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Complexity Science Hub: Research topics

* » Foundations of Complex Systems

Societies Under Stress

> Collective Minds
> Human Migration
+ Social Complexity & Collapse

Societies in Transition

> Urban Sustainability
» Transforming Economies
> Algorithmic Fairness

Metabolism of Societies . : .
> Financial Technologies

»> Supply Chain Science
» Healthcare & Medicine
> Health Across Species

> Data Analytics



As of 2024

75 resident scientists
« 22 senior scientists

« 15 postdocs

« 28 doctoral students

« 10 data engineers
82 external faculty
47 associate faculty

2 spin-offs
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New: Digital Innovation School

« Graduate program in complexity science in cooperation with partner
universities

« 5-7 new students each year

« Training leaders for business, administration and research with the
skills to shape the digital transformation

* Duration 10 years



Science of Cities / Transforming Economies
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Economic growth
A long run perspective



The great acceleration
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The great acceleration
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The great divergence
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Complexity has been increasing
Global stock of knowledge expands exponentially

books and manuscripts

in Europe USPTO patents
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There is just too much to learn!



Division of labor

Proposal:
* Society’s knowledge keeps growing
* Individual’s capacity to comprehend knowledge does not

 Knowledge gets distributed across an expanding array of
“experts”

* Division of labor is not the world’s way to become more
efficient, but to deal with the growing body of global
knowledge (cf. Jacobs, 1969; Becker et al., 2007)




How specific is human capital?



Flows out of car manufacturing

\ar manufacturing




Flows out of car manufacturing




Flows out of car manufacturing

Other services
Health care

Education

Public administration

Business services

Manufacturing

Electricity, gas and water supply
Construction



Sort industries

50% of outflows from car industry ...

... end up in industries

representing 2% of
employment in
German economy



Industry space

Labor market as a network of human capital linkages
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Industry space

Labor market as a network of human capital linkages

.222: printing

.2-21: publishing
L1\ 3

922: radio & TV
- - . 921:cinema

923: entertainment

. 803: educatiodip”

tive industries

9251 cultural activiti

Predicts

* Firm diversification * Emergence and growth of local industries
(Neffke/Henning, SMJ 2013) (Neffke, Otto, Weyh, JEBO 2017)
* Inter-firm spillovers * Duration of unemployment after displacement in plant

(Timmermans/Boschma, JOEG, 2014; Csafordi et al. 2016) closures (Neffke, Otto, Hidalgo, 2017)



How is collective knowledge organized?
Coordinating distributed experitise



Studying the transformation of societies
coordinate complexity

* Data requirements
* Long time periods (processes are slow)
* Detailed information on capabilities (e.g., micro data)
* Information on complete teams (i.e., no samples)

* Combine two large historical datasets
* US Census 1850 - 1940
* USPTO 1790 - 2019

Andres Matté Hartog Sultan
Gomez-Lievano Orazbayev



A

Annual reports, United States Commissioner
of Patents, 1856 - 1953

Name,residence, aod invention.

Workflow

s United States
(2 Patent A P (10 Pub. No.: US Al
Seidel, 111 et al. (&) Pub, Date: Oct. 4,2018
(54) SYNTAC POLYPEPTIDES AND USES Q) Pt Jun s, 2008
HEREOF thon Data
18306478, fied on

el Colloge of Medicine,

NY (US) on No, FCTUS201S/

2013715, flod on Jun
NY (US): Seott J. Garforth, Broe.
NY (US): Stevem C. Almo, Poln, NY
ws)

(73 Assignoe: Albert Einsten Colle of Medicine,
Ine, Broun. NY (US)

Cm- Appl. No.: 16001183

Research labs, National Research Council,

Methods and compasiahons for chonally iabibing oc clon-
ally simuloting T-soll 1 provided.

1920 - 1956
98. Beatrice Company, 1526 S. State 8t., Chicago, Ill.
, Research stop: ¥. W. Bonsia, director; 1 chemiat and bacterllogist and
Research work: One-tenth time on butter, milk, ice cream and eggs.

Damascus, Va.

99. Beaver Chemical Corp.,
Research staff: Glen M. Smyth, director; 3 chemists, 1 engineer and 1 as-

Research work: Full time on dyestuff process investigation along lines of
their dyelng prop-

sulfur, alizarine and vats; application of dyestuffs and
erties; manufacture of intermediates for dyestuff.

D

US Censuses (IPUMS) 1850 - 1940)

EEnle==

!

