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COORDINATION EFFICIENCY FOR GENERAL TWO-STAGE
NETWORK SYSTEM

TI1ANYI ZHAO!, JIANHUI XIE®**, YA CHEN*? AND LIANG LIANG®

Abstract. Two-stage network data envelopment analysis (DEA) is widely used to evaluate efficiency of
different organizations with multiple operations processes or hierarchical structures. Although existing
two-stage network DEA assumes two-stage systems resolve the inherent conflicts between two stages, the
coordination effect between the two stages is usually ignored. Recently, the relation of two-stage network
DEA to traditional “black box” DEA has been studied from the perspective of system coordination.
A coordination efficiency was defined and measured by a DEA-based approach based on simple two-
stage network systems. In this paper, we propose an extended DEA-based approach for measuring the
coordination efficiency for general two-stage network systems. The paper shows that the coordination
efficiency based on the multiplier DEA and envelopment DEA approaches is equivalent to each other
under both constant returns to scale (CRS) and variable returns to scale (VRS) assumptions. The
proposed approach is verified via two numerical examples finally.
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1. INTRODUCTION

Data envelopment analysis (DEA) is a mathematical programming approach for measuring the relative effi-
ciency of entities using multiple inputs to produce multiple outputs [3]. The entities are usually called decision
making units (DMUs). After more than 40 years of development, DEA has been significantly extended and
widely applied to various areas [8, 10,24, 25]. In recent years, DEA has been used as a data-driven tool for
balanced benchmarking [27]. Most recently, it was advocated as data enabled analytics [31].

Traditional DEA models regard each DMU as a black box and the composite efficiency index is evaluated
according to the inputs and outputs of the black box. This consideration makes us estimate the efficiencies of
DMUs conveniently. However, the intermediate links and the coordination effects among the sub-processes are
ignored. Network DEA [11,13] opens the black boxes and estimate the overall efficiencies of the black boxes
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themselves and the divisional efficiencies of the sub processes embedded in them. The estimation of divisional
efficiencies can help decision maker find out where the inefficiencies come from more clearly.

Two-stage network DEA [17,22], which is a special case of network DEA, is based on the basic series network
structure. Kao and Hwang [17] deemed that either constraint of the two sub-stages should also constrain the other
sub-stage and the whole production system. Following this idea, they proposed a rational efficiency estimation
and decomposition model that regarded the overall efficiency as the product of divisional efficiencies. Note that
the weights in terms of the intermediate products were assumed the same [17,22].

Inspired by Kao and Hwang [17] and Liang et al. [22], a lot of interesting studies have enriched the method-
ologies for two-stage network DEA. Some studies proposed to estimate the overall efficiency and divisional
efficiencies based on radial measures [5,9,20]. Kao and Liu [18] further extended their discussions to cross effi-
ciency measurement and decomposition. Based on non-radial measures, especially slacks-based measure (SBM)
[28], some other studies developed their approaches for basic two-stage network system [7], Although the SBM-
based models in Kao [15,16] are proposed for closed series production systems and general network system,
they are also suitable for two-stage network systems. Besides the efficiency measurement, a few studies investi-
gated frontier projection and duality [7,23]. See reviews and references by Kao [13,14] for more comprehensive
discussions on two-stage network DEA.

Chen et al. [6] claimed that traditional DEA and two-stage network DEA were two separate and different
methods. Although two-stage network DEA solves the conflicts between two sub-stages, the relationship between
traditional DEA and two-stage network DEA is usually neglected. As discussed in the existing studies [2, 26],
the coordination effect widely exists in two-stage systems [12] such as supply chain. However, the coordination
effect in two-stage network DEA is seldom considered although Li [19] mentioned the coordination in two-stage
network DEA. Zhao et al. [30] firstly defined the coordination efficiency and proposed a DEA-based approach
for measuring the coordination effect of a special simple two-stage DEA system, i.e., two-stage supply chain
system [4,21,29].

In this paper, we further extend the work of Zhao et al. [30] to general two-stage network system. Particularly,
we propose both multiplier and envelopment DEA models to calculate the coordination efficiency. It shows that
the multiplier DEA approach is equivalent to the envelopment DEA one for general two-stage network system.
In addition, the conclusion is tenable under both constant returns to scale (CRS) and variable returns to scale
(VRS) [1]. The proposed approach is illustrated by two numerical examples.

