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Abstract
The spatiotemporal context affects corporate behavior because any corporate activity 
is carried out in a specific time and space. Based on an examination on the research and 
development (R&D) expenditures of 284 listed biopharmaceutical companies in China, 
this study finds that the innovation space of the biopharmaceutical industry presents a spa-
tial “North–South” pattern. The spatial gravity center of the biopharmaceutical industry’s 
R&D investment has been shifting to the eastern coastal region. This spatiotemporal con-
text will impact the R&D investment of biopharmaceutical companies. Research shows 
that the distance between biopharmaceutical companies and the gravity center has a direct 
impact on the R&D expenditures of biopharmaceutical companies. This study supports the 
context-sensitive thesis and shows how the spatiotemporal context affects the R&D invest-
ment of biopharmaceutical companies while controlling firm-level factors.
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Introduction

Innovation is a critical source to gain a competitive advantage in enterprises (Kodama, 
2017; Menke, 1997). Enterprises need to invest in research and development (R&D), cre-
ate new products or processes, and develop new products to seize market share (Philippe 
et al., 2013). In the biopharmaceutical industry, R&D investment is an essential guarantee 
for biopharmaceutical companies’ profits (David et al., 2009; Scherer, 2001). It has been 
well established that firm-level attributes, such as firm age, firm size, and corporate finan-
cial performance, are associated with R&D expenditure in the biopharmaceutical industry 
(DiMasi, 2014; Nivoixa & Nguyen, 2012; Scherer, 2001; Schmutz & Santerre, 2013; Tag-
gart, 2007). However, whether or not contextual level affects R&D expenditure in the biop-
harmaceutical industry, with contexts defined as macro-level conditions in terms of either 
region or time, remains controversial. Many researchers have attempted to incorporate spa-
tial factors into the determinants of R&D investment over the past 30 years (Cabrer-Borras 
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& Serrano-Domingo, 2007; Cellini & Lambertini, 2009; Goel & Haruna, 2007; Kleinkne-
cht & Poot, 1992; Smrkolj & Wagener, 2016; Spithoven & Eacute, 2002). This viewpoint 
is referred to as a ‘‘context-sensitive’’ thesis. However, the exact mechanism remains elu-
sive. The spatiotemporal context-strategic interaction–performance (SSP) theory proposed 
by Gu (2021b) provides a potential theoretical explanation for the context-sensitive thesis.

This study hypothesizes that the spatiotemporal context will affect R&D expenditure in 
the biopharmaceutical industry. To test this hypothesis, the spatial distribution and trend 
of R&D investment in the biopharmaceutical industry in China are examined, and the stra-
tegic interactions of Chinese biopharmaceutical enterprises in R&D are analyzed. More-
over, core factors, including spatial distance and time, are incorporated into the empiri-
cal model. These tests provide significant opportunities for empirical evaluations of the 
context-sensitive thesis on the relationship between the spatiotemporal context and R&D 
expenditure in the biopharmaceutical industry. To achieve the above-mentioned research 
goals, the remainder of this paper is arranged as follows: Sect. "China’s biopharmaceuti-
cal industry and its R&D", introduces China’s biopharmaceutical industry and its R&D. 
The basic theory and core concept of spatial competition in the biopharmaceutical industry 
are expounded in Sect. "Spatial competition of biopharmaceutical R&D", while the data, 
samples, and methods are introduced in Sect.  "Material and method". The results of the 
empirical research are introduced and discussed in Sect.  "Results and discussion", while 
the conclusion is presented in Sect. "Conclusion".

China’s biopharmaceutical industry and its R&D

Biopharmaceutical firms in China generally refer to firms that produce biopharmaceuti-
cals by means of genetic engineering, antibody engineering, or cell engineering technolo-
gies for the diagnosis, prophylaxis, and treatment of diseases (Kai and Wang, 2012). The 
R&D of biotechnological drugs in China started late, and it was not until the early 1970s 
that recombinant DNA technology was applied to medicine. However, with the strong sup-
port of the national industrial policy (especially the national "863" high-tech program), this 
field has developed rapidly in China, thereby gradually narrowing the gap with advanced 
countries. The biopharmaceutical industry is one of China’s key strategic emerging indus-
tries. In 2009, China issued several policies to promote the accelerated development of 
the biological industry to strengthen the R&D of the biotechnology industry. According to 
the healthcare information company IQVIA, China was the world’s second-largest national 
biopharmaceutical market in 2017, worth US$ 122.6 billion. It is also reported to be the 
biggest emerging market for biopharmaceuticals, with its growth tipped to reach US$ 145 
billion to US$ 175 billion by 2022 (Tan, 2018).

In the early stages of development, owing to the lack of R&D funding, most Chi-
nese biopharmaceutical companies adopted a technological development strategy of 
“imitation as the mainstay and innovation as the supplement." In 2008, through the 
third revision of the "Patent Law," China adopted the "relative novelty" standard, and 
the number of biomedical patents began to increase. Chinese biopharmaceutical com-
panies protect their R&D results by applying for patents. According to the "2019 China 
Life Science and Biotechnology Development Report" issued by the Ministry of Sci-
ence and Technology of China, in 2018, China ranks second in the world in terms 
of the number of patent applications and authorizations in the fields of life sciences 
and biotechnology (MOST, 2019). IPRdaily, the intellectual property industry media, 
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released the "2019 Global Biomedical Industry Invention Patent Ranking (TOP100)" 
with seven Chinese companies featuring on the list (IPRdaily, 2019).

With the rapid growth of China’s biopharmaceutical industry, R&D investment has 
shown a continuous increase (Zhenzhen et al., 2004). In the initial stage, biopharma-
ceutical companies in China focused on generic drugs with quick results and low R&D 
costs (Chen et al., 2018). This is the current R&D investment behavior that emphasizes 
short-term benefits. After accumulating technical and management experience in the 
R&D of generic drugs, an increasing number of biopharmaceutical companies in China 
have invested substantial capital in the R&D of new drugs to build their strengths and 
become more competitive in the domestic and international markets (Langer & Zhou, 
2007). Such R&D activities are innovative and are an important foundation for Chi-
nese biopharmaceutical companies to build their core competitiveness.

