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Abstract. The semiconductor industry has been regarded as one of the most important industries
by Taiwan due to the market share of Taiwan’s semiconductor industry in 2011 ranked second
worldwide. However, the European debt crisis triggered a global economic recession in 2011, caus-
ing Taiwan’s output of semiconductors in 2010 and 2011 to show negative growth. This paper will
mainly explore, from the performance evaluation perspective, the Malmquist productivity index of
the Taiwan’s semiconductor industry based on a metafrontier approach. The empirical results show
that the European debt crisis in 2011 had an impact on Integrated circuit (IC) design companies
and IC manufacturing companies, but that there was no influence on IC packaging and testing
companies when measuring static efficiency. From the viewpoint of dynamic productivity perfor-
mance, the paper finds that the main reason for the negative growth of IC packaging and testing
companies and IC design companies came from a backward movement in technical change, but
the main reason for the negative growth of IC manufacturing companies derived from a decline in
pure technical efficiency.
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Introduction

Halkos and Tzeremes (2007) point out that the semiconductor industry is crucial to the
world, and that the characteristic advantages of this industry are that it is capital intensive,
it is technology intensive, it is oriented towards technological integration, and it has a wide
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range of applications. Since the beginning of the twenty-first century, the semiconductor
industry has been considered as the basis of industrial society. The enormous business op-
portunities derived from the industry are highly regarded by every nation in the world. It
is also considered to be one of the industries that has future development potential. The
Hsinchu Science Park in Taiwan has made immense contributions toward the promotion
of Taiwan’s high-tech industries, especially the semiconductor and computer industries. The
semiconductor industry in Taiwan consist of, up-, middle- and downstream manufacturing,
integrated circuit (IC) design, IC manufacturing, IC packaging and testing companies. The
output value of IC design companies are ranking second in the world and the output value
of IC manufacturing and IC packaging and testing companies are ranking first in the world.
Therefore, Taiwan has become the second-largest semiconductor producer in the world and
has successfully transformed its industry structure towards the development of a technology-
intensive industry. Taiwan’s Ministry of Economic Affairs (MOEA) supports the Technology
Development Programme (TDP) and Industrial Technology Development Programme to
facilitate technological developments in the domestic industry (Hsu, Chiang 2001; Hsu et al.
2009). However, the burst of the subprime mortgage bubble in 2007 triggered a global finan-
cial storm in 2008, which caused a sharp rise in international oil and raw material prices,
drove up the pressure for global inflation, and led to a stifling global spending decline. Global
semiconductor manufacturers drastically reduced their capital spending, which severely im-
pacted the semiconductor industry in Taiwan. Unfortunately, the Greek debt crisis wrecked
the Euro in 2010 after the global financial crisis. This resulted in a global economic depres-
sion which swept around the world.

According to the Taiwan Semiconductor Yearbook (2012), after the subprime mortgage
meltdown, Taiwan’s overall IC industry output value in 2010 (including design, manufacturing,
and packaging and testing) was as high as NT$1,768.6 billion, a growth of 41.5% from 2009.
However, the European debt crisis caused negative growth in Taiwan’s semiconductor indus-
try output in 2011 (-11.7% of the 2010 figure). This was the worst recession for this industry
since the subprime mortgage bubble burst in 2007. Analysing this issue from the perspective
of industry sectors, we found that there was negative growth in IC design output value in 2011
compared with 2010 and that the output value of IC manufacturing and packaging and testing
also declined (both decreased by about 10% to 15%). The market share of Taiwans semicon-
ductor industry in 2011 ranked second worldwide, following that of the United States. Thus,
the importance of Taiwan’s semiconductor industry to worldwide economic development is
irrefutable (Kao et al. 2011). Consequently, the performance measures of the semiconductor
industry in Taiwan have become a very important issue. The directional distance function of
the data envelopment analysis (DEA) is regarded as the one of major research tools in assessing
performance domain. Because the approach adopts the multiple outputs and inputs to generate
the best practice frontier without requiring any assumptions of production function and then
identify the reason of inefficient management for inefficient firm manager. It has been widely
used in measuring the performance of various industries. Therefore, this paper will mainly
explore, from the performance evaluation perspective, the Malmquist productivity index of the
Tajiwan’s semiconductor industry based on a metafrontier approach.

A number of articles have been written about integrating DEA and balanced scorecards
(BSC) into R&D-related applications (Eilat et al. 2006), and assessing intellectual capital
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management in IC design companies (Wu et al. 2006). A considerable amount of literature
explores performance evaluations of semiconductor industry; however, the majority of this
analyses the management efficiency of certain industry sectors of the semiconductor indus-
try, and a competitive analysis of up-, middle- and downstream manufacturing of the entire
semiconductor industry is rarely discussed. The main reason is that the conventional DEA
assumes that all manufacturers possess the same production efficiency frontier (production
technology) (Nazarko, Saparauskas 2014), but IC design, IC manufacturing, and IC packag-
ing and testing are different production technologies. Thus, the previous literature only dis-
cussed performance evaluations of each individual sector, such as IC design or IC manufac-
turing, of the semiconductor industry. To solve this problem, O’Donnell et al. (2008) utilize
parametric and non-parametric methods to estimate both the metafrontier and the group
frontiers, and in their work the technical efficiency measured on the basis of the metafrontier
was the decomposed technical efficiency of the group frontiers and the metatechnology ratios
(MTR). This study used the metafrontier Malmquist productivity index (MMPI) proposed
by O’Donnell et al. (2008) to explore the performance evaluation of Taiwan’s semiconductor
industry from 2009 to 2011, regarding manufacturers of different production technologies
within the semiconductor industry as different groups and discussing group frontier effi-
ciency, metafrontier efficiency, technology gap analysis and the MMPI between three man-
ufacturing groups: IC design, IC manufacturing, and IC packaging and testing. In addition,
the conventional MMPI measurement uses the linear programming method to estimate effi-
ciency; this is divided into an input-orientation and an output-orientation and does not con-
sider an input-and-output orientation. Therefore, this study adopts the directional distance
function, to take into consideration the fact that outputs are proportionately expanded and
that inputs are proportionately reduced, to evaluate semiconductor industry performance.