The reminder of the paper is presented as follows. Section 2 roughly introduces the proposed approach in Zhao
et al. [30]. Section 3 proposes multiplier DEA models for estimating the coordination efficiency while Section 4
proposes envelopment DEA models for doing so. The equivalence between the multiplier and envelopment DEA
approaches is discussed in Section 5. Section 6 concludes the paper.

2. THE APPROACH IN ZHAO et al. [30]

In this section, we roughly introduces the approach in Zhao et al. [30] to measure the coordination efficiency
under basic two-stage DEA system. Assume there are n DMUs and each DMU is a simple two-stage network
system as shown in Figure 1. Each DMUj; uses inputs X;(Xyj,...,X,,;) to produce intermediate products
Z;(Zj,...,Zp;) in the first stage, then the intermediate products Z;(Z1;, ..., Zp;) is used to produce outputs
Y;(Y1,,...,Ys;) in the second stage.

In Zhao et al. [30], coordination efficiency is defined as the ratio of the system efficiency with coordination to
the system efficiency without coordination. Under the VRS assumption, let E(YRS be the system efficiency with
coordination for DMU,. It can be obtained as follows:

S
EVRS _ Zr:1 Up Yo — Wo — Ug
S = max =
Ur,Wd,Vi,Uo,Wo Zi:l UiXio
D
Wyl — W
¢ 2od=1 Wil — Wo

m —_ b
> im1 ViXij

S
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Z,(Z,)mZy)

j
X, (XX, Y, (YY)
> Stage | Stage2 [
FIGURE 1. Basic two-stage network system [30].
; r}/r' - Yo
ng i " Yo g j=1,....n
2 a=1 WaZdj
Uy, W, V; > 0, r=1,...,8,d=1,....D, i=1,....m (1)

where u,, wq, and v; are weight variables (i.e., multipliers) in terms of Y, Zy;, and X,;, respectively. w, and
u, are free variables for modelling VRS.
Let YRS be the system efficiency without coordination. It can be obtained as follows:

D 1(72-VRS
Zd:l Wq (Eo Zdj) — Wo
o = max —
1 . .
W;,Vi, Wo Ei:l UzXzo
D 1
Dde1 Wqldj — Wo
t. T <1,
Zi:l 0; Xij
wh,v; >0, d=1,...,D,i=1,....m (2)

WVRS _

S

2_VRS
Eo

where is stage 2’s VRS efficiency calculated as follows:

S
U Yo — U
E*VRS — max ZT*}) T ©
2 QZ
Ur,W5,Uo Zd:l wd do
S
Zr:l urYrj — Uo
D 2
D=1 WgZdj

Uy, w3 >0, r=1,...,s,d=1,...,D (3)

s.t. <1, 7=1...,n

VRS

VRS is obtained, the coordination efficiency py®5 of DMU, can be calculated as follows:

when o

S
VRS _ max D rmy UrYro — Wo — o
- m
° Upr, W, Vi, Uo,Wo Zi:l (% (WXRSXio)

D
t Zd:l dedj — Wy

s <1, j=1,....n
D imy viXij
ZL:ZEUTY”_UOSL j=1,....n
=1 WaZa
Uy, W, V; > 0, r=1,...,8,d=1,....D, i=1,...,m. (4)

If w, and u, is deleted from the above models, we can obtain the coordination efficiency under CRS. For
example, if there are no variables w, and w, in model (1), then it measures the system efficiency with coordination
under CRS, which is exactly the overall efficiency in Kao and Hwang [17]. See Zhao et al. [30] for more details.
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FIGURE 2. General two-stage network system.

3. COORDINATION EFFICIENCY FOR GENERAL TWO-STAGE NETWORK SYSTEM BASED ON
MULTIPLIER DEA MODELS

In this section, we investigate the coordination efficiency for general two-stage network system based on
multiplier DEA model. Similarly, assume that there are n DMUs. In the first stage, each DMU; uses inputs
Xllj,i =1,2,...,m to produce intermediate products Zg;,d = 1,2, ..., D and outputs Ylwl =1,2,...,L. In the
second stage, the intermediate products Zg4;,d = 1,2,..., D and inputs X}%j, h=1,2,...,H are used to produce

the final outputs ij, r=1,2,...,s. Figure 2 depicts the general two-stage network system.

