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Abstract: In many practical applications, past results aresudficient for evaluating a DMU’s
performance in highly volatile operating environttgersuch as those with highly volatile crude oil
prices and currency exchange rates. That is, ih sawironments, a DMU’s whole performance
may be seriously distorted if its future performanehich is sensitive to crude oil price volatility
and/or currency fluctuations, is ignored in the leation process. Hence, this research aims at
developing a new system of DEA models that incaafma DMU’s uncertain future performance,
and thus can be applied to fully measure theicigfficy.

Keyword: Data envelopment analysis, Performance evaluaforgcast, Dynamic, Entropy.

1. INTRODUCTION as crude oil prices and currency exchange ratest i$h

Companies in most, if not all, industries can exgec  the entirety of company performance in those inust
experience a sustained level of volatility over trext ~ tightly —depends —on future volatility —of the
few years. For example, crude oil prices and cayen macroeconomic indices. It follows that to thoroyghl
exchange rates have been exhibiting high volatility evaluate such companies’ performance, the evaluator
recently due to both natural and human causesyélhd ~ Must assess not only their past and present redurds
continue to do so. It is evident that every company also future potential. Obviously, it is very chaligng to
regardless of industry, is inevitably affected iffaent ~ €valuate a company’s performance that involves a
degrees by crude oil prices and/or currency exahang past-present-future time span. Hence, this resesiroh
rates. Of particular interest in this paper areitideistries {0 tackle the problem of how to fully evaluate camp

that are highly sensitive to macroeconomic indisesh ~ Performance in highly volatile future environments.
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DEA has been well recognized as a powerful the DMUs in volatile environments.

evaluation tool, and has been applied to a widetaof
2. GENERALIZED DYNAMIC EVALUATION
STRUCTURES

Consider a  past-present-future  intertemporal

practical evaluation applications. It is a non-paetric
linear programming technique that measures thdivela
efficiency of DMUs by capturing the interaction amgoa

evaluation structure that consists off+k) terms

common set of multiple inputs and outputs. It igedo (1,2,...T+K), where terms (1,.T:1), termT and term

that conventional DEA models are designed for (T+1,...T+K), respectively, represent the past, present

measuring the productive efficiency of DMUs based and future time structures. Figure 1 demonstraieb an

merely on historical data. However, such past tesare evaluation structure. As shown in the figure,

not sufficient for evaluating a DMU’s performance i present terms (1,2,T) exhibit a typical dynamic

highly volatile operating environments such as ¢hos structure; however, future term3=(L,... T+K) show a

with highly volatile crude oil prices and currency non-ypical dynamic  structure. Therefore,  this

exchange rates. It is evident that, in such enviremts, past-present-future intertemporal evaluation stmectis

if a DMU’s future performance that is sensitivectoide referred to as meneralized dynamic structure in this

oil price volatility and/or currency fluctuations ignored research. In addition, it is noted that this evid

in the evaluation process, then its whole perforraan structure is an integration of three different &ngrm

may  be  seriously distorted.  Hence, the stryctures that correspond to tertfit=1,...,T), term

performance-evaluation techniques that explicidket  T+1, and term I(I=T+2,..T+k) , respectively.

future volatility into account are unavoidable and Therefore, in what follows, we first introduce ttrgee

indispensable in practice. single-term evaluation structures. Then, basedheset

However, to our knowledge, there are no DEA models .
single-term structures, we construct the completet

proposed in the literature that take future peramoe evaluation structure. However, to begin with, wedéo

volatility into account. We believe that Chang ét a define the carry-over activities between two consge

(2015) is the only research work so far that terms. Here, we classify the carry-overs into twmes to

simultaneously takes  past, present and fuwreexplicitly reflect their actual characteristicssdietionary

performance indicators into account. Their proposed(free) and non-discretionary (fixed) carry-oversMs

DEA models are, however, most suitable for conahgct can freely handle free carry-overs such as cuasséts.

performance evaluations for DMUs in which future By contrast, DMUs cannot control fixed carry-ovetsh

potential, e.g., RED expenses, plays a vital roldheir as non-current assets. Note that in the generalized

competitive success. That is, those DEA modelsnate . .
dynamic structure, there are carry-overs betweés p&

designed for evaluating the DMUs’ performance tisat terms (tt+1) , t=1,...T ; however, there are no

sensitive to macroeconomic indices such as crutle oi. . .
intermediate carry-overs between pairs of futumenge

prices and currency exchange rates. Therefore, this(t,t+1) t=T+1,..T+ k- 1), due to the difficulty of
research seeks to develop a new system of DEA MOdelforecasting the related values.
that incorporate the DMUs’ uncertain future perfanoe,

and thus can be applied to fully measure the efficy of
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Figure 1: Generalized dynamic evaluation structure.