1. Research background

In previous research on the semiconductor industry, there were discussions concerning how
the roles of government or industry policymaking affect the semiconductor industry develop-
ment (Chang, Tsai 2002; Chen, Sewell 1996; Chen, Chang 2004; Shen, Tzeng 2016). There
were studies using DEA to estimate the competitive performance of the global semiconductor
industry (Kozmetsky, Yue 1998; Hsu 2015). Their research discovered that the USA, Japan,
Korea and Taiwan had become global leaders and that the performance of larger-scale semi-
conductor companies was better. Chen et al. (2006) apply DEA and Malmquist productivity
indices to evaluate the relative efficiency and productivity of the six high-tech industries cur-
rently developed in Taiwan’s Hsinchu Science Park. The results of technical efficiency indicate
that the computer industry and semiconductor industry had the best performance while the
other four industries, communications, photo-electronics, precision equipment, and biotech,
were operated relatively inefficiently. These findings show that developing the semiconductor
and computer industries has been a strategic development goal in the Taiwanese government’s
high-tech development plan for the past two decades. Due to the earnings of the top 30 IC
fabless firms accounting for 96% of all global fabless firms in 2003, Chu et al. (2008) used the
DEA to evaluate the operational performance of the top 30 fabless firms and also used the DEA



828 C.-R. Chiu et al. Performance evaluation of the semiconductor industry based ...

efficiency value to evaluate cost effectiveness. Empirical results showed that the top ten firms
achieved better operational performance among the 30 leading global fabless firms. Hung and
Lu (2008) applies the DEA approach with the classical radial measure, non-radial efficiency
measure and efficiency achievement measure, respectively, to measure the performance dif-
ferences between the IC packaging/testing firms. The result showed that the overall technical
inefficiencies of the firms are primarily due to pure technical inefficiencies rather than scale
inefficiencies and indicated that the non-radial efficiency model and the efficiency achievement
model can provide more discriminate efficiency measures than classical radial model. Lu (2009)
employed and extended the model of Seiford and Zhu (1999) to investigate the R&D efficiency
and marketability of Taiwan’s IC design firms. The empirical results showed that the invention
efficiency is superior to the R&D marketability and the number of employees, employee bo-
nuses, and firm age are positively correlated to invention efficiency and R&D marketability. Lu
et al. (2010) developed a two-stage production process including IC capability and IC efficiency
to characterize the IC performance of the fable’s firms using DEA method. The results showed
that IC efficiency is better than IC capability for these fable’s firms and suggested these firms
should consider mergers and acquisitions to achieve economies of scale.

Lu and Hung (2010) examined the performance of 48 vertically disintegrated firms in
Taiwan’s IC industry and provided an insight into how each firm acts within the value chain
of Taiwans economy. Their results showed that the IC design firms perform better than IC
manufacturing and IC packaging and testing firms, and that a semiconductor firm’s scale
of size has a great influence on its operating efficiency. They revealed that semiconductor
firms must reduce their labour force to improve their operating efficiency, due to employee
input congestion. Different from the above-mentioned measurement methods, Liu and Wang
(2008) extended the investigation on influence from slack to the Malmquist productivity
index. They proposed a non-radial Malmquist productivity index, which is able to eliminate
possible inefliciency represented by the non-zero slack to measure the productivity change
of IC packaging and testing companies in Taiwan. This approach revealed patterns of pro-
ductivity change and identified the strategy shifts of individual companies. Lee and Johnson
(2011) employed a network DEA proposed by Kao (2009), and then integrated it into the
Malmquist productivity index to develop a more detailed decomposition of productivity
changes. They revealed that demand fluctuations of the semiconductor manufacturing in-
dustry have mainly been caused by decreasing productivity in 1997-1998 and 1999-2000,
rather than by technical regression in production capabilities. Chen, Y. and Chen, B. (2011)
applies DEA and Malmquist productivity index to explore the operation performances of
the Taiwanese wafer fabrication companies from 2004 to 2007. The results showed that if
Taiwanese wafer fabrication companies should improve their constant returns to scale (CRS)
and VRS efficiencies in order to increase their operation performances. Hung et al. (2014)
employed the dynamic DEA model to evaluate the dynamic operating performances of Tai-
wan’s semiconductor industry. The empirical results showed that the operating performances
of business group invested semiconductor companies are better than those of non-business
invested group semiconductor companies. IC design companies performed better than wafer
fabrication companies and these semiconductor companies with high level scopes generally
operate better than those with low level scopes.
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In using the conventional DEA approach for efficiency assessment, it is usually assumed
that all producers possess the same level of production technology (Beck et al. 2005; Hsiao,
Park 2005); however, the assessed DMU usually produces efficiency assessment errors due
to the conditions of different production techniques or geographic locations. Therefore, this
study explored, under different levels of production technology, the business performance
of IC design companies, IC manufacturing companies, and IC packaging and testing com-
panies, and it also evaluated the overall business performance of each company under the
construct of a metafrontier function.

