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Modeling Systems
 • Systems approach– Understand how components interact with
 each other and outside world– Avoid pitfalls of narrow, incrementalist view
 • DDT, drug resistance, highway expansion
 – Predict more accurately
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Characteristics of “Simple” Systems(economics, ecology, biology, business,…)
 • Homogeneity (“representative agent”)
 • Equilibrium (no dynamics)
 • Random mixing (no structure or organization)
 • No feedback; no learning/adaptation
 • No connection between micro and macro phenomena
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Complex System Approach
 • Heterogeneous agents/ diversity– Scott Page (poli sci)
 • Nonlinear dynamics – Carl Simon (math), Mercedes Pascual (bio)
 • Contact structure; networks; organization– Mark Newman (physics), Michael Cohen (info), Lada Adamic
 • Feedback, adaptation, learning, evolution– John Holland (psych), Bob Axelrod (poli sci)
 • Emergence– John Holland (psych), Rick Riolo (CSCS)
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Some Complex Systems Techniques
 • Networks
 • Genetic algorithms
 • Agent-based modeling
 • Dynamical systems; game theory
 • Cellular automata
 • Computational social and decision science
 • Thresholds, Tipping Points
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Special Considerations
 • Stochasticity• Computers• Proofs
 – Analytic• Generality• Hypothesis Conclusion• Effects of Parameters• Concern: Oversimplicity
 – Computer• Add stochastic component• Information about complex environments• Concern: Robustness
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CSCS affiliated (primary) faculty I• Lada Adamic, Information• Bob Axelrod, Poli Sci, Public Policy• James Breck, Nat. Resources• Dan Brown, Nat. Resources• Michael Cohen, Information• Jerry Davis, Business• Ed Durfee, Comp.Sci.• Betsy Foxman, Epidemiology• Tom Gladwin, Business and Nat. Resources• John Holland, Psych and Comp.Sci.• Denise Kirschner, Immunology
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CSCS affiliated (primary) faculty II• James Koopman, Epidemiology• Jay Lemke, Education• Bobbi Low, Nat. Resources• Scott Moore, Business• Harris McClamroch, Aero. Engin.• Franco Nori, Physics• Mark Newman, Physics• Scott Page, Poli Sci/Econ• Mercedes Pascual, Ecology• Eric Rabkin, English• Bob Reynolds, WSU
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CSCS affiliated (primary) faculty III
 • Rick Riolo, CSCS• Len Sander, Physics • Teresa Satterfield, Romance Languages• Bob Savit, Physics• Larry Seiford, Industrial Engin• Charles Sing, Genetics• Carl Simon, Math/Econ/Pub Policy• John Vandermeer, Ecology• Michael Wellman, Computer Sci• Henry Wright, Anthropology• Jun Zhang, Psych
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Genetic AlgorithmsJohn Holland
 • Rule-based system
 • Rule or “classifier” is an if-then statement:– Hypothesis Conclusion– Business strategy, behavioral rule, etc.
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Example: Tic-Tac-Toe
 X
 X O
 O
 Label the nine locations:
 1
 4
 7
 5
 8
 3
 6
 9
 2
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Tic-Tac-Toe (cont)
 • Write 0 for “O”.• Write 1 for “X”• Write 2 for empty• Write # for “don’t care”
 The rule that says: given board arrangement
 X X
 O
 O X
 Put your X here
 would be written: 1 1 2 2 0 2 0 1 2 , 6.
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Tic-Tac-Toe (cont)
 • The rule that says “if the center spot is open, take it” would be written:
 ### #2# ###, 5.
 Each rule has a strength, a rough measure of how well it has done in the past,
 And a specificity, a fraction of loci in the hypthesis that are not #s.
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Genetic Algorithm Process
 1. Input from the environment the current state of the board.
 2. List all classifiers whose hypotheses are consistent with that current state.
 3. Stochastically, “choose” the one of these with highest strength, giving higher weight to higher specificity.
 4. Carry out this move. Output to the environment.
 5. Next time it is your move, go to step 1.
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Genetic Algorithm Process
 6. If the game was successful, increase the strength of all the rules use.
 7. If unsuccessful, decrease their strengths.
 8. Tax all rules.
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Now add “genetics”
 • Every so often (mutation rate), choose rule(s) of high strength.
 • Mutate at a random locus, or• Crossover two successful rules at a random locus:
 abcdefg abcdEFGABCDEFG ABCDefg
 Give the new rules average strength.Remove some low strength rules.
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Examples of Genetic Algorithm Success
 • Art Samuel’s checker player
 • Goldberg’s oil pipeline repair
 • Smith’s poker player
 • Bean’s production optimizer
 • GA works especially well in finding global max in “rugged landscape”.
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Example: Repeated Prisoner’s Dilemma
 • Two players, two strategies, symmetric game: Cooperate DefectCooperate 5, 5 0, 6Defect 6, 0 3, 3
 Optimal Strategy:
 One-iterate game: defectTwo-iterate game: defect, defect?-iterate game: ????
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RPD Strategies
 • Axelrod’s computer tournament
 • Tit-for-Tat– If opener, cooperate,– Do to your opponent this move what your
 opponent did to you last move.
