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INNOVATION NETWORK

Technological progress builds upon itself, with the expansion of invention in one domain
propelling future work in linked fields. Our analysis uses 1.8 million U.S. patents and their
citation properties to map the innovation network and its strength. Past innovation network
structures are calculated using citation patterns across technology classes during 1975-1994. The
interaction of this pre-existing network structure with patent growth in upstream technology
fields has strong predictive power on flttire innovation after’1995. This pattern is consistent with

the 1dea that when there 1s more past upstream innovation for a Earticular technologz class to
build on, then that technology class innovates more.

Source: Acemoglu, D., Akcigit, U., & Kerr, W. R. (2016). Innovation network. Proceedings of the National Academy of Sciences
of the United States of America, 113(41), 11483-11488.
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Source: Acemoglu, D., Akcigit, U., & Kerr, W. R. (2016). Innovation network. Proceedings of the National Academy of Sciences
of the United States of America, 113(41), 11483-11488.
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> BRARRHEARIKEIREE?
» The long-term stability of how knowledge is shared across technological
fields?

> AR ERYEREFIRIN?

» The pace and timing of knowledge transfer?

> Eibseiai 2 [BRYETIBX R A A GERI KRV AN~ ESE R RS ?

» How closely connected up-stream fields need to be to have material impact
on a focal technology?
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Appendix Figure 1a: Citation matrix 1975-2004. Extends Figure 1 to use all citation information over 1975-2004.
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Appendix Figure 1d: Citation matrix 1975-1994.
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Appendix Figure 1c: Citation matrix 1995-2004.
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Appendix Figure 1b: Citation matrix 1985-1994.
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Figure 2: Innovation network 1975-1984.
Network mapping of patent system using
technology subcategories. Nodes of similar
color are pulled from the same category of
the USPTO system. The width of connecting
lines indicates the strength of technological
flows, with arrows being used in cases of
strong asymmetry. Connections must
account for at least 0.5% of out-bound
citations made by a technological
subcategory. Appendix Figures 2-6 show
variations and network properties.
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Appendix Figure 2: Innovation network 1975-1984, different edge cut-offs. Extends Figure 2 to

Appendix Figure 3a: Innovation network 1975-2004, full data period. Extends Figure 2 and Appendix Appendix Figure 3b: Innovation network 1975-2004, by time period. Extends Figure 2 and Appendix
illustrate different network cut-offs for the 1975-1984 innovation network. Nodes are colored by their Figure 2 to illustrate different network cut-offs for the 1975-2004 innovation network. Nodes are Figure 3a to illustrate different time periods and innovation network stability. (A) uses 1975-1984, as
primary technology category. (A) uses a 0.5% cut-off for edge inclusion, as shown in the main text. (B) colored by their primary technology category. (A) uses a 0.5% cut-off for edge inclusion. (B) uses a shown in the main text. (B) uses 1985-1994. (C) uses 1995-2004. (D) uses 1975-1994.
uses a 1.0% cut-off for edge inclusion. (C) uses a 2.0% cut-off for edge inclusion. (D) shows a network 1.0% cut-off for edge inclusion. (C) uses a 2.0% cut-off for edge inclusion. (D) shows a network without
without normalization such that every technology’s outbound citations are equally weighted.

normalization such that every technology’s outbound citations are equally weighted.
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fIRE4-6 BT =ALREITENNE D S BH/AEHR: S AR E (in-degree importance) | & il
(closeness) Fh9riy% (betweenness)
—NHBEMNEI, TFHAEHEARTIE (I "Drug") &AL T €137 M 4% 1918 % . "Electrical Devices" 1
""Materials Processing/Handling" & A H1E T B A FOEIAE .,

dix Figure 4: ion network 1975-1984, in-degree importance. The in-degree of a node in
the innovation network is the weighted share of patents in other subcategories that are citing patents
in the focal node. (The out-degree of a node is not defined in our primary case given the outbound
citation normalization for each technology.) Nodes are colored by their importance using the scale at
the bottom. (A) uses a 0.5% cut-off for edge inclusion. (B) uses a 1.0% cut-off for edge inclusion. (C)
uses a 2.0% cut-off for edge inclusion. (D) shows a network without normalization such that every
technology’s outbound citations are equally weighted.

dix Figure 5: ion network 1975-1984, closeness. The closeness of a node is the average
shortest-path distance between that node and all the other nodes in the network. Specifically,
Closeness, = [1/(g-1)] Z,, path(n,m), where g is the number of nodes in the network and m is any node
other than n. A lower closeness score indicates a more important node in the sense of being closer on
average to the rest of the nodes in the network. Nodes are colored by their importance using the scale
at the bottom. (A) uses a 0.5% cut-off for edge inclusion. The closeness scores in the innovation
network range from 1.06 (Misc-Chemical and Misc-Other) to 1.75 (Organic Compounds). (B) uses a
1.0% cut-off for edge inclusion. (C) uses a 2.0% cut-off for edge inclusion. (D) shows a network without
normalization such that every technology’s outbound citations are equally weighted.