2. Methodology
2.1. Metafrontier and group frontiers

We consider a set of N peer DMUs each with M inputs and S outputs; then let x;; and y,;
denote the values of the i-th input (i € RM ,RM represent input vector) and the r-th out-
put (r€RS, RS represent output vector) of DMU j(je RY RN represent DMUs vector).
Chung et al. (1997) proposed the directional distance function, in which allowed outputs are
proportionately increased and inputs are proportionately decreased at the same time. The

meta-technology set in period t can be represented as follows:
Tt (xt,yt ) = {(xt,yt ): x! can produce yt} . (1)
The directional meta-distance function in period t is defined as follows:

Dm,t(xt)yt;_gx’gy)zsup{ﬁm,t :(xt —pmitg.,yt +Bm,tgy)eTm,t} , ©)

where the non-zero direction vector g = (— g gy) determines the directions in which
inputs and outputs are scaled. The semiconductor industry is divided into K technology
sets (sub-groups) due to differences in resources, company property and national policies.
The meta-technology set envelops the K group technology set at time period t, and then
Tmt = {Tl’t uT? U .uTK ’f}. The group technology set is represented as follows:

Tht (xt W ) = {(xt I ) :x! can be used by DMUs in group k to produce yt} ,k=12,..K.
3)

The K group directional distance function in period t is defined as follows:
Dkt (xt,yt;—gx,gy): sup{Bk’t :(xt —Bhtg ,yt +Bk’tgy ) € Tk’t} ,k=12,.,K. (4

Due to T™! ={Tb UT?! U...uTK !, the technical efficiency measured on the ba-
sis of the metafrontier is therefore less than those of the group frontiers, as shown by
TE™ (xt, ¥ ) <TEk (xt, yt) . Additionally, the ratio between the technical efficiency of the
metafrontier and the group frontiers is referred to as the technology gap ratio (TGR¥) and
can be described as:

TE™ (xt ,)/t )

TER(yt) ®

0<TGR¥(xf,y" )=
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The closer the TGR is to 1, the smaller the gap is, which means the technical efficiency
of the group frontiers is closer to the technical efliciency of the metafrontier. Conversely,
the smaller the TGR, the greater the gap, which means that the technical efficiency of
that group shows a significant lag behind the technical efficiency of the metafrontier. We
consider the direction vector g =(—gx =—%8, =08 =—b) (Oh 2010; Oh, Lee 2010)
before evaluating the directional distance function. In order to calculate the directional
meta-distance function and K group directional distance function in period ¢, we need to
solve the following two linear programs:

D (xkt, ykt ) = maxpyt

K Ni
sty Akt S(I—Bg"’t)xi’f;t, i=12,.,M,
k=1n=1 (6)
K N
DD Ry (1B ) ykt, r=1,2,..,8,
k=1n=1
Akt >0, Bt is free, n=1,2,..,N;;

Nkt kot kot | — kot
D (xio Yo )_maXBo

s.t. Zukt ll;tﬁ( [3’”) o i=12,.,M,
(7)

Zu’” K2 (1+BR )kt r=12,.,8,

Hﬁ’t >0, [3’;‘ is free, n=1,2,..,Ny,

where LK and pk represent the intensity variables corresponding to the produc-
tion process of the meta-technology set and the group technology set, respectively and
N, +N, +---+ Ny =N . The technical efficiency of DMUX! measured on the basis of the
metafrontier and the group frontiers is defined as TE” =1—" and TE* =1-B5! within
time £, and the technical efficiency may be between zero and one.

2.2. MMPI and GMPI

The above-mentioned technical efficiency analysis is measured from a static point of view
of the semiconductor industry’s operational performance within the same period. However,
the movement of the relative efficiency of the semiconductor industry over different periods
of time is also an important reference in management decision-making (Mahadevan 2002).
Therefore, this paper adopts the concept of the Malmquist productivity index (MPI) from
Caves et al. (1982) to measure cross-period productivity change; thus, the MPI measured on
the basis of the metafrontier regarding period t and period ¢+1 as the base year, is defined as:

TE™! (xt+1’yt+l)

MMPI™* = TEM ¢ (xt,yt)

; (8)
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TEM t+1 (xt+1,yt+1)
TE™ t+1 (xt ’yt)

To solve the problem of the choice of the base year, Fire et al. (1994) and Chen and
Yang (2011) defined the geometric mean of the MMPI of two periods as

MMPI™ 1+ =

)

1
MMPImH+ = TE™ (x4, 5141 N TR (x4, yt+1) : _
TE™! (xt ’yt ) TEmMt+1 (xt ’)’t )

TEm,t+l (xt+1 >}/[+1 ) [ TE™t (xt ,yt ) TEm,t (xt+l >}/[+1) %
TEMt (xt’yt ) LTEm,tH (xt+1,yt+1) X TEMt+ (xt’yt )

TEMV-+1 (xt+1 ’yt+1 ) SEmvE+L (xt+1’yt+1) TEMt (xt ¥ ) TEM! (xt+1’yt+1) %
TEmvt (xt Y ) X SEMvt (xt ! ) TE™t+1 (xt+1 ytH ) X TEM !+ (xt Y )