In the early stages of development, Chinese biopharmaceutical companies generally 
adopt the R&D approach for generic drugs through the "import substitution" strategy 
to occupy a place in the domestic market. With the strong support of the government 
and the efforts of the enterprises themselves, China’s biopharmaceutical industry has 
become increasingly closely connected with the international market, and exports have 
been growing steadily (Conlé, 2019). In the EU and Japanese markets, China’s biop-
harmaceutical industry exports have a much higher market share than other countries 
and regions, and they account for one of the highest proportions in the US market. 
At present, several COVID-19 vaccines developed by Chinese biomedical companies 
are being exported to over 60 countries worldwide (Cohen, 2020). These results indi-
cate that China’s biopharmaceutical industry is highly competitive in the international 
export market. China is certainly a leader in the biopharmaceutical field (Breithaupt, 
2003), and it has achieved excellent performance (Y. C. Zhang & Li, 2009).

China and India have similar paths in the development of biopharmaceuticals, and 
policies have played an important role in this context. In the late 1970s, India prom-
ulgated the first "Patent Law," which stipulated that if the original production process 
or process of the drug concerned was changed, the product would no longer be subject 
to patent restrictions. This has significantly stimulated the development and produc-
tion of generic drugs in India (Chakraborty & Agoramoorthy, 2010). After 2005, India 
began to protect the patents of drugs, and it introduced a series of preferential fiscal 
and tax policies to encourage R&D to promote the independent research and develop-
ment of new drugs by Indian biopharmaceutical companies. In 1985, China enacted its 
first "Patent Law," which only protected the production process of medicines, but did 
not protect the medicines themselves. Therefore, China’s biopharmaceutical industry 
has gradually developed through imitation. In the 1990s, China adjusted its drug intel-
lectual property policies and implemented the conditional administrative protection of 
drugs. In 1992 and 2000, the "Patent Law" was revised successively, thus effectively 
promoting R&D and independent intellectual property rights of new drugs. At present, 
the drug intellectual property policies of the two countries have complied with interna-
tional standards. Now, the policy objectives of India and China aim to nurture an inno-
vation ecosystem and a vibrant bioeconomy with greater ambitions for exports from 
the sector (Greenlund et al., 1995). Therefore, research on China’s biopharmaceutical 
industry is helpful toward exploring effective paths for the development of the biophar-
maceutical industry in emerging economies and plays an important reference role in 
the development of the biopharmaceutical industry in many developing countries.
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Spatial competition of biopharmaceutical R&D

With the intensification of the competition in the biopharmaceutical industry, biophar-
maceutical companies have been increasing R&D investment, leading to the continuous 
growth of R&D expenditures in the biopharmaceutical industry (Golec & Vernon, 2008). 
This increment in R&D expenditures by these companies produces a positive wealth effect 
(Liao & Lin, 2017). External factors, such as the patent system (Schroeder, 2007), price 
control (Golec & Vernon, 2010), and economic development (Raghavendra et al., 2012), 
affect the R&D expenditures of biopharmaceutical companies. These factors are related 
to space and region (Eckhardt, 2004; Kleinknecht & Poot, 1992). Research on the impact 
of space on enterprise R&D investment has been generally conducted using the Hotelling 
model (Matsumura & Matsushima, 2012). In the R&D competition of the Hotelling model, 
two biopharmaceutical companies are located somewhere between 0 and 1 of the Hotel-
ling line. To pursue profit maximization, the result of the competition is that each company 
tends to concentrate on the market center, namely the principle of minimum differentiation 
(Hotelling, 1929; Iskakov & Pavlov, 2009).

The Hotelling model deals with the competition between the points on the line, which 
connotes a linear competition (Atewamba & Nkuiya, 2017). However, in reality, many 
enterprises conduct dynamic competition on a spatial plane, thus it is necessary to extend 
this model to the spatial plane, such as discussing the conditions for obtaining Hotelling 
equilibrium in a circular space (Hayashi & Tsuge, 2019). In a circular space, the center 
of a market is generally the center of gravity of the circle (Kulin & Kuenne, 1962; Tel-
lier & Vertefeuille, 2006). In the spatial competition of biopharmaceutical enterprises, the 
principle of minimum differentiation still applies, that is, there will be a market center, 
which is the center of gravity of the circle reflected in the space. For example, the spa-
tial center of global biopharmaceutical companies has shifted from the confluence of Ger-
many, Switzerland, and France to the US (Daemmrich, 2009). With the rapid development 
of the biopharmaceutical industry in China, the spatial gravity center of global biophar-
maceutical companies’ R&D is shifting toward China (Daemmrich, 2009). Regional R&D 
centers have been formed and spatial aggregation of biopharmaceutical companies can be 
observed, including the cluster of quality biopharmaceutical companies and R&D invest-
ment in Boston, San Francisco, and San Diego in the US, Toronto and Montreal in Canada, 
and Munich, Stockholm, Oxford, and Cambridge in Europe (Cooke, 2004). The forma-
tion of R&D’s spatial gravity center in the biopharmaceutical industry has a significant 
impact on the R&D investment of biopharmaceutical enterprises. In terms of R&D invest-
ment, biopharmaceutical companies tend to concentrate on and approach the spatial gravity 
center of R&D, which is the embodiment of the principle of minimum differentiation of 
the Hotelling model in plane space.

The influence of space factors on the R&D investment of biopharmaceutical companies 
is not static, but dynamic, that is, it is affected by time factors (Breton et al., 2004). In the 
dynamic Hotelling model, there will be strategic interaction between competitive enter-
prises, and the distance between competitive enterprises will impact enterprises’ R&D 
investment (Abdelaziz et al., 2008; Li & Zhang, 2013). For biopharmaceutical companies, 
the closer they are to the spatial gravity center of the biopharmaceutical industry’s R&D 
investment, the more they can take advantage of the spatial spillover effect of technologi-
cal innovation. Therefore, the higher their investment in R&D will be (Breton et al., 2006; 
Watanabe et al., 2002). With the concept of time, the spatial gravity center of the biophar-
maceutical industry’s R&D investment will shift and the companies’ investment strategy 
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will also adjust with the change (Schuhmacher et  al., 2016). Hence, the spatiotemporal 
context of a biopharmaceutical enterprise has a dynamic impact on its R&D investment.

