
Ⅰ. Introduction

Information and Communication Technology 
(ICT) plays an increasingly important role in the 
transfer of information and knowledge. Regardless 
of geographic boundaries, cultures, and time lags, 

companies use voice, video, and web conferencing 
to unify their employee networks. Especially in the 
last few years, the coronavirus has forced many work-
ers to work from home, and online communication 
has become the only way to share information with 
colleagues (Perks, 2021). They shared and discussed 
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ideas and knowledge, and trained new hires through 
enterprise communication tools such as email, social 
media, and video conferencing software. Some com-
panies have also encouraged their employees to meet 
colleagues and engage in team-building activities 
through metaverse video games (Gandolfi and 
Gandolfi, 2021). People transferred information and 
knowledge through ICT, even tacit knowledge, which 
is knowledge obtained from personal experiences and 
contexts (Bolisani and Scarso, 1999; Roberts, 2000).

Nevertheless, ICT cannot transfer all kinds of 
knowledge since it has a limitation to completely 
substitute face-to-face communication. Some re-
searchers argued that the tacit knowledge can be con-
veyed only through face-to-face communication due 
to the stickiness of ideas, perceptions and experience 
(Antonelli, 1997; Johannessen et al., 2001). They also 
argued that the tacit knowledge is difficult to translate 
into code. However, difficulties of transferring tacit 
knowledge can been overcome by other knowl-
edge-related work, such as R&D.

R&D generally serves two roles that can support 
the transfer of knowledge fluently: increasing absorp-
tive capacity and implementing innovative outcomes 
(Cohen and Levinthal, 1989; Griffith et al., 2004). 
Absorptive capacity is a firm’s ability to apply new 
knowledge to improve organizational learning (Cohen 
and Levinthal, 1990). Improved organizational learn-
ing means sharing more complex ideas and knowledge 
based on accumulated experience and knowledge. 
Therefore, R&D and ICT can be related in terms 
of transfer of knowledge, and their interrelationship 
will affect the value creation of companies.

In this study, we study the impact of ICT on pro-
ductivity through R&D. Human intervention, the in-
terpretation and actual use of knowledge, is un-
avoidable because the sender can only transfer their 
tacit knowledge by codifying it (Bolisani and Scarso, 

1999). The role of ICT partly supports the exchange 
of knowledge in the form of pictures, drafts, and 
so on. Then, the decoding of data and information 
into fresh tacit knowledge has to be done by the 
receiver, which can be vary by receivers interpretation. 
The ability to interpret the knowledge can be improved 
by knowledge work such as R&D. Bardhan et al. 
(2013) found that R&D can interact with ICT and 
create business value. In addition to their work, this 
study examines whether people can create value by 
innovating and introducing new products and services 
based on knowledge transferred through ICT. Thus, 
we also test the direction of the effect of ICT on 
productivity through R&D.

We examine our hypothesis that R&D mediates 
the impact of ICT on productivity. To test this, we 
used panel data from Bureau of Labor Statistics. Our 
data includes 47 US industries including both manu-
facturing and non-manufacturing industries from 
1987 to 2013. We did regression analysis to test media-
tion effect of R&D. To confirm if it is partial or 
full mediation effect, we did Sobel test. As a result, 
we found that R&D increases the business value of 
ICT, linking received knowledge to actual use by help-
ing receivers who obtain knowledge through ICT to 
execute interpretation and use knowledge in their 
works. Even though there have been many studies 
proving the positive impact of ICT and R&D on 
business value and knowledge capital, our study would 
provide a greater understanding of the ICT, R&D 
and productivity. Moreover, this study would identify 
ICT and the unobservable process of creating business 
value.

This study contributes to the study of ICT value 
creation process. Numerous researchers have shown 
that the productivity paradox has diminished consid-
erably (Brynjolfsson and Hitt, 1996). However, the 
method by which ICT positively affects productivity 
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is still a black box and inherently unobservable. We 
add to this literature by examining the relationship 
between ICT, R&D, and productivity, and direction 
between them.

Ⅱ. Literature Review

For the last couple of decades, a growing number 
of researchers have shown that ICT plays a significant 
role in improving firm and industry productivity and 
rebutted the so called productivity paradox 
(Brynjolfsson and Hitt, 2000; Devaraj and Kohli, 
2003). According to Brynjolfsson and Hitt (1996), 
the reasons why earlier research could not derive 
the exact relationship between ICT and productivity 
were mismeasurement, lags, redistribution, and 
mismanagement. Although the paradox was almost 
resolved, we believed that the value creation of ICT 
has not been not fully studied yet.1)

In this paper, we study the effect of ICT on pro-
ductivity indirectly, through R&D. Both ICT and R&D 
are related in terms of knowledge creation and trans-
fer, and they affect productivity. Therefore, the media-
tion effect of ICT through R&D needs to be inves-
tigated more thoroughly. We review the previous stud-
ies of three topics: a) ICT and knowledge transfer, 
b) the role of R&D, and c) ICT and mediation. Using 
the literature, we are going to set up our research 
questions as follows: What are the relationships be-
tween ICT and R&D on productivity? Does R&D 
mediate the relationship between ICT and pro-
ductivity through knowledge transfer? 

1) For a comprehensive literature survey of the papers that 
examine the link between ICT and economic growth, please 
refer to Vu et al. (2020). 

2.1. ICT and Knowledge Transfer

It is obvious that ICT contributed to managing 
and sharing knowledge (Bolisani and Scarso, 1999). 
ICT became an important capability for firms to man-
age knowledge capital which is widely recognized 
as a unique, inimitable, and valuable resource 
(Matusik and Hill, 1998). Even though ICT enabled 
employees to share knowledge within and between 
organizations, there have been discussions regarding 
which kinds of knowledge are transferred through 
ICT. Park et al. (2007) argue that in terms of knowl-
edge, ICT payoffs not only result from the im-
plementation of hardware and software, but also from 
the ICT knowledge base. Firm-level studies show that 
the use of ICT is only part of a much broader range 
of changes that help firms to enhance performance 
(Taştan and Gönel, 2020). Dabić et al. (2019) showed 
that absorptive capacity is mediated through knowl-
edge management capacity on innovation output and 
performance in technology-oriented firms. Manesh 
et al. (2020) investigated the intellectual structure and 
trends of knowledge management in the 4th industry 
revolution related technologies.

