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But first, a bit about me

| frequently study the organization of internal R&D, often with Nicholas Argyres and Luis
Rios

1. “R&D, Organization Structure, and the Development of Corporate Technological
Knowledge”
with Nicholas Argyres, Strategic Management Journal, 2004

2. “Organizational Change and the Dynamics of Innovation”
with Nicholas Argyres and Luis Rios, Strategic Management Journal, 2020

3. “On the Heels of Giants: Internal Network Structure and the Race to Build on Prior

Innovation”
with Nicholas Argyres and Luis Rios, Strategic Management Journal, 2" revise-and-

resubmit]



Background

Proprietary technological knowledge often forms the basis for a firm’s competitive
advantage

Developing and sustaining such an advantage requires building on the firm’s own
knowledge before rivals do.

« “...arace between an innovator and the ability of the imitating firm [to] reverse-
engineer...the substantive technology.” (Kogut & Zander 1992: 393)

- “Generative appropriability” (Ahuja, Lampert & Novelli 2013)

Literature emphasizes complementary assets, IP enforcement, non-compete
agreements, location choice

. Teece 1986; Mitchell 1991; Cohen et al. 2000; Agarwal et al. 2009; Marx et al. 2009; Somaya 2012;
Alcacer & Chung 2007; Bloom et al. 2013

Less on intra-organizational characteristics (Exceptions: Liebeskind 1996; Zhao 2006)

Intrafirm inventor networks help determine innovation directions and outcomes
(Reagans & McEvily 2003; Singh 2005; Sorenson et al. 2006; Singh & Agrawal 2011; Moreira et al. 2018)

« But focus is on diffusion, absorption and impact, not appropriability or speed



Research question and findings

— Does the structure of a firm’s internal inventor network affect its generative
appropriability? If so, then how?

— Sample: All 1,391 firms appearing in COMPUSTAT between 1986 and 2013
that had at least 250 patents during the sample period

— Result: More integrated (“small-worldy”) internal networks - greater and faster
generative appropriation

More integrated networks - higher self-citation rate, as proportion of overall
citations
Relationship is stronger immediately after patent application, declining over time

Self-citation is positively associated with value appropriation



Whole-network integration, or “small worldiness”
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Firm B’s network is more highly connected than Firm A’s network



Inventor networks and innovation

Intrafirm inventor networks help determine innovation directions and outcomes
(Singh 2005; Sorenson et al. 2006; Singh & Agrawal 2011; Zhao 2006)

Key attributes of network: brokerage and closure

« Networks rich in structural holes facilitate creation of new innovations...

whereas more closed networks facilitate their diffusion (Hansen 1999;
Reagans & Zuckerman 2001; Obstfeld 2005)

Whole networks that are more “integrated” are characterized by high levels of
brokerage and closure, and...

« (Generate more impactful innovations (Guler & Nerkar 2012; Argyres et al. 2020)

« Expedite the absorption of external knowledge (Moreira et al. 2019) and
knowledge recombination (Carnabuci & Operci 2013)

« Implication: more integrated inventor networks - more rapid leveraging of
knowledge to build upon existing innovations




Internal networks and appropriability: Evidence from practice

“...an idea in one area may be able to be translated into another therapeutic
area. Quite often an indication may be unsuccessful in one therapeutic
domain but have legs in another, however with the wrong structure (they)
may not be able to take advantage of this.”

— qguoted in Balachandron & Eklund 2019

Merck developed Boceprevir to fight hepatitis C, but was unable to quickly
identify its potential in fighting COVID.

Pfizer used Boceprevir in its COVID vaccine -- realized approx. $17 billion
from it in 2022.