In general, the R&D expenditure of biopharmaceutical companies is determined by 
external and internal factors (Higon et al., 2010). The R&D investments of biopharmaceu-
tical companies are determined according to their spatiotemporal context and individual 
factors. At the company level, the size of an enterprise often has a significant influence 
on its R&D investment (Chung et  al., 2019; DiMasi, 2014; Philippe et  al., 2013). Other 
factors at the company level include company sales (Prentis et al., 1988), company earn-
ings (David et al., 2009), corporate governance structure (Jing & Gou, 2010), tax burden 
(William & McCutchen, 1993), and labor costs (Omta et al., 1994). Therefore, it is neces-
sary to explore the influence mechanism of these factors on R&D investment in a specific 
spatiotemporal context.

Material and method

Sample

In this study, the panel data of 284 biopharmaceutical companies listed in the Shanghai and 
Shenzhen stock markets from 2015 to 2018 are selected as research samples. The 284 biop-
harmaceutical listed companies cover seven major fields, including chemical raw materials, 
chemical preparations, biological products, medical services, medical devices, biophar-
maceutical commerce, and traditional Chinese medicine, covering 30 provinces in China. 
There are three reasons for choosing 2015 as the starting point for the study: first, since 
2015, several biopharmaceutical companies with comprehensive financial data and infor-
mation disclosure have been listed on the exchanges. In 2015, the "Proposals of the Central 
Committee of the Communist Party of China on Formulating the Thirteenth Five-Year Plan 
for National Economic and Social Development" was issued, and the development of bio-
medicine was planned at the national level, and it was elevated to a national strategic indus-
try. The second reason is to eliminate companies with incomplete data disclosures and 
large abnormal data fluctuations. Third, ST (listed companies that have suffered losses due 
to their business operations for two consecutive years and have been specially dealt with) 
and *ST (listed companies that have suffered losses for three consecutive years and have 
been warned of delisting) companies are excluded. These companies are not well managed, 
in a state of financial loss, and even face the risk of being unable to reverse or go bankrupt. 
The inclusion of these companies will mislead the research conclusion, thus these com-
panies need to be excluded. The data allow us to examine spatial and temporal patterns in 
the relationship between the contextual level of the biopharmaceutical industry and R&D 
expenditure of biopharmaceutical companies while controlling firm-level factors.

Variable measurement

Dependent variables R&D expenditure(RDE)the explained variable, is an important and 
widely used indicator to measure an enterprise’s R&D investment (Chakma et al., 2014; 
Spithoven & Eacute, 2002). Patents are widely used as innovation indicators and are 
also controversial (Daniele, 1992). Conversely, measuring enterprise innovation from 
the perspective of R&D input can effectively reflect the true investment of enterprises 
in R&D (Wang, 2010). By increasing R&D investment, biopharmaceutical enterprises 
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can enhance their competitiveness and consolidate their competitive advantages in the 
market (Golec & Vernon, 2008; Scherer, 2001). Notably, R&D expenditure is one of the 
most widely used measures of innovation inputs in the biopharmaceutical field (Hsieh & 
Lofgren, 2009; Glaser 1995). Thus, the logarithm of the R&D expenditure (lnRDE) of 
biopharmaceutical enterprises is used here.

Explanatory variables Explanatory variables are divided into three parts: the first 
part is the variable “distance,” used to measure the geographical distance between the 
biopharmaceutical company’s location and the spatial gravity center of the biopharma-
ceutical industry’s R&D investment. This distance is the core attribute in spatiotemporal 
context analysis (Gu, 2021a, b). In the innovation competition landscape, this distance 
is a bridge for the spatiotemporal context that influences micro-enterprises’ innovation 
activities (Gu, 2020). Because this spatial gravity center changes annually, the distance 
from the biopharmaceutical companies to this spatial gravity center varies yearly, even 
if the biopharmaceutical company’s location remains the same. As biopharmaceuticals 
generally form spatial clusters of technology, talents, and funds, R&D investment is 
more sensitive to distance (Kim et al., 2009). Thus, in the empirical models, the numeri-
cal quadratic of the distance is used as the independent variable.

The second part is the variables of biopharmaceutical companies. The company’s 
size has a significant impact on the R&D expenditure of biopharmaceutical enterprises 
(Chung et al., 2019; DiMasi, 2014). In this study, two variables, the logarithm of total 
assets (InTA) and the logarithm of total employees (lnTE), are used to measure the size 
of biopharmaceutical enterprises. Explanatory variables also include logarithm of sales 
expense as a percentage of gross revenue (lnSE) (Prentis et al., 1988), return on equity 
(ROE) (David et  al., 2009), logarithm of the shareholding ratio of the top 10 share-
holders (lnSTS) (Jing & Gou, 2010), logarithm of taxes payable as a percentage of gross 
revenue (lnTP) (William & McCutchen, 1993), and logarithm of staff salaries as a per-
centage of gross revenue (lnSS) (Omta et  al., 1994). The third part is the variable of 
time used to investigate the time effect in different years. The symbols and definitions of 
relevant explanatory variables are summarized in Table 1.

Furthermore, the latitude and longitude data of the sample company addresses are 
collected to calculate the spatial distance.

Table 1  Variable symbols and definitions

Variable symbols Variable definitions

lnRDE Logarithm of R&D Expenditures (Ten Thousand Yuan)
Distance Geographical Distance Between the Location of the Biophar-

maceutical Company and the Spatial Gravity Center of the 
Biopharmaceutical Industry’s R&D Investment (Kilometer)

lnTA Logarithm of Total Assets (100 Million Yuan)
lnTE Logarithm of Total Employees
lnSE logarithm of Sales Expenses / Gross Revenue
ROE Return on Equity
lnSTS Logarithm of Shareholding ratio of the Top 10 Shareholders
lnTP Logarithm of Taxes Payable / Gross Revenue
lnSS Logarithm of Staff Salaries / Gross Revenue
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Descriptive statistics

In this study, 1136 observed values are obtained through the preliminary processing of the 
above-mentioned data. The descriptive statistics are shown in Table 2, including the number 
of observed values, mean value, standard deviation, minimum value, and maximum value of 
each variable from left to right.