Knowledge could be classified into two types, ex-
plicit and tacit knowledge, which differed based on 
transferability (Gholami et al., 2013; Nonaka and 
Takeuchi, 1996). Explicit knowledge is what can be 
transferred through e-mail, electronic discussions or 
forums. This systematic knowledge has been readily 
communicated and shared through printing, elec-
tronic methods, or other formal means. People can 
reuse or create explicit knowledge based on an as-
sumption that the future is predictable. On the other 
hand, tacit knowledge contains how to do something, 
which is based on practice or personal experience. 
Other people can access this type of knowledge 
through chatting, face-to-face contact, storytelling, 
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or video conference. In the past, researchers thought 
ICT could only deliver explicit knowledge which could 
be described in formal language, as in manuals 
(Antonelli, 1997; Johannessen et al., 2001). Tacit 
knowledge, which was difficult to codify, often required 
considerable time and effort to transfer into the minds 
of people or society (Haldin-Herrgard, 2000).

The process of knowledge transformation can dis-
tort or miss precise meanings. In order to prevent 
those problems and reduce misinterpretations, the 
sender and the receiver should have proximity or 
a common background (Bolisani and Scarso, 1999). 
For example, when two individuals on different sides 
of the world read the same document containing 
codified knowledge simultaneously through e-mail, 
their interpretation will be different. Even if they 
have the assistance of video conferencing, it would 
not be easy to share tacit knowledge effectively. 
According to Bolisani and Scarso (1999), “a computer 
application can be used to partly support this knowl-
edge exchange, for instance in the form of graphic 
files … It is not possible to pre-define the inter-
pretation rules for each picture. All the process of 
de-coding data into information and knowledge has 
to be executed by the human operators.” Therefore, 
learning and creating are necessary after obtaining 
shared knowledge to understand the background and 
create proximity. Moreover, learning can be supported 
by precise technology such as voicemail, tele-
conferencing, videoconferences, computer-aided de-
sign (CAD) and computer aided manufacturing (CAM), 
and groupware. Fernández-Portillo et al. (2020) empiri-
cally showed that  ICT can drive the economic growth 
within the high knowledge society in Europe. 

2.2. The Role of R&D

There have been many papers showing the positive 

impact of R&D on firm output or productivity 
(Brynjolfsson and Hitt, 1996). After Solow (1957) 
developed the aggregate production function based 
on Total Factor Productivity (TFP), the perception 
of the sources of economic growth dramatically 
changed and technology became one of the factors 
spurring economic growth. Arrow (1971) proposed 
that capital investment be attributed to increasing 
returns to scale (IRS) due to formation of knowledge 
on how to use new information and technology, etc. 
In addition, Romer (1986) discussed how an invest-
ment in R&D improves the efficiency of inputs and 
produces new intermediates such that it improves 
the overall economy directly.

There were two ways in which R&D improved 
productivity. Conventionally, most researchers only 
looked at R&D as an innovation factor, generating 
new information. However, according to Cohen and 
Levinthal (1989), R&D not only spawned innovation 
but it also improved the ‘absorptive capacity’, which 
is learning ability. When a firm improves absorptive 
capacity, the firm can imitate the innovation of a 
process or product, and can also exploit outside 
knowledge. Knowledge from the industrial environ-
ment, which is highly related to new industry changes, 
can be applied to R&D. Moreover, an absorptive ca-
pacity was also necessary for learning tacit knowledge, 
which was difficult to transfer to other people through 
written language or voice. Two roles of R&D, in-
novation and learning, were actually closely linked 
since new outside knowledge could create new internal 
knowledge. This is why we chose R&D as a mediator 
between ICT and productivity; R&D can learn and 
create new ideas from shared knowledge and ulti-
mately improve productivity.

There have been few studies on the relationship 
between ICT and R&D. Most literature argued that 
ICT positively influenced R&D or other knowl-
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edge-related activities. However, the opposite rela-
tionship was scarcely dealt with, that is, the main 
influences were from ICT to R&D. There are three 
ways in which ICT accelerated R&D (Kleis et al., 
2012). First of all, ICT improved the management 
of knowledge through communication and database 
applications (Thomke, 2006). This played an im-
portant role in activating R&D and improving 
productivity. Based on a better infrastructure for cap-
turing and sharing knowledge across the enterprise, 
firms could combine and reuse knowledge in order 
to create new goods and services. Second, innovation 
production has been improved through ICT-based 
digital methods for design, prototyping, and testing 
(Thomke, 2006). For example, technology such as 
computer-based design applications (e.g., CAD/CAM 
systems) helped to digitize the design of a new product 
and make it available for innovation production. 
Third, ICT-based networks and real-time data flows 
enabled external innovation collaboration (Thomke, 
2006). Thus, ICT made it possible to cooperate be-
tween different organizations for R&D projects, re-
gardless of geographical distance. Recently, Nair et 
al. (2020) studied relationships among R&D, ICT and 
economic growth, and showed that both R&D and 
ICT infrastructure development contribute to 
long-term economic growth in the OECD countries. 
Coluccia et al. (2020) also showed that R&D elasticity 
is positively related to market appreciation by stake-
holder-investor relationships. However, the media-
ting role of R&D was not fully investigated.

