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We examine the statistical and dynamic properties of board networks connected
through interlocking directorates. We find that the degree distribution of a board
network follows a power-law distribution. Furthermore, the evolution of the
core–periphery structure of board networks over time is related to market
stability. This result implies that firms, when densely connected to other boards,
would like to keep their position as core groups in board networks. Firm value shows
a statistically positive relationship with firms centrally positioned in a board network.
Overall, we suggest that board networks can help us understand market stability and
serve as an alternative information channel for increasing the firm value. These
findings imply that the statistical and dynamic properties of board networks uncover
information transmission during the global financial crisis. This paper contributes to
interdisciplinary applications of physics in economics and finance in terms of the
dynamics of a core–periphery structure of board networks.
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1 Introduction

A large body of literature has examined the characteristics of interlocking directorates and
the impact of interlocking directorates on corporate governance. Recently, many papers have
studied the form of a network by corporate governance as members of a corporate board
operate on the boards of two or more companies and create a link between different companies.

This paper explores time-varying board networks depending on economic situations.
Assuming that a core board has valuable information, we expect a high level of transition
probability between core peripheral boards in a board network. This is why they prefer to gain
knowledge from advice by sharing it with directors in volatile market conditions. We calculate
market stability based on the probability of transition in board networks to estimate structural
consistency. We then investigate how the connectedness of board networks affects the firm
value. When core boards are beneficial in the network structure, the center of board networks
could facilitate their valuation. This is why the link between them in different companies could
serve as a channel for information transmission.

This paper contributes to the recently thriving literature on the structure of interlocking
directorates. Specifically, we investigate the impact of interlocking directorates on the firm value in
terms of a core–periphery. A core–periphery is a network that includes a group of tightly linked
nodes as the core and a group connected by the remaining weakly connected nodes as the periphery.
Core boards, consisting of director-sharing, take the lead in the industry’s most productive
companies in decision-making [1,2]. We propose that having a board member occupy the
central position of the board network as an advisory actor, rather than monitoring quality,
exerts a more effective influence on the operations of a corporate firm. In particular, core
boards were persistent during the sample period span 2000–2015. Finally, we present a positive
relationship between the influential firms wemeasure by the composite centrality index (CCI) in the
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board network and firm valuation. Our evidence supplements studies that
show that board member connectivity represents the power or reputation
of a board member.

In this study, we underscore that the number of connections with
boards can deliver valuable information via social capital for the
organizational strategy of a firm. First, the board networks estimated
by interlocking directorates include a non-trivial topological feature. This
presents as a heavy tail in the degree distribution with an estimated alpha
ranging from 3.33 to 6.90, capturing neither purely regular nor random
graphs. This forecasts the existence of some boards with more
connections than others, which have an informative position in the
board network [1,3]. Second, the core–periphery structure of the
board network tends to maintain itself continuously. This result is
consistent with the “winner takes the most” capability, with a small
number of companies taking a large share of the market [4–6]. In
particular, board members attempt to link with the financial industry’s
skilled directors when the financial market is unstable, as in the
2008–2009 global financial crisis. Third, our CCI calculated by board
networks has a statistically positive impact on the firm value measured by
Tobin’s q at the 1% level. (This is consistent with the influence of bank
networks with [7]. These results imply that the connectedness between
firms based on a physical relationship, such as interlocking directorates
and overlapping portfolios, could be a measure of power in board
networks. These results shed light on the research on the relationship
between the network structure and firm value.)

The theoretical implications of our findings are as follows.
Network connections among directors improve the firm value. This
relation is consistent with studies that social links encourage
information sharing, opinion exchange, and decision-making. Our
paper also reveals that the degree of interlocking directorates is
noteworthy to board characteristics. For practitioner and policy
implications, these results endorse that the degree of interlocking
directorates can be valuable to firms. Social links with other board
members might be crucial for human resource management.
Consequently, employing new board members connected to the
incumbent members can be favorable to firms.

The rest of the present paper proceeds as follows: Section 2
explains the related works in the literature; in Section 3, we present
our data and describe our primary network measures; Section 4
delivers the patterns of board networks in the United States and
provides our main results regarding network effects on corporate
outcomes; and Section 5 concludes.

2 Related works

Numerous theories have been developed to elucidate the
relationship between interlocking directorates and corporate
outcomes. One is the busyness hypothesis, according to which the
busyness of directors is defined by more than two connections with
other boards that employ low-quality monitoring, which could
weaken the pivotal role of a board of directors [8]. For example,
CEO connections with other top executives and directors cause
fraudulent activity [9]. Firms with better-connected audit
committees reduce financial reporting quality [10].

The other is the reputation hypothesis. [11] argue that director
reputation and board power render the dynamics of board
interlocking. For instance, in mergers and acquisitions between
firms with current board connections, acquirers obtain higher

announcement returns in transactions where the acquirer and
target share a director [12,13]. In addition, companies with
private equity deal exposure from interlinked directors are more
likely to receive private equity offers in a sample of U.S.-listed
companies [14].

Therefore, we follow the concept of valuable information sharing
through interlocking directorates. This line of research on board
director interlocking emphasizes that interactions between firms
through board members have important implications for
fundamental questions related to a firm’s decision-making. We
extend this analysis by exploring a board network: board members
are not involved in specific firms but rather are connected to other
firms in a complex board network. This suggests that firmsmay choose
valuable information that is transmitted through the board network.
Here, we investigate the characteristics of a board network and how
inter-firm relations affect the firm value. In addition, the methodology
for the transition probability from a core–periphery structure in this
paper is related to the literature of complex networks related to
Markov chain and game theory [15,16]. Moreover, this application
has an association with measuring network vulnerability and
community detection in complex networks [17,18].

3 Methodology

This paper demonstrates the application of methods from
statistical physics to socioeconomic phenomena. First, we
construct a board network via the interlocking directorates of
board members and then analyze the core and periphery
structure to understand the evolution of board networks. Second,
to find the economic meaning of sharing information in a board
network, we check the relationship between corporate outcomes and
board network properties.