TEC™:HLEHL 5 QECMV-EEHL 5 TCmutEH] —

TEcm,t,tH x Tcm,t,tJrl’ (10)

where TEC™""+1 represents the pure technical efficiency change measured on the basis of
the metafrontier under variable returns to scale (VRS). If the value is larger than unity, this
means that the pure technical efficiency of a specific firm has progressed from period ¢ to
period t+1. The SEC™H*1 signifies the scale efficiency change measured on the basis of
the metafrontier under VRS and the value is close to unity, therefore the production scale
of a specific firm is the closest to the optimum metafrontier production scale in period ¢
and t+1. The TEC™"#*1 expresses the technical efficiency change measured on the basis of
the metafrontier, and the value is equal to TEC™"*H{*1 x SEC™V-bi+1 TC™h+1 represents the
technical change measured on the basis of the metafrontier, and a value larger than unity
shows that the technology of a specific firm in period f+1 is greater than in period f (techni-
cal progress). Furthermore, if the MPI is measured on the basis of the group frontier, then
the group Malmquist productivity index (GMPI) is defined as:

TEk,t (xt+1 >)’t+1 ) TEk,t+1 (xt+1’yt+1> %

TEKt+ (xt+l ,),t+1 ) TEKt (xt ,yt ) TEKt (xt+1 ,yt+1 ) %
X
TEKt (xt,yt) TEk,Hl(le’yHl) TEk,Hl(xt’yt)

TEkvt+1 (xt+1,yt+1) SEkv.t+1 (x”l,yt“) TEk (xt’yt) TEk (xt+1’yt+1) %
X X
TEkvt (xt)yt) SEkvt (xt,yt) TEkt+1 (xt+l)yt+1) TEkt+1 (xt’yt)

TEckv,t,tH x SEckv,[,Hl x Tck,t,t+1 _ TEck,t,Hl x Tck,t,H—l’ (1 1)
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where TECK"tt*1 represents the pure technical efficiency change measured on the basis
of the group frontier under VRS. A value larger than unity expresses the pure technical ef-
ficiency of a specific firm that progresses from period t to period t+1. SECK"5t*1 signifies
the scale efficiency change measured on the basis of the group frontier under VRS, and the
value is close to unity, which means production scale of a specific firm is close to the opti-
mum group frontier production scale in period ¢ and t+1. TECkt+! expresses the techni-
cal efficiency change measured on the basis of the group frontier, and its value is equal to
TECKHH+1 x SECKvt:4+1 TChtH represents the technical change measured on the basis of
the group frontier; a value larger than unity shows the technology of specific firm in period
t+1 is greater than in period t.
According to Eq. (5) and Eq. (10), TEC{},, can be further decomposed as:

m,t+1 t+1 o, t+1
rpomeen _EP L)

TE™t (xt’yt)

TEk t+1 (xt+1 ,)/Hl ) <« TGRK t+1 (xt+1 ,}/Hl )

TER! (xt,yt )xTGRk’t (xt,yt) )
TEkv t+1 (xt+1’yt+1 ) « SEkv, 141 (xtﬂ Lyt ) « TGRK t+1 (xt+1 Lyt )

TEkv,t(xt,yt)XSEkv,t(xt,yt)XTGRk,t(xt)yt) -
TGRK t+1 (xt+1 )yt+1 )
TECk?: t:t+1  SECkv 1 1+1 —
TGRkt (xt ,yt)

TECK11#1 x SECh L1 x CUTH 14, (12)

where CUT*%%*1 is called “catch-up in technology” and is measured on the basis of the
group frontier. A value larger than unity means that the technical efficiency of the group
frontiers is much closer to the technical efficiency of the metafrontier in period ¢ and f+1.

Additionally,
TGRK t+1 (xt+1’yt+1 ) TE™ t+1 (xt+1 ’yt+1 ) TEK (xt ’yt )

CUTk,t,t+1 — — x —
TGRKk ! (xt’yt) TEM (xt)yt) TEk,t+1(xt+l)yt+1)
TEMv t+1 (xH—l yt+l ) x SEMY» 1+1 (xt+l Lyt ) TEkv.t (xt yt ) x SEkv ¢ (xt yt )
TE™ t(x ! )XSEmv t(x Y ) TEkvt+1 (x”l t+1)XSEkv t+1( t+1 yt+1) -
TE™> t+1 ( t+1’yt+1 ) / TEkv t+1 ( t+1 yt+1 ) SEmY» t+1 (xt+1’yt+1 ) / SEkv t+1 ( t+1 yt+1)
TEmvt(xt )/TEkvt(xt ) X SEmvt(xt t)/SEkvt(xt ) -
CUE,: L t+1 « CcUSk: B t+1’ (13)

where CUEK:5t+1 represents the “catch-up in pure technical efficiency under VRS”. A value
larger than unity represents the increase in pure technical efficiency of a specific firm in pe-
riod ¢+1 is greater than in period t. CUSK5t+1 is referred to as “catch-up in scale efficiency”;
if its value is close to unity, this indicates that the production scale of a specific firm in period
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t+1 is close to the optimum metafrontier production scale than in period t.

TCmtt+1
TCkt:t+1
where TCKH!*1 is the technical change and PTCK#!*! is the potential technical change
measured on the basis of the group frontier; if PTCK#t*1 is larger than unity, the technical

progress of the metafrontier is superior to that of the group frontier. Consequently, if we
integrate Eqs (12), (13) and (14), Eq. (10) can be substituted into Eq. (15):

TCmtt+l — TCk:t:t+] = TCkb+1  PTCkt:E+1 , (14)

MMPIm,t,Hl _ TEckv,t,t+l x SEckv,t,H—l x CUTk,t,H—l x Tck,t,t+l x PTck,t,t+1 _
GMPIk,t,Hl x CUTk,t,t+1 x PTck,t,Hl — GMPIk,t,H—l x CUEkv,t,t+1 x CUsk,t,H—l x PTck,t,t+1_

(15)
3. Empirical analysis
3.1. Research subject and data source

The empirical research focuses on the technical efficiency and productivity of the metafron-
tier and group frontiers for Taiwan’s semiconductor industry during 2009 to 2011. Based on
data in the semiconductor manufacturer yearbook, the industry is divided into IC design,
IC manufacturing, and IC packaging and testing. In order to obtain information fairly and
consistently, this study focused on semiconductor manufacturers that were listed on the stock
market and over the counter (OTC) market. In order to conform the homogeneity of sampled
companies during research period, we selected 77 IC design companies, 10 IC manufacturing
companies, and 24 IC packaging and testing companies — a total of 111 companies - that
were all published by the Taiwan Stock Exchange (TWSE) and the databank of the Taiwan
Economic Journal (TE]), as our research samples.