OCR, NLP

Variables

Patent number
Date issued
Inventor name
Inventor location
Assignee name
Assignee type
Assignee location

Variables

Patent number

Date issued

USPC primary code
USPC secondary codes

Variables

Lab name
Lab location
Lab founding date

# labs
7.990

Variables

Name
Location
Gender
Occupation
Age

Place of birth

Variables

National origin of
surname

# patents
1.591.361

#inventors
1.775.803

Name match to assignees

+ 1.994 labs

# inventors
812.511

# inventors
821.113

# inventors
231.768

# inventors
1.128.477

1856 - 1945: Patent
yearbooks
1.591.361 patents \
[ 1.775.803 inventors

812.511 matched inventors
Variables

Technology,

« technology codes
« novel combinations

Patent

team dummy
assignee name
assignee type
grant date
research lab

Inventor

location

occupation*

age*

gender estimate
surname national origin
place of birth*

industry*

*: matched sample only

1946 - 1969: Patstat

433.242 patents
455.544 inventors
Variables
Technology,

« technology codes
« novel combinations

Patent

team dummy
assignee name
assignee type
grant date

Inventor

« gender estimate
« surname national origin

1975 - 2000: Patentview

1.214.393 patents
2.200.125 inventors

Variables: Same as Patstat
above

Inference and matching

Census matching
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Office professionals

Artists and entertainers

Technical workers

Scientists.

Health care

Other professionals

Engineers

Farmers.

Managers, Officials, and Proprietars

Clerical and Kindred

Sales workers

Craftsmen

Apprentices

Operatives

Service Workers (private household)
Service Workers (not household)
Farm Laborers

Laborers

“skill relatedness”



Geocoding (1850)



Geocoding (1860)



Geocoding (1870)



Geocoding (1880)



Geocoding (1900)



Geocoding (1910)
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Geocoding (1920)
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Geocoding (1940)
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Result

* Matched censuses 1850-1940

* 650M individuals, linked across waves

e Occupation, industry, detailed location

* Age, gender, race (+ some other information)
* Family relations among them

e USPTO linked to census
* 4M+ patents
e 1792-1975

* Inventors, locations, technology classes
e ~ 8000 unique R&D labs



Burden of knowledge:

Gaining new knowledge requires greater investments
in mastering existing knowledge

(1) Changing learning curves
(2) Emergence of specialized inventors
(3) Emergence of teamwork



New combinations:

Share of patents with a new combination of technology
classes

share of new combinations
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Burden of knowledge

Increasing level of formal skills

engineers
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Academic patents

Professors and universities

professors

® o
® o o

ﬂ 0.25'

university patents

1860 1880 1900 1920 1940
grant year

Share of university patents
Purdue ldc,niversin 0.206 |
lowa Sta@ Ord@isity 0.114
University of Wis¢onsin-Madison 0.063
Stanfordg® UVﬁsi_ty 0.057
Dartmowsh College 0.048
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Burden of knowledge

The rise of teamwork
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Organizational innovation: Corporate research

(1) Rise of industrial research lab
(2) Labs support team coordination
(3) Lab-based teams create more novelty



Team coordination

From families to firms and labs

coordination mechanism
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Labor inputs and novelty

Engineers and teams

point estimate

Model A
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Consequences for the
geography of innovation



Shifts in the geography of invention

System 2: the rise of the Rustbelt

1856-1899 1900-1919

* Two geographical shifts
* Reconcentration of inventive activity in fewer locations
* Reconcentration of inventive activity in largest cities

* These shifts are led by system 2 and followed by system 1
* Until 1925, locational patterns of system 1 and system 2 diverge
* From 1925 on, spatial convergence of system 1 and system 2

1920-1945

Bl over-representation system 1
Bl over-representation system 2



Conclusions

Confluence of shifts in the US innovation system

* |n the 1920s, we witness a co-evolution of
* Explosion of novelty
* Rise of teams
* Worker specialization: long learning curves + rise of engineers
* Organizational innovation: rise of corporate R&D and research labs
* Shifting geography of innovation
. (ne\{v hu)rdles for participation in invention for foreign-born inventors and women that last until into the 21+t
century

. System 2 performs well until 1950
From 1950s on, radically new combinations in decline
* Inthe 1970s, system 2 seems to only enhance incremental novelty: Firm-based teams underperform
standalone inventors
* What happened?
* Decline of research labs? (Arora et al., 2020)

* Teams are getting too large? (Wu et al., 2019)
* New organizational innovations required? (online platforms?)



Skill complementarity
Neffke (Science Advances, 2019)
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Pittsburgh Symphony Orchestra , Wikipedia, Photo Credit: Michael Sahaida, photographer
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Administrative registry data Sweden

* Time period: (1990/)2001-2010
* Entire Swedish population
* Training sample: 75% of workforce
e Estimation sample: remaining 25%, male, 20-60 yrs old, private sector: 440k individuals.
* Sociodemographic information, career path, wage, workplace, etc.