Internal networks and appropriability

— Integrated internal network facilitate flows of knowledge and information:

* Innovations generated elsewhere in the large firm
— Reagans & Zuckerman 2001; Obstfeld 2005

« Uncodified knowledge
— Polanyi 1962; Teece 1982; Winter 1987

* Prior failures
— Nelson & Winter 1982; Sitkin 1992; Eggers 2012; Khanna et al. 2016

« H1: Greater integration of a firm’s internal inventor network is associated
with greater generative appropriability



Inventor networks and the duration of appropriability

— Everything diffuses eventually (Jaffe et al. 1993; Sorenson et al. 2006)

— Innovating firms have limited time in which to pre-emptively build on their own
knowledge (Kogut & Zander 1992; Ceccagnoli 2009)

« Exacerbated for firms with highly integrated networks, as the greater
number of people exposed to the knowledge - more potential conduits
for leakage

« ldeally (from a focal firm’s perspective), by the time the initial knowledge
fully diffuses, the firm will already be building on its own follow-on
Innovations (Ahuja et al. 2013)

H2: The positive relationship between the integration of a firm’s internal inventor
network and its generative appropriability is strongest immediately after the initial
invention, and weakens as the initial invention ages



Data

Co-invention network properties

Patent ownership and bibliometric dataset constructed by matching EPO’s
PATSTAT, USPTO, Bureau VanDjik's ORBIS database, Lee Fleming's Berkeley
data project, and NBER dataset

Innovative outcomes, e.g. patent citations

PATSTAT bibliometrics; examiner-added citations removed

Characteristics of firms

COMPUSTAT

Sample

All 1,391 firms appearing in COMPUSTAT between 1986 and 2013 that had at
least 250 patents during the sample period

All patents for these firms with application dates between 1986 and 2013,
aggregated at the patent family level: > 400K patent families

Citations to these patents through 2019
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Network Integration, measure 1: Giant Component
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Firm B’s Giant Component is larger than Firm A’s Giant Component
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Network Integration, measure 2: Entropy

You can think of this as an inverse
Herfindahl based on cluster sizes
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Usually, Giant and Entropy are strongly negatively correlated...
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Small-world measure of “near-decomposability” (based on Watts 2001)

SmallWorld = (C4/Cr)/(L4/LR).

At a conceptual level:
* Take a given network
* Calculate the average path length between any two inventors [L,]
e Higher L = information must bass through more people to reach someone
e (Calculate the ratio of the total number of ties among all inventors vs. the total
number of possible ties among all inventors [C,]
e Higher C = pockets of dense clustering

* Generate a random network using the same number of nodes and ties as in the
actual network

* Calculate the average path length [Lg] and ratio of ties [C] in the random network

e Calculate SmallWorld

Interpretation: Higher values of SmallWorld indicate networks with unusually high
clustering and unusually low path lengths — classic nearly-decomposable networks.



examples from our data

Whole Networks -




Data

Co-invention network properties

« Patent ownership and bibliometric dataset constructed by matching EPO’s
PATSTAT, USPTO, Bureau VanDjik's ORBIS database, Lee Fleming's Berkeley
data project, and NBER dataset

Innovative outcomes, e.g. patent citations
« PATSTAT bibliometrics; examiner-added citations removed

Two exciting twists:
--Citations to applications
--Patent families

Characteristics of firms
- COMPUSTAT

Sample

« All 1,391 firms appearing in COMPUSTAT between 1986 and 2013 that had at
least 250 patents during the sample period

« All patents for these firms with application dates between 1986 and 2013,
aggregated at the patent family level: > 400K patent families

 Citations to these patents through 2019



What’s a patent family, anyway?

Silverman Widgets, Inc. files a U.S. patent application for a new
transmogrifying demodulator
the inventor -

The initial “seminal priority application” is very broad, and/or
vague

As the patent application progresses, Silverman Widgets revises the
application, breaking it into separate applications for different parts
« Or it adds new, clarifying claims (often based on subsequent research)

Even after the first patent is granted, Silverman Widgets may file
subsequent patents that the patent office notes are based on the same
“seminal priority application,” if they trace to those initial claims

All patent applications linked to the seminal priority application are part
of the same patent family (Rios 2020; Kuhn et al. 2020)
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Figure 1B: Domestic patent family.
Eight different granted patents covering the same technology, and claiming same priority date.
Gauging the impact of this invention calls for aggregating at the domestic family level.
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What’s a patent family, anyway? (aside)

Silverman Widgets, Inc. decides to also file “equivalent” patent
applications for the same technology in Canada, Japan, etc.

