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The next few years are likely to lead to an increasing study of complexity in the context of
statistical dynamics, with a view to better understanding physical, economic, social, and
especially biological systems.

It will be an exciting time.

As science turns to complexity, one must realize that complexity demands attitudes quite
different from those heretofore common in physics.

Goldenfeld & Kadanoff, Science, 1999

https://www.science.org/doi/10.1126/science.284.5411.87



https://www.sciencedirect.com/science/article/pii/S1631070519300350



Canonical modeling in physics
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Canonical modeling in physics, in contact with heat reservoir
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Particles in Physics are identical
They are passive: lack ‘behavior’

They are purposeless: lack intention

The situation is completely different for agents in complex systems

This requires ability to exert forces that underlie behavior, and make choices between courses of action

This requires reservoirs of both energy and information



The general agent in complex systems

l resources

daily hustle

“equilibrium”

growth

Strategic active agents manage resources purposefully in stochastic environments



This has a macroscopic expression for complex systems, such as cities

Exponential random processes

— inequality: lognormal, Zipf
Statistics

A

Statistical Dynamics

Scale invariant spatial equilibrium

Urban Scaling

energy and information management

learning, social dynamics



[yl =1/t \

self-propelled force, selecting position and velocity

Conservation of energy:

)

Work done by the self-propelling force
over a cycle

small

The temperature is the work per unit of dissipation

Observed energy is now dominated by behavioral forces depends on statistics of W
a



2. Energy dynamics

A Model of Resource Dynamics

IO _ ) = c) = O
dt SO

/ income cost \ e.g. Piketty
savings rate = growth rate
stock: wealth, energy
growth
“spatial equilibrium”
y(#) (@) -
definition




Two independent parameters:

Exponential random processes - 6
y =1, — 06712 My r

Growth rate

at different scales

average growth rate “volatility”

Inequality »  learning of relevant information control: households, government

Objectives: change through new knowledge = +——>  stability, resilience



The counter intuitive consequences of stochastic geometric growth

Consequences: zero average, standard deviation: og = ar\/;

r 2 !
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Central Limit Theorem -> Gaussian lognormal statistics !

The average growth rate over long times

2 r(t) O)
" -In—==%+——=1%, becomes a simple number
[ r(O) [ ergodicity (population dynamics)
3 o
Iy = _ 52 27 There is a minimum time to see through the
(T]r — Tr) “fog” of sort term fluctuations.

proportional to the uncertainty (volatility, std) between relative income and costs

people with a lot of uncertainty do not see growth as a possibility



Phase diagram
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effective growth rate

risk-pooling

Net Growth Requires Low Fluctuations



Poverty is a low resources, high volatility state

lower effective growth rates, unclear horizons

Income Variability is More

Prevalentin the Lower-Income Groups Often varies quite a
Federal Reserve SHED Survey 2013 Bitfrom one month
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Annual Income
Why does your income change from month to month?
Federal Reserve SHED Survey 2013
Irregular work schedule ] 42%
Other 23%
Periods of unemployment 15%
Bonuses 12%
Investment income 9%
Commissions 7%

from: Income Gains and Month-to-Month Income Volatility: Household evidence from the US Financial Diaries: Hannagan + Morduch (2015)



How to lower volatility? How to derive lognormal and power law statistics?



https://www.science.org/doi/epdf/10.1126/sciadv.aat8812



Feedback Control is a big part of your life



“error free” computers
“stable” airplanes

Self-driving cars




Want low fluctuations:

(1) = AR —b(t)—a(t)—77u(t)—V(t)—f7+€(t)

definition

income definition

fluctuations
choice

expenditures

when | have more money can spend more and vice-versa Consumption Smoothing

need to average (smoothen) expenditures and incomes over some time
month, season, year



How Control theory works:
PID Controller
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Why are relative incomes and costs correlated?

“Consumption Smoothing”

! d
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damped harmonic oscillator + noise
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controlled by time-averaging of error

growth rates become Gaussian &  growth is geometric and random



At larger (population) scales, there are many more mechanisms:

- insurance
- pension funds
- government social services

- corporate ‘bail-outs’



How to increase growth rates?



http://www.fortunesformula.com/



_ Investment and information
3. Information

Inter temporal optimization: sequential investment in stochastic environmental outcome

r'— ﬂo(ei)f(el- | $)r

new resources initial resources

signal

payoff > 1 state of the world
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Maximal Growth Rate:

Simple intertemporal optimization without discounting

= VTZ P(e, s)Inf(e|s)o(e)

best allocation: f(e | S) - P(e | S)

fair odds: 0(6) — 1/ P(e) (worst case = “efficient markets”)
P(e, s)
5= v ¥ Ple, $)ln ———— = v, I[E; S]
! TZ P@PG) "