Methods

Standard deviational ellipse analysis

In this study, D. Welty Lefever’s standard deviational ellipse (SDE) method is used to measure 
the spatial gravity center of the biopharmaceutical industry (Gong, 2002).

Spatial correlation test

The strategic interaction between biopharmaceutical companies can be analyzed using a spa-
tial autocorrelation test. The most commonly used test method is Moran’s I index, whose for-
mula is:

where xi is the R&D expenditure of the i biopharmaceutical company, and n = 284 is 
the total number of biopharmaceutical companies; wij is an element of the spatial weight 
matrix. An inverse distance spatial weight matrix is used: the greater the distance between 
each other, the smaller the weight; S2 =

∑n

i=1
(xi − x)2∕n is the variance of the sample; and 

x =
∑n

i=1
xi∕n is the average of the sample.

Spatial regression analysis

Using the inverse distance spatial matrix and considering the spatial lag effect of biopharma-
ceutical companies’ R&D expenditures, three spatial panel regression models are established.

In Model 1, there is a spatial lag effect of the dependent variables. The basic model is pre-
sented as follows:

In Model 2, there is a spatial lag effect on the independent variable (lnTA). The basic 
model is presented as follows:

I =

∑n

i=1

∑n

j=1
wij

�

xi − x̄
��

xj − x̄
�

s2
i − 1, 2,… , 284; j = 1, 2,… , 284.

lnRDEu = C + �W lnRDEit + �1dis tan ce
2

it
+ �2 ln TAit + �3 lnTEit + �4 ln SEit

+ �5ROEit + �6 ln STSit + �7TPit + �8 ln SSit + �it, �it ∼ N
(

0, �2In
)
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+ �8 ln SSit + �
it
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it
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0, �2
I
n
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i = 1, 2,… , 284;t = 2015, 2016, 2017, 2018.
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In Model 3, there is a spatial lag effect on the independent variable (lnTE). The basic 
model is presented as follows:

Models 2 and 3 mainly explore the direct and indirect impacts of the size of biopharma-
ceutical enterprises on R&D investment. In the actual regression process, the time effect is 
considered; therefore, the year is also modeled as an independent variable.

Results and discussion

Spatial gravity center of the R&D investment and its evolution

The spatial distribution of the 284 listed biopharmaceutical companies’ R&D expenditures 
in China from 2015 to 2018 is shown in Fig.  1. In Fig.  1, the dotted line ellipse is the 
SDE of the biopharmaceutical industry’s R&D investment in 2015. The solid line ellipse 
is the SDE of the biopharmaceutical industry’s R&D investment in 2018. In Fig.  1, the 
two small red dots represent the spatial gravity center of the biopharmaceutical industry’s 
R&D investment in 2015 and 2018. The one on the left is the spatial gravity center of 
2015, while the one on the right is the spatial gravity center of 2018. From the shape of 
the ellipse, the distribution range of the ellipse is concentrated in southeast China, present-
ing a “North (slightly east)–South (slightly west)” spatial distribution pattern. The spatial 
distribution of China’s biopharmaceutical industry’s overall R&D investment has an evi-
dent central-peripheral structure. The core of the biopharmaceutical companies lies in the 
eastern coastal area, with substantial investments in the R&D of China’s biopharmaceutical 
industry. Its SDE is mainly distributed in the North China Plain and the middle and lower 
Yangtze River plains.

lnRDE
u
= C + �W ln TE

it
+ �1dis tan ce

2

it
+ �2 lnTAit

+ �3 lnTEit
+ �4 ln SEit

+ �5ROEit
+ �6 ln STSit + �7TPit

+ �8 ln SSit + �
it
, �

it
∼ N

(

0, �2
I
n

)

i = 1, 2,… , 284;t = 2015, 2016, 2017, 2018.

Fig. 1  Spatial gravity center of R&D investment
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The small black dot in Fig. 1 represents the 284 listed biopharmaceutical companies. 
From the spatial distribution of these small black spots, it is evident that there is a spatial 
aggregation phenomenon. These small black spots are mainly concentrated in the Yangtze 
River Delta, Bohai Rim, and the Pearl River Delta. This indicates that China’s biopharma-
ceutical industry has initially formed an industrial spatial pattern with the Yangtze River 
Delta, Bohai Rim, and Pearl River Delta as its core. As shown in Fig. 1, the SDE of the 
biopharmaceutical industry’s R&D investment in 2018 is smaller than that in 2015. This 
shows that, from the perspective of spatial distribution, the biopharmaceutical industry has 
evident spatial convergence in R&D investment. This indicates that although the growth 
of this investment in these enterprises is unbalanced, it generally shows the characteristics 
of convergence,, namely, the equilibrium is reached through convergence (Egger & Pfaf-
fermayr, 2006). In the linear Hotelling model, to pursue profit maximization, every enter-
prise tends to concentrate in the market center and has a definite “centralization” desire 
(Hotelling, 1929). This study shows that even in a flat space, biopharmaceutical companies 
distributed all over China still have a strong desire to “centralize” and try to get as close to 
the spatial gravity center of the biopharmaceutical industry’s R&D investment as much as 
possible. As a result of this competition, the integrative biopharmaceutical industry’s R&D 
space will become increasingly convergent. This is the inevitable process of the circular 
Hotelling model in approaching equilibrium (Cooke, 2004; Hayashi & Tsuge, 2019).