Meng et al. (2006) showed that R&D activity, sales growth and the market value of firms
exist in a positive relationship. R&D expenses were used as a proxy for innovation inputs
for R&D activity (Graves, Langowitz 1996; Wang, Huang 2007). Regardless of whether
manufacturing or non-manufacturing firms are involved, R&D and human capital have
a significant impact on productivity and performance (O’Mahony, Vecchi 2009). Human
capital is an important asset, helping firms engage in production activities, and, for this
reason, the number of employees should be considered as an innovation input (Sterlacchini
1999). Because the semiconductor industry is a high-tech one, Kozmetsky and Yue (1998)
took fixed assets and the cost of sales into account when considering innovation input.
Consequently, we chose fixed assets (x;), number of employees (x,), R&D expenses (x3),
and cost of sales (x4) as input variables, and net sales (y;) and market value (y,) as output
variables. Table 1 shows the definitions of the input and output variables. Other related
studies that adopt similar measures are listed in the references column.

Tables 2 contains the descriptive statistics of the input and output variables for IC de-
sign, IC manufacturing, and IC packaging and testing companies for, respectively, each year
from 2009 to 2011. From the table, we see that although the lowest number of companies
is in IC manufacturing, the means of the input and output variables are higher and the
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magnitude of the standard deviations is greater than the same figures for IC design and
IC packaging and testing companies, except for the number of employees. This indicates
that IC manufacturing has the highest entry threshold in the semiconductor industry. IC
design companies, on the other hand, do not require high capital spending but has high
output value. Table 3 presents the descriptive statistics of the input and output variables of
the semiconductor industry from 2009 to 2011. It shows that the fixed assets (x;), employee
numbers (x,), R&D expenses (x;) and cost of sales (x,) in 2011 were clearly higher than in
2009 and 2010; however, net sales (y;) and market value (y,) are highest in the year 2010.
After the global financial tsunami in 2008, the global economy slowly recovered from 2009
to 2010, but the European debt storm caused a global economic collapse in 2011. Compar-
ing the results from Table 3, we find that the recovery period in the global economy exerted
a significant impact on net sales (y;) and market values (y,) in the semiconductor industry.
During the downturn in the global economy, the semiconductor industry, unlike other
industries, needed to increase its fixed assets (x;), employee numbers (x,), R&D expenses
(x3) and cost of sales (x,) continuously.

Table 1. Measures of inputs and outputs

Dimension Variables References

(x;) Fixed assets (unit: million NT$): Chen et al. (2006); Chu et al. (2008);
includes land, houses, buildings, machinery |Hung and Lu (2008); Kozmetsky and
and other equipment owned by companies. | Yue (1998); Thore et al. (1996)

(x,) Employees: the count of staff in a Chen et al. (2006); Hung and Lu (2008);
company Thore et al. (1996)
(x3) R&D expenses (unit: million NT$): Chu et al. (2008); Thore et al. (1996)

Inputs | costs of research and development activities
arising from personnel, transaction,
maintenance, materials and other fees

(x4) Cost of sales (unit: million NT$): to the | Chen et al. (2006); Hung and Lu (2008);
cost of the initial inventory, add sales over Thore et al. (1996)
the given period, and then subtract the cost
of the final inventory

(y1) Net sales (unit: million NT$): the Hung and Lu (2008); Thore et al. (1996)
operating income after deducting for
operating expenses

(y,) Market value (unit: million NTS$): the Hung and Lu (2008); Thore et al. (1996)
product of the weighted average stock price
and the outstanding shares