First, the evaluation structure with respect tamter activities with respect to future terms
t(t=1...T) is associated with input sgtoutput set, ~ T+2T+3..T+k because of the difficulty of

incoming carry-overt, and outgoing carry-ovet; it is forecasting their corresponding values. However tw
however noted that the incoming carry-over 1 from consecutive terms between future terms
initial term 0 is usually unknown and is thus oeutt(see ~ T +2,T+3,...T +k are still connected with occurrence

Tone and Tsutsui, 2010). Second, the non-typicalconditional probability. That is, there is a trdiuwsi

dynamic evaluation structure with respect to futiren  Probability (weight) from sub-termr + 9(9)(z=1....h)

T+1 is comprised of h sub-terms denoted as ©f future term T+g(g=1..k-3 to sub-term

T+1(),l=1,...h. That is, it is assumed that there are  T+(g+1)(1)(I=1..h) of future term T+(g+1)

. . . f T 1 .
possible states associated with future tefm1; for  that is denoted a$z+(g+)- How to determine these

example, there could havepossible crude oil prices or transition probabilities is also detailed in thexngection.
US dollar currency exchange rates in tefin1. Each  Furthermore, each sub-ternT +g(l)(I=1..h) of
sub-term T+1()(1=1..h) is associated with a future term T+g(g=2,..k) is associated with input

transition probability (weight) from present termto  set T+g(l) and output setT+g(l) with weight

sub-term T+1() denoted as p'*™ , such that

) i py 9. It is noted that the assumption here that there
Zp,T*lzl. How to determine p/*™*l1=1..h is  **

I=1 are alsoh possible states associated with future terms
detailed in the next section. In addition, each-tguin T+2,T+3,...T +k isjust for presentation convenience,
T+1()(I=1..h) is associated with input s€E+1(1), i 4 requirement.
output setT +1(1), and incoming carry-oveiT +1(I) Lastly, Figure 1 demonstrates the complete
with weight p' ™. Third, the structure associated with generalized dynamic evaluation structure, dispigyin
future terms T+2T+3,..T+k is slightly different  time spanning past-present-future periods that are
from that which is associated with future terfn+1. constructed based on the three single-term evahuati
More precisely, the only difference between the two structures described above.

structures is that there are no incoming carry-over
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3. FUTURE PERFORMANCE FORECASTS methods that are preferable to complex methodsuseca
Notice that the forecasted inputs (e.g., productionthey are easier to understand and explain. It tiechthat

costs) and outputs (e.g., selling profits) depicied the development and the choice of forecasting igcies

Figure 1 are actually functions of variables (equde are not the focus of this research. This studyzesl the

oil prices and currency exchange rates) that arsitsee ~ MOVINg average method (see e.g., Montgomery et al.,
to highly volatile operating environments. It is itgu 1990) to estimate the future performance forecasts

possible, and common, that different DMUs have because the moving average method is one of theé mos

different degrees of sensitivity to the variabieiserefore, ~ Well-known and established forecasting methods in
in such circumstances, to completely evaluate this, ~ Practice (Sanders and Manrodt, 1994; Armstrong 2001

the evaluator must take future performance volgtifito ~ Furthermore, this research directly applies the dam
account, which is exactly the major point of trésgarch.  Public domain resources, which generally do novioie
In addition, each of these variables, e.g., cugenc detailed information. Under such circumstances;ogmt

exchange rates, may be measured in several differer information theory offers a feasible way for raeang

currencies. For example, a DMU may procure res@urce the uncertainty of the probability distributionsrahdom

(input costs) from and sell products (output rees)uo variables (future inputs and outputs in this reslggafsee,

different countries so that it faces different emgies €9 Kapur, 1989). Kapur (1989, p. 11) states, thae

and thus varying currency exchange rates. Theafhtic should take all given information into account amd
a variable that involves different currencies should be Should scrupulously avoid taking into account any

treated as different variables. However, in doing so, the Information that is not given to us.” This leads tre
numbers of inputs and outputs, and thus the sizief '€Nowned maximum-entropy principle that, “aims izeg

generalized dynamic evaluation structure shown inUS @s uniform or as broad a distribution as possibl

Figure 1, will exponentially and dramatically inage. It ~ Subject to the constraints being satisfied (Kaf@g9, p.

follows that the differentiation power of the 11).” Moreover, based on data availability, futimputs

corresponding generalized dynamic DEA models will and outputs are treated as discrete random vasiinée

significantly decrease. Hence, in this instance,use a (ke a finite number of values.

single currency to measure the variables by coimeert The above analysis suggests that this researdheutil
other currencies into that single currency. Forneple, the maximum entropy approach to determipﬁ“, the

consider crude oil prices or currency exchangesrate transition probability from present terff to sub-term

based on US dollars by converting other forelgn_l_+1(|) of future term T+1. and p;+(g+1), the

currencies into US dollars.