Figure 2 shows the specific location of the spatial gravity center of the biopharmaceuti-
cal industry’s R&D investment from 2015 to 2018. Although these gravity centers in the 
past four years have been in Huoshan County, Liuan City, Anhui Province, there has been a 
shift every year. From 2015 to 2016, the gravity center shifted to the southeast; from 2016 
to 2017, it moved to the northeast; from 2017 to 2018, it shifted to the southeast. It can be 
seen that, on the whole, from 2015 to 2018, the gravity center shows an evident trend of a 
shift from west to east. The main reason for this shift is that the R&D investment of these 

Fig. 2  Spatial shifts of the gravity center of R&D investment
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companies in the eastern coastal areas increases more rapidly than in the western regions. 
Weber (1929) reports that finding the location of the minimum transport cost is the same as 
finding the equilibrium point of a force system acting on a point in two-dimensional space 
in physics. In the two-dimensional space, when more force is exerted at one point, the equi-
librium point shifts in this direction. This study shows that biopharmaceutical companies 
in the eastern coastal areas continue to increase their R&D investment, leading to a shift 
in the spatial gravity center of these companies’ R&D investment toward the east. As indi-
cated by Kulin and Kuenne (1962), the center of gravity is a convenient starting point for 
the Weber problem algorithm. This study confirms Kulin and Kuenne (1962) inference that 
any movement of the center of gravity would involve the corresponding movement of all 
the points of maximum gravity potential. In this study, it is established that most of these 
points of maximum gravitational potential are distributed in the eastern coastal area.

Strategic interaction of biopharmaceutical companies’ R&D investment

In the classical linear Hotelling model, there must be a strategic interaction between firms 
at two points in the line when they compete (Hotelling, 1929). When the line is trans-
formed into a polygonal or circular shape and the number of vendors considerably exceeds 
2, the Hotelling Model’s strategic interaction becomes more complex (Hayashi & Tsuge, 
2019; Kulin & Kuenne, 1962). For biopharmaceutical companies, there is competition not 
only over R&D location but also over time (Veugelers et al., 2008; Weber, 1929). It can be 
seen that the competition of biopharmaceutical companies in R&D investment is character-
ized by tri-dimensionality, multidimensionality, and complexity. Therefore, the test of this 
strategic interaction needs to be evaluated at the global level, and the Moran’s I index is a 
common measure for global analysis (Ou et al., 2015). The test results are summarized in 
Table 3.

As shown in Table 3, from 2015 to 2018, biopharmaceutical companies show a signifi-
cant spatial autocorrelation in R&D investment. This suggests an interdependence in R&D 
investment among neighboring biopharmaceutical companies, and this may be related to 
the concentration of technological innovation among these companies (Cooke, 2004; H. 
Zhang & Bulcke, 2007; Hilliard & Jacobson, 2011). Moran’s I indexes are all positive, 
indicating that the biopharmaceutical companies’ R&D investment has a positive spatial 
spillover effect, which is conducive to improving the efficiency of the technological inno-
vation of neighboring biopharmaceutical companies (Kim et  al., 2009). In terms of the 
development of China’s biopharmaceutical industry, three major technology R&D centers 
have been formed in the Yangtze River Delta, Pearl River Delta, and Bohai Rim (Mao & 
Zheng, 2009). Drug companies in these R&D centers collaborate closely and strategically 
with each other more frequently. Notably, such strategic interaction is not limited to these 

Table 3  Moran’s I index of R&D 
Investment, 2015–2018

* and ** are significant at 0.1 and 0.05, respectively

Year Moran’s I P-value

2015 0.1201** 0.019
2016 0.1083** 0.027
2017 0.0905** 0.017
2018 0.1054** 0.025
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regions, and biopharmaceutical companies also have cross-city cooperation and interaction 
on R&D investment (Jiang et al., 2017).

Analysis of the influencing factors of biopharmaceutical companies’ R&D 
investment

Biopharmaceutical companies formulate corresponding technology competition strategies 
to determine R&D investment according to their situation and their competitors in a spe-
cific spatiotemporal context. In the polygonal or circular Hotelling model, spatial distance 
is an essential factor affecting biopharmaceutical companies’ R&D investment. In this 
study, Model 1 is the spatial lag panel model with the distance factor. Model 2 investigates 
the spatial lag effect of total assets, and Model 3 examines the spatial lag effect of total 
employees. The results of the three spatial panel models with random effects are summa-
rized in Table 4.

As shown in Table 4, in all the models, the square of the distance negatively affects the 
R&D expenditure of biopharmaceutical companies, which is statistically significant. This 
indicates that for biopharmaceutical companies, the further away they are from the spatial 

Table 4  Determinants of biopharmaceutical companies’ R&D expenditure

*, **, and *** are significant at 0.1, 0.05, and 0.01, respectively

lnRDE

Model 1 Model 2 Model 3

Distance −0.002* (−1.74) −0.002* (−1.69) −0.002* (−1.72)
lnTA 0.42*** (7.87) 0.418*** (7.85) 0.42*** (7.87)
lnTE 0.192*** (3.48) 0.193*** (3.51) 0.192*** (3.49)
lnSE 0.007*** (4.13) 0.007*** (4.11) 0.007*** (4.13)
ROE 0.008*** (5.22) 0.008*** (5.21) 0.008*** (5.22)
lnSTS 0.21* (1.76) 0.212* (1.77) 0.213* (1.78)
lnTP −0.058** (−2.3) −0.057** (−2.29) −0.058** (−2.3)
lnSS −0.04* (−1.74) −0.04* (−1.75) −0.04* (−1.74)
Year
2016 0.093*** (3.27) 0.09*** (3.18) 0.094*** (3.32)
2017 0.162*** (4.97) 0.157*** (4.78) 0.165** (5.08)
2018 0.325*** (8.69) 0.321*** (8.54) 0.331*** (8.93)
Cons 3.35*** (5.57) 3.33***(5.53) 3.328***(5.5)
� 0.04*(1.78) 0.075(1.19) 0.076(1.21)
�

LnTA 0.085** (2.1)
lnTE 0.061* (1.85)
/sigma_u 1.076 1.076 1.075
/sigma_e 0.323 0.323 0.323
Log likelihood −870.557 −869.947 −870.429
Wald chi2 837.6*** 839.95*** 837.94***
Pseudo  R2 0.328 0.327 0.328
Wald test of spatial terms 3.18* 4.4** 1.46
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gravity center of the biopharmaceutical industry’s R&D investment, the more likely they 
are to be in a marginal position in the R&D space of the entire biopharmaceutical industry, 
and the less they invest in R&D. This indicates that distance decay exists in the biopharma-
ceutical industry’s R&D space and the biopharmaceutical companies that are further away 
from the gravity center have less R&D investment; that is, their R&D investment decreases 
with an increase in distance (Bilbao-Osorio & Rodríguez-Pose, 2004).