Output
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Table 2. Descriptive statistics of the inputs and outputs from 2009 to 2011
X1 X2 X3 X4 N1 V2
- Mean 429 371 747 2,757 4,587 16,305
Std. Dev. 947 614 2,795 6,321 13,678 68,939
IC design Joro | Mean | 469 407 761 3280 | 5134 | 12,901
(77 companies) Std. Dev.| 1,040 730 2,692 7,381 13,860 52,111
2011 Mean 507 442 748 3,060 4,464 8,338
Std. Dev.| 1,219 881 2,470 6,886 11,182 | 36,292
2009 Mean 68,651 6,487 4,380 44,921 57,409 | 228,714
Std. Dev. | 77,399 7,367 6,162 46,487 82,999 | 484,674
IC manufacturing | | | Mean | 86659 | 7833 | 5783 | 55368 | 82349 | 235,556
(10 companies) Std. Dev. | 109,940 9,862 8,407 59,868 | 117,913 | 537,599
5011 Mean 94,216 7,982 6,576 56,957 | 74,646 | 227,165
Std. Dev. | 139,237 9,961 9,607 65,041 | 121,277 | 580,910
2009 Mean 9,396 3,343 297 8,717 10,690 21,909
Std. Dev. | 16,982 6,324 742 15,770 19,976 40,326
IC packaging Mean | 11,189 | 4,552 447 | 13,325 | 16,870 | 23,813
and testing 2010
(24 companies) Std. Dev.| 21,056 | 9,955 | 1239 | 30,301 | 38376 | 44,734
2011 Mean 12,000 4,662 520 13,398 16,437 17,769
Std. Dev. | 23,341 10,503 1,440 30,627 37,701 37,602
Table 3. Descriptive statistics of the inputs and outputs for the 111 semiconductor companies
from 2009 to 2011
Semiconductor igdustry X 5 s, X, ” ¥,
(111 companies)
Mean 8,514 1,564 977 7,844 10,665 36,653
2009 Std. Dev. | 31,209 | 4,202 3,184 | 20,448 | 32,544 168,727
Min 2 27 5 20 31 115
Max 273,675 | 29,500 | 24,185 | 166,414 | 295,742 | 1,670,725
Mean 10,552 1,972 1,145 10,145 | 14,628 35,320
2010 Std. Dev. | 42,166 | 6,066 3,725 | 27,899 | 46,701 179,841
Min 2 22 5 33 48 122
Max 388,444 | 48,900 | 29,707 | 212,484 | 419,538 | 1,839,616
Mean 11,434 | 2,034 1,224 10,151 | 13,375 30,091
2011 Std. Dev. | 50,652 | 6,306 3,980 | 29,178 | 45,983 188,364
Min 2 24 2 18 30 126
Max 490,375 | 51,400 | 33,830 | 232,937 | 427,081 | 1,964,450
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3.2. Efficiency assessment

The conventional DEA approach assumes that the all DMUs being evaluated are equipped
with similar levels of technology. This assumption, however, may not correspond to reality,
and the corresponding results would provide an inappropriate efficiency frontier. Therefore,
a nonparametric statistical test, like the Kruskal-Wallis test, is suitable to examine the tech-
nology frontier differences between the IC design, manufacturing, and packaging and testing
companies. The null hypothesis represents that the three samples are from identical popula-
tions. The result reveals that the Kruskal-Wallis test values for 2009 to 2011 are 8.439, 8.035,
and 6.504, respectively and that the null hypothesis is rejected at the 5% significance level.
The analytical results led us to infer that the three samples belong to different technology
frontiers and that technology gaps exist among them (Huang et al. 2012). Using formulas (6)
and (7), we calculated the metafrontier efficiency (1—13”” (xt Vs )) of the overall semicon-
ductor industry from 2009 to 2011 and the efficiency (1- Dkt (x, y) ) within the IC design,
manufacturing, and packaging and testing companies. We then used formula (5) to calculate
the technology gap ratio (TGR).

Table 4 shows that the metafrontier efficiencies of the IC design companies and the IC
manufacturing companies performed the best in 2010, but the metafrontier efficiencies
of the IC design companies and the IC manufacturing companies performed the worst in
2011. The IC packaging and testing companies performed the best in 2009. This means,
in terms of measuring by metafrontier, that the European debt storm in 2011 had an im-
pact on the IC design companies and IC manufacturing companies but that there was no
influence on the IC packaging and testing companies. In addition, we found that the IC
manufacturing companies underperformed against the IC design companies and IC pack-
aging and testing companies, when the metafrontier was regarded as the evaluation basis,
from 2009 to 2011. In terms of the TGR, IC design companies had the largest TGR from
2009 to 2011, which means that IC design companies have small efficiency gaps between
the metafrontier and group frontier. These companies are followed by IC packaging and
testing companies, while IC manufacturing companies have the largest efficiency gaps.

Table 4. The average technical efficiency of the metafrontier and group frontiers, and TGR

Year The technical efficiency of the metafrontier IC IC manufacturin IC packaging
and group frontiers, and TGR design & | and testing

2009 TE™!(x!,y") 0.884 0.848 0.921
TER(x!,yt) 0.889 0.946 0.945
TGR 0.995 0.895 0.973
2010 TE™(x!,y") 0.898 0.879 0.890
TER(x!,y") 0.904 0.981 0.921
TGR 0.993 0.896 0.966
2011 TE™!(x!,y") 0.883 0.808 0.890
TEk!(x, ") 0.886 0.958 0.924
TGR 0.996 0.841 0.963
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From a methodological perspective, the efficiency score obtained with the directional
distance function and conventional DEA approach (see the input-oriented CCR model of
Charnes et al. 1978) will be different. The descriptive statistics for the metafrontier effi-
ciencies obtained using both approaches appear in Table 5. The result shows that the mean
metafrontier efficiencies in the CCR model are lower than that obtained using the direc-
tional distance function for all the years. However, the standard deviations and ranges of
the metafrontier efficiencies for the CCR model are higher than the corresponding values
obtained using the directional distance function. These results show that the metafrontier
efficiencies for the CCR model will be underestimated and that the metafrontier efficiencies
for the CCR model fluctuate widely. Furthermore, the Wilcoxon test presents significant
differences between both approaches for all the years.

Table 5. Descriptive statistics of the metafrontier efficiencies for both approaches

Year Approaches Average | Std. Dev. Min Max
2009 | DDF* 0.889 0.109 0.507 1.000
CCR** 0.815 0.162 0.340 1.000
Comparison between DDF and CCR | Wilcoxon test ‘ Z = -8.853 ‘ P-value = 0.000
2010 | DDF 0.895 0.095 0.519 1.000
CCR 0.822 0.146 0.351 1.000
Comparison between DDF and CCR | Wilcoxon test ‘ Z=-8.880 P-value = 0.000
2011 | DDF 0.878 0.111 0.497 1.000
CCR 0.798 0.163 0.331 1.000
Comparison between DDF and CCR | Wilcoxon test ‘ Z =-9.033 ‘ P-value = 0.000

Notes:* DDF: directional distance function ** CCR: input-oriented CCR model.