Our idea is also based on the thought that ICT 
and R&D do not work separately. Bardhan et al. (2013) 
did the first empirical test which focused on not only 
the relationship between ICT and R&D, but also on 
their impact on firm performance. They found that 
R&D positively affected a firm’s productivity by mod-
erating the effect of ICT via control of firm and in-

dustry-specific effects. It indicated that ICT enabled 
R&D intensive innovation. ICT, as simply hardware 
and software tools, did not create value in isolation, 
but was a part of a process that created business value 
with other factors operating in a synergistic manner. 
This research unlocked the possibility of exploring 
the relationship between ICT and R&D. In this paper, 
we consider all possible relationships in which ICT 
serves as a magnifier or accelerator of desired business 
capabilities (Kohli and Grover, 2008).

It is not difficult to find evidence showing that 
those variables work together. In late 1990, for in-
stance, in order to minimize wasting time, Amway 
decided to build a portal site (EIP) which could give 
information intelligently to the R&D department staf
f.2) Before the existence of the site, staff spent most 
of their time finding necessary information which was 
scattered throughout the entire company; however, 
the creation of the EIP allowed 60% of existing users 
to reduce the time searching for information by about 
30 minutes per week. They did not have to be disturbed 
by repetitively logging in to multiple systems when 
they made regular reports and updated information. 
Additionally, all staff were provided with consistent 
information through the portal site. This example rep-
resents how ICT positively affects productivity or qual-
ity by improving R&D such that the real connection 
between these variables needs to be recognized.

2.3. R&D and Mediation

There have been some studies that treated R&D 
and ICT parallelly as inputs for the productivity. For 
example, Hall et al. (2013) showed that both R&D 
and ICT are strongly associated with innovation and 

2) Nick Wreden, “Enterprise Portals: Integrating Information to 
Drive Productivity”. Beyond Computing, March 2000, 
beyondcomputing.com, May 1, 2000.
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productivity, with R&D being more important for 
innovation, and ICT investment being more important 
for productivity. Edquist and Henrekson (2017) found 
that R&D’s impact on TFP is more contemporaneous, 
while ICT is positively associated with TFP with a 
lag of 7 to 8 years. These papers, however, did not 
see the complementary or mediation between R&D 
and ICT on production.

The purpose of this paper is to test the mediating 
effect of linking R&D and ICT on productivity. R&D 
might transform the common knowledge received 
from ICT into internal knowledge which is a key 
resource for improving productivity. The mediation 
test accounts for an invisible process embedded in 
the business value of ICT. However, people are some-
times confused by the use of moderation and the 
mediation effect. Therefore, we are going to distinguish 
between the properties of moderator and mediator 
variables, review literature on ICT and mediation, 
and explain why we use a mediator variable.

Both moderation and mediation include a third 
variable; however, the role of the third variable is 
different in each model (Baron and Kenny, 1986). 
The moderator variable interacts with an independent 
variable, influencing the direction and/or strength of 
the relation. That is, there are three variables affecting 
the outcome: independent variable, moderator, and 
interaction between independent and moderator 
variables. On the other hand, the central idea of the mediation 
model is a path diagram where each variable is connected 
by cause and effect. There are two causal paths for 
improving output: the direct impact of an independent 
variable and the indirect impact via a mediator.

The reason why we see R&D as a mediator rather 
than a moderator is that R&D transforms the knowl-
edge received from ICT in some way. Without learning 
and creating from R&D, the shared knowledge would 
work as common knowledge or just information. In 

order to understand tacit knowledge appropriately and 
adapt knowledge to strengthen competency, it is neces-
sary to learn after knowledge transformation. That 
is, we are more interested in the mechanism for how 
ICT raises productivity in an indirect way. Moreover, 
when there is an unexpectedly weak or inconsistent 
relation between predictor and dependent variables, 
people typically use moderator variables. On the other 
hand, the mediation model is used when there is a 
strong relationship between predictor and outcome 
variables (Baron and Kenny, 1986). Since nowadays 
ICT has a strong positive correlation with productivity 
(besides, our data also supports this relationship), the 
mediation relationship is more appropriate for this 
model. Švarc et al. (2020) showed that social capital 
and working skills, a dimension of human capital, 
are the predictors of digital transformation and growth 
at a national level.

Many researchers have already developed mediation 
models in ICT literature, including additional third 
factors. This signifies that there are several ways ICT 
can impact productivity both directly and indirectly. 
Barua et al. (1995) argued that the association between 
ICT investment and performance is attenuated as the 
distance between cause and effect widens. This method 
allowed us to discover interrelated activities to achieve 
a result. ICT has been increasingly embedded deeply 
in processes, rather than driving capabilities (Kohli 
and Grover, 2008). That is, we should include other 
driving capabilities in ICT research and examine 
whether ICT investment creates the required capa-
bilities, and the required capabilities alternatively cre-
ate business value. To understand ICT as a part of 
processes, we see a mediating effect which identifies 
better combinations to maximize productivity.

Researchers have found many mediators that con-
nect ICT and performance, especially organizational 
performance (Weill, 1992) or managerial strategies 
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(Francalanci and Galal, 1998). Most of the mediators 
were determinable factors rather than the external 
environment of trading partners, industry character-
istics and so on (Chatfield and Yetton, 2000). 
Process-based models showed a cause and effect link-
age, and this could be widened through mediators. 
However, it is possible that, as the distance between 
cause and effect widens, the relationship between ICT 
and performance could be attenuated (Barua et al., 
1995). The authors developed a model of ICT business 
value in which the impact of ICT on a firm’s perform-
ance was mediated by intermediate processes. These 
measures do not exclude the possibility of ICT creating 
its own capabilities. However, the point was that ICT 
could indirectly work as a magnifier or an accelerator 
of business capabilities. Rather than separating ICT 
from the process, we are going to identify the causal 
relationship between ICT and productivity via R&D 
to understand appropriate processes.

2.4. Hypothesis Development

Although ICT can increase productivity in many 
ways, this paper examines the literature focusing on 
the knowledge management aspects of ICT to dis-
cuss the link between ICT and R&D. In terms 
of knowledge management, ICT benefits in three 
ways. First, ICT enables employees to communi-
cate across boundaries such as geographical 
boundaries (Malhotra and Majchrzak, 2014), de-
partmental boundaries (Pauleen and Yoong, 
2001), and hierarchical differences (Jeong et al., 
2022). Ideas and discussion points from col-
leagues outside of their groups or departments 
that bring innovative and fresh talking points 
(Rhee and Leonardi, 2018). Second, ICT helps 
employees store and easily retrieve all the com-
munications they had (Majchrzak et al., 2006). 