In the biopharmaceutical industry, the entire space is composed of a core, semi-periph-
ery, and periphery, and it contains a sort of topology (Orsenigo et  al., 1997). The area 
covered by the ellipse in Fig. 1 is the core area of the biopharmaceutical industry’s R&D 
space. Biopharmaceutical enterprises with relatively significant R&D investments are clus-
tered in this area, and these biopharmaceutical enterprises are close to the core areas of 
R&D investment. Areas outside the ellipse can be considered as semi-peripheries, while 
areas far away from the ellipse are peripheries. Biopharmaceutical companies far from the 
ellipse are bound to be far from the core area of R&D investment, and their R&D invest-
ment is relatively small. The results presented in Table 4 show that the biopharmaceutical 
industry R&D space has such a core–periphery topology structure.

In the biopharmaceutical industry’s R&D space, the distance between the spatial gravity 
center and biopharmaceutical enterprises refers not only to the physical distance but also 
the technological distance. The gravity center is determined according to the geographi-
cal distribution and R&D investment of these companies. Therefore, even if the physical 
address remains the same, the distance from the spatial gravity center also changes because 
the center of gravity changes yearly. In the Hotelling model, competing enterprises tend 
to have “centralization,” which is an inevitable result of profit maximization (Hotelling, 
1929). The results of this study show that biopharmaceutical enterprise R&D expenditure 
is negatively correlated with distance. Therefore, in the biopharmaceutical industry R&D 
space, companies implement the “centralization” strategy by increasing R&D investment 
to gain advantages in the biopharmaceutical industry technology competition. This study 
empirically verifies the equilibrium result predicted by the polygonal and circular Hotelling 
model(Hayashi & Tsuge, 2019; Kulin & Kuenne, 1962).

In Model 1 of Table 4, the spatial lag regression coefficient of the R&D expenditure of 
biopharmaceutical enterprises is 0.049, which is significant. This indicates that biophar-
maceutical companies’ R&D activities have a positive spatial spillover effect (Cabrer-Bor-
ras & Serrano-Domingo, 2007; Smrkolj & Wagener, 2016). From the perspective of time 
effect, in the three models shown in Table 4, except for the regression coefficient of 2016 
in Model 2, the regression coefficient of other years is positive and significant. This shows 
that biopharmaceutical companies’ R&D investment changes with time, increasing annu-
ally. This is a crucial way for biopharmaceutical companies to gain profits, and it ensures 
the trend of competition (Abdelaziz et al., 2008; Scherer, 2001).

In the present study, the spatiotemporal context is operationalized by space and time to 
evaluate the context-sensitive thesis, concerning the potential role of the contextual level 
of biopharmaceutical industry in the R&D expenditure of biopharmaceutical companies. 
The aforementioned empirical research results show how the spatiotemporal context of 
the biopharmaceutical industry at the macro level, measured by distance and time, affects 
the R&D expenditure of biopharmaceutical companies at the micro level. The empirical 
findings are consistent with the SSP theory, i.e., the spatiotemporal context will affect 
the behavior of biopharmaceutical companies, including R&D investment (Gu, 2021a, 
2021b, 2020). In other words, this study supports the context-sensitive thesis. Therefore, 
the spatial distribution of the biopharmaceutical industry will exhibit core–peripheral 
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characteristics, and the distance from the core area will have an impact on the R&D invest-
ment of enterprises.

There are two possible explanations for this study’s findings: one explanation relates 
to the important role of location (Cockburn & Slaughter, 2010). The biopharmaceuti-
cal industry is a typical knowledge-intensive industry. Therefore, biopharmaceutical 
companies are often located near leading universities and research institutions to form 
a spatial cluster, such as the three famous biopharmaceutical clusters in Boston, San 
Francisco, and San Diego in the US, the Cambridge biopharmaceutical cluster in the 
United Kingdom, the Tokyo and Hokkaido biopharmaceutical clusters in Japan, the 
Denmark–Sweden Bio Valley, and the German biopharmaceutical demonstration zone. 
In China, biopharmaceuticals have formed an industrial spatial pattern centered on the 
Yangtze River Delta, Pearl River Delta, and Bohai Rim. Therefore, spatial context mat-
ters in determining the R&D expenditure of biopharmaceutical companies.

The second explanation relates to the process of spatial competition (Iskakov & Pav-
lov, 2009). Biopharmaceutical companies in different spatial locations have a sequence 
of R&D strategies, and the latter mover can observe the choices of those who act first 
and develop corresponding R&D strategies accordingly. Therefore, this spatial com-
petition is a dynamic game, that is, a "multi-stage game.” This means that, in terms of 
time, the past R&D expenditure of biopharmaceutical companies will affect the current 
decision, and the current decision will have an impact on the future. Therefore, the 
temporal context matters in determining the R&D expenditure of biopharmaceutical 
companies.

In this study, the explanatory variables at the firm level can be regarded as con-
trol variables. The results of this study are consistent with those of previous studies. 
This study shows that company size is positively related to R&D expenditure. In the 
three models presented in Table 4, the regression coefficients for total assets and total 
employees are positive and significant. This is similar to DiMasi (2014)’s result. Sale 
expense as a percentage of gross revenue’s impact on the biopharmaceutical company’s 
R&D funding is positive and significant (Prentis et  al., 1988). The regression coef-
ficient of the ROE is positive and significant, indicating that the more robust the prof-
itability of biopharmaceutical enterprises, the more investment they spend on R&D 
(Scherer, 2001). Moreover, the higher the shareholding ratio of the top 10 sharehold-
ers, the more the R&D investment of biopharmaceutical enterprises (Gamble, 2000). 
Research has also shown that the higher the proportion of taxes payable in gross rev-
enue, the lower the R&D investment of biopharmaceutical enterprises. The higher the 
ratio of the staff salaries in the total revenue, the lower the biopharmaceutical enter-
prise’s R&D investment (MariannaMarino, 2016). This requires the government to cut 
taxes and fees on biopharmaceutical companies and provide certain subsidies for their 
innovation activities, which will help promote innovation and development (Choi & 
Lee, 2017). Meanwhile, biopharmaceutical companies should also reasonably control 
their expenses on staff salaries by transforming themselves from labor-intensive enter-
prises to knowledge-intensive enterprises (Nightingale, 2000).