3.1 Sample selection

We use the RiskMetrics database of the Investor Responsibility
Research Centre (IRRC) to construct board networks. This database
includes comprehensive information concerning board members
and top executives for S&P 500, S&P MidCap, and S&P SmallCap
firms, including historical directors’ details such as their board
meetings, age, employment status, ethnicity, gender, and name.
We supplement RiskMetrics data with accounting information
from Standard and Poorś Compustat. Our focus is on the details
of the structure and practice of firms listed in S&P 1500 over the
2000–2015 period. To link information from RiskMetrics and
Compustat, we manually follow [19] and match unique company
identifiers and director identifiers. We, then, hand-match the
remaining company identifiers and director identifiers. To adjust
the dual-class shares of a firm, we designate one share per firm based
on the highest total asset. To construct a sample, we exclude firms
with fewer than 10 million dollars of total assets and sales and book
values under one million dollars. In addition, we winsorized the
sample at the 1% and 99% levels of variables for the regression.
Finally, we build our sample using 17,791 director-year observations.
We gather 12 industrial classifications from the Fama–French
website, as illustrated in Table 1. A schematic representation of
this study can be seen in Figure 1.
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3.2 Network construction

Let us consider a network with V nodes and E links, defined as G
(V,E). Network G is defined by the adjacency matrix A � (aij)N×N,
which is defined by aij = 1 if i and j are connected. A is a symmetric
matrix with all possible connections of the board network at an annual
frequency using a sample for 2000–2015. When a firm requests a
director from another firm, a board interlock link is formed between
the two firms. Firms use board interlocks to monitor the function of
external managers and to allow them influence [20]. Firms might draw
on socially embedded ties for valuable information on potential
interlock members [21]. Regarding these concepts, this paper
investigates a series of socially embedded interlocking directorates.
We define links between firms as including at least one board member
and construct binary and undirected networks based on interlocking
directorates. Nevertheless, there could be a common culture based on
the complementarity of the social and the boardroom connection in
line with [22]. Specifically, interlocked directors are certified to

interact on economically suitable subjects during compulsory board
meetings.

Table 2 shows the properties of the board network from 2000 to
2015. We first calculate the board network density as the ratio of the
number of links to possible connections among the boards of
directors. This can be interpreted as the cohesiveness or
extensiveness of contact between them. According to [3], social
capital operates as a resource formed by social ties, which consist
of members collaborating with others in a given society. The roles of
social capital are to enhance trust and cooperation in the network.
Board network density is higher when most board members hope to
create many linkages with each other in regard to information.

In identifying hierarchical systems in the board network in
Table 2, we calculate modularity by a community detection
algorithm to analyze the structure of the networks. Modularity
measures the strength of division in a network into subgroups
[23–25]. A high modularity value indicates good community
division. In further discovering structure dynamics, we measure the

TABLE 1 Groups based on Standard Industrial Classification (SIC). We downloaded SIC codes from the Fama–French website to divide sample firms into 12 industry
groups.

Number Abbreviation Industrial group Description

1 NoDur Consumer non-durables Food, tobacco, textiles, apparel, leather, and toys

2 Durbl Consumer durables Cars, TVs, furniture, and household appliances

3 Manuf Manufacturing Machinery, trucks, planes, off furn, paper, and com printing

4 Enrgy Energy Oil, gas, and coal extraction and products

5 Chems Chemicals Chemicals and allied products

6 BusEq Business equipment Computers, software, and electronic equipment

7 Telcm Telecommunication Telephone and television transmission

8 Utils Utilities

9 Shops Shops Wholesale, retail, and some services (laundries and repair shops)

10 Hlth Healthcare Healthcare, medical equipment, and drugs

11 Money Finance Banking, insurance, real estate, and trading

12 Other Other Mines, Constr, BldMt, Trans, Hotels, Bus Serv, and Entertainment

FIGURE 1
Schematic diagram. We construct board networks by interlocking directorates and investigate a core–periphery structure from 2000 to 2015. The
structural stability is calculated by Eq. 1, and the impact of centrality from the board network on the firm value is estimated by Eq. 2.
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TABLE 2 Board network property over time.

Panel A: Statistical property of board networks

Year #Boards #Directors Density 1st eigenvalue 2nd eigenvalue Modularity Degree Strength BC EC

2000 1461 10224 0.0048 1.1606 0.8765 0.51 6.32 6.97 0.0022 0.0135

2001 1503 9902 0.0044 1.1000 0.8620 0.52 6.02 6.60 0.0022 0.0131

2002 1188 7670 0.0054 1.3463 1.0122 0.51 5.88 6.43 0.0026 0.0155

2003 1188 7502 0.0053 1.2433 0.9966 0.51 5.75 6.28 0.0026 0.0155

2004 1183 7002 0.0050 1.1410 0.9663 0.53 5.47 5.92 0.0027 0.0158

2005 1173 6450 0.0047 1.0125 0.8183 0.53 5.06 55.44 0.0028 0.0159

2006 1132 6012 0.0047 0.9434 0.7622 0.55 4.95 5.28 0.0031 0.0170

2007 1133 5524 0.0043 1.0710 0.9054 0.56 4.49 4.83 0.0030 0.0164

2008 1112 5302 0.0043 0.8657 0.7987 0.56 4.45 4.72 0.0032 0.0158

2009 1137 5338 0.0041 0.8329 0.7061 0.55 4.34 4.61 0.0032 0.0154

2010 1139 5218 0.0040 0.7886 0.7035 0.57 4.27 4.53 0.0033 0.0159

2011 1116 4978 0.0040 0.8003 0.6808 0.58 4.17 4.41 0.0034 0.0156

2012 1138 5032 0.0039 0.7914 0.7486 0.59 4.18 4.40 0.0036 0.0141

2013 1135 5058 0.0039 0.8130 0.7333 0.57 4.17 4.36 0.0034 0.0140

2014 1121 5228 0.0042 0.8423 0.7557 0.56 4.41 4.62 0.0032 0.0143

2015 1110 5108 0.0041 0.8521 0.7691 0.57 4.41 4.60 0.0035 0.0144

Mean 1205 6658 0.0035 1.0093 0.8469 0.54 5.11 5.51 0.0029 0.0149

Panel B: Network property of core–periphery boards

Core board Periphery board

Year Density Degree Strength BC EC Density Degree Strength BC EC

2000 0.0031 12.38 13.60 0.0049 0.0320 0.0017 2.89 3.23 0.0007 0.0031

2001 0.0029 12.18 13.36 0.0051 0.0328 0.0017 2.90 3.17 0.0007 0.0030

2002 0.0031 11.54 12.67 0.0058 0.0368 0.0019 2.59 2.82 0.0008 0.0031

2003 0.0031 10.83 11.84 0.0056 0.0356 0.0020 2.61 2.82 0.0008 0.0031

2004 0.0030 10.37 11.24 0.0060 0.0370 0.0020 2.64 2.85 0.0008 0.0035

2005 0.0031 9.76 10.49 0.0065 0.0387 0.0020 2.63 2.83 0.0009 0.0040

2006 0.0028 8.39 8.92 0.0061 0.0338 0.0016 2.27 2.44 0.0008 0.0040
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core–periphery structure of a board network. From the blockmodeling
results, the nodes with many links to other nodes are designated to the
core, and the remaining nodes evolve as part of the periphery [24,26].
Intuitively, core blocks are topologically the most valuable blocks in
the board network, which turns out to be densely connected among
them, highly central in the entire network, and opinion leaders. We
use the abbreviations CC (core–core blocks), PP (periphery–periphery
blocks), and PC (periphery–core blocks) explained in Figure 2.