ICT helps employees save time searching for in-
formation, effectively filter relevant information, and 
build communication and knowledge over time. Finally, 
ICT can increase digital visibility (Leonardi, 2014). 
Digital visibility leads to enhanced awareness of who 
knows what and whom. This is possible because people 
can read messages, posts, and videos uploaded by col-
leagues transparently. In addition, some corporate online 
communication tools allow employees to see people’s 
connections and check internal networks. Digital visi-
bility helps people find the knowledge they need and 
reduces the redundancy of information in organizations.

However, it is not in and of itself that people impart 
and receive knowledge that creates value. This is be-
cause, although knowledge is well transferred, not 
all knowledge can be understood or applied. People 
may not be able to codify their knowledge. Even 
though people can use a variety of ways to express 
their knowledge, it can be difficult to codify them 
(Shachaf, 2008). Also, people may not be able to inter-
pret other people’s knowledge. Interpreting codified 
knowledge and figuring out actual intentions requires 
experience, expertise, and an understanding of organiza-
tional communication styles (Lelic, 2001). Therefore, 
even if ICT transfers knowledge to people, ICT may 
not realize its value.

R&D that enhances absorptive capacity can help 
employees interpret and apply information shared 
through ICT. First, R&D is the process of collaborating 
and combining many ideas. People need to listen 
to other people’s ideas, market analysis, and techno-
logical knowledge. Experience in interpreting and 
combining ideas can increase ability to interpret more 
complex ideas (Dana et al., 1991). Second, R&D is 
the process of making ideas and information feasible 
(Schepers et al., 1999). Communication of vague 
thoughts is difficult compared to communication of 
numbers, analysis, and specialized technical knowledge. 
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The experience of turning a vague idea into a viable 
and applicable one can help people understand how 
to interpret vague new ideas. R&D thus enables ICT 
value and increases productivity.

In this paper, we’re interested in mediation effect 
of R&D between ICT and firm’s productivity. There 
are two types of mediation: full and partial mediation. 
<Figure 1> illustrates how full and partial mediation 
looks like in our study. If ICT can influence pro-
ductivity only through R&D, it is called a full 
mediation. However, when ICT affects productivity 
through R&D in addition to its direct effect, it is 
called a partial mediation. Although ICT can have 
a direct impact on productivity, we argue that some 
of ICT can be realized as value through other knowl-
edge activities. In this paper, it is R&D.

Ⅲ. Methodology

3.1. Mediation Test

In order to test the mediation effect, we use panel 

regression analysis because our data involves measure-
ments than span over time. It requires four regressions. 
After checking for the existence of a basic relationship 
in each of the first three equations, the last equation 
reveals the existence of the mediation effect. If one 
or more of these relationships are non-significant, 
it is hard to continue the mediation test.

Step 1.  (1)

Step 2.  (2)

Step 3.  (3)

The equation in Step 4 tests the existence of the 
mediation effect. In addition to mediation effect, we 
can also check if it is partial or full mediation effect. 
If both 


 and 


 are significant, it represents full 

mediation. That is, ICT affects productivity through 
R&D (


), but even after controlling for mediation 

effects, ICT directly affects productivity (

). If 


 

is significant but 

 is insignificant, it represents partial 

mediation. That is, ICT affects productivity, but only 
when R&D mediates the effect. It does not directly 
affect productivity. In this paper, we argue that there 
is a partial mediating effect for the R&D variable, 
which means that the coefficients of both ICT and 
R&D are significant. If the coefficient of ICT is not 
significant but the coefficient of R&D is significant, 
the result would support the full mediation effect. 
This is because ICT still remains significant even 
after controlling for the mediation variable. 

Step 4.  (4)

First, we performed basic analytical work for the 
data by doing a correlation analysis, unit root test, 
and cointegration test. The correlation test indicates 

<Figure 1> Full and Partial Mediation Effects
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a predictive relationship, but does not imply causation. 
It broadly involves a dependence relationship. The 
unit root test confirms the presence of a unit root 
which makes a time series variable non-stationary. 
Moreover, the cointegration test examines more than 
one cointegrating relationship by using residuals from 
an estimated cointegrating relationship. These tests 
reduce the possibility of testing spurious regression 
and increase reliability. Since the raw panel data has 
a high possibility of being unstable and has a high 
autocorrelation, we should take the logarithm or dif-
ference to make it stable.

Then, we performed the four regression analyses. 
However, when we performed the panel regression 
analysis, we had to understand the properties of error 
terms to apply ordinary least square (OLS), the fixed 
effect or the random effect.  If the errors are homo-
scedastic and serially uncorrelated, the OLS estimator 
is consistent. However, if the errors are hetero-
scedastic, we have to additionally apply the fixed effect 
or random effect. When the explanatory variables 
are non-random and subject-specific, we use the fixed 
effect. However, when the independent variables are 
the population average but variations are hetero-
scedastic, the random effect is more appropriate. In 
order to choose the model and test validity, we did 
the Breusch-Pagan Lagrange multiplier (LM test) and 
Hausman tests.

Finally, we tested four regressions once again by 
using new TFP data for the robustness of the depend-
ent variable. We used TFP data to estimate pro-
ductivity, which has many different methods of 
measurement. The most basic TFP is measured by 
dividing the production value by capital and labor. 
However, the data provided by the Bureau of Labor 
Statistics considers not only capital and labor but 
also the cost of energy, materials, and purchased 
services. Therefore, we estimated a new TFP by consid-

ering capital and labor and compared the result with 
the previous one.