3.3. Productivity measurement of metafrontier and group frontiers

Using formulas (10) and (11), we obtain the Malmquist productivity indices (MMPI, GMPI)
of the metafrontier and group frontiers. Table 6 and Table 7 illustrate the productivity indexes
of the up-, middle- and downstream companies of the semiconductor industry from 2009
to 2010 and from 2010 to 2011. Table 6 shows that both the MMPI and the GMPI of IC
packaging and testing companies rose (MMPI>1 and GMPI>1) from 2009 to 2010; while
the productivity of IC design companies fell (MMPI <1 and GMPI <1); the metafrontier pro-
ductivities of IC manufacturing companies fell (MMPI <1), but their GMPI rose (GMPI>1).
To explore the reason why the productivity changes, looking at changes in pure technical
efficiency, changes in scale efficiency and technical change, we found that, whether looking
at the metafrontier or at group frontiers, the technical change in IC packaging and testing
companies was greater than that in IC manufacturing companies, and both types of company
show progress in technical change (TC™> 1, TCK> 1); on the contrary, IC design companies
show regression in technical change (TC”< 1, TCk<1). Additionally, the reason for the pro-
ductivities of IC manufacturing companies being lower than those of IC packaging and test-
ing companies is the low level of technical change in the metafrontier and group frontiers.
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From the viewpoint of the metafrontier, the scale efficiency change of IC design companies
(SEC™” =1.009) is the closest to 1, which means that these companies are the closest to the
optimum metafrontier production scale.

Using formula (15), we show that the differences between the MMPI and the GMPI lie
in the catch-up in technology (CUTX%#*1) and the potential technical changes (PTCk51+1),
The values calculated for the potential technical changes of IC design companies are greater
than unity, thus making the GMPI smaller than the MMPI. This shows that the production
technology (productivity) of IC design companies in the group frontiers caught up with
the production technology (productivity) in the metafrontier. However, the value of the
catch-up in technology or potential technical changes is smaller than unity, thus making
the GMPI greater than the MMPL. This means, in terms of measuring by group frontier, IC
manufacturing companies and IC packaging and testing companies cannot catch up with
the production technology (productivity) in the metafrontier.

Table 7 shows that, from 2010 to 2011, the MMPI and the GMPI of IC design, IC
manufacturing, and IC packaging and testing companies all fell (MMPI<1 and GMPI<1).
Likewise, when exploring the productivity changes, looking at the change in pure technical
efficiency, change in scale efficiency and technical change, we found that the cause of the
overall productivity index decrease in the semiconductor industry is that the extent of the
decrease in technical change is greater than the extent of the decrease in the change in pure
technical efficiency, with the decrease in IC design companies being the most significant.
The results show that the semiconductor industry began to move towards economic de-
pression in 2011. From the viewpoint of the metafrontier, the scale efficiency change of IC
design companies (SEC™" =0.998) is the closest to 1, which shows that they are the closest
to the optimum metafrontier production scale.

Using formula (15), we show that the differences between the MMPI and the GMPI lie
in the catch-up in technology (CUT*%/*1) and the potential technical changes (PTCk®4+1),
The catch-up in technology of IC manufacturing companies and the potential technolog-
ical changes of IC design companies is smaller than unity, thus making the GMPI greater
than the MMPI. This indicates that the production technology (productivity) of the sem-
iconductor industry in the group frontiers cannot catch up with the production technolo-
gy (productivity) in the metafrontier. However, the potential technological changes of IC
packaging and testing companies lead to the GMPI being smaller than the MMPI. This
shows that the production technology (productivity) of IC packaging and testing compa-
nies in the group frontiers caught up with the production technology (productivity) in the
metafrontier.

Table 6. The decompositions of GMPI and MMPI from 2009 to 2010

MMPI[TEC™|SEC™| TC™ |GMPI|TECK|SECK| TCk |CUTK|CUEK| CUSk| PTCK
IC design 0.750 | 1.012 | 1.009 | 0.737 | 0.748 | 1.014 | 1.008 | 0.735 | 0.999 | 0.998 | 1.001 | 1.003

IC manufac-
turing

0.848 | 1.090 | 0.963 | 0.813 | 1.232 | 1.040 | 1.004 | 1.180 | 1.006 | 1.047 | 0.960 | 0.723

IC packaging

- 1.317 | 1.014 | 0.959 | 1.367 | 1.468 | 1.008 | 0.971 | 1.512 | 0.994 | 1.007 | 0.988 | 0.908
and testing
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Table 7. The decompositions of GMPI and MMPI from 2010 to 2011

MMPITEC™V|SEC™| TC™ |GMPI|TECK|SECK| TCk |CUTK|CUER| CUSk| PTCK
IC design 0.624 | 0.986 | 0.998 | 0.636 | 0.628 | 0.985 | 0.997 | 0.641 | 1.002 | 1.001 | 1.001 | 0.993

IC manufac-
turing

0.707 1 0.924 1 0.992 | 0.772 | 0.740 | 0.987 | 0.989 | 0.764 | 0.937 | 0.935 | 1.005 | 1.272

IC packaging

. 0.724 1 0.985 | 1.015 | 0.725 | 0.618 | 0.995 | 1.009 | 0.616 | 0.997 | 0.990 | 1.007 | 1.151
and testing