3.3 Centrality measure

Next, we assume that board members with multiple interlocks
denote a greater power of interdependence in their network. We
estimate the positional quality of each firm as a centrality measure
on a multidimensional basis, consistent with previous studies (e.g.,
[10,22]), exploring patterns that contemplate both the importance of the
particular company and the thickness of its circumstances. Centrality
measures allow us to identify pivotal firms in the overall network. For
this study, we focus on the network measures of degree, eigenvector
centrality (EC), and betweenness centrality (BC), which capture
different aspects of connectedness based on interlocking directorates.

The degree of a board network indicates the number of
connections to other firms through board members [27]. Board
members with a high degree with other boards in board networks
have additional information related to projects or the financial
conditions that surround them. We, then, adopt eigenvector
centrality to measure the influence on other nodes in the network,
which is relatively easy to calculate in a large and complex network
[28]. The eigenvector centrality measures the intrinsic features in our
networks created through boards of directors based on how muchTA
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FIGURE 2
Example of CC, PP, and PC (CP) blocks in the board network at time
t. Each B1–B6 denotes the company’s board of directors. When B1 and
B2 have sharing directors, they are connected and designated by 1. A
board of directors in the pink range is considered a CC (core–core)
block. In other words, the boards in a CC block have connection with
other boards. A board of directors in the green range is considered a PP
(peripheral–peripheral) block. A board of directors in the yellow range is
considered PC (peripheral–core) and CP (core–peripheral) blocks
because the board of the director network is symmetric, so PC and CP
blocks are the same.
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valuable information they receive and how much it affects other firms.
We can easily measure the eigenvector centrality by power iterations.
Betweenness centrality describes the extent to which an individual
board is connected to other boards in a network. Conceptually, the
measure evaluates the possibility that knowledge transmits via board
members under the assumption that data are transmitted in a network.
The raw score is divided by (N − 1) × (N − 2), and N is the total
number of nodes [29]. This is why the size of a board network changes
each year, as our empirical examination in Table 2.

Due to the positive correlations between degree, EC, and BC in
Table 3 for the regression, we calculate the CCI. We standardize the
board-level centrality scores to have amean of 0 and standard deviation of
1 and then combine these three measures to reduce the dimensionality of
the variables using principal component analysis [7,30]. In Table 4, we
report the descriptive statistics of the centrality measures and the CCI for
board members. The centrality measures are presented at the firm level.
The average degree is 4.95, which means that the boards usually have
connectionswith five firms by interlocking directorates. Themain focus of
our paper is measuring the transmission of information by a centrality
measure.We use the board network tomeasure each firm’s importance in
the social structure as the weight of the number of interlocked boards
from other firms. A firm with low centrality tends to receive little
information from other firms. In contrast, a firm with high centrality
may promote technology and feedback on recent performance with
different firms. This is because corporate boards use interlocking
directorates to access the private information about a firm. Figure 6
shows an example of the core and periphery of board networks.

3.4 Stability measure

Since we must analyze the evolution of the board network over
time, it is important to design a suitable structure to estimate the

variation of the board network. The main task, here, is to determine
how to divide the whole network into subparts. One way is to define
the core–periphery blocks from the board network. We estimate the
transition probability of core–periphery blocks between time t-1 and
time t in the board network. Most cores are defined as a degree greater
than median of the overall degree of the board network at time t. We
expect the board of core blocks to remain in position at next time
t+1 due to positive assortativity [31]. However, in special
circumstances such as the financial crisis, we expect the
core–periphery position to be less maintained. This paper defined
structural stability to investigate the ratio of changing their position
between the core boards and periphery boards to get informative
knowledge about appropriate strategies related to the market status.
Measurements of structural stability by the dynamics of the board
network are calculated as follows:

Stability(t) � D1(t) −D2(t)
D1(t) +D2(t), (1)

where D1(t)(D2(t)) denotes the total diagonal (off-diagonal)
elements of the matrix of transition probability from time t-1
to time t. We visualize the matrix of transition probability in
Figure 3 for illustrative purposes. C(t) is the core board at time t.
P(t) is the periphery board at time t. E(t) is not connected to a
board at time t. In other words, D1(t) is the sum of the CC (core to
core), PP (periphery to periphery), and EE (exit to exit) blocks. D2

denotes off-diagonal elements of transition probability including
CP(core to periphery), CE(core to exit), PC(periphery to core),
PE(periphery to exit), EC(exit to core) and EP(exit to periphery).
D2(t) is the sum of the transition probabilities of firms changing
positions between groups, such as the core, periphery, and exit.
The stability of the board network ranges between ‒1 and 1. When
the stability of the network is ‒1, this denotes a completely
switched core–periphery block of the board network. When the

TABLE 3 Similarity matrix showing the correlation of each pair. (1) Tobin’s q, (2) Degree, (3) Betweenness, (4) Eigenvector, (5) CCI, (6) ROA, (7) lnAge, (8) BoardSize, (9)
FirmSize, (10) Leverage, (11) Tangibility, (12) Growth, and (13) lnSale. This table presents the Pearson correlation coefficient of the dependent variables with centrality
measures and control variables used in our analysis. Detailed variable descriptions are provided in Section 3.1. ** and ***, respectively, denote significance at 5%
and 1%.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

(1)

(2) 0.00

(3) 0.03*** 0.78***

(4) −0.01** 0.79*** 0.67***

(5) 0.00 0.92*** 0.88*** 0.91***

(6) 0.54*** 0.00 0.05*** 0.01 0.03***

(7) −0.09*** 0.04*** 0.15*** 0.23*** 0.18*** 0.03

(8) −0.13*** 0.44*** 0.39*** 0.40*** 0.45*** 0.35*** 0.56***

(9) −0.16*** 0.45*** 0.50*** 0.43*** 0.51*** −0.08*** 0.35*** 0.56***

(10) −0.24*** 0.14*** 0.12*** 0.10*** 0.13*** −0.28*** −0.04*** 0.21*** 0.33***

(11) −0.00 −0.16*** −0.13*** −0.10*** −0.14*** −0.09*** 0.00 0.02*** 0.15*** −0.13***

(12) −0.20*** −0.00 −0.00 0.00 −0.00 −0.14*** 0.07*** 0.11*** 0.23*** 0.20*** 0.31***

(13) −0.04*** 0.51*** 0.56*** 0.48*** 0.57*** 0.07*** 0.37*** 0.46*** 0.83*** 0.15*** −0.28*** −0.02
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stability of the network is 1, this denotes the zero transition
probability of the board network.