Thanks to harmonization of patent data through the EPO, PATSTAT links
these applications in different jurisdictions to the same seminal priority
application

All patent applications across jurisdictions that are linked to the seminal
priority application are also part of the same patent family (Rios 2020;
Kuhn et al. 2020)



Key Variables

SelfRatioy,

(# of citations by firm k to patents or patent applications in firm k’s patent
family j through 2019) / (# of all citations to patents or patent applications in
firm k’s patent family j through 2019). [for H1]

--for H2, include a time-clock variable = # of months since the date of the
patent application; interact with SelfRatio. Key variable is SelfRatio*Months

Giant,,

(# of inventors in the largest component of firm k’s inventor network in year
t) / (# of all inventors in firm k’s inventor network in year t)
[Higher Giant = more integrated network]

Entropy,;

A variant of 1 - herfindahl index of the sizes of components of firm k’s
inventor network in year t. See equations (1) and (2) in the text for precise
definition.

[Lower Entropy = more integrated network]




Patent Family Control Variables

Generality, 1 - herfindahl index of the technology classes of patent applications
that cite firm k’s patent family j, per Hall et al. (2001)
Originality;, 1 - herfindahl index of the technology classes of patent applications

that are cited by firm k’s patent family j, per Hall et al. (2001)

CitesToPublications;

Count of the number of citations to scientific publications that appear
on patent applications in firm k’s patent family j

LnFamilyAge;

Number of years between application year of seminal application and
application year for the most recent application in firm k’s patent
family j, as of 2013

Patent complexity;

The Fleming/Sorenson complexity measure averaged for all applications
in firm k’s patent family j

Ustal Suspects




Firm-year Control Variables

Natural log of (1 + firm k’s R&D expenditure) in year t-1

LnAssets,;.1

Natural log of (1 + firm k’s assets) in year t-1

LnEmployees,;.,

Natural log of (1 + firm k’s employees) in year t-1

LnSales;.;

Natural log of (1 + firm k’s revenue) in year t-1

LnPatents,,

Natural log of (1 + the number of patent applications submitted by firm
k) in year t-1

LnComponents,,

Natural log of (1 + the number of distinct components in firm k’s
inventor network)

"Round Up The Usual Suspects!" (CASABLANCA)




Measures of Patent Value (as a check on the validity of SelfRatio)

YrsRenewed;, Average number of years that the granted patents in firm k’s patent
family j are renewed, through 2019

Jurisdictions;, Count of the number of countries in which at least one application in
firm k’s patent family j is submitted

Triady Set equal to 1 if at least one application in firm k’s patent family j is

granted in all three of these jurisdictions: US, Japan, and Europe; set
equal to 0 otherwise

Patent family Count of the total number of patent applications in firm k’s patent
sizey, family j as of 2013




Summary Statistics

N Mean SD Min Max
SelfRatio 430,061 _0166__ 0278 0.000 1.000
Giant 430,061 0.503 200 0.025 1.000
Entropy 430,061 0407/ 0233 0012 1.000
SmallWorld 429461 16.123 16.579 0.169 60.73
Months 415491 85.782 63.836 0.000 312
Jurisdictions 430,061 3.029 3027 1.000 450
Family Size 430,061 3991 4.687 1.000 297
Triadic 430,061 0411 0492 0.000 1.000
YearsRenewed 430,061 5.712 5954 0.000 25.00
Generality 409,596 0468 0259 0.000 00975
Originality 421,840 0.732 0.197 -0.652 0.989
Cites to Publications 425484 2687 7908 0.000 220
In(Family Age) 430,061 0381 0.623 0.000 3.367
Complexity 429966 3.143 1978 0.151 68.000
In Patents/year t-1 430,061 6.064 1.719 0.693 9.235
In(components) 430,061 4660 1233 0.693 6.382
In(R&D 430,061 6.722 1.760 0.000 9437
In(Assets) t-1 430,061 9609 1878 0.678 13.22
In(Emp)t-1 430,061 3938 1435 0.005 6.777
In(Sales) t-1 430,061 9355 1984 0.000 12449




