modeling

e Understanding structure and function
m  Of multi-level wholes
e Systems biology, Evolutionary thinking, Systems thinking
= Emergence (or collective behavior)
e How do elements combine to form new unities?
e Micro- to macro-level behavior
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key roots

s Mathematicg__ _

v Stora
m Computer Techn gfogy and
m Systems Thinking

e Cybernetics ~ e
“sb00king at mind, life, so;mety with control computation,
information, networks Zore
e Functional equivalence
mGeneral principles-and-modeling

Organized Complexity
u S’[Ud?éfsﬁ.ﬁg'aﬂizaimctncal equivalent
“Whole is more than some of parts”, nonlinearity, interaction,
communlcatlon Re
o Interd|SC|pI|nary outlook

L] NotJust math ard computing, madeling requires
understanding of focus-domaih 7, =_ |

m Biosinspired-mathematics and computlng
m Computing/Mechanism-inspired biology and social science

e System

omputational Thinking

s3Istor o
RC

Kenneth
Boulding

=

1965: Society for the Advancement
of General Systems Theory

Ralph
Gerard

systems movement

Ludwig
von Bertalanffy

3

Anatol
Rapoport
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a science of organization across disciplines

(complex) systems science

m Systemhood properties of nature

e Robert Rosen
m Systems depends on a specific adjective: thinghood
m Systemhood: properties of arrangements of items,
independent of the items
e Similar to “setness” or cardinality

e George Klir

m Organization can be studied with the mathematics of
relations
m S=(T,R)
e S:a System, T: a set of things(thinghood), R: a (or set of)
relation(s) (Systemhood)
e Same relation can be applied to different sets of objects
e Systems science deals with organizational properties of
systems independently of the items
m Examples
e Collections of books or music files are sets of things

e But organization of such sets are systems (alphabetically,
chronologically, typologically, etc.)
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more formally: representation of multivariate of associations/interactions

m S=(T,R)
e a (multivariate) system
m T={4,4, .. A4}

e A set (of sets) of things
m thinghood

m Cartesian Product

e Set of all possible associations of elements from each set
m All n-tuples

o [A, XA, x.. x4}
m R: arelation (systemhood)

e Subset of cartesian product on T.
m Many relations R can be defined on the same T

graph A hypergraph A

George Klir

time

what is a system?

RcA¥=AxA),|

RCAY(=AxAXA),

-----------

n-times
Rc(AxA)xA,

RCAX(AxXA),

Rc (AXA)X (A xA).
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more formally: representation of multivariate of associations/interactions

m S=(T,R)
e a (multivariate) system
m T={4,4, .. A4}

e A set (of sets) of things
m thinghood

m Cartesian Product

e Set of all possible associations of elements from each set
m All n-tuples

o [A, XA, x.. x4}
m R: arelation (systemhood)

e Subset of cartesian product on T.
m Many relations R can be defined on the same T

George Klir

time

Rc A =Ax4), -

RCAY=AXAxA),

-------------------

RCA'"=AXAX...xA).
S — ——

n-times
Rc(AxA)xA,

RcAX(AxA),

Rc (AXA)X (A xA).

what is a system?

bipartite graph

RcAXB,

Rc(AxA)xB,
Rc(AXB)x(AXB),
Rc(AxAXA)xB,
RS(AXAXA)X (B B),

RC(AXB)X(AXB)x(AXB).

BINGHAMTON

UNIVERSITY
STATE UNIVERSITY OF NEW YORK

rocha@binghamton.edu
casci.binghamton.edu/academics/ssie501m




equivalence classes or multilayer network?

Table 2.1. Set of Students with Four Characteristics

Full-time/
Student Grade Major Age part-time
Alan B Biology 19 Full-time
Bob C Physics 19 Full-time
Cliff C Mathematics 20 Part-time
Debby A Mathematics 19 Full-time
George A Mathematics 19 Full-time
Jane A Business 21 Part-time
Lisa B Chemistry 21 Part-time
Mary C Biology 19 Full-time
Nancy B Biology 19 Full-time
Paul B Business 21 Part-time

Table 2.2. Equivalence Relation R, D
Table 2.1 with Res|

R, A B ¢ D G
A 1 0 0 0 0
B0 1 1 o o0
c o0 1 1 0 0
D 0 0 0 1 1
G 0 0 0 1 1
70 o 0 1 1
L 1 0 0 0 0
M0 1 1 0 0
Nl 0 0 0 0
P10 0 0 0

Rc AxBxCxD

Note: same thinghood (set of students), but
distinct systemhood or organization projected to
a specific set (layer) as equivalence classes.

example of system

Students with C grades

©)