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RPD as a GA
 • Classifiers:– Hypothesis: last 3 moves of you and your opponent– Conclusion: your next move
 0=cooperate, 1=defect, #= don’t care
 CDD?
 DCD is 011011?
 Tit-for-Tat: #####0,0 and #####1,1.
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RPD as GA (cont)
 • Start with a sequence of random rules.
 • Play representative algorithms from the tournament.
 • See what strategies move to the top.
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RPD as GA (cont)
 • Start with a sequence of random rules.
 • Play representative algorithms from the tournament.
 • See what strategies move to the top.
 • After 450 move, tit-for-tat dominated.
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RPD as GA (cont)
 • Start with a sequence of random rules.• Play representative algorithms from the
 tournament.• See what strategies move to the top.
 • After 450 move, tit-for-tat dominated.
 • After 1000 moves, even more successful strategies took over.
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Example: Spread of Contagious Infection in a Population
 • Standard biostatistical approach– linear correlation-based approach– Focus on risk factors
 • Dynamic Model– Variables
 • S = number of susceptibles• I = number of infectives (infecteds)• N = S + I, total population
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• Parameters– c = contacts per person per year– b = infection transmission probability– a = recovery rate = 1/d– m = background birth/death rate
 • Equations
 I = (c t) S (I/N) b – (a t) I – (m t) I
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I = cb (SI/N) t – (a+m) I tS = – cb (SI/N) t – (m S t) + m N t + a I t
 Let t 0 to get differential equations:
 dI/dt = cb (SI)/N – (a+m) I
 dS/dt = – cb (SI)/N – m S + m N + a I
 But S=N-I. Write y for I:
 dy/dt = cby [ (1-(y/N) – (a+m)/cb ]
 Logistic Equation in y!!!
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dy/dt = cby [ {1– (a+m)/cb} - (y/N) ]
 • (a+m)/cb > 1 dy/dt < 0 and disease dies out
 • (a+m)/cb <1 disease goes to endemic equilibrium
 Threshold R0 = cb/(a+m), basic reproduction number
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Figure 1: dY/dt vs Y
 Y Y
 dY/dt dY/dt
 0 0 Y*Y*
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Figure 2
 Phase diagrams for Equation (1)
 0
 0 Y*
 c- (a+) > 0
 c - (a+) < 0
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HIV Compartmental Diagram
 Mixing Location
 Xi
 Xj
 Yi1Yi2
 Yj1 Yj2
 Yim
 Yjm
 Zi
 Zj
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Add complexities
 • Heterogeneous agents
 • Nonrandom mixing– Proportional– Preferred– Structural
 – Networks (R0 matters less in complex models)
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Add complexities
 • Stochasticity I (quasi-equilibrium)
 0 1 2 3 N
 No disease is an absorbing state
 For large enough populations, disease “equilibriates” to usual endemic level.

Page 32
                        

Center
 …. …
 .
 Neighborhoods
 Deterministic: Makes no differenceStochastic: Intervene in center
 Stochasticity II:
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Add complexities
 • Estimate parameters, e.g., contagiousness– Primary infection period
 • Partnerships matter– Difficult to model via equations
 • Agent-based approach– Focus on individuals (maybe with complex
 immune systems) and their interactions– Complexities of vaccine efficacy
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•Modern transportation systems provide unparalleled convenience and accessibility to
 • markets
 • employment
 • health care
 • education
 • recreation
 • social interactions
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•BUT • mobility brings unintended consequences:
 • Environmental– pollution, – climate change– fossil fuel depletion
 • Socioeconomic– urban sprawl– congestion – injuries, – fatalities – economic inequality
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• The sustainable mobility/accessibility challenge:
 • Ensure that future generations have access to adequate resources to meet their mobility needs and aspirations
 • while maintaining the integrity and resilience of supporting environmental and social systems
 • William Ford’s vision
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• This is not only a technological or a fuel-oriented problem.
 • It involves important social dilemmas:
 – consumers and producers focus on short-run private costs and benefits,
 – while ignoring the long run and societal consequences in decision-making about mobility options
 • We must consider – land use – city design
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Consider Congestion
 • Build new roads?
 • Add lanes to existing roads?
 • Charge user fees? Tax extra cars?
 • Dedicated rapid-bus lanes?
 • Build/expand elevated rapid transit, subways?
 • Encourage bicycles? Ban them?
 • Car pool lanes on highways?
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Consider Congestion• Each solution has benefits, costs• Add lanes to existing roads?
 – Usually increases vehicles on road; doesn’t affect congestion
 • Car pool lanes on highways?– Decreases lanes for other transport
 • Toll ways, usage/extra vehicle taxes?– Income equity effect
 • Build new systems?– Expensive & disruptive
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Consider Congestion
 • Many proposed solutions
 – Each has costs, benefits– Some have unexpected side effects
 • We offer an analytic framework
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IT Challenges Are A Reflection of Industry-Wide Change and Volatility
 • Keeping pace with the speed of change is essential to succeed, yet– It is becoming increasingly difficult to make changes (complexity of inter-
 connected legacy systems, user skepticism/fatigue, cost and time required…..etc…..)