3.5 Model specification

One of the significant driving forces behind investment decisions
is information. Here, we assume that the board network concerns how
the information-sharing process through board members influences
the firm value in the market. Therefore, we employ a regression
model to test whether the information shared through the board
network is related to the firm value. We use Tobin’s q as a dependent
variable in the regression model, which is the ratio of the market
value [32,33]. The measure of Tobin’s q is stable over time, making it
a promising measure as a significant determinant of the market value
of a firm in the literature [34]. We approximately estimate Tobin’s q
as book assets minus book equity plus the market value of equity
divided by book assets in line with much of the literature [35]. The
value of a brand and human resources of a firm that is leading the
market lead people to invest. Investors believe that such a value could
lead to future growth opportunities. A Tobin’s q of more than one
means that the valuation value in the market is higher than the
company’s book value. A firm tends to have a competitive advantage
in the market, so it has sufficiently completed its growth. Investing in
a firm could generate a stable return without a high return. On the
other hand, a Tobin’s q of less than one means that the value of the
firm viewed in the market is lower than that of the assets held by the
firm, where growth is already at its limit or a problematic condition.
There is a high likelihood of competition being extreme or belonging
to the industry specification. Ultimately, a specification industry or
problematic company is possible. Firms with a high ownership
concentration have a high Tobin’s q. The key independent
variable is the CCI of the board network derived from Eq. 2. In
separate regressions reported in Table 5, we investigate the effects of

centrality measures, such as CCI, degree, eigenvector centrality (EC),
and betweenness centrality (BC), on the firm value based on the
literature [10,36,37].

Tobin qi,t+1 �β0 + β1Centralityi,t + β2Board sizei,t

+ β3Board size2i,t + β4ROAi,t

+ β5ROAi,t−1 + β6Firm agei,t

+ β7Firm sizei,t + β8Leveragei,t

+ β9Tangibilityi,t + β10Growthi,t

+ β11Salei,t + ui,t.

(2)

β1 captures the effect of centrality on Tobin’s q, which we
anticipate to have a positive value after including control variables
and industry and year-fixed effects in view of information sharing
between connected boards. We include several control variables
that may affect our results. First, we use industry and year-fixed
effects. Because the industry has an impact on accounting profits,
we include 12 industry dummies for the two-digit Standard
Industrial Classification (SIC) to control for unobserved effects
[38,39]. Furthermore, we use year dummies to control
macroeconomic effects. Second, we control for firm
characteristics that may influence strategic decisions for the firm
organization. Our control variables are based on the modeling used
in the literature [10,35,40,41]. The board size is calculated by the
natural logarithm of the number of directors on the board. In
particular, considering that the sensitivity of the board size may
vary depending on the level of network connectivity, the board size
variable quadratic term is added to the model to capture the
movement of board size sensitivity changing non-linearly. In
addition, the firm size is defined by the natural logarithm of
total assets, and sale is defined by the natural logarithm of sale.
Leverage is the ratio of the book value of the total debt to the book
value of assets. Sale and leverage are proxies for complexity and the
CEO’s need for advice [35]. Tangibility is measured by the ratio of

TABLE 4 Descriptive statistics. This table reports the minimum, mean, median,
and maximum values of each variable used in our model. It also shows the
respective standard deviations. Detailed variable descriptions are given in
Section 3.1. All variables are winsorized at the 1st and 99th percentile levels.

Variable Min Mean Median Max SD

Tobin q 0.8012 1.7753 1.4667 7.0618 0.9187

Degree 1.0000 5.1499 4.0000 27.0000 4.0071

EC 0.0000 0.0151 0.0060 0.1959 0.0223

BC 0.0000 0.0022 0.0012 0.0186 0.0026

CCI −1.4422 0.0403 −0.4771 6.2971 1.4927

ROA −0.2600 0.0509 0.0492 0.2409 0.0585

lnAge 0.0000 2.1869 2.3026 2.9957 0.5510

BoardSize 5.0000 9.7558 10.0000 17.0000 2.1675

FirmSize 4.9271 8.0612 7.9196 12.5252 1.4963

Leverage 0.0000 0.8146 0.5516 8.6666 0.9579

Tangibility 0.0627 0.6374 0.5022 2.8368 0.4724

Growth 0.0097 0.4461 0.2096 3.7955 0.6117

lnSale 4.5406 7.8065 7.6919 11.5881 1.3492

FIGURE 3
Example of D1 and D2 based on transition probabilities in the board
network. The CC block shows the transition probability from core (t-1) to
core (t). The PP block shows the transition probability from periphery (t-
1) to periphery (t). The EE block shows the transition probability
from exit (t-1) to exit (t). D1 is calculated as the sum of CC, PP, and EE
blocks, colored in pink in this figure. D2 is calculated as the sum of off-
diagonal elements colored in green in this figure.
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the shareholder’s equity to sale. Growth is estimated by net
property, plant, and equipment divided by sales. Firm age is the
number of years since the first trading date on Compustat. Return
on assets (ROA) is the ratio of earnings before interest, taxes,

depreciation, and amortization to the book value of assets. The firm
value depends on the current and previous profitability of a firm
measured by ROA [35,40]. Third, we extract 12 different
subsamples from the sample to account for the properties of

TABLE 5 Effect of network properties on Tobin’s q; this table presents the estimation results for an ordinary least square regression of board network centrality and
other control variables on Tobin’s q. The dependent variable is the log of Tobin’s q. Detailed variable descriptions are provided in Section 3.1. Columns (1), (2), and (3)
give the regression coefficient estimates obtained using each centrality and (4) using the CCI. T-statistics are reported in parentheses. *, **, and *** indicate significance
at the 10%, 5%, and 1% levels, respectively. All variables are winsorized at 1% and 99%.

(1) (2) (3) (4)

Degree 0.0057***

(6.0380)

EC 1.2309***

(7.7063)

BC 0.0000***

(3.0589)

CCI 0.0145***

(5.9796)

BoardSize −0.0410*** −0.0368*** −0.0403*** −0.0401***

(−3.9306) (−3.5344) (−3.8562) (−3.8411)

BoardSize2 0.0020*** 0.0018*** 0.0021*** 0.0020***

(3.9765) (3.6362) (4.0472) (3.9018)

ROAt 2.8650*** 2.8558*** 2.8686*** 2.8627***

(44.8185) (44.7101) (44.8193) (44.7771)

ROAt−1 1.6445*** 1.6347*** 1.6463*** 1.6409***

(26.0377) (25.9009) (26.0300) (25.9753)

FirmSize −0.0319*** −0.0309*** −0.0323*** −0.0323***

(−4.5157) (−4.3766) (−4.5611) (−4.5657)

lnAge −0.0339*** −0.0369*** −0.0312*** −0.0344***

(−3.3609) (−3.6506) (−3.0961) (−3.4052)

Leverage 0.0013 0.0019 0.0013 0.0013

(0.2639) (0.3738) (0.2601) (0.2660)

Tangibility 0.0954*** 0.0972*** 0.0929*** 0.0952***

(6.9391) (7.0730) (6.7531) (6.9260)

Growth −0.0722*** −0.0731*** −0.0728*** −0.0723***

(−8.8452) (−8.9776) (−8.9106) (-8.8675)

lnSale 0.0210** 0.0204** 0.0226** 0.0209**

(2.0280) (1.9664) (2.1763) (2.0154)

Intercept 0.6319*** 0.6419*** 0.6079*** 0.6578***

(11.0300) (11.2253) (10.6109) (11.3352)

Industry FE Yes Yes Yes Yes

Year FE Yes Yes Yes Yes

Observations 10,623 10,623 10,623 10,623

Adj. R2 0.527 0.529 0.526 0.527
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industries, according to the two-digit SIC in our further analysis, as
shown in Section 4.3. As suggested by the literature, including
[36,37], a board of directors tend to be evaluated by its abilities in
different industries, according to the relationships between
industries or industrial property. We note that the opinions of
board members about value maximization for shareholders vary by
industry.