_ . ) . transition probability from sub-ternT + g(z) of future
There exist a variety of forecasting methods taljote

the values of the above variables (Montgomery et al ©rm T+g to sub-termT +(g+1) (1) of future term

1990). However, none of them can be consideredeto b T (g+1), that are described in the preceding section.
superior to the others in every respect (see e.g.,

Armstrong, 2001; Ouenniche et al., 2014). Nonetgle
4. GENERALIZED DYNAMIC DEA MODELS
there are some well-accepted principles, such as

short-term forecasts that are generally more atethan This research proposes a new system of DEA models

medium- and long-term ones; aggregate forecastsitba with embedded the generalized dynamic structureisha

. : . described in Section 2. However, the dynamic DEA
generally more precise than single ones; and simple
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models with typical dynamic structure such as thoseto the generalized dynamic DEA models is defined as
proposed in Tone and Tsutsui (2010) can be used afollows:
building blocks to develop the generalized dynabiicA
models that incorporate DMUs' uncertain future ZZX”M] (i=L.mit=1..T)
performance.

To construct the generalized dynamic DEA models, it Yie s zy'lt (i=1..sit=1..T)

is assumed that there ar®MUs (j = 1, ...n) over (T+k)

terms ( = 1,...T+k). In each term (t = 1,...T), DMUs Uiy —Zuut|51| (I=L..rt=T+1.T+kt=1.1)
have commomm inputs { = 1,...m) ands outputs { =
1,...5). On the other hand, in each tero= T+1,...T+k), Vit = z wo (i=L..dt=T+1.T+kt=1.1)

DMUs have commorr inputs { = 1,...r), and/ord _
P ( " z®  unrestricted (i= 1,.nfree;t=1,..T)

outputs {( = 1,...d). That is, it is important to note that

depending on the considered problems, the futuraste  z™ Zz.,f{x/lt (i=1,..nfix;t=1,..T)
T+1,...T+k may not simultaneously associate both inputs N
and outputs. Furthermore, let, (i = 1,...m) and y, 2/1} =1 (t=1..T)

(i=1,...,s) represent, respectively, the input and output of ;

t _ _ —
DMU j in termt (t = 1,..T), and u,(i=1...r) and 251' =1 (t=T+1..T+ki=1.h)

Vi(i=1..d) represent, respectively, the input and A{>0 (j=1,..nit=1.T)
output of DMUj in sub-termt(l) of future termt(t = 5320 (j=L.nfi=1.ht=T+ 1,.T+k)

T+1,...T+k). Note and recall that both input, and
In the above production possibility set,
output Vv, are functions of variables, such as crude oil
AeR"(t=1,..T) and 4 eR" (I=1..h;
prices and currency exchange rates that are mehbyre
t=T+1,...T +k) are the intensity vectors, and the third
a common currency, e.g., the US dollar.

In addition, recall that it is assumed that eadrki and fourth to last constraints correspond to théakbée

term t(t = T+1,...T+k) is comprised ofh sub-terms returns-to-scale assumption (if the constraints are

(possible stateg]l),| = 1,...h. Moreover, denote the free omitted, then the production possibility set iscassted

and fixed carry-overs (links), respectively, aﬁ*(i _ with the assumption of constant returns to scale).

Furthermore, it is noted thak, and Y, and u, and

1,..nfree j=1,..mt=1..Tand z3 (i = 1,...ofix; | !
V;y on the right-hand side of the above constraings ar

=1,...n;t=1,...T), wherenfree andnfix are the number

of free and fixed links, respectively. Recall tkiatre are respectively, observed and forecasted positive , data

no carry-over activities with respect to futurenterdue ~ While X, ¥, Uy, and v, on the left-hand side of

to the high degree of forecast difficulty. the constraints are all variables. Moreover, natize the

constraints in the production possibility set aedirted

4.1. Production Possibility Sets separately for each term. Hence, to ensure thencotyt

Based on the notation defined above, the productlon of link flows (carry-overs) between two consecutive

terms of the past (1,.T51), present ) and the first

fix

4y

free

possibility set {()gt,yn,um, 2 )} with respect

future (T+1) terms, we need to include the following
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conditions:

Z Zh=al = Z = (vi
Z 2504} = Z Zeat (Vi
Z 27 A = Z p”l[z zhes T”J (Vi=1,...nfree)
ZZ“W z p”{z Zt T”J (Vi=1,...nfix) .