Table 6 and Table 7 compare the MMPI changes from the viewpoint of the up-, middle-,
and downstream companies of the semiconductor industry. We then observe the trend
over time of the MMPI when looking at the same group. From Table 8, we show that the
productivity variation of the semiconductor industry sharply declined from 2009 to 2011,
representing the occurrence of a new wave of economic recession. We found that the neg-
ative growth variation (-0.451) of IC packaging and testing companies is greater than that
of IC design companies (-0.169) and IC manufacturing companies (-0.166). Using the
elements of the MMPI to explore the time trend of productivity changes, we found that the
technical change (TC™) in IC design companies and IC packaging and testing companies
was the main reason for the negative growth of the MMPI, meaning that, as time went by
during the research period, technical change decreased. On the contrary, the pure techni-
cal efficiency change (TEC™) of IC manufacturing companies drives the negative growth
of the MMP], indicating that the pure technical efficiency of these companies drags down
their productivity.

Table 8. The time trend of GMPI and MMPI from 2009 to 2011

IC design IC manufacturing IC packaging and testing

2009- 2010- varia- 2009- 2010- varia- 2009- 2010- varia-
2010 2011 tion 2010 2011 tion 2010 2011 tion

MMPI 0.750 0.624 -0.169 0.848 0.707 -0.166 1.317 0.724 -0.451
TEC™ 1.012 0.986 -0.026 1.090 0.924 -0.152 1.014 0.985 -0.029
SEC™ 1.009 0.998 -0.010 0.963 0.992 0.030 0.959 1.015 0.059
TCc™ 0.737 0.636 -0.138 0.813 0.772 -0.050 1.367 0.725 -0.469

Conclusions and implementation

Since the beginning of the twenty-first century, the semiconductor industry, which uses sili-
con as its main component, has increasingly been seen as one of the more important invest-
ments in the industrial development sector. Semiconductors are replacing oil and iron as
the basics of industrial society. In response to the globalization trend, the semiconductor
industry is under pressure to achieve low profit margins, and there is fierce competition,
making its business performance particularly important. Therefore, this study analysed the
static and dynamic business performances of IC design, IC manufacturing, and IC packaging
and testing companies, the up-, middle- and downstream companies of the semiconductor
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industry, in order to provide directions for improving business performance through em-
pirical results. We also discovered which companies have the best business efficiency and
productivity within the semiconductor supply chain in Taiwan.

The empirical data used in this study were gathered from 111 semiconductor manu-
facturers that were listed on the stock market and the over-the-counter market in Taiwan
from 2009 to 2011. The empirical results of this paper are summarized in the following
paragraphs. First, the IC manufacturing companies underperformed from 2009 to 2011
against the IC design companies and IC packaging and testing companies when the meta-
frontier was regarded as the evaluation basis. From the perspective of TGR, IC design
companies had the largest TGR, which means that IC design companies have the best
ability to use their resources; they were followed by IC packaging and testing companies,
and IC manufacturing companies were the worst in this category. Second, both the MMPI
and the GMPI of IC packaging and testing companies rose (MMPI>1 and GMPI>1) from
2009 to 2010, while the productivities of IC design companies fell (MMPI<1 and GMPI<1).
The metafrontier productivities of IC manufacturing companies fell (MMPI<1), but their
GMPI rose (GMPI>1). Third, between 2010 and 2011, the MMPI and the GMPI of IC
design, IC manufacturing, and IC packaging and testing companies all fell (MMPI<1 and
GMPI<1). The results indicate that the semiconductor industry began to be affected by
economic depression in 2011. Fourth, from the time trend of the MMPI, we discovered that
the technical change of IC design companies and IC packaging and testing companies was
the main reason for the negative growth of the MMPL In contrast, the pure technical ef-
ficiency change of IC manufacturing companies caused the negative growth of their MMPI.

Next, we will be discussing the implications of the empirical results on the semiconduc-
tor industry in Taiwan. Through the study, we discovered that IC manufacturing requires
considerable investment and then has the highest entry threshold within the semiconductor
supply chain in Taiwan. On the contrary, IC design companies require low capital spending
and an extensive use of human capital and intellectual capital industry. However, the global
economy is good or bad has a very high interlocking relationship between the performanc-
es of the semiconductor market. In addition, capital spending in the semiconductor indus-
try has still increased during the downturn in the global economy. The result is pointed out
that some large semiconductor companies can continue to increase capital expenditures in
the case of economic recession. Therefore, the semiconductor industry in Taiwan has faced
the situation that the bigger the stronger in this fiercely competing market when the global
economic recovery. After, the gap between competitors of the semiconductor industry will
be widened and then the rise of the mergers and acquisitions will be generated.

Limitations and recommendations

Like other studies, this study has two limitations. First, this study was confined to data pro-
vided by the TE] database, thus restricting the selection of business performance-related
input and output variables for exploration. However, using information gathered from other
databanks to enhance the data integrity, further studies may extend our study by consider-
ing other input or output variables, such as the number of patents and patent royalties. The
number of patents and patent royalties are regarded as an important indicator of the outputs
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of R&D (Hall, Ziedonis 2001; Hitt et al. 1991). Second, the semiconductor companies in this
study don’t consider the impact environmental variable on the semiconductor industry. We
suggest adding related environmental variables in future research because of the environ-
mental pollution produced in the process of manufacturing semiconductors. We recommend
adding related undesirable output variables, such as effluent discharge, gas emission and
waste disposal; this may lead to different results from those obtained in this study. Hence,
future research could examine the environmental impact on performance evaluation in order
to further enhance our understanding of underlying industry development.
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