3.1. CRS case

In the following, we use the same definition of coordination efficiency in Zhao et al. [30], i.e., the ratio of
the system efficiency with coordination to the one without coordination. Similar to the approach for the simple
two-stage network system in Section 2, the multiplier DEA model for estimating the system efficiency with
coordination ESRS of DMU, under CRS is as follows:

max 5
Up, W, Vi b1, h Zi:l UiXio + Zh:l hXho

D L
D1 WaZaj + 30 Y] .
s.t. i T <1, j=1...,n
Zi:lviXij
Drea UrYs, <1 ji=1,...,n
Y i1 WaZay + ey InXE,
u'r‘;wdvvia,u'l?’ﬂhzoa Tzl,...,S d=
i=1,....m, l=1,....,L, h=1,...,H (5)

FCRS _ Zz NGRS &4
ORS _

where wu,., wq, v;, j1;, and ¥, are weight variables (i.e., multipliers) in terms of Y,2, Zajs XZ], Yl;, and X%j,
respectively. It should be noted that model (5) is exactly model (11.13) of Kao [14] if we neglect the non-

Archimedean number constrained to the weight variables.
For the general two-stage network system, due to the existence of the outputs (Y J,l =1,2,...,L) in the
first stage and the inputs (X,%j,h = 1,2,...,H) in the second stage, we cannot obtain the system efficiency

CRS)

without coordination (i.e., & directly by following the same approach in the previous section. Hence, the

CRS
coordination efficiency pCRS cannot be obtained according to the equation ]:JCRS To solve this issue, we build
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the following model to estimate the coordination efficiency pS®° directly:

2
- l -|- U
pgRs max Ez 1Y Z'r 1 urYo

U, Wd,Vis 1,0k Z"; v; (ELCRSXilo> + thl I, (Eg,CRSX}Zw)
Zd | Waldj + Zz L Y
>ica UZle

Zi:1 urYij

i<, i=1,...,n

ZdD:1 dedj—FZf:l I X7, =1 j=1,...,n

s vt U 2 0 r=1,...,s,d=1,...,D
i=1,....m, l=1,...,L,
h=1,...,H. (6)

The difference between models (5) and (6) is the inclusion of E1-CRS and E2-CRS in the objective function.
Specifically, E? CRS is the CCR efficiency of the second stage. If not considering the coordination between the
two sub-stages, E 1-CRS i the minimum reduction ratio of input X! | which could be calculated by the following

107

model:
D 1( 2-CRS L 1
- D=1 Wy (Eo Zdo) + 2 m1 Y
EI-CRS — max — — 2
o 1, m X1
Wa,VirHi Zz 1 ViAo
Zd \ wiZaj + Zl L Y .
s.t T <1, ji=1...,n
POy v X
w,vi, >0, d=1,....,D,i=1,....m, l=1,....L (7)
when the system efficiency with coordination EOCRS and coordination efficiency pSR5 are obtained, we can get
CRS
the system efficiency without coordination via ﬁgRS = ?cm .

3.2. VRS case
The VRS DEA model for estimating the system efficiency with coordination of DMU, is as follows:

max

Ur W Vi, b, U Wo i viX, + Zh:l In X7,
iy waZaj + Y2y Y — wo -1
D viX -
D Zi:luryr%;uo <1, j=1,...,n
Dt WaZdj + Doy Un X3,
Up, W4, Vs, i1, U > 0, r=1,...,s,d=1,...,D
i=1,...om,l=1,....0, h=1,....H. (8)

EVRS _ Zz LY + 3 un Y — wo — o
o

s.t.

VRS
Similar to the CRS case, the coordination efficiency cannot be obtained via the equation pY =5 = % under

the VRS assumption. And it is calculated by the following model:

2
= /,Ll + u — Wy — U,
pXRS — max Zl 1 Zr 1 T o o o

v sthoswo Sy (Eé,VRSXilo) + 1 9, (EE,VRSX}%O)
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Sy WaZas + Yy Vs — wo -

s.t Zl’il UiXilj <1, j=1...,n
D Zi:lurYr%;uo <1 j=1,...,n
> odm1 WaZaj + 3y On X7,
Up, W, Vs i1, U 2 0, r=1,...,s,d=1,...,D
t=1,....m, l=1,...,L,
h=1,...,H (9)

where E'E*VRS is the VRS efficiency of the second stage. E’;*VRS is the minimum reduction ratio of input X},
which could be estimated by the following model:

D ~ L
D Wy (Eg’VRSZdo) + 30l mY, — wo

EMVERS — max
° WYLV, Wo Z:ll UiXilo
D L
Do Wy Zaj 301 Yy — wo .
s.t. o T <1, j=1...,n
Dic