=1,..,nfreet=1,..T - }

=1, nfixt=1,,.T-1;

4.2. DEA ModelsInvolving Future Performance

Based on the production possibility set that is Sgteei unrestricted in sign (Vi t)

constructed in the preceding subsection, this rekea

z Z”free/1t z z”reeiul i

z Zulxﬂt Z z”'xﬂt”' i

n
D A=1 (t=1..T)
j=1

A =0 (Vj.t)
Sa 20 (Vi)

Sa 20 (Virt)

n

develops the DEA models that incorporate uncertain Uiy =2uijt,5}, +6q (=1,

future performance.

It is emphasized that all the

j=1

=1,..h)

proposed models are non-radial slacks-based measure

=1,..nfreet=1,..T -}

®)

=1,..nfixt=1.T-}

(6)

()

(8)
)
(10)

(11)

Lrt=T+1,..T+k

(12)

. n
(SBM) models (Tone, 2001). That is, these modelsViotl :Zvimg}l_qgﬂ (i=1..d:t=T+1.T+k

consider the excesses associated with inputs atiu#or
shortfalls associated with outputs as the mainetargf
the evaluation. In addition, due to that, dependinghe
considered problems, the future teriisl,....T+k may
not simultaneously associate both inputs and ositput
The procedures for

constructlng mput -oriented,

T
output-oriented and non-oriented models are similar Z‘,ZUT/1 Zp

Therefore, we here simply introduce the input-deen

model. For modeling convenience, we first denote
DMUg(0 = 1,...n) as follows:
n
o= D Xih +So (i=1...mit=1..T) (1)
j=1
n
Yiot =Zyijt/1} -st (i=1..s;t=1..T) (2)

j=1

free

2 =1,...nfree;t=1,..T) (3)

zzjree/it_'_agtee (i

70 = Zz,'mt (i =1,...nfix;t = 1,..T) )

66

i=1
I=1,...h)

(13)

i Z|freeﬂdT z pT+1(z z|free5T+1J Vi =1, _..,nfree)

n

j=1 1=1

n
200+
j=1
520 (vjlt)
€y 20 (Vi,lt)

8oy 20 (Vilt)

(t=T+1,..T+k;l=1,.h)

(14)

T+1(z 7 T+1J (Vi =1,...nfix)

(15)

(16)

17)

(18)

(19)

The input-oriented generalized dynamic DEA model

corresponding to DMK{o =

follows:

1,...n) can be expressed as

Chang-Tone-Wu <6>



iat 1_1 Zm:p Sot Pa(zl=1,..ht=T+2,.T+k .
m Xiot . .

1 |'= ) Let the optimal solution to the above model be,

T+k N ) N |
Za +Tzk tzh“th 1- [ZM %tlﬂ ,U 5” got,sm s10t Lol ,q"’gﬂ (viyjtlh)y . 1t is

_ =1 — tl . . .
=T+ tho important to note that, sincg™® is unrestricted in sign

g, = min

20
(20) (ie., if SM>0, then the current valuez™™® is

subject to (1)-(19).
. , , excessive and if§"® <0, then z"® is deficient),
where & is the term weight corresponding to term
. slacks in the free links are not considered inabgctive
t(t=1,....T +k) thatis specified by the evaluatowy ", . , .
function of the input-oriented past-present DEA elod
defined in Section 3, is the evaluator-specifieture However, as shown in Tone and Tsutsui (2010), the

sub-term input weight corresponding to sub-term .k can be taken into account in either of the
t(1)(I=1,...h) of future termt(t =T +1,...T+k), and  following two ways: (1) theex post way; and (2) the

p~, w4 are the evaluator-specifiquast-present input binary mixed integer fractional programming apptoac