3.2. Significance Test

If the influence of an independent variable on a 
dependent variable is zero, when controlled by a medi-
ator, the mediating effect exists perfectly. If not, we 
should do a significance test for the indirect effect 
of an independent variable and the effect of an indirect 
variable on a dependent variable without a mediator 
(Baron and Kenny, 1986). The significance test checks 
whether the calculated coefficient of an indirect effect 
is zero or not. The presence of an indirect effect 
indicates that a partial mediation effect exists. That 
is, the independent variable can impact the dependent 
variable as a result of both the mediator and itself. 
The significance test is needed because the presence 
of correlation between independent and dependent 
variables may cause multicollinearity (Kohli and 
Grover, 2008).

There are three ways to test the significance of 
the indirect effect of an independent variable: the 
Sobel test, bootstrapping, and simulation methods. 
In this paper, we used the Sobel test and Monte Carlo 
simulation method. Both tests have the same null 
hypothesis: the multiple of two coefficients (


 


) 

is zero. 

 is a coefficient of the independent variable 

in Equation (1) and 

 is a coefficient of the mediator 

in Equation (4).

H0: 

 


 

The test methods are different. The Sobel test re-
ports p-values under the assumption of a two-tailed 
z-test. However, the Monte Carlo simulation reports 
the distribution of a mediation effect via simulation. 
Sobel (1982) provided an approximate significance 
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test for the indirect effect of the independent variable 
on the dependent variable via the mediator. Some 
other Sobel test equations omit the term (


 



 ) 
because it is vanishingly small (Baron and Kenny, 
1986). It is a specialized z-test that determines whether 
the effect of an independent variable is significantly 
reduced after including the mediator in the regression.

(5)

Despite the advantages and importance of the Sobel 
test, it has low statistical power. Therefore, large sam-
ple sizes are required to have sufficient power to 
detect significant effects. This is because the main 
assumption of Sobel’s test is the assumption of 
normality. To increase statistical power, we can use 
Preacher and Hayes (2004) bootstrap method. 
Bootstrapping can increase statistical power by involv-
ing repeatedly random sampling observations with 
replacements from the data set.

In addition, the Monte Carlo simulation method 
creates the distribution of the coefficient of the indirect 
effect. We followed the calculations in Monte Carlo 
Simulation provided by Selig and Preacher (2008). 
If the confidence interval does not include zero, the 
result could be interpreted as the existence of an 
indirect effect. According to MacKinnon et al. (2004), 
the Monte Carlo study had the lowest Type 1 and 
Type 2 errors, compared to 14 other significance tests. 
Additionally, Monte Carlo was also used in the re-
search of Bauer et al. (2006) who examined mediation 
in multilevel models. The Monte Carlo method relies 
on the assumption that the parameters have normal 
sampling distributions. Two parameters, the co-
efficient of the independent variable in Equation 1 
(


) and the coefficient of the mediator in Equation 

4 ( 

), are estimated by iterating a number of times. 

This gives the distribution of the multiple of two 
coefficients (


 


). The standard error of the indirect 

effect can be measured by using the variance and 
covariance of 


 and 


.

3.3. Granger Causality Test

We performed the Granger causality test in order 
to confirm path order. Even though we argue that 
ICT impacts productivity through R&D, we are not 
able to completely rule out the possibility that R&D 
causes an increase in productivity via ICT. This is 
because regression does not represent causality, just 
correlation. The Granger causality test indicates that 
the past values of one variable cannot be used for 
the prediction of future values of the following variable 
when there are no Granger causes.

3.4. Data

We collected panel data from 47 US industries 
from 1987 to 2013. All of the data are provided on 
the Bureau of Labor Statistics.3) It is full data with 
1,269 observations. There are 47 industries in our 
data, including both 18 manufacturing industries and 
29 non-manufacturing industries. The industries are 
defined based on the three-digit North American 
Classification System (NAICS). In previous studies 
of ICT productivity, many researchers have used in-
dustry-level data to examine ICT productivity (Roach, 
1987; Stiroh, 2002b). The benefit of industry-level 
data is that it is easy to collect. It also reflects a 
broad-based phenomenon.

Each observation has TFP, R&D capital stock, and 
ICT capital stock. The value of the dependent variable, 
TFP, is an index. The TFP value is 100 for the year 

3) http://www.bls.gov/home.htm
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2009 as a basis in this paper. The values of TFP 
for other years are calculated based on the value of 
that in 2009. The data of the independent variables, 
ICT and R&D, are capital stock data. Capital stock data 
are a good measurement of the TFP residual. Unlike 
investment data, capital stock data represent the ‘level’ 
of ICT or R&D. The logarithms of all the data sets 
were taken, except for TFP which is an index.

The descriptive statistics and correlation co-
efficients of variables are described in <Table 2>. 
It shows that R&D, ICT and TFP have relatively low 
correlations; therefore there is no concern about 
multicollinearity.

The unit root test reveals if variables are non-sta-
tionary and have a unit root. If the data are non-sta-
tionary, the difference or logarithm of the variables 
should be taken. Otherwise, the interpretation of the 
equation could be spurious. The TFP, R&D and ICT 
capital stock variables used in this paper, however, 
didn’t need to be differenced because they are 
cointegrated. According to the result of the Johansen 
cointegration test, the equations are not false because 
the equations have cointegration, though they had 
a unit root

3.5. Measurement for Variables

In this paper, we used three variables, TFP, R&D, 
and ICT. Each variable has a different measurement 
and meaning. TFP, which is also called multifactor 

productivity, represents the productivity of an 
enterprise. It is the residual portion of the output pro-
duced beyond the input investment (Comin, 2010; 
Hulten, 2001), used in an innovative way such as 
technological progress (Stiroh, 2002a). The simple 
estimation of TFP is calculated by dividing the output 
by the weighted average of the labor and capital input; 
however, the equation differs depending on whether 
or not other input capital is included.

The Cobb-Douglas production function is an eco-
nomic production function with two or more inputs 
that describes the output of a firm. Production func-
tion f is assumed to have variables: economy’s output 
(Y) to inputs of  technology parameter (A), labor 
(L), and non-ICT capital (K).