4 Empirical results

In this section of the paper, the primary goal is to investigate the
characteristics of the reciprocate board interlock concerning the core
and periphery concept of complex network theory. In addition, we test
whether the interlocking structure of the board network can explain
the corporate performance and change in the economic status in the
core and periphery structure.

4.1 Board network effects

The main goal of this paper is to identify the relationship between
firms and the network constructed by the interlocking of board
members. First, we discuss how networks are defined to investigate
their dynamics. A board network can be defined by the N × N
adjacency matrix, network, consisting of N unique companies as
nodes that are connected via the interlocking of board members as
edges. Emphasizing the information channel between firms through
board directors, edges are generally defined as bridges of firms. Each
network has a different set of nodes from 2000 to 2015 described in
Table 2, where the connections between nodes are the firm’s
relationships in the board director networks, accomplished by
simply treating the firm matrices.

Interlocks operate as communication channels by sharing inside
information across boards. [42] and [43] have shown that board
networks have the incentive to construct based on advantages and
spillovers from knowledge sharing. To illustrate the networks
inconsistent with the previous literature, Figure 4 presents
representations of two simple board networks of 12 industries for
US firms. These networks are a subset of the entire board network of
US companies.

Although a firm’s relationships constructed by board members are
modeled as a bivariate analysis, based on an information-sharing
channel used in M&A research, Figure 4 suggests that the
connections between firms are complex. The valuable information
created by board members flows through complex board networks.
Weighted symmetric networks are evident via firms. To observe the
impact of the flow of valuable information between firms by board
directors on market stability, we use graph theory and social networks.
We briefly introduce the techniques used in Section 3.2, including the
concepts of several centralities, clustering, and shortest path length.

In Figure 4, the board networks of normal status consist of
1,188 nodes and 7,020 edges. The board network of the subprime
crisis includes 1,112 nodes and 5,000 edges. The different colors
correspond to industry sectors. If each firm does not share board
members, then the board network is similar to an island. There are no
connections between companies. We create board networks based on
the sharing of board members for two subperiods to analyze whether
the evolution of the board network is related to market stability. The

board network, shown in Figures 4A, B, shows firms with higher edges
between firms, irrespective of market status, implying that the valuable
information created through board members of each firm has flowed
to other companies.

As shown in Figures 5A, B, the degree (K) distribution function
of the board network implies that most firms share small board
members with other firms, whereas firms with strong influence in a
market are connected to many firms. We find that the degree
distribution function of 2002 (2008) follows the power-law
distribution with an exponent of 4.2 (4.9). To more clearly verify
the distribution function of the board network, we establish
methods proposed by [44] and [45]. We conduct a likelihood
ratio test and include the four distributions, including the
exponential, stretched exponent, power-law, and power-law
cutoff distribution functions of the power-law hypothesis, as
shown in Table 6. We find that the degree distribution functions
follow a power law when compared to exponential, stretched

FIGURE 4
Configuration of board networks (A) in 2002 (normal period) and
(B) in 2008 (tranquil period). A node represents a company, and an edge
represents a link by interlocking directorates between boards. Node size
means the total asset of the company. Node colors indicate the
industrial groups of boards: (1) NoDur, (2) Durbl, (3) Manuf, (4) Enrgy, (5)
Chems, (6) BusEq, (7) Telcm, (8) Utils, (9) Shops, (10) Hlth, (11) Money, and
(12) Other.
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exponential, and power laws with cutoff distributions. The power-
law exponents of degree distributions of the board network for each
subperiod lie in ranges 3.33 and 5.91, except for 2002. Our
observation implies that there are firms with valuable
information through interlocking by board members.

From here on, we examine the concept of the core–periphery
structure through two classes of nodes in view of the hierarchical
relationships in board networks. One class forms a cohesive subgraph
of the core where nodes are connected to each other in a maximal
sense, and the other class is a periphery that is more loosely connected
to the core. Figure 6 and Figure 7 shows the 100 simulation results of a
random network using the benchmark of the 2000 and 2015 board
networks. In the simulation, there are no large differences between the
density of the core–core and the density of the periphery and
core–periphery blocks. Figure 8A shows the network density of the
empirical database. In the figures, the density of the core–core block
increases more than that of the periphery–periphery block. Before the
financial crisis, the density of the core–core block decreased from
0.02 to 0.014 in 2006. Figure 8B shows that this is not caused by a size
effect to check the size of core boards measured by the number of core
boards. We discover that the small number of core boards with many
connections to other boards is more active than periphery boards.

Panel A of Table 2 presents the properties of board networks and
the characteristics of the core and periphery during the sample period.
The number of interlocked boards sharply decreased in 2002, which
might reflect the impact of post Sarbanes–Oxley (SOX). In line with
[46], the density of reciprocate board interlock ties has a tendency
toward reinforcement after SOX. In view of the pattern of the fraction
of edges, the density of the core–core block, ρcc, is higher than that of
the periphery–periphery block, ρpp [26]. We present consistent results,
as shown in Figure 8 and Table 2.

Generally, the magnitude of the eigenvalue explains how well-
connected the entire network is in diagnosing the synchronizability of
networks. The largest eigenvalue (λ1) for each discrete time explains

the variance of the component in the board network. In other words,
the largest eigenvalues indicate the behavior of the matrix component,
given a market-wide effect. The second largest eigenvalue (λ2) of the
board networks could be interpreted as the variability of behaviors due
to the local effect. Therefore, both eigenvalues are considered
indicators of how easily the network will synchronize. In Panel A
of Table 2, the largest (second) eigenvalue increased in 2002 post-SOX
and in the 2007 pre-crisis period, which means the board network
tends to synchronize systemically and idiosyncratically in unstable
conditions or a tranquil period. From the financial crisis of 2008–2009,
modularity sharply increases, which means the board network shows
well-constructed subgroups in the network. The average betweenness
centrality (BC) of the board networks gradually increased from 2000 to
2015. From a macroscopic perspective, bridging roles or “structural
holes” represent the power to control the individuals they link. In
other words, board networks tend to increase the influence of a board
member as a bridging role among clusters.