dix Figure 6: ion network 1975-1984, b Bet how often
a node links two other nodes. Identifying the shortest paths between every pair of nodes in the graph,
the betweenness score of a given node n is the number of those shortest paths that include n (not
including paths where n is one of the endpoints). If there are multiple different shortest paths between
two nodes, the contribution to the betweenness score of a node on any of the paths is inversely
proportional to the number of paths. Nodes are colored by their importance using the scale at the
bottom. (A) uses a 0.5% cut-off for edge inclusion. The betweenness scores in the innovation network
range from 0.21 (Information Storage) to 38.23 (Misc-Chemical). (B) uses a 1.0% cut-off for edge
inclusion. (C) uses a 2.0% cut-off for edge inclusion. (D) shows a network without normalization such
that every technology’s outbound citations are equally weighted.
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%% M %1E i-l- H{J gé%gigﬁ gﬁ y ﬁi;@ ?%U iﬂﬁa j]u Figure 3: (A) reports regressions of actual patenting during 1995-2004 on predicted patenting calculated using the 1975-1994 innovation

network and the growth in upstream technology subcategories predating the focal year. “Field and time controls” analysis reports a panel

10% y % I;,-j—( g%u i% j]u 9% ° data analysis where we first remove averages from each subcategory and each year from actual and predicted values. In External Network

Only analyses, we consider predicted patenting due to upstream patenting outside of the focal patent subcategory. (B) repeats this analysis

for detailed patent classes maintaining over five patents per annum. (C) reports regressions using the patent class sample where we calculate
cumulative actual and predictive patenting during 1995-2004 for a patent class. After reporting baseline effects in the cumulative format, we
contrast the focal upstream effect with a reverse downstream effect. We next disaggregate the stimulus to demonstrate localized spillovers.
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Appendix Figure 7: Network strength at subcategory level. (A)
shows actual patenting during 1995-2004 against predicted
patenting calculated using the 1975-1994 innovation network and
the growth in upstream technology subcategories predating the
focal year. Observations represent a subcategory-year pair, color-
coded by parent technological category, and the 45-degree line is
shown for reference. (B) shows a panel data analysis where we
first remove averages from each subcategory and each year from
actual and predicted values and plot the residuals. The color
scheme is the same as (A). (C) shows a version of (B) that weights
observations by their initial size in terms of patenting during
1985-1994. Bubble size indicates weight. This is equivalent to the
panel regression findings reported in the text. Reported trend
lines are calculated with standard errors clustered by subcategory.
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Figure 3: (A) reports regressions of actual patenting during 1995-2004 on predicted patenting calculated using the 1975-1994 innovation

ﬁ ig 71“ 10 % , g %IJ $ -i.EﬁE. % %ig 71” 3 % _4 % , 1E network and the growth in upstream technology subcategories predating the focal year. “Field and time controls” analysis reports a panel

data analysis where we first remove averages from each subcategory and each year from actual and predicted values. In External Network

2 N ~ iy = &5 Only analyses, we consider predicted patenting due to upstream patenting outside of the focal patent subcategory. (B) repeats this analysis
‘Ii 4é/§i *ﬂ %I"I'J:m% | 5 i _ﬂk% o for detailed patent classes maintaining over five patents per annum. (C) reports regressions using the patent class sample where we calculate

cumulative actual and predictive patenting during 1995-2004 for a patent class. After reporting baseline effects in the cumulative format, we

contrast the focal upstream effect with a reverse downstream effect. We next disaggregate the stimulus to demonstrate localized spillovers.
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Appendix Figure 8: Network strength at patent class level. Figure
repeats Appendix Figure 7 at the patent class level for patent
classes maintaining over five patents per annum during 1975-

2004.
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Appendix Figure 9: Network strength at patent class level among
large patent classes. Figure repeats Appendix Figure 8 for patent
classes maintaining over 50 patents per annum.
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Figure 3: (A) reports regressions of actual patenting during 1995-2004 on predicted patenting calculated using the 1975-1994 innovation
network and the growth in upstream technology subcategories predating the focal year. “Field and time controls” analysis reports a panel
data analysis where we first remove averages from each subcategory and each year from actual and predicted values. In External Network
Only analyses, we consider predicted patenting due to upstream patenting outside of the focal patent subcategory. (B) repeats this analysis
for detailed patent classes maintaining over five patents per annum. (C) reports regressions using the patent class sample where we calculate
cumulative actual and predictive patenting during 1995-2004 for a patent class. After reporting baseline effects in the cumulative format, we
contrast the focal upstream effect with a reverse downstream effect. We next disaggregate the stimulus to demonstrate localized spillovers.
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Appendix Figure 10: Network strength in cumulative format. (A)
shows the panel result in a format where we calculated
cumulative actual and predictive patenting during 1995-2004 for
a patent class. Figure presents residual values from regressions
that control for initial patenting levels by classes during 1985-
1994. (B) shows a version where residuals are prepared after also
including subcategory fixed effects in the regressions, effectively
isolating class-level variation within each subcategory. (C) restricts
panel (A} to patent classes that have 50+ patents granted per year
during 1975-2004.
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Appendix Table 1: Regression analysis of innovation network