Table 5: Patent-family value as a function of self-citation ratio

(1) @ (3 &)
YearsRenewed Jurisdictions Triadic Family Size

~ 1 . L - . ~ s A ——— A sAn ~n o

Key first step: is self-
citation associated with
evidence of greater value
appropriation?

Value; = a + piSelf Ratioj + yXy,—1 + 0Z; + §Firmy + wYear, + uTech; + €;




Table 5: Patent-family value as a function of self-citation ratio

(1) 2) (3 4
YearsRenewed Jurisdictions Triadic Family Size
Self-citation Ratio 2.296 0.777 0.103 0.668
(0.135) (0.132) (0.022) (0.159)
[0.000] [0.000] [0.000] [0.000]
Patents/year:1 -0.006 -0.297 -0.044 -0.367
(0.196) (0.106) (0.020) (0.143)
[0.976] [0.005] [0.029] [0.010]
In(components) -0.047 0.286 0.053 0.215
(0.216) (0.092) (0.019) (0.134)
[0.829] [0.002] [0.005] [0.109]
In(R&D):.1 0.181 0.030 0.006 0.165
(0.144) (0.073) (0.013) (0.099)
[0.209] [0.683] [0.641] [0.094]
In(Assets)i1 -0.098 0.073 0.005 -0.140
(0.095) (0.053) (0.010) (0.086)
[0.302] [0.163] [0.596] [0.103]
In(Sales): 1 -0.051 0.035 -0.007 0.085
(0.036) (0.026) (0.006) (0.043)
[0.157] [0.179] [0.247] [0.046]
In(Emp)1 0.106 -0.126 -0.013 -0.356
(0.227) (0.174) (0.029) (0.262)
[0.641] [0.468] [0.659] [0.174]
Originality -0.175 0.202 0.045 0.403
(0.152) (0.115) (0.017) (0.177)
[0.249] [0.080] [0.007] [0.023]
Generality 0.312 0.257 0.047 0.327
(0.127) (0.071) (0.014) (0.080)
[0.014] [0.000] [0.001] [0.000]
Cites to Publications 0.039 0.002 0.002 0.011
(0.006) (0.003) (0.000) (0.005)
[0.000] [0.590] [0.000] [0.019]
In(Family Age) -1.551 1.316 0.207 2.631
(0.084) (0.108) (0.011) (0.173)
[0.000] [0.000] [0.000] [0.000]
Complexity -0.126 -0.157 0.009 0.213
(0.016) (0.027) (0.003) (0.038)
[0.000] [0.000] [0.000] [0.000]
Constant 7.516 1.368 0.340 1.055
(0.653) (0.545) (0.074) (0.884)
[0.000] [0.012] [0.000] [0.233]
Observations 412.839 412,839 412,839 412,839
Adjusted R? 0.149 0.251 0.181 0.305
Firm. Tech, & Year FE Yes Yes Yes Yes