Furthermore, the regression coefficients of the spatial hysteresis effect of total 
assets and total employees in Models 2 and 3 are positive and significant. This indi-
cates that total assets and total employees have a direct impact on the R&D investment 
of biopharmaceutical companies and influence the R&D expenditure of neighboring 
biopharmaceutical companies through indirect effects. In causal inference, the distinc-
tion between direct and indirect effects helps to explain the internal logic of interactive 
relationships (Hudgens & Halloran, 2008).
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Robustness check

The empirical results in Table  4 are obtained using an inverse distance spatial weight 
matrix. If the spatial weight matrix changes, are these conclusions still valid? In other 
words, will the above-stated research conclusions change because of alterations in the 
spatial structure? This requires the use of different types of spatial weight matrices for 
robustness testing. Here, the spatial contiguity weight matrix is used for the regression. 
The spatial contiguity weight defines the weight between adjacent companies as 1, and that 
between non-adjacent companies as 0. Therefore, the spatial contiguity weight matrix is a 
symmetric matrix composed of 0 and 1. The results obtained are summarized in Table 5. 
In terms of statistical significance, the results presented in Table 5 are the same as those 
provided in Table 4. In terms of the magnitude of the coefficients, the results match the 
findings in Table 4. This shows that in the case of different spatial weights, the effect of the 
spatiotemporal context on the R&D expenditure of biopharmaceutical companies remains 
unchanged.

This study focuses on listed biopharmaceutical companies in China from 2015 to 2018. 
However, the compliance may be incomplete. The effects of the spatiotemporal context 
should be tested for different time periods. Spatial regression analyses are performed for 

Table 5  Spatial panel regression 
model with spatial contiguity 
weights

*, **, and *** are significant at 0.1, 0.05, and 0.01, respectively. To 
highlight the key points, the regression results of the explanatory vari-
ables at the firm level do not appear in this table. However, further 
details of these regressions can be found in Appendix 1

lnRDE

Model 4 Model 5 Model 6

Distance −0.003** (−2.38) −0.003* (−1.81) −0.002* (−1.79)
Year
2016 0.102*** (3.45) 0.098*** (3.39) 0.098*** (3.39)
2017 0.18*** (4.9) 0.171*** (5.03) 0.172** (5.03)
2018 0.352*** (8.22) 0.342*** (8.24) 0.342*** (8.24)
� 0.05*(1.83) 0.073(1.06) 0.003(0.97)

Table 6  Determinants of 
Biopharmaceutical Companies’ 
R&D Expenditure (2015–2017)

*, **, and *** are significant at 0.1, 0.05, and 0.01, respectively. To 
highlight the key points, the regression results of the explanatory vari-
ables at the firm level do not appear in this table. However, further 
details of these regressions can be found in Appendix 2

lnRDE

Model 7 Model 8 Model 9

Distance −0.002* (−1.69) −0.003* (−1.79) −0.002* (−1.66)
Year
2016 0.096*** (3.48) 0.084*** (2.98) 0.104*** (3.67)
2017 0.165*** (4.96) 0.139*** (3.78) 0.181*** (5.06)
� 0.05*(1.85) 0.294(1.41) 0.189(0.96)
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the time spans of 2015–2017 and 2016–2018. The results are summarized in Tables 6 and 
7. The results in Tables 5 and 6 replicate those in Table 4. This shows that the conclusions 
of this research remain valid for different time spans.

This study has certain limitations that should be mentioned, which suggest three lines 
of future research. This study focused on the impact of the spatiotemporal context on the 
R&D investment of biopharmaceutical companies under a single center of gravity. How-
ever, there are often multiple centers of gravity in reality. In addition to the global center 
of gravity, there are regional centers of gravity. In this case, the influence of the spatiotem-
poral context and its mechanism need to be further studied in the future. Regarding the 
endogeneity issues, as the aforementioned tests have shown, we adopt a variety of control 
variables and use panel models with various spatial contiguity weights in different time 
periods. However, even though these strategies are used to handle the empirical problem 
of potential endogeneity, endogeneity might still be a problem due to reverse causality. 
In addition, this study examines the innovative behavior of biopharmaceutical companies 
from the perspective of R&D investment, and in the future, the research can also be from 
the perspective of R&D output to compare it with the input.

Conclusion

To summarize, the current study provides new insights into the influence of the spatiotem-
poral context on biopharmaceutical companies’ R&D expenditures. Based on the research 
on the R&D expenditures of 284 listed biopharmaceutical companies in China, this 
study finds that the biopharmaceutical industry’s R&D space presents a “North (slightly 
east)–South (slightly west)” spatial pattern. Moreover, the core area of the biopharmaceu-
tical industry’s R&D space presents a trend of spatial convergence. The spatial gravity 
center of this industry’s R&D investment has been shifting to the eastern coastal region. 
This spatiotemporal context will impact the R&D investment of this sector. With the shift 
of the spatial gravity center, the distance between biopharmaceutical companies and the 
spatial gravity center also changes. The study further shows that this distance has a direct 
impact on the companies’ R&D. The greater the distance from the spatial gravity center 
of this industry’s R&D investment, the lower biopharmaceutical companies’ R&D expen-
ditures. This finding attests to the important role of spatiotemporal context in the R&D 
expenditure of biopharmaceutical companies, thus confirming the Chinese government’s 

Table 7  Determinants of 
biopharmaceutical companies’ 
R&D expenditure (2016–2018)

*, **, and *** are significant at 0.1, 0.05, and 0.01, respectively. To 
highlight the key points, the regression results of the explanatory vari-
ables at the firm level do not appear in this table. However, further 
details of these regressions can be found in Appendix 3

lnRDE

Model 10 Model 11 Model 12

Distance −0.002* (−1.77) −0.002* (−1.7) −0.003* (−1.78)
Year
2017 0.077*** (3.01) 0.063** (2.32) 0.08*** (3.04)
2018 0.244*** (7.98) 0.239*** (7.78) 0.253*** (7.15)
� 0.053*(1.88) 0.27(1.27) 0.035(0.2)
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assumption that optimizing the spatial layout helps to promote the innovative activities of 
biopharmaceutical companies, thereby promoting the development of the biopharmaceuti-
cal industry (Tiong et al. 2010). Future work is welcomed to evaluate the main thesis—
that spatiotemporal context matters in determining R&D expenditure of biopharmaceutical 
companies—with data covering longer time spans and more regions worldwide.