(6)

The production function can be converted to a 
linear model by taking the logarithm of both sides 

TFP RD ICT
TFP  1.000
RD -0.045  1.000  
ICT -0.010  0.152  1.000

Mean  95.478 20,100,000,000  13,600,000,000
Std. dev.  16.016  59,000,000,000  37,100,000,000
Median  98.409  1,730,000,000  3,610,000,000

<Table 2> Correlation Coefficient Matrix and 
Descriptive Statistics

TFP The measures of sector output per combined unit of capital (K), labor (L), energy (E), materials (M), and purchased 
business services (S) input.

RD Capital stock of R&D expenditure. Cumulated constant dollar measures of research and development expenditures net 
of depreciation. The rate of depreciation of R&D was estimated by the BLS.

ICT Capital stock of ICT expenditure. Cumulated constant dollar measures of research and development expenditures net 
of depreciation. The rate of depreciation of R&D was estimated by the BLS.

<Table 1> Description of Variables
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of the equation. This will allow for OLS regression 
methods, which is commonly used in economics to 
understand the association between inputs (L and 
K) on production (Y). 

(7)

Then, we can derive TFP. TFP is the difference 
between output and input, as the following equation.

(8)

For robustness, we also measured another TFP 
by subtracting labor and capital costs, energy costs, 
material costs, and purchased business services costs 
from the output.4)  We created another TFP measure-
ment because productivity can be influenced by other 
external factors.

 (9)

Thus, we tested mediation regression using two 
TFP variables; one is from equation (8) and another 
is from equation (9). The first TFP is followed by 
the general Cobb-Douglas productivity function. The 
second TFP controls other external variables which 
can affect the US industrial productivity.

R&D and ICT variables are measured by capital 
stock which is the weighted sum of past investments. 
They are derived from National Income and Product 
Accounts (NIPAs) investments using the perpetual 
inventory method and by assuming that services de-
cline as a function of age (Young and Musgrave, 
1980). The perpetual inventory method derives the 
gross capital stock for a given year by cumulating 

4) http://www.bls.gov/mfp/mprtech.pdf

past investments and deducting the cumulated 
amount of the investment that has been discarded. 
This follows the capital accumulation equation as 
follows:

(10)

The initial capital output ratio is defined as

(11)

where j, g, and n are industry averages of the invest-
ment to output ratio, the growth rate of per capita 
income, and the population growth rate, respectively. 
The depreciation rate () is measured by the cost 
of the asset allocated over its service life in proportion 
to how it is employed in the NIPAs in order to deflate 
the investment flows. 

Ⅳ. Results

We now present the results of our econometric 
estimation results. The dependent variable of main 
test is TFP measured by the value of production over 
inputs such as labor costs, capital costs, energy costs, 
material costs, and purchased business services costs. 
It controls not only labor and capital costs, but also 
other external factors.

<Table 3> shows the results of equations regressed 
with a fixed effect. There is a positive relationship 
between ICT and TFP. The coefficient of ICT is 4.485 
which can also be interpreted as a marginal effect 
of ICT on TFP. There is a positive relationship between 
ICT and R&D; the marginal effect is 0.024. R&D 
and TFP have a positive relationship with a coefficient 
of 3.627. These results show that ICT and TFP, ICT 
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and R&D, and R&D and TFP are positively correlated. 
These relationships are already presented in the liter-
ature review, and we confirm them by actually testing 
with our US industry data.

Following that, what we are really interested in 
is the result of the mediation test which asked if ICT 
leads to TFP through R&D, presented in the results 
of Eq. (4). In this equation, the coefficient of the 
R&D controlled by the ICT variable determines wheth-
er the mediation effect exists. Controlling the ICT 
variable allows us to estimate the indirect effects. As 
shown on the right side of <Table 3>, the effect of 
R&D on TFP is 1.701. However, even though we 
put R&D and ICT simultaneously, ICT is still sig-
nificant with p < 0.001. If ICT is not significant, R&D 
can be an absolute mediator; however, in this case, 
R&D partially works as mediator. That is, ICT can 
improve TFP both directly and indirectly.

The indirect effect is calculated by taking the differ-
ence between two regression coefficients, as suggested 
by Judd and Kenny (1981). The indirect effect is ICT’s 
coefficient from Eq. 4 minus ICT’s coefficient from 
Eq. 7. Consequently, the indirect effect of ICT on 
TFP is 1.275 (calculation: 4.485 - 3.210).

We tested the validity of the model, since we used 

the fixed effect panel regression model. First, we per-
formed a Breusch-Pagan LM test to check whether 
a significant panel effect exists or not. The null hypoth-
esis of the LM test is that there is no significant un-
observed heterogeneity across observations. The result 
of the test can be criteria for choosing the OLS model 
or other effects models. Since the p-values of the LM 
test were lower than 0.001 for all four regressions, 
we could determine that the model has individual 
differences between observations. Therefore, we chose 
a different effects model than OLS in order to consider 
individual differences.

We did the Hausman test to check whether residuals 
were correlated with independent variables or not. 
This can be tested by comparing the results of fixed 
and random effects models. If there is no correlation 
between residuals and independent variables, the re-
sults of the estimation of the fixed effects and random 
effects will be similar. In this case, we can choose 
the random effects model because the difference be-
tween observations occurred by randomized errors. 
However, if the results of the estimation between 
the fixed and random effects are different, the result 
of the Hausman test will be rejected. Our result shows 
that the difference between observations does not 

Eq. (1) Eq. (2) Eq. (3) Eq. (4)
Dependent variable TFP LOG(RD) TFP TFP

C -3.401
(11.246)

4.886***
(0.523)

17.832
(9.828)

-11.714
(11.609)

LOG(RD) 3.627***
(0.459)

1.701***
(0.613)

LOG(ICT) 4.485***
(0.510)

0.749***
(0.024)

3.210***
(0.685)

Adjusted R-squared 0.512 0.952 0.506 0.515
F-statistic 29.296*** 544.000*** 28.662*** 29.003***

Note: *, **,*** denote significance at the 10%, 5%, and 1% levels, respectively.