: . : We refer the reader to Tone and Tsutsui (2010)tHer
weight and future input weight that correspond,
o latter approach and consider only the former method
respectively, to past-present inpu(i=1,...m) and

freex—

That is, let Sot | = max{ 050

freer } and

future input i :1,...,r). In addition, the weights are
freer+
set to satisfy the following conditions: Sot

h m
D wt=1t=T+1..T+k), Y p =m, and
1=1 i=1

= mln{O e }

Then, we can define the input-oriented overall

efficiency 6, as

r s 1 m p,sj nfree Sfreg
m=r. a'|1- ot )
; ' Z m+ nfree( ot Z free J

o — 1 t=1 ic1 ot
It is evident that the objective function involvéshk ? Tz“iat Tk uw qoﬂ
+
efficiency-related scores measured by the relatlaeks t=1 ;1 Z Z Uiy

of inputs, wher€l scores are related to tiigoast-present  Besides, in such a generalized dynamic evaluation

terms, andhk scores are related to thefuture terms, structure, 6':, is actually the weighted average Bfhk

with each consisting ofh sub-terms. That is, the .
objective function is defined as the weighted ageraf efficiency scores that are represented @yt =1...T
T+hk efficiency-related scores measured by the relativeand 6y, t=T+1,..T+k])=1..h. Thatis,

slacks of inputs. Note that each score is unitdiiave _ _* nfree _free—

© 1 t Sot
with a value less than or equal to 1 (the lattee#lized O =1~ m+nfree[ leoto + Z Ofree ] t_ L. T)
=1

i=1 Ziot
when all the corresponding slacks are zero). lofed

that the objective function value is less thanquad to 1.

el %IJ (t=T+1..T+k]=1.h).

Recall that future sub-term input  weight eotl —1—?[ 0
i=1 iotl

(I=1..ht=T+1..T+k) in objective functi
W ( ' - - ) n objective Tnction Therefore, the input-oriented overall efficiencye.|

(20) is derived from P ™(=1..h) and g, , can be defined as follows:
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T+k
o =Tk Za eot + z z otl
Za t=1 t=T+1 =1
Definition 1. (input-oriented term efficient) |If

Oy (t=1,...T)=1 and O (t=T+1,...T +k,

=1,..h)=1, then DMU is referred to as

input-oriented term efficient with respect to past-present
term t(t=1..T) and sub-termt(l)(I=1..h) of

future term t(t =T +1,....,T + k), respectively.

Definition 2. (input-oriented overall efficient) If¢9; =1,

then DMU, is referred to asinput-oriented overall
efficient.
Theorem 1. DMU, is input-oriented overall efficient, if

and only if all T + hk terms areinput-oriented term

efficient, ie., Oy =1t=1,...T and

Oy =Lt=T+1..T+k]=1.h.

5. EMPIRICAL STUDY

The proposed generalized dynamic DEA models are

new to the DEA literature. Therefore, to analyzed an

evaluate this new system of DEA models, we conduct

empirical study based on the real data concerning

high-tech IC design companies in Taiwan. It is well

known that the IC design industry is extremely
competitive. An IC design company usually procures
raw materials from a few different countries, sagkio
lower its operational costs. And, at the same tiseeks

to sell its products to as many countries as ptesdd
increase profits. Hence, an IC design company’s
operations performance is very sensitive to today's
highly volatile international currency exchangeegatTo

conduct this empirical study, we extract the enapiri

data, comprising 40 IC design companies, from the

Taiwan Economic Journal (TEJ) database, utilizing only
the latest periods, year 2010 to year 2013. In tiohdi

this research applies the moving average method t

68

predict year 2014 forecasts based on the TEJ daa f
years 2010 to 2013. The results show that 12 otihef
40 DMUs are input-orientedverall efficient. Note that a
DMU is input-orientedoverall efficient if and only if the
DMU’s whole terms are input-orienterm efficient.
Besides, the empirical results also show that iirki
performance indicators are omitted when conductng
performance evaluation, then the DMUs’ performance

may either be overestimated or underestimated.

6. CONCLUSIONS

This study proposes a new system of generalized
dynamic DEA models that simultaneously and expyicit
take DMUS’ past, present and future actions intmaat
to evaluate the DMUs’ overall performance. To date,
there are very limited DEA studies in the literatuhat
consider a DMU’s future performance. Actually, tet
best of our knowledge, this study is the first ttewrnpt
developing DEA models for evaluating a DMU's future
performance in highly volatile operating environrgen

with, for example, highly volatile crude oil pricesd/or
currency exchange rates. In addition, it is worth
mentioning that this study applies the maximum amytr

approach to deal with uncertain future circumstance
We believe that entropy theory can play an impole in
developing the past-present-future intertemporalADE
models.

Unfortunately, due to data availability, we cannot
estimate the cost of sales (input) and net revéouigput)
from forecasted currency exchange rates. Recdllttiea
forecasted inputs and outputs should be the funstaf
forelgn exchange rates. Therefore, we have no eHmit
to apply the moving average method to directly dast
future inputs and outputs from historical data. tTikathe
forecasts cannot fully reflect the highly volatiperating
environments. We believe that detailed data, iflaike,

can further reveal the value of the proposed new

(Past-present-future intertemporal DEA models.
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