Appendix 1: Determinants of biopharmaceutical companies’ R&D 
expenditure (spatial contiguity weights matrix)

lnRDE

Model 4 Model 5 Model 6

Distance −0.003** (−2.38) −0.003* (−1.81) −0.002* (−1.79)
lnTA 0.43*** (8.08) 0.428*** (8.04) 0.428*** (8.04)
lnTE 0.184*** (3.33) 0.185*** (3.36) 0.185*** (3.36)
lnSE 0.007*** (4.14) 0.007*** (4.14) 0.007*** (4.14)
ROE 0.008*** (5.27) 0.008*** (5.27) 0.008*** (5.27)
lnSTS 0.211* (1.76) 0.212* (1.77) 0.212* (1.77)
lnTP −0.059** (−2.34) −0.058** (−2.33) −0.058** (−2.33)
lnSS −0.037 (−1.63) −0.038 (−1.64) −0.037 (−1.64)
Year
2016 0.102*** (3.45) 0.098*** (3.39) 0.098*** (3.39)
2017 0.18*** (4.9) 0.171*** (5.03) 0.172** (5.03)
2018 0.352*** (8.22) 0.342*** (8.24) 0.342*** (8.24)
Cons 3.718*** (5.76) 3.733***(5.72) 3.733***(5.72)
� 0.05*(1.83) 0.073(1.06) 0.003(0.97)
�

lnTA 0.063** (2.05)
lnTE 0.068* (1.89)
/sigma_u 1.08 1.081 1.081
/sigma_e 0.323 0.323 0.323
Log likelihood −871.753 −871.764 −833.91
Wald chi2 833.71*** 833.91*** 837.94***
Pseudo  R2 0.324 0.322 0.322
Wald test of spatial terms 3.32* 4.03** 1.51

*, **, and *** are significant at 0.1, 0.05, and 0.01, respectively.
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Appendix 2: Determinants of biopharmaceutical companies’ R&D 
expenditure (2015–2017)

lnRDE

Model 7 Model 8 Model 9

Distance −0.002* (−1.69) −0.003* (−1.79) −0.002* (−1.66)
lnTA 0.405*** (6.6) 0.404*** (6.6) 0.41*** (6.61)
lnTE 0.151** (2.36) 0.153** (2.4) 0.152** (2.37)
lnSE 0.008*** (3.5) 0.008*** (3.36) 0.008*** (3.48)
ROE 0.006*** (2.97) 0.006*** (2.91) 0.006*** (2.97)
lnSTS 0.262* (1.95) 0.272** (2.03) 0.271** (2.02)
lnTP −0.036 (−1.18) −0.035 (−1.15) −0.036 (−1.19)
lnSS −0.068*** (−2.63) −0.068* (−2.61) −0.068*** (−2.62)
Year
2016 0.096*** (3.48) 0.084*** (2.98) 0.104*** (3.67)
2017 0.165*** (4.96) 0.139*** (3.78) 0.181*** (5.06)
Cons 3.549*** (5.26) 3.532*** (5.24) 3.457***(5.1)
� 0.05*(1.85) 0.294(1.41) 0.189(0.96)
�

lnTA 0.497*(1.74)
lnTE 0.273* (1.87)
/sigma_u 1.067 1.067 1.065
/sigma_e 0.308 0.307 0.308
Log likelihood −717.85 −716.482 −717.116
Wald chi2 372.23*** 376.61*** 374.41***
Pseudo  R2 0.318 0.315 0.318
Wald test of spatial terms 3.27* 5.17* 3.93

*, **, and *** are significant at 0.1, 0.05, and 0.01, respectively.

Appendix 3: Determinants of biopharmaceutical companies’ R&D 
Expenditure (2016–2018)

lnRDE

Model 10 Model 11 Model 12

Distance −0.002* (−1.77) −0.002* (−1.7) −0.003* (−1.78)
lnTA 0.385*** (6.02) 0.382*** (5.99) 0.384*** (6.01)
lnTE 0.234*** (3.61) 0.238*** (3.67) 0.235*** (3.63)
lnSE 0.005*** (2.65) 0.004*** (2.57) 0.005*** (2.66)
ROE 0.008*** (4.6) 0.007*** (4.61) 0.008*** (4.62)
lnSTS 0.177 (1.16) 0.181 (1.19) 0.178 (1.16)
lnTP −0.074*** (−2.65) −0.074*** (−2.66) −0.073*** (−2.65)
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lnRDE

Model 10 Model 11 Model 12

lnSS 0.04 (1.15) 0.003 (0.12) 0.04 (0.15)
Year
2017 0.077*** (3.01) 0.063** (2.32) 0.08*** (3.04)
2018 0.244*** (7.98) 0.239*** (7.78) 0.253*** (7.15)
Cons 3.47*** (4.75) 3.458***(4.74) 3.437***(4.68)
� 0.053*(1.88) 0.27(1.27) 0.035(0.2)
�

lnTA 0.477* (1.83)
lnTE 0.107* (1.91)
/sigma_u 1.102 1.1 1.101
/sigma_e 0.276 0.275 0.276
Log likelihood −664.721 −663.522 −664.599
Wald chi2 576.37*** 580.8*** 576.52***
Pseudo  R2 0.311 0.31 0.312
Wald test of spatial terms 3.52* 5.9* 3.77

*, **, and *** are significant at 0.1, 0.05, and 0.01, respectively.
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