(D) 2) 3) “4)
YearsRenewed Jurisdictions Triadic Family Size
Selt-citation Ratio : 0.777 0.103 0.668
(0.135) (0.132) (0.022) (0.159)
[0.000] [0.000] [0.000] [0.000]
Patents/year:.1 -0.297 -0.367
(0.106) (0.143)
[0.005] [0.010]
In(components) 0.286 0.215
(0.092) (0.134)
[0.002] [0.109]
In(R&D)x-1 : 0.030 0.165
( amoza (0.099)
1 std dev increase in SelfRatio = [0.094]
In(Assets)c1 9% increase in YrsRenewed -0.140
(0:093) (0.033) (0.086)
In(Sales) [(:)'300521] [g'(l)gi] 1 std dev increase in SelfRatio 2> ]
n(Sales): -0. : 0/ 109/ i .
(0.036) (0.026) 5%-10% increase in other DVs
[0.157] [0.179] [0.247] [0.046]
In(Emp)-1 0.106 -0.126 -0.013 -0.356
(0.227) (0.174) (0.029) (0.262)
[0.641] [0.468] [0.659] [0.174]
Originality -0.175 0.202 0.045 0.403
(0.152) (0.115) (0.017) (0.177)
[0.249] [0.080] [0.007] [0.023]
Generality 0.312 0.257 0.047 0.327
(0.127) (0.071) (0.014) (0.080)
[0.014] [0.000] [0.001] [0.000]
Cites to Publications 0.039 0.002 0.002 0.011
(0.006) (0.003) (0.000) (0.005)

[0.000] [0.590] [0.000] [0.019]



Table 3: Self-citation ratio (SelfRatio) as a function of inventor network structure
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Testing H1: Is a more connected
inventor network structure
associated with a higher self-
citation rate?
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Table 3: Self-citation ratio (SelfRatio) as a function of inventor network structure

1) @ (€) “ (©) (6) (@)

Entropy 0.112  -0.113 -0.165
(0.039)  (0.041) (0.050)
[0.004] [0.005] [0.001]
Giant 0101  0.100 0.143
(0.026)  (0.027) (0.035)
[0.000] [0.000] [0.000]
SmallWorld -0.000 0001 -0.018

(0.001) (0.001) (0.004)
[0.808] [0.231] [0.000]

Entropy*SmallWorld -0.018
(0.004)
[0.000]
Giant*SmallWorld 0.019
(0.004)
[0.000]
Patents/year; | 0.005 0.002 0.003 0.000 0.020 -0.011 -0.014

(0.015) (0.014) | (0.014) (0.013) | (0.013) (0.012) (0.011)
[0.745] [0.902] | [0.828] [0.991] | [0.114] [0.369] [0.210]

In(components) -0.035 -0.033 | -0.034 -0.032 | -0.051 0.003  0.005
(0.012) (0.011) | (0.011) (0.010) | (0.011) (0.010) (0.010)
[0.003] [0.003] | [0.002] [0.002] | [0.000] [0.808] [0.581]

In(R&D):1 0.022 0022 | 0021 0022 | 0023 0024 0.023
(0.010) (0.010) | (0.010) (0.010) | (0.010) (0.009) (0.009)
[0.030] [0.022] | [0.033] [0.025] | [0.021] [0.013] [0.015]

In(Assets); 0.017 0017 | 0017 0017 | 0017 0018 0.018
(0.005) (0.005) | (0.005) (0.005) | (0.005) (0.006) (0.006)
[0.000] [0.001] | [0.000] [0.001] | [0.000] [0.004] [0.004]

In(Sales). 0.012 0012 | 0012 0012 | 0012 0012 0012
(0.005) (0.005) | (0.005) (0.005) | (0.005) (0.005) (0.005)
[0.011] [o.011] | [0.011] [0.011] | [0.015] [0.016] [0.016]

In(Emp):1 -0.033  -0.031 | -0.033 -0.030 | -0.027 -0.031  -0.030
(0.011) (0.011) | (0.012) (0.011) | (0.010) (0.010) (0.010)
[0.004] [0.004] | [0.005] [0.005] | [0.008] [0.002] [0.003]