In Panel B in Table 2, core–periphery structures have different
network characteristics. Overall, core boards have more connections
with other boards than periphery boards. This shows that the average
degree of core boards is three times higher than those of periphery
boards. Additionally, there are consistent patterns of betweenness
centrality and eigenvector centrality due to a positive relationship
between network centralities. Figure 9 shows the fraction of degree in
the core–periphery structure by industry. The divisions are grouped by
the two-digit SIC. The fraction of the degree of the core boards and the
periphery boards in each industry is calculated as the degree of each
industry divided by the total degree of the core boards and the
periphery boards, respectively. In Figure 9, regardless of the degree
and strength, industrial groups with higher degrees of core blocks
include Manuf, Shops, BusEq, and Money. This is why firms with
many business relationships with other firms in manufacturing and
business equipment could form the core with the highest degree in
board networks. Moreover, firms with valuable knowledge in the

FIGURE 5
Cumulative distribution function (CDF) for the degree of the board network is plotted with a log–log scale. The CDF for the degree distribution of the
network during two subsample periods (A) 2002 and (B) 2008, the Gaussian distribution, and the fitted data correspond to the red circle, the black line, and the
dashed blue lines, respectively.
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financial industry could form the core with higher degrees than other
industries in the board network. We could use this result for risk
measurement as exposures to each industry group rather than for
valuation for each industry group.

In summary, we find a heavy-tailed property of board networks,
which means that some corporate boards play an influential role in a
board network. To investigate whether core boards are in an
informative position in board networks, we examine the
hierarchical structure in the following section.

4.2 Evolution of board networks in a
core–periphery structure

In this section, we provide a detailed analysis of the hierarchical
structure of a board network. Thus far, our study shows that some
firms have more connections in view of the core–periphery structure.
We compare our board networks, following the hierarchical
structure with a random graph benchmark. It is worth noting
that there are influential core boards at the center of a board
network, unlike in a random graph. Recently, [47] and [48]
emphasized the potential importance of the network structure to
shocks. Because board networks have hub companies with dense
connections, they play a particular role that cannot be ignored in
information propagation. Figure 6 illustrates the core–periphery
structure of the board network in 2008. Pink nodes having a lot
of links with other boards represent the core boards. We expect
directors serving financial institutions to have valuable knowledge of
strategic organization in risky situations. This is why supervisory
directors’ banking experience positively affects banks’ performance
during a financial crisis [49].

Table 7 includes transition probabilities of the state of a board
for the discrete model to explain the stability of a company’s

TABLE 6 Comparisons of the fitted power-law behavior to alternatives. This table shows the results of the power-law test proposed by [44] for the degree distribution of
board networks from 2000 to 2015. The estimated α is the power-law exponent of the degree distribution.

Exponential Stretched exp Power-law cut

Data set Power-law p Est. α LR P LR P LR P

2000 0.03 5.74 0.11 0.91 4.00 0.00 6.10 0.00

2001 0.71 6.90 0.16 0.87 2.53 0.01 3.55 0.00

2002 0.00 4.20 2.13 0.03 4.17 0.00 5.51 0.00

2003 0.00 4.08 2.43 0.02 3.46 0.00 5.97 0.00

2004 0.20 5.91 0.38 0.70 2.78 0.01 4.23 0.00

2005 0.01 5.76 0.11 0.91 3.44 0.00 5.36 0.00

2006 0.00 5.79 −1.15 0.25 7.63 0.00 11.53 0.00

2007 0.00 4.02 1.97 0.05 5.69 0.00 8.48 0.00

2008 0.00 4.90 −0.47 0.64 6.69 0.00 10.89 0.00

2009 0.00 5.41 −0.72 0.47 6.54 0.00 9.89 0.00

2010 0.00 4.79 −0.98 0.33 7.45 0.00 11.88 0.00

2011 0.00 4.69 −0.20 0.84 6.39 0.00 10.92 0.00

2012 0.00 4.29 0.07 0.94 3.99 0.00 11.46 0.00

2013 0.00 4.91 −0.70 0.48 8.08 0.00 13.85 0.00

2014 0.00 3.33 1.92 0.05 6.71 0.00 14.76 0.00

2015 0.00 3.81 0.65 0.52 −6.89 0.00 14.49 0.00

FIGURE 6
Board network in 2008 (tranquil period). A node represents a
company, and an edge represents a link by interlocking directorates
between boards. Node sizes denote the total assets of a company. Node
colors indicate the core–periphery structure.
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position in a board network. For instance, the first columns
indicate the probabilities of a core board in year t-1(Ct−1)
changing from the periphery (Pt−1) or exiting the market (Et−1),
being a core member in year t (Ct). On the contrary, there is
asymmetry in shifting from a core board to a periphery board and
vice versa; the diagonal elements are high at over 70% due to the
autocorrelation of each cluster. In line with [31], we find higher
persistence in the CC and PP blocks than the PC and CP blocks
between years; Figure 10 shows the transition probability (TP) of
(a) CC/PP/EE blocks, (b) off-diagonal blocks, and (c) the
structural stability of the board network. Structural stability is

estimated by Eq. 1 in the transition probability matrix between
time t and time t+1 calculated by the core–periphery structure for
each year (2000–2015). The stability of the y-axis in Figure 10C
denotes structural stability based on the transition probability
between the core and periphery of the yearly matrix, calculated in
Table 7. In Figure 10, we find that most transition probabilities are
stable over time with little variation from year to year except in a
precise period (2007). This was caused by increasing off-diagonal
term elements in the transition probability from 2006 to 2007.
This trend denotes that structural stability via a core–periphery
structure changed to prepare financial information before the

FIGURE 7
Density of a random network of 100 simulations, CC/PP/CP(PC) blocks. The definition of CCP/PP/CP(PC) blocks is explained in Figure 2. In the
simulation, there are no large differences between the density of the core–core block and the density of the periphery and core–periphery blocks.

FIGURE 8
(A) Density of the entire network and CC/PP/CP(PC) blocks; (B) the number of nodes of core and periphery boards. The definition of CCP/PP/CP(PC)
blocks is explained in Figure 2. In the figures, the density of the core–core block increases more than that of the periphery–periphery block.
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subprime mortgage crisis. This stability derives from the micro
level of mutual links via interlocking directorates. We check the
transition matrix from boards to the connected board’s industry,

as shown in Table 7. In Table 8, Column 1-2 represent the
connected boards of off-diagonal elements such as the PC, CP,
EC, and EP blocks for 2007.