* Education coding
e 500+ combinations 4-digit education type and 1 digit education level
* Educational levels:

O 1 primary school 2 different types
O 2 secondary school 2 different types
O 3 upper secondary school 123 different types

[] 4 post-secondary school 71 different types
A 5 tertiary 204 different types

v 6 PhD 59 different types



Program in animal husbandry Applied systems science and
software engineering

Image: http://www.sn- Image: Joonspoon - Own work, CC BY-SA 4.0,

online.de/Schaumburg/Landkreis/Themen/Thema-des- https://commons.wikimedia.org/w/index.php?curid=36613
Tages/Nachfolger 680



Nursing, midwifery Nursing, geriatric care

Image: http://www.cardiffandvaleuhb.wales.nhs.uk/news/28870 Image: http://strongholdhomehealth.org/



Education-to-education
coworking

Complementarity: which educations often work together?

establishment Co-occurrences
s
T,| A,| C,
T, A,
A1 —_— Cs
A,
C.| | A /N
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Education-to-education
substitutability

Substitutability: which educations give access
to the same occupations?

education occupation
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Education-to-education
substitutability

Substitutability: which educations give access
to the same occupations?

education occupation
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Work experience
Complementarity and Wage curves
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Work experience
Complementarity and Wage curves
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Returns to schooling
Do returns to schooling depend on finding complementary coworkers?

N tertiary

Residual college premium: %57 over primary school

returns to college education



Returns to schooling
Do returns to schooling depend on finding complementary coworkers?
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Do returns to schooling depend on finding complementary coworkers?
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Returns to schooling
Do returns to schooling depend on finding complementary coworkers?
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Returns to schooling
Do returns to schooling depend on finding complementary coworkers?

N 14 primary sec. upper sec.post-sec. tertiary  Ph.D.
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Complementarity premium (OLS)
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Complementarity premium (FE)
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* Why are benefits of complementarity larger in larger establishments?
* Deeper levels of specialization
e Stronger interdependencies



Coordination and cities



Variation in urban wage premiums
(OLS)

Elasticity by complementarity quintile
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Variation in urban wage premiums (FE)
Elasticity by complementarity quintile
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Conclusions

Growing body of collective knowledge forces us to specialize

Economy coordinates networks of networks:
e Skills in individual
* Expertise in teams
* Teamsin firms
* Firms in global value chains

* Consequences
* Need for innovation in how we coordinate human expertise
* Greater independencies = value of skills depends on who you work with!

Complexity Science
* High resolution data on skills and capabilities
* Networks that reveal coordination of distributed expertise
* Complexity Science Hub = PhD and postdoctoral opportunities









Economic growth — a long-run perspective
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Production in a world of
economic complexity



Abandoning the traditional production
function
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How to make a car?

( ;= car)
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By BMW Werk Leipzig (http://bmw-werk-leipzig.de) [CC BY-SA 2.0 de
(http://creativecommons.org/licenses/by-sa/2.0/de/deed.en)], via Wikimedia Commons
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Image credits:
http://www.bmwblog.com/2016/11/03/bmw-sub-brand-celebrates-three-year-anniversary/
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Fraunhofer-Allianz autoMOBILproduktion
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If a Self-Driving Car Gets in
an Accident, Who—or
What—Is Liable?

The carmaker, the car owner, or the robot car itself? On the surprisingly
not-crazy argument for granting robots legal personhood.

) v o~

jC_AL_____l_F ORN IKT‘ _DRIVER LI

<_tv,' 18 # ’f

| FN _——

oos 04/13/1982 W +1¢
“RSTR CORR LENS x4 i 04131082

— & ACLASS C
- 1 3. exp 04/13/2016 ~~  END NONE
. v' o A1 A\ o :
7.3

SEX M ATF EYES BRN
HGT 5§'-09" WGT 1701b .. lSS'

DD 12/2172011504DVAAFD/ 16 127212011

Credits: The Atlantic: https://www.theatlantic.com/technology/archive/2014/08/if-a-self-
driving-car-gets-in-an-accident-who-is-legally-liable/375569/
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Hidalgo et al. (2007, Science)

Hidalgo, Hausmann et al. (2011, Atlas)
Hausmann & Hidalgo (2011, JEG)

Gomez, Patterson & Hausmann (2016, NHB)




Model of production
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How does production work?
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The world as we observe it
(the M., matrix)
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Traditional view
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How to make a car?

( ;= car)
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By BMW Werk Le|p2|g (http //bmw-werk- Ie|p2|g de) [CC BY SA 2. O de (http //creatlvecommons org/llcenses/by-
sa/2.0/de/deed.en)], via Wikimedia Commons
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Image credits:
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If a Self-Driving Car Gets in
an Accident, Who—or
What—Is Liable?

The carmaker, the car owner, or the robot car itself? On the surprisingly
not-crazy argument for granting robots legal personhood.
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Gomez, Patterson & Hausmann (2016, NHB)
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