 • Budgets are increasingly consumed by “cost of doing business” – (controls, security, regulations, basic maintenance, increasing business volume of IT utilities, …etc…..)
 • Competencies to keep up with growing complexity is a challenge (multiple generations of technology, system’s integration, systems architecture, performance/scalability, ….etc…)
 • A Fragmented IT vendor community and a multitude of legacy sourcing contracts makes business integration and change management extremely tough.
 • Small, powerful, wireless enabled technologies emerging rapidly increasing the management challenges that go with massively distributed technologies.
 How do we deal with these challenges and simultaneously help the business adapt to increase competitive differentiation?
 How do we deal with these challenges and simultaneously help the business adapt to increase competitive differentiation?
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These challenges are emergent behaviors of today’s “complex
 adaptive system”
 BrandsBrands88
 >10 IT>10 ITDevelopmentDevelopment
 GroupsGroups
 BusinessBusinessFunctionsFunctions
 >20>20ITIT
 OperatingOperatingSystemsSystems
 (>10 Unix)(>10 Unix)UsersUsers
 >300,000>300,000
 VirusVirusWritersWriters
 ITITHardwareHardware
 > 5,000 Servers> 5,000 Servers
 IT CustomerIT CustomerFacingFacingGroupGroup
 IT OperationsIT OperationsMultipleMultiple
 ProceduresProcedures
 ITITApplicationsApplications
 >2,400>2,400IT andIT and
 AutomotiveAutomotiveStandardsStandards
 Voice, Data,Voice, Data,VideoVideo
 NetworksNetworks
 DealersDealers
 SupplierSupplierNetworkNetwork
 >200>200ITIT
 VendorsVendors
 Traditional business and IT management methods won’t solve these challenges!Traditional business and IT management methods won’t solve these challenges! Traditional business and IT management methods won’t solve these challenges!Traditional business and IT management methods won’t solve these challenges!
 High Degree of InterdependencyBetween Agents
 High Degree of InterdependencyBetween Agents
 >300>300ShadowShadow
 IT GroupsIT Groups
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Only An Adaptive Enterprise Can Keep Pace Only An Adaptive Enterprise Can Keep Pace With Today’s Staggering Rate of ChangeWith Today’s Staggering Rate of Change
 Adaptive EnterpriseAdaptive Enterprise““It is not the strongest of the species that survives nor It is not the strongest of the species that survives nor the most intelligent, but the one that is most the most intelligent, but the one that is most responsive to change.” –Charles Darwinresponsive to change.” –Charles Darwin
 ““When the rate of change outside exceeds the rate of When the rate of change outside exceeds the rate of change inside, the end is in sight.”change inside, the end is in sight.” – Jack Welch– Jack Welch
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Multidisciplinary•Behavior•Politics/Policy•Economics•Ecology•Engineering•Urban Planning
 Collaboratory•Academia•Industry•NGOs•Government
 Multi-scale focus•Spatial
 •USA/ International•Developed/Developing
 •Temporal•Long and Short Term
 Modeling Approaches•Dynamic systems•Complex adaptive systems
 •Agent-based models•Network Analysis
 •Game theory/Strategy
 SMARTSustainable Mobility and Accessibility Research
 and TransformationData CollectionDynamic ModelsSimulations
 Student ThesesResearch ReportsPolicy Papers
 ConferencesWorkshopsSeminar SeriesInnovative EducationResearch Groups
 Policy Transformation
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S.M.A.R.T. Projects
 • Rapid Bus Transit
 • Modeling Alternative Fuels– Bio-fuel Production– Hydrogen distribution– Hybrid car design
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Farmer crop choice: annually and multi-year
 Last year’s profit peracre Switchgrass
 Last year’s profit peracre Corn
 Transportation Demand
 Ethanol Produced
 Biodiesel ProducedLignocellulosic to Biodiesel
 Production
 Lignocellulosic to Ethanol Production
 Conventional Ethanol Production
 Willingness to payfor Stover
 Willingness to payfor Corn
 Willingness to payfor Switchgrass
 Supply of Corn
 Alternative uses
 Alternative uses Supply of Stover
 Supply of Switchgrass
 Land committedto and yield of Corn
 Land committedto and yield of
 Switchgrass
 Green - Production EffectsYellow and Red - Transport Demand EffectsBlue - Farmer Decision Effects
 Brown - Communication between Refiners and Farmers through price
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Forecast the growth of the HEV market globally
 • How fast might this market grow?• To what market share?
 • What factors (cost, performance, functionality, perception) could most influence the growth of the HEV market in NA?
 • How might these factors interact/cancel/reinforce one another? • Could the vehicle market fragment along functionality lines?
 – That is, different vehicles for different driving needs!– What factors could cause this?
 • Could HEV meet a different set of needs along with driving from A to B?– Might HEVs enable EVs?
 • Who are the players and what would they need to do different?
 • Role of bad press or bad experiences
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• In fact, innovations spread somewhat like diseases.
 • Bass Spread of innovation model
 • Strong similarities to much more widely studied spread of disease models.
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