Table 8 and Figure 11 include the added information based on
the transition matrix of 2007. Table 8 represents the interlocking
ratio of industrial groups in 2007. The first and second columns of
Table 8 display the industrial groups and the number of board
members constructed in the board network in 2007, respectively.
The connected board’s industry includes the connected board’s
industry groups with the board network to investigate the impact
of knowledge sharing between industries via interlocking directorates.
Overall, the boards corresponding to the industrial groups of business
equipment (82), money (72), telecommunications (70), and
manufacturing (69) have more connections with the boards than

FIGURE 9
Fraction of the (A) degree and (B) strength of industrial groups. The industry description is shown in Table 1. The fraction of the degree of the core boards
and the periphery boards in each industry is calculated as the degree of each industry divided by the total degree of the core boards and the periphery boards,
respectively. The industrial groups with higher degrees of core blocks include Manuf, Shops, BusEq, and Money.

TABLE 7 Transition matrix: discrete model. C, P, and E stand for core, periphery,
and exit, respectively. This matrix is calculated by the example of Figure 3. We
calculated the transition probability each year and then averaged it during
2000–2015.

C (t) P (t) E(t)

C (t-1) 0.8279 0.1062 0.0002

P (t-1) 0.0744 0.7961 0.0430

E (t-1) 0.0008 0.1579 0.7313

FIGURE 10
Transition probability (TP) of (A) CC/PP/EE blocks and (B) off-diagonal blocks and (C) the structural stability of the board network. Structural stability is
estimated by Eq. 1 in the transition probability matrix between time t and time t+1 calculated by a core–periphery structure for each year (2000–2015).
Structural stability via the core–periphery boards changed to prepare financial information before the 2007–2009 financial crisis.
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other industry groups in the network. This means that some boards try
to enrich the relationship with boards by having valuable information
on economic responses.

We, then, calculate the diversity of the connected interlocking
industry from the nodes in the off-diagonal elements. Figure 11
presents the diversity of connections by sector measured as
Shannon entropy by the following equation: Diversity =
-Σ12

i�1p(x)log(p(x)), where p(x) is the probability of the
interlocked boards with other industries of each industry. Firms in
the financial industry have the highest diversity (2.19) of connected
firms, including many connections from various groups to achieve

valuable information before the 2008–2009 subprime crisis. This result
translates into the fact that board members prefer to interlock with a
company corresponding the financial industry, regardless of what
industry a company is in and implies that the decision to hire a
director to improve access to external finance should involve strong
interlocking with the financial industry [50].

To summarize our argument, we argue that before the
2008–2009 financial crisis, board networks show a tendency to
transition toward becoming core blocks via interlocking
directorates with financial institutions because of restricted
information access and limited information supply.

TABLE 8 Adjacency matrix of off-diagonal elements in the transition matrix at the industry level for the year 2007.

Connected board’s industry

Industry #Company 1 2 3 4 5 6 7 8 9 10 11 12

1 8 3 0 0 0 1 4 2 1 4 2 3 3

2 5 1 1 1 0 1 0 0 1 5 0 5 0

3 21 6 4 18 8 8 10 2 6 10 3 5 14

4 4 2 0 5 0 2 2 0 1 2 0 1 2

5 9 1 2 6 2 2 11 1 0 1 6 4 1

6 36 8 4 10 0 6 16 2 5 13 13 19 14

7 2 0 1 0 1 0 0 0 0 0 1 0 1

8 7 3 2 5 0 2 8 0 2 3 3 4 1

9 19 6 4 10 1 2 4 3 8 7 8 9 8

10 12 0 2 5 1 0 5 0 2 1 2 6 10

11 18 4 0 3 1 1 4 3 4 14 2 8 6

12 25 6 2 6 1 3 18 2 2 10 9 8 8

Sum 166 40 22 69 15 28 82 15 32 70 49 72 68

(1) NoDur, (2) Durbl, (3) Manuf, (4) Enrgy, (5) Chems, (6) BusEq, (7) Telcm, (8) Utils, (9) Shops, (10) Hlth, (11) Money, and (12) Other.

FIGURE 11
Industrial diversity of the interlocking directorates of off-diagonal elements during the pre-crisis period. Diversity is calculated by the Shannon entropy of
the interlocking ratio to each industry using the off-diagonal elements from the connected boards in 2007.
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4.3 Impact of board networks on the firm
value

To the extent that the board networks in the United States have
heterogeneous properties, we anticipate that the strategic behaviors of
boards and their central characteristics could affect Tobin’s q. The role
of the board of directors in performance is divided into two tasks 1)
long-term direction for an organization and 2) internal policies for the
company and soliciting stakeholder feedback. Each board is composed
to embark on its straightforward functions. A board was used to decide
the long-term direction of the corporate strategy. Regarding this
concept, [51] insisted that external network ties determine a
board’s abilities and its influence on corporate performance. In line
with the literature, we assume that boards with high centrality scores
in networks have high-quality board abilities. Based on our
assumption, centralized boards can earn more from a long-term

project than other boards. In this context, we would expect a
positive effect of connectedness on the firm value measured by
Tobin’s q because Tobin’s q estimates the value of a firm’s
intangible assets, such as monopoly power, goodwill, high-quality
managers, and growth opportunities [33].

Table 5 shows the ordinary least square regression result of
board network centrality on Tobin’s q. In Table 5, each column
shows the results of the explanatory variable changed to the
dimension of centralities. The coefficient on Tobin’s q is
positive and statistically significant and positive in terms of
degree (β1 = 0.0057; p < 0.01), eigenvector centrality (β1 =
1.2309; p < 0.01), betweenness centrality (β1 = 0.0000; p <
0.01), and CCI (β1 = 0.0145; p < 0.01) in columns (1)–(4) of
Table 5. These results show that a board network tends to promote
firm performance by improving knowledge sharing and
communication among a board of directors and encouraging

TABLE 9 Effect of network properties on Tobin’s q according to each industry. CCI is the composite centrality index, BS is board size, BS2 is the square term of board size,
R is ROA, R0 is lagged ROA, FA is firm age, FS is firm size, L is leverage, T is tangibility, G is growth, and S is sale, including year fixed effects. Columns (1)–(12) present
coefficient estimates for various subsamples including industry fixed effects. For various subsamples, the table represents the estimation results for an ordinary least
square of board network characteristics and other control variables on Tobin’s q. (1) Manuf, (2) Shops, (3) BusEq, (4) Money, (5) Other, (6) NoDur, (7) Utils, (8) Hlth, (9)
Chems, (10) Energy, (11) Durbl, and (12) Telcm. T-values are in parentheses. *, **, and *** indicate significance at the 10%, 5%, and 1% levels, respectively. All variables
are winsorized at 1% and 99%.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

CCI 0.01 0.00 0.00 0.01*** 0.03*** 0.03*** 0.01*** 0.03*** 0.00 0.00 0.00 0.02

(1.56) (0.46) (0.58) (2.92) (3.50) (3.75) (4.36) (3.21) (−0.05) (0.00) (−0.26) (1.24)

BS −0.03 −0.04 −0.01 0.02 −0.04 −0.02 −0.01 −0.05 −0.01 −0.10*** 0.08 0.19***

(−1.21) (−1.32) (−0.26) (1.27) (−1.25) (−0.48) (−0.82) (−1.10) (−0.19) (−2.43) (1.05) (2.92)