9'9

(a)
Students with A grades
Students with B grades
Biology Mathematics
A Physics
</
N
Chemistry
Business
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study of “systemhood” separated from “thinghood”

m Study of “systemhood” properties
e Classes of isomorphic abstracted
systems

e Search of general principles of
organization
m \Weaver’s organized complexity (1948)

m Systemhood properties

e preserved under suitable transformation
from the set of things of one system into
the set of things from the other system

m Divides the space of possible systems
(relations) into equivalent classes

m Devoid of any interpretation!

e General systems
m Canonical examples of equivalence classes

(complex) systems science

CLASSIFICATION OF SYSTEMS BY THINGHOOD
(classical science perspective)

perspective)

BY SYSTEMHOOD

(systems science

CLASSIFICATION OF SYSTEMS

INTERPRETED SYST. RACTED SYSTEMS

abstr beling
interprei ling
‘ " Figure 2.6. Two ways of classifying systems and the role of general systems.

From Kilir [2001]
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complex networks

example of general principle of organization

Barabasi-Albert Model: leads to power-law
node degree distributions in networks

Amaral et al: Most real networks have a cut-off
distribution for high degree nodes which can
be computationally modeled with vertex aging.

Rc A¥=AxA),
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complex networks

example of general principle of organization

Barabasi-Albert Model: leads to power-law
node degree distributions in networks "
Rc A¥=AxA),
Amaral et al: Most real networks have a cut-off
distribution for high degree nodes which can
be computationally modeled with vertex aging.
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Uncovering hierarchical organization
From genetic interaction maps (in yeast)

>

Pathways Interaction Map B Module Hierarchy

[ 1

N/

N-Linked
alycosiation
ESP-0)(8)

O-Linked

Glucesyl
transferase

E3P-80(4)
ALGiaam

Mannesyl-
transferase
)
ALG19,12.PNTE

GP1 anchor
blosynthesls

NN
@«@
0@

N@«®@

Product A 1 Product B GPBSTILASY.
RCAXB,

m Addttion of | Addition of §¢ n

manncee | glucose =<

R g (A XA) X B, x residues | residues /

Rc(AXB)x(AxB),
Rc(AXAXA)xB,
. Cytoplasm
RS (AXAXA)X(BxB),

Jaimovich, Aet al. 2010. Modularity and directionality in genetic interaction maps.
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lead to different conclusions about underlying multivariate system

A Protein-protein interaction network

C, = {A,B,C, D}
Cy = {A, E} —p»

Cy = {C,E}

Graph Rc A%=A xA),

Max k-core:
{4,B,CD}, k=3

D Logical networks

Separates (linearizes)
contributions

A9 9.9

Interaction graph

Klamt S, Haus U-U, Theis F. [2010]. "Hypergraphs and cellular
networks."PLoS computational biology 5(5): e1000385.

Hypergraph

RCA"=AXAX...xA).
——t

n-times

Max k-core:
{A4,CE}, k=2

D=(AAB)V-C

Hypergraph representation
of boolean relationships
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hypergraphs
lead to different conclusions about underlying multivariate system

C Reaction networks RS A (=AXAX.. . XA).

Ri:A—B n-times
Ry:A+B—C+D
R;;:D—'E

Ry Ry R
-1 -1 0
1 =1 0

0

b B Bipartite graph m
3 1 =1 | Stoichiometric @ \

HOUAQL =

0 1/ matrix
Hypergraph

Separates (linearizes) (8)

contributions
Substrate graph @

RcA¥=AxA),

Klamt S, Haus U-U, Theis F. [2010]. "Hypergraphs and cellular

networks."PLoS computational biology 5(5): e1000385. 133 iNe 2PN gl rocha@binghamton.edu
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general-purpose study of “systems” properties of nature, technology, and society

complex aetiworks! & rsyistems thinking

m T[raditional disciplines
e defined by specific discernable levels of human
experience in nature and society
m Psychology, Sociology, Political Science, Economics,
Physics, Chemistry, Biology, etc
m CNS, systems/computational thinking

e General-purpose tools and universal laws
m Search for general principles of organization
m Produce machines and tools for all sciences
e Disciplines are orthogonal to traditional disciplines
m machine learning, network science, data science & analytics,
dynamical systems theory, operations research, etc.
m 2-dimensional science

e traditional disciplines focus on experimental and
observational methods for specific subject matter

e disciplines of CNS focus on generality of their own
methods to any type of data

e Neither parallel d_is_ciplines nor general-purpose
methods are sufficient to achieve interdisciplinarity
m Team culture is necessary

m E.g. Systems biology, computational biology, computational
social science, etc.