<Table 3> OLS Estimation with Fixed Effect
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arise from random causes but from the individual specif-
ic effects. The test result rejects the null hypothesis, 
meaning that it is hard to use a random effects model.

The results showed that ICT can raise productivity 
by going through R&D activities. This means that 
ICT would help to improve R&D work which would 
improve productivity. The usefulness of ICT assisting 
R&D was shown in a lot of literature; for example, ICT 
could increase communication among employees, im-
prove access to a lot of information, and increase oppor-
tunities for collaboration. The pervasive availability of 
ICT improves the probability of communication between 
researchers over long distances (Boutellier et al., 1998).

In this paper we shed light on the process of knowl-
edge exchange. It is highly unlikely that receivers in-
correctly interpret the intention embedded in codified 
knowledge or graphics. The transformation of tacit 
knowledge is supported by an appropriate under-
standing of the embedded knowledge of the senders’ 
message. The R&D activities might help receivers to 
understand a sender’s embedded meaning because 
those activities allow firms to imitate the innovation 
of a process or product, and to exploit outside 
knowledge. Employees exchange explicit and tacit 
knowledge by using ICT, which is a direct effect of 
ICT on productivity. However, not all kinds of tacit 
knowledge can be transferred through ICT. This is 
because tacit knowledge requires appropriate inter-
pretation by receivers. R&D can help those under-
standings because of its role sharing experience and 
imitating an internalized knowledge resource. That 
is why we derive the result that R&D capital stock 
partially mediates ICT and productivity.

4.1. Results of Significance Test

We did significance test to check if partial mediation 
effect of R&D exist. We used Monte Crlo simulation 

method, presented in <Figure 2>. This simulation 
test examines Type Ⅰ and Type Ⅱ error rates. As 
the distribution in <Figure 2> shows, the confidence 
interval of the distribution of the indirect coefficient 
is from 0.1255 to 2.676. Since the result does not 
include zero, the indirect mediation effect significantly 
exists. As the results of the two significance tests 
indicate, the indirect effect of ICT capital stock is 
significant.

Then, we did Sobel tests to confirm the existence 
of an indirect effect. Sobel test examines the relation-
ship between the independent variable and the de-
pendent variable by comparing the relationship be-
tween the independent variable and dependent varia-
ble including the mediator. According to the result 
of the Sobel test, the indirect effect significantly exists 
(coefficient is 0.009). That is, it is statistically sig-
nificant that the R&D capital stock partially mediates 
the effect of ICT on productivity.

<Figure 3> describes the indirect, direct, and total 
effects based on the Sobel test. The total effect is 
the total effect of exposure on the outcome, which 
can be divided into two parts: direct and indirect 

<Figure 2> Result of Monte Carlo Simulation Method
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effect. The direct effect is the effect of exposure on 
the outcome without the mediator. The indirect path-
way is the effect of exposure on the outcome that 
works through the mediator. <Figure 3> shows that 
the ICT significantly increase productivity (β is 0.048). 
The effect directly affects productivity (direct effect, 
β is 0.057), and also indirect effect productivity 
through R&D (indirect effect, β is 0.009). The result 
supports the partial mediating effect of R&D.

For robustness, we rechecked the total, direct, and 
indirect effect using Preacher and Hayes (2004) boot-
strap method. Preacher and Hayes (2004) bootstrap 
method provides some advantages to Sobel’s test, pri-
marily increase of statistical power. <Table 4> shows 
that there is  significant indirect, direct, total effect 
of ICT on TFP. Thus, it shows the existence of partial 
mediation effect of R&D.

4.2. Granger Causality Test

Since we used regression analysis to test the media-
tion effect, there can be a question about causality. 
The result of the regression only represents the correla-

tion between the dependent and independent varia-
bles; however, it cannot solve the question as to wheth-
er the independent variable causes the change in the 
dependent variable. In order to verify the order of 
effects, the Granger causality test is used to determine 
whether one variable is useful in forecasting another 
one. Even though the test can’t be used as proof 
of causation, it determines whether the past value 
of an independent variable can be used to predict 
the value of a dependent variable. The results of the 
test with two lags are presented in <Table 5>. 

Note: *, **,*** denote significance at the 10%, 5%, and 1% levels.

<Figure 3> Indirect, Direct, and Total Effect

Coefficients

Indirect Effect 0.009*
(0.005)

Direct Effect 0.048***
(0.008)

Total Effect 0.057***
(0.006)

Note: The numbers in parentheses are the bootstrap standard 
deviations. *, **,*** denote significance at the 10%, 5%, and 
1% levels.

<Table 4> Reexamination of Indirect, Direct, and 
Total Effect by Bootstrap Method
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According to the Granger results, R&D causes TFP, 
ICT causes TFP and ICT causes R&D. However, sig-
nificant relationships in the opposite direction do 
not exist.

4.3. Reexamination with TFP Controlling 
External Factors

In order to check the robustness of TFP data, we 
reexamined the regression test by using new TFP 
data which follows a very basic equation. The TFP 
is measured based on the Equation (8), where output 
data is controlled with only two variables: the log 
of labor and capital costs. The TFP variable used 
in <Table 6> controls fewer variables than the main 
test, but it is generally used variable in the 
Cobb-Douglas production function.

The result of the test using new measured TFP 
was similar to the main regression test. The directions 
and significances of variables are similar to <Table 
3>. Thus, the test results reassure that R&D partially 
mediates ICT and TFP. There is a positive relationship 
between ICT and TFP, and the coefficient is 0.092. 
There is a positive relationship between ICT and R&D, 
and the coefficient is 0.749. R&D and TFP have a 
positive relationship with a coefficient of 0.065. The 
coefficients are smaller than the results described in 
<Table 3>, because the dependent variable is no longer 

indexed. In the result of Eq. 4, we see the partial 
mediation effect of R&D. The indirect effect of ICT 
on TFP is 0.013 (the difference between the co-
efficients of ICT in Eq. 1 and Eq. 4 = 0.092 - 0.079). 
Therefore, ICT can improve TFP both directly and 
indirectly through R&D.