Originality -0.058 -0.058 -0.056  -0.060 -0.060
(0.016) (0.016) | (0.015) (0.015) (0.014)
[0.000] [0.000] | [0.000] [0.000] [0.000]
Generality -0.060 -0.060 -0.057 -0.058 -0.058
(0.021) (0.021) | (0.022) (0.021) (0.021)
[0.005] [0.005] | [0.011] [0.005] [0.005]
Cites to Publications 0.002 0.002 0.002 0.002 0.002
(0.000) (0.000) | (0.000) (0.000) (0.000)
[0.000] [0.000] | [0.000] [0.000] [0.000]
In(Family Age) 0.029 0.029 | 0.030 0026  0.027
(0.005) (0.005) | (0.005) (0.005) (0.005)
[0.000] [0.000] | [0.000] [0.000] [0.000]
Complexity -0.004 -0.004 -0.004 -0.004 -0.004
(0.001) (0.001) | (0.001) (0.001) (0.001)
[0.000] [0.000] | [0.000] [0.000] [0.000]
Observations 430,037 406,577 | 430,037 406,577 | 406,030 406,030 406,030
AdjustedR2 0.141 0.154 0.142 0.154 0.151 0.160 0.162
Firm; Tech-& Year FE Yes Yes Yes Yes Yes Yes Yes

Notes: OLS estimation. Standard errors clustered at the firm in (parentheses), p-values in [brackets].



|

1 std dev decrease in Entropy =2
12% increase in SelfRatio

tio (SelfRatio) as a fun

1 std dev increase in Giant =2
8% increase in SelfRatio

%

|

[0) [6)) 3) 4
Entropy -0.112 -0.113
(0.039) (0.041)
[0.004] [0.005]
Giant 0.101 0.100
(0.026) (0.027)
[0.000] [0.000]
SmallWorld
Entropy*SmallWorld
Giant*SmallWorld
Originality -0.058 -0.058
(0.016) (0.016)
[0.000] [0.000]
Generality -0.060 -0.060
(0.021) (0.021)
[0.005] [0.005]
Cites to Publications 0.002 0.002
(0.000) (0.000)
[0.000] [0.000]



The extent and timing of citations: Low- vs. high-integration networks

PANEL A: Integration proxied by Entropy (lower Entropy = higher integration)

Self-citations Citations by others
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PANEL B: Integration proxied by Giant (higher Giant = higher integration)
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Table 4: Self-citation ratio as a function of inventor network structure and patent age

@ (2) [€)) (O]
Months -0.001 -0.001 -0.001 -0.000
(0.000) (0.000) (0.000) (0.000)
[0.000] [0.000] [0.000] [0.023]

-0.218
(0.051)
[0.000]

0.002
(0.000)
0.000

(0.035)
[0.000]

-0.001

Giant* Months

SmallWorld* Months

Entropy*SmallWorld

Entropy*Months*
SmallWorld

Giant* SmallWorld

Giant* Months*
SmallWorld




Alternative specifications and robustness checks

Fractional response models (Wooldridge 2010; Villadsen & Wulff 2019a, b)

Firm-level estimation instead of patent-family level

Patent-level estimation instead of patent-family level

Sample = granted patents instead of patent applications

DV: count of self-citations instead of self-citation ratio

Duration models — time-to-citation as a function of Giant or Entropy



Summary

Greater integration of intra-firm inventor network is associated with
greater rates of self-citation

— OQOur interpretation: evidence of greater ability to appropriate knowledge,
a.k.a. generative appropriability

This relationship is most salient in the crucial early years of a patent
family’s life — integration is associated with the relative speed with which
a firm builds on its innovations

Not a causal study, but we rule out some alternative explanations

— E.g., that this is simply driven by different types of innovation generated by
different inventor network configurations



Inspirational/aspirational closing

Contributes to the recent upsurge in work around whole-networks and
innovation, particularly around small worlds and connectedness

Extends our understanding to knowledge appropriation as well as
knowledge creation

Potential future research
— Costs of integration?
» Belderbos, Park & Carree (2021) finding
» does the periphery generate more radical breakthroughs?
 Inventor resistance [influence on inventor departures?]

— Complementarities between inventor network structure and other mechanisms of
knowledge appropriation
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