BS2 0.00 0.00* 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00** 0.00 −0.01***

(1.33) (1.67) (−0.26) (−0.86) (1.50) (1.00) (0.54) (1.11) (0.44) (2.06) (−1.23) (−2.92)

R 2.35*** 3.45*** 2.69*** 3.82*** 2.75*** 3.30*** 2.19*** 2.79*** 3.50*** 1.33*** 2.67*** 1.56***

(18.33) (21.91) (20.16) (15.20) (16.11) (15.65) (13.26) (12.01) (13.89) (5.87) (9.08) (4.95)

R0 1.18*** 2.38*** 1.17*** 1.39*** 1.54*** 2.57*** 1.54*** 1.50*** 1.99*** 0.44** 2.08*** 1.83***

(9.24) (14.90) (8.82) (6.28) (8.69) (12.27) (9.69) (6.73) (8.43) (2.05) (7.27) (6.11)

FS −0.01 −0.08*** −0.08*** 0.00 −0.06*** −0.04** 0.02 0.15*** −0.07** 0.06** −0.01 −0.07**

(−0.70) (−4.48) (−4.51) (0.01) (−3.57) (−1.82) (1.22) (5.18) (−2.43) (2.48) (−0.13) (−2.07)

FA −0.12*** −0.13*** 0.09*** −0.06*** 0.05** 0.10*** −0.05*** 0.05 −0.06 0.13*** −0.05 −0.22***

(−3.92) (−3.81) (2.70) (−5.98) (2.03) (2.65) (−2.46) (0.93) (−0.99) (2.88) (−0.78) (−2.75)

L 0.03*** 0.03** −0.03** 0.01*** −0.02 −0.01 0.02*** −0.04* 0.09*** −0.11*** 0.09*** 0.06**

(2.91) (1.97) (−2.03) (2.68) (−1.24) (−0.49) (2.92) (−1.82) (5.33) (−4.09) (2.91) (2.08)

T 0.19*** 0.32*** 0.09*** −0.01 −0.01 −0.29*** −0.12*** 0.11** 0.24*** −0.13*** 0.30*** 0.11

(5.22) (3.85) (2.93) (−0.96) (−0.39) (−4.51) (−4.03) (2.02) (3.19) (−2.71) (2.57) (1.58)

G −0.15*** 0.09** −0.12*** 0.00 −0.16*** 0.11 0.06*** −0.05 −0.24*** −0.06** −0.43** −0.14***

(−5.04) (2.11) (−2.50) (−0.12) (−9.96) (1.49) (5.45) (−0.73) (−4.34) (−2.18) (−2.43) (−3.00)

S 0.12*** 0.13*** −0.07** 0.03*** −0.12*** −0.15*** 0.04 −0.11** 0.10 −0.18*** 0.05 0.18**

(3.69) (4.03) (-2.07) (2.67) (−4.29) (−3.61) (1.84) (−2.03) (1.62) (−4.08) (0.68) (2.20)

FE Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

Obs. 1960 1734 1961 845 1601 872 942 848 542 480 313 157

Adj.R2 0.59 0.61 0.39 0.43 0.57 0.40 0.67 0.41 0.58 0.46 0.71 0.44
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integration among directors. The findings of this study support
agency theory by showing a positive relationship between the CCI
and firm value. Regarding the composition of a board of directors,
the results of this study have important management implications.
We conclude that a board with a high centrality score could be
beneficial in maintaining varied information and external links
and advising management along with behavioral integration and
communication among board members. The results of control
variables are generally consistent with the prior literature. In line
with [35, 52], we show that the coefficient of board size has a
significantly negative impact (β2 = −0.0401; p < 0.01) and the
coefficient of board size 2 has a significantly positive impact (β3 =
0.0020; p < 0.01) in column (4) of Table 5. This suggests that the
optimal board size is 10 by β2 + 2β3BoardSize = 0. In other words, a
firm with more than 10 board members can be expected to create a
positive firm value when members have valuable information
through interlocking directorates. We obtain similar results
when using regression with other centrality measures instead of
the CCI, as shown in columns (1)–(3) of Table 5. This finding is
analyzed by many scholars to provide evidence for the concept that
smaller boards are better and that the relationship between the
board size and firm value forms a U-shaped curve [35]. In addition,
regarding operations, size, and the extent of reliance on external
capital, complex firms have greater advisory needs than simple
firms [53].

Our work has focused on operating income by division. Divisions
are grouped by the two-digit SIC. It is worth noting that Tobin’s q
varies by industry and firm. Firms with too much physical ownership
are bound to be insensitive to the rapidly changing trends of change.
To show the relationship between board networks and Tobin’s q, we
regress the CCI on Tobin’s q, according to each industry in Table 9.
The results in Table 9 show the regression coefficient according to the
fraction of degree in Figure 9. The industry groups classified with a
higher fraction of degree, as shown in columns (4)–(8) of Table 9, have
significantly positive coefficients at the 1% level except for
manufacturing and shops. Meanwhile, the industry groups with a
lower fraction of degree in columns (9)–(11) do not show significant
coefficients.

In summary, we conclude that the 2008–2009 financial crisis
affected the switching behavior of the core and periphery boards
and that the centrality of board networks has a statistically positive
impact on the firm value, as measured by Tobin’s q.

5 Conclusion

The goal of this investigation was to determine if statistical and
dynamic properties of board networks would reveal information
sharing between board members during the global financial crisis
in the United States. This study constructed a corporate network using
information between board members extracted from S&P 1500 in the
RiskMetrics database. Our findings identify closely connected cores
around small boards with relatively large numbers of links. The degree
distribution of corporate networks follows a power-law distribution
with statistical tests. In addition, we confirm that core boards
dominate board networks composed of empirical data from
random benchmarks. This result supports a kind of self-
organization in board networks as denoting distinctly non-random
structures [31, 54]. Furthermore, we provide evidence that a board in

the financial sector has to be a core block in conditions of market
instability.

Our study has a couple of limitations. First, we have not considered
the influence from individual characteristics of each director. The
possibility is that the representative index extracted from the director
network can be utilized as the weighted variable for reflecting the ability
of board members. Second, although this study found the board
network dynamics concerning the financial crisis, it is difficult to
fully understand the network dynamics with this result alone
because a mathematical model of the network evolution is needed.

We conclude that the structural characteristics formed
through connections between board members for the quality of
corporate monitoring and advising to deliver information also
affect the firm value. Our findings support the reputation
hypothesis and offer a specific indicator of the network’s
structural stability from a core–periphery structure. The
existence of a small number of highly connected boards in the
network structure and its impact on the firm value will be a
cornerstone for future research. The direction of further
developments is the network prediction based on the transition
probability and director’s ability.
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