Ⅴ. Discussion and Implication

This study investigates the mediating effect of R&D 
between ICT and productivity. Using multi-year US 
industry-level data, we found that R&D partially medi-
ates the impact of ICT on productivity. The results 
show that some of the ICT values can be realized 
through other knowledge activities. In this paper, it 
is R&D that enhances absorptive capacity. We also 
calculated the indirect effect of ICT on TFP. All models 
are valid by the LM and Hausman tests. These results 
remain robust even after reexamining the effect 
through bootstrap and simulation. We also tested 

Null Hypothesis W-Statistic


-Statistic

RD TFP 3.387*** 3.139***
TFP RD 2.946 1.937
ICT TFP 3.740*** 4.099***
TFP ICT 2.540 0.831
ICT RD 4.709*** 6.740***
RD ICT 2.683 1.220

Note: *, **,*** denote significance at the 10%, 5%, and 1% levels.

<Table 5> Results of Granger Causality Test

Eq. (1) Eq. (2) Eq. (3) Eq. (4)
Dependent 

variable TFP LOG(RD) TFP TFP

C -2.032***
(0.134)

4.886***
(0.523)

-1.386***
(0.121)

-2.117***
(0.138)

LOG(RD) 0.065***
(0.006)

0.017**
(0.007)

LOG(ICT) 0.092***
(0.006)

0.749***
(0.024)

0.079***
(0.008)

Adjusted 
R-squared 0.874 0.953 0.865 0.875

F-statistic 188.324**
* 544.000*** 173.875**

*
185.221**

*
Note: *, **,*** denote significance at the 10%, 5%, and 1% levels.

<Table 6> Reexamination from a Macroeconomic 
Perspective
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using two TFP measurements to confirm robustness 
after taking into account external factors that may 
affect productivity.

The findings of the study have several interesting 
implications. First, this study contributes to the liter-
ature on the productivity paradox. Previous research 
has found that capturing the value of ICT is difficult 
due to mismeasurement, lags, redistribution, and mis-
management (Brynjolfsson and Hitt 1996). We found 
another reason why it was difficult to capture the 
business value of the ICT. Some business values of 
ICT can be realized or enhanced through other 
activities. In this paper, we found that knowledge 
activities enable employees to improve online commu-
nication between colleagues through experiences of 
interpreting and combining other people’s ideas, mar-
ket analysis, and technological knowledge.

Second, we expand the literature on the value of 
ICT. Although previous literature has revealed that 
ICT has a positive effect on productivity, the mecha-
nisms by which ICT has a positive effect on pro-
ductivity are still black boxes and inherently 
unobservable. Our research adds to this literature 
by showing that while communicating ideas and in-
formation in itself can create business value, some 
of that can be realized through other knowledge 
activities. Interpreting and applying information 
transferred and collected through ICT is important 
for realizing ICT values.

Third, this study contributes to the benefits of R&D 
literature, especially in terms of absorptive capacity. 
Previous literature found two benefits of R&D: in-
creased innovation and improved absorptive capacity. 
Researchers have paid attention to absorptive capacity, 
which is a learning ability, only for innovation 
purposes. Our research expands this literature by 
showing that absorption ability learned through R&D 
is also helpful for online communication in addition 

to innovation. R&D can increase employees’ absorp-
tive capacity for online communication by increasing 
experience, expertise, and understanding of organiza-
tional communication styles.

The results of this study have practical implications 
for company managers and corporate online commu-
nication tools designers. First, managers can consider 
both ICT and R&D when making strategies for in-
creasing knowledge capital and enhancing the knowl-
edge competitiveness. The study results suggest that 
the decision making of ICT and R&D investments 
would better be done simultaneously rather than in-
dividually to maximize their impacts on productivity. 
Thus, ICT investments need to be embedded deeply 
in the R&D innovation processes. Second, communi-
cation software designers can consider how employees 
can share more complex ideas through corporate com-
munication tools. Our research results show that com-
munication can lead to the creation of feasible business 
value through knowledge activities, and designers can 
consider software features that can link communica-
tion content to knowledge activities such as R&D.

Our study is not without limitations; some of which 
may serve as research directions for future work to 
explore. First, we used data from 47 US industries 
from 1987 to 2013, which is rather outdated. The 
period of data is 27 years, which is a fairly long period 
of observation. However, it is possible that the recent 
trend may be different from the results because com-
panies have implemented new and diverse enterprise 
communication tools. It will be interesting to compare 
or reexamine whether mechanisms exist in recent 
years that some of the effects of ICT on productivity 
can be realized through R&D knowledge activities. 
Second, endogeneity problems can exist between ICT 
and R&D equations. For example, ICT, R&D, and 
productivity can be jointly influenced by unmeasured 
third variables such as globalization. Companies that 
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have merged with other companies in other countries 
are more likely to invest in ICT and thus gain more 
productivity. Discovering good instruments that are 
correlated with firm productivity but not with ICT 
and R&D capital stock will solve the endogeneity 
problem. Finally, in this paper, the mediating effect 
of R&D on ICT was extensively verified. However, 
the current model specifications allow for the evalua-
tion of statistical significance between ICT, R&D, 
and TFP, rather than understanding the underlying 
mechanisms for associations between variables. In 
future research, it will be possible to specify the types 
of ICT and R&D and to reveal the way R&D mediates 
ICT in detail. Comparing the mediating effects by 

types of ICT and R&D can show possible mechanisms 
by which R&D mediates ICT. It is also possible to 
compare industries such as manufacturing and service 
industries (Roach, 1987) to provide several possible 
elaborations for the mechanisms by which R&D medi-
ates ICT.
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