REEMNEDILE
}%ﬁzﬁg—‘%ﬂ‘
B A 098 {5 M
( computer and
communication) J
{8 3t F M BR £ =
BAFEH, H

EREBAEE T &

EERAEERET R
ﬁﬁé’%%ﬂa‘ﬂ%lﬁl
HRPXELR.

_4|:|

Clustering
standard Including Including  Using second Using second- Using
errors by patent patent application  generation Using log Dropping  constrained
Base patent category  subcategory ofinnovation  citation patent class  patent class growth
regression  subcategory fixed effects  fixed effects matrix matrix weights weights formulation
() (2) 3) 4) (5) (6) (7) (8) (9)
Dependent variable is log cumulative patent counts in patent class 1995-2004
A. Analysis with 353 patent classes maintaining 5 or more patents per annum
Log cumulative patents 0.678 0.678 0.779 0.768 0.800 0.785 0.722 0.744 [1.0]
1985-1994 (0.061) (0.102) (0.047) (0.048) (0.062) (0.063) (0.057) (0.058)
Log expected patenting 0.345 0.345 0.190 0.197 0.217 0.229 0.271 0.242 0.104
from network stimulus (0.052) (0.094) (0.045) (0.048) (0.054) (0.051) (0.053) (0.055) (0.028)
B. Analysis with 175 patent classes maintaining 50 or more patents per annum
Log cumulative patents 0.785 0.785 0.829 0.739 0.923 0.915 0.816 0.827 [1.0]
1985-1994 (0.083) (0.097) (0.060) (0.070) (0.083) (0.082) (0.072) (0.071)
Log expected patenting 0.265 0.265 0.145 0.184 0.130 0.133 0.232 0.223 0.121
from network stimulus (0.066) (0.083) (0.052) (0.060) (0.067) (0.060) (0.060) (0.060) (0.038)

Notes:

Table quantifics the relationship between log patenting 1995-2004 by patent class and the stimulus provided by the innovation network. Estimations control for log

initial patenting in the patent class during 1985-1994. Estimations report robust standard errors and weight classes by the patent count in the class during 1985-1994, Column
headers report specification variants. In Column 5, second-generation stimulus is estimated through a second application of the core innovation network matrix to the predicted
patenting. In Column 6, second-generation stimulus 1s estimated through direct measure of a second-generation citation matrix restricted to ten years.
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Appendix Table 2: Disaggregated analysis of innovation network

Full sample with >5 per annum

Restricted sample with >50 per annum

e T EA-KANEHHRE
TTEMXR, RELETH
REBRARBST, XMITE
% ATHEE.

XA 45 BMESR A, AR
EREAREIRMEN, BA
BN EEELE PR
B, WA E2R/EpER, BA

BB REYERSZ L.

Log cumulative patents 1985-1994

Log expected patenting from network
stimulus

Log expected patenting from network

stimulus due to top 10 upstream classes

Log expected patenting from network

stimulus due to next 10 upstream classes

Log expected patenting from network

stimulus outside of top 20 upstream classes

Log expected patenting from network
stimulus within subcategory

Log expected patenting from network
stimulus within rest of category

Log expected patenting from network
stimulus outside of category

() (2) (3) ) (5) (6)
Dependent variable is log cumulative patent counts in patent class 1995-2004
0.678 0.732 0.840 0.785 0.806 0.905
(0.061) (0.055) (0.066) (0.083) (0.069) (0.079)

0.345 0.265
(0.052) (0.066)
0.298 0.294
(0.056) (0.066)
0.067 -0.041
(0.074) (0.091)
-0.061 -0.032
(0.054) (0.068)
0.077 0.043
(0.029) (0.037)
0.105 0.097
(0.037) (0.047)
-0.004 0.012
(0.048) (0.054)

Notes: See Appendix Table 1. In Columns 2 and 5, we separate the upstream stimulus provided by the ten most-important upstream classes, the next ten
upstream classes, and those beyond. These upstream classes are defined by citation shares made by the focal class during the pre-1995 period. In two cases,
the patent class cites fewer than ten upstream categories and is excluded. Columns 3 and 6 alternatively rely on the USPTO classification system of
subcategories and categories, which is naturally cruder since it is less-tailored to an individual technology's citation patterns. The disaggregated results do
not add up to the total network effect due to the log transformations.
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