Pescosolido, B.A. 2006. Journal of

9,
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BINGHAMTON

UNIEVIEERS 1T Y
STATE UNIVERSITY OF NEW YORK

CNS NRT

rocha@binghamton.edu
casci.binghamton.edu/academics/ssie501m




general-purpose study of “systems” properties of nature, technology, and society

complex aetiworks! & rsyistems thinking

m T[raditional disciplines
e defined by specific discernable levels of human
experience in nature and society
m Psychology, Sociology, Political Science, Economics,
Physics, Chemistry, Biology, etc
m CNS, systems/computational thinking

e General-purpose tools and universal laws
m Search for general principles of organization
m Produce machines and tools for all sciences
e Disciplines are orthogonal to traditional disciplines
m machine learning, network science, data science & analytics,
dynamical systems theory, operations research, etc.
m 2-dimensional science

e traditional disciplines focus on experimental and
observational methods for specific subject matter

e disciplines of CNS focus on generality of their own
methods to any type of data
e Neither parallel disciplines nor general-purpose
methods are sufficient to achieve interdisciplinarity
m Team culture is necessary

m E.g. Systems biology, computational biology, computational
social science, etc.

CLASSIFICATION OF SYSTEMS BY THINGHOOD

(classical science perspective)

Pescosolido, B.A. 2006. Jod
Health and Social Behavio|

Figure 2.6. Two ways of classifying systems and the role of general systems.
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general (complex) systems theory

Models of organized complexity

m Systemhood properties
Search for a language of generalized circuits
Isomorphisms of concepts, laws and models across fields
Minimize duplication of efforts across fields
Unity of science
m  Not mathematics

e Kenneth Boulding

m “in a sense, because mathematics contains all theories it contains none; it is the language
of theory, but it does not give us the content”

m “body of systematic theoretical construction which will discuss general relationships of the
empirical World”.

m “somewhere between the specific that has no meaning and the general that has no content
there must be, for each purpose an at each level of abstraction, an optimum degree of
generality”.

e Empirical and problem-driven
m Otherrelevant areas
Mathematical theories of control and generalized circuits
Information theory
Optimal scheduling and resource allocation (operations research, ISE)
dynamical systems, chaos, Al, Alife, machine learning, network science, etc.

Ludwig
von Bertalanffy

Ke;meth
Boulding
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the theoretical biology component

m Systemhood properties of life

Search for a language of generalized circuits
Isomorphy of concepts, laws and models
Minimize duplication of efforts across fields
Unity of science

m Self-maintaining organization

e Dynamics of regulation and development
m Networks of simple interacting components

e Dynamics of self-maintenance
m Autopoiesis, auto-catalytic behavior, autonomy

m Evolutionary systems
e Encoded production
e Open-ended evolution
e “leaky” systems
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general systems theory
the theoretical biology component

m Systemhood properties of life
° Search fr a Ianguage of general/zed circuits

|
|
i
|

Ludwig

Francisco Varela

. Howr attee
e “leaky” systems
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cybernetics and systems science

The language lives on

m Learning and cognition as information transmission
o[ Co T o
Con ©00gle Books NgramViewer o 4 for understanding life and
cognition
Feedback has come to mean information about the outcome of any
process or activity
e No word existed previously in English to convey that concept
Interaction and organization everywhere

e Attention shifted from individualism and cause & effect, to circular causation
and social interaction

“Programmed” behavior
Society and organisms as (general) systems

Wiener’s prediction of a second industrial revolution centered on
communication, control, computation, information, and organization was
correct
e Abundance of technology and mass production of communication devices
m Grew out of the ideas first reported by the cyberneticians
e Many disciplines are an offspring of cybernetics

- THE

y CYBERNETICS

v MOMENT
NHY WE CALL OUR A
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The language lives on

cybernetics and systems science

el

m Learning and cognition as information transmission
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biomedicine as (complex) systems science

systemhood of health

m A system possesses systemhood and thinghood properties
e Thinghood refers to the specific material that makes up the system

e Systemhood are the abstracted properties

n Eé; a clock can be made of different things, but there are implementation-
independent properties of “clockness”

e Systems science deals with the implementation-independent aspects of
systems

] Alll?ws the conceptualization of unobserved organizations across domains,
cultures,...

m Reductionism in Biology (analysis)
e search and characterization of the function of building blocks (genes and molecules)

m Post-genome informatics or systems Biology

e Synthesis of biological knowledge from genomic information

The genome contains information about building plocks but it is paive to assume that it also
- contgins the in ormat?on on how the bui}ding blcgcks relate, develop, and evolve.

m Biomedical complexity pursued as systems modeling

° Towar}ds an interdisci ginary underﬂ?n%ng cggr&nc' les of Iifg and health via the search
and characterization of networks of building blocks (genes and molecules)
m ,n¥stems bioIogP/ embraces the viey that most iﬂterestin human organism traits such_as
[ _r’lnunltz development and even diseases such as cancer arise from the operation of complex
biological systems or networks.
m Multilevel regulation and signaling networks in health and disease
e E.g. social determinants of health, epidemiology
m Systems concepts
e control, modularity, networks, information and hierarchies

Pescosolido, B.A. 2006. Journal of
Health and Social Behavior 47: 189-208.
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