This is also the Optimal Predictor of Environment [signal ~ Bayes ~Machine Learning

~maximal fithess



Ultimately, this involves developing a new theory of optimal choice:

better than ‘rational choice theory’, beyond behavioral economics

- intertemporal (life course)

- deals with uncertainty

- social networks, power, distribution: organizations

- consistent across scales

https://www.sciencedirect.com/science/article/pii/S2352250X1930123X?via=ihub



Population dynamics of growth and learning



https://onlinelibrary.wiley.com/doi/10.1111/j.1756-8765.2009.01047.x



https://academic.oup.com/pnasnexus/article/2/4/pgad093/7083303

https://www.sciencedirect.com/science/article/pii/S0378437122007385



Growth rates for individuals vs collectives

Is the growth rate for a city the average of the growth rates for individuals?

. 1 &
Not in general: rg = G Z r
er
_dt =YG —CG = (nr)(;, growth of wealth per capita in a population

average of product

e

G
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average rate



Consequences:

1 G
(Mr)c = G Y njwj = ngre +covarg(n,r) = [Ng + covarg(n,r/rg) re-
j=1

average corrected by co—varianceJ

positive: richer people get higher growth rates

correlation between resources and rates

negative: richer people get lower growth rates

anti-correlation between resources and rates

What situation gives the highest overall growth rates?

What situation gives the lowest inequality?



This is an instance of a very general result

yAZ = covar(z,y) + E[yAz]

/o \

average average
growth rate trait change

Fisher’s Fundamental Theorem

2
67

Pure selection A}7 = — > 0.
/4

=y
Selection in a heterogeneous population creates growth
Monopoly arrests growth increases to the dominant type

Increasing growth in a population or maintaining it under obsolesce
requires maintaining population diversity

This is a large-scale, long term result



For N agents we get:

I(e; {s;}) = H[e] — H[el{s;}]

_yN AH[e] N A?H[e] ANH[e]
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For 2 agents we get:

I(e; {s1,52}) = 1(e;s1) +1(e;s3) — R;(e;51,52); Ri(e;s1,5,) = 1(s1;8,) —I(s4; Sz]€)

Coefficient of redundancy Coordination given environment



Properties of Information and Institutions

Many problems need organizations: firms, NGOs, governments

Information in a group
< redundancy

N
IE; {S),S5,....8y) = D IE:S)  independence
i=1
> synergy

more than the sum of the parts

The advantage of collective action requires synergy : diverse collective institutions

Bettencourt, Topics in Cognitive Science, 2009



to evaluate quality of an institution (group)

compare individual action to collective production

Ar, = I(E; S))r(0) — ¢, Ari; BI(E; {S,,S,,....Sy}r0) — C,

Individual knowledge distribution collective knowledge collective costs
of collective gains

Collaborating in the groups is preferred when:

[ r;(0)

‘fair’ re-distribution of gains . : o
low costs of collective action vs individual cost

strong synergy low individual information

cities / firms are good at strong synergies, lower collective costs; but not always fair distribution




Poor Redundancy

autarky (subsistence)

Rich A ‘ ‘-

cosmopolitanism

Diversity + Complementarity




Human development as a network process (in cities)

1. Measuring Human Development across scales

https://www.nature.com/articles/s42949-023-00088-y



Critique of

1. Marginal Utility
2. Total Utility (welfarism)
3. Rawls Liberalism

“capabilities approach”

https://www.ophi.org.uk/wp-content/uploads/Sen-1979_Equality-of-What.pdf

basic capabilities agency empowerment
+ Martha Nussbaum

https://irlawnet.fordham.edu/cgi/viewcontent.cgi?article=3391&context=flr

not money, goods, freedom,...



Broad Human Development is a Feature of Larger Cities !

Country and City Human Development Index (HDI) values

HDI value e—e Country HDI 2010 e— City HDI

credit: UNDP Human Development Report 2013



Human Development Index
“measures the ability of human populations to lead, long, healthy and fulfilled lives”

Mahbub ul Haq

13
HDI, = (educationi life expectancy. . real incomei>

The US is now # 17

because of health and educational inequality
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HDI increases with city size
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Measuring the Human Development of Chicago neighborhoods

HDI Values better than Norway
0.710 to 0.832 /

0.832 t0 0.882
0.882 t0 0.930
0.930 to 0.982
0.982 to 1.096
NA

worse than China or Mexico

credit: Neil Sheth (UChicago)

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3961750



Metropolitan Area HDI

Boulder, CO

Corvallis, OR

Ann Arbor, MI

lowa City, IA

San Jose-Sunnyvale-Santa Clara, CA
Bridgeport-Stamford-Norwalk, CT
Ames, 1A

Lawrence, KS
Boston-Cambridge-Newton, MA-NH
San Francisco-Oakland-Hayward, CA
Gadsden, AL 0.8647
McAllen-Edinburg-Mission, TX 0.8641
Lake Havasu City-Kingman, AZ 0.8637
Laredo, TX 0.8614
Dalton, GA 0.8614
Brownsville-Harlingen, TX 0.8605
Yakima, WA 0.8604
Pine Bluff, AR 0.8601
Bakersfield, CA 0.8595
Visalia-Porterville, CA 0.8579
Madera, CA 0.8572

https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3961750



Check it out: https://communityhdi.org/






https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3961750



“Anna Karenina Principle” of Human Development

A deficiency in any one of a number of factors dooms an endeavor to failure.

Consequently, a successful endeavor (subject to this principle) is one for which every possible deficiency has been avoided.
https://en.wikipedia.org/wiki/Anna_Karenina_principle

All high human development communities are alike (“no problems”);
but each Jow human development community is challenged in its own way

Child Care
Safety a No Plumbing 1.008
] Children in Poverty. 0.998
Clean Air o ——lncarceration R
. elComputinglDevice -
Recreatlon ) Tem Prognemnay 0981
Water 2 NGlinternet 0974
— Pulblic AssisEnee 0.974
c (CrowdedlHousing| 0.972
sh . mmemmmenrers He g th ‘g INojHealthllnsuiance 0.966
opping o iTeeth 0.956
© SinglelEemalelHolusekold 0.943
0 Unemployment 0.935
H . o 0-884
OUSIng
. (_U Poor Mental Health 0.833
Education Transportation 9 Obesity 0.789
v Will Not Make Top 20% by Income 0.673
0.0 02 0.4 0.6 08 1.0

al
Nature All vary together with human development Po

Solution: ensure systemic human capabilities = education and health and decent real income



Human development as a network process (in cities)

2. Incipient city networks and spatial network development

can we accelerate it, and make it better?

https://www.science.org/doi/10.1126/sciadv.aar4644









https://sdinet.org



Mapping households is very slow and labor intensive

https://knowyourcity.info



Old Fadama, Accra, Ghana

--------------------------------> Reblocklng |

Every building gets street access, an address, services.






“This question is so banal, but seemed to me worthy of attention in that [neither] geometry,
nor algebra, nor even the art of counting was sufficient to solve it.”

7?77

Leonard Euler

“geometria situs” —> topology

Kart Gottlieb Ehler

https://www.pnas.org/doi/10.1073/pnas.1904847116



o (i @ ffr @

number of bridges must be even, expect at starting and finishing points

TFicure 98. Geographic Map:
The Kinigsberg Bridges.

https://mathworld.wolfram.com/KoenigsbergBridgeProblem.html

Geometry —> Topology —> Graph Theory degree

All odd degre: Eulerian circuit is not possible !




The General Topology of Cities

Buildings (parcels)

Street Network

v [11-Db

The Euler characteristic of a city with b blocks

Equivalent to a disk with b holes

Every city is topologically like this, but geometry varies



k=3: one layer in from street

Weak dual graphs



Algorithm for analyzing the topology of any city : And identify buildings without accesses



And estimate where minimal additional accesses may go

Steiner Tree Problem on block graph






Understanding settlements from global to local scales

a global map (of cities) neighborhood by neighborhood
Kroo Bay

Sierra \

Leone —

<

/

— Freetown

Building footprints “Block” unit



Detecting informality down to the street block

'\

Building footprints >

“Block” unit _)



Mapping informality and population in Freetown

Spectrum of informality,

requires
major
Interventions

Total Population: 880,537
requires
minor extensions
of streets+services © University of Chicago



New indicators for measuring development in cities

31,712
24,789

\ not dense !

there’s space
for building street networks and services

Total Population: 880,537

TOr vrpdn innovation or Lnicaygyo © University of Chicago



https://www.cnn.com/2020/02/26/africa/nigeria-makoko-mapping-intl/index.html



Every city, town and hamlet: every block

New block level data worldwide



... to the continent.



Human development and connectivity

From international human and health surveys



Luis M. A. Bettencourt

!
Thank you ! @BettencourtLuis Bettencourt@uchicago.edu  https://luisbettencourt.org

More on the complex systems, science of cities and lots of data:

o MIT Pross |||||‘|

https://mitpress.mit.edu/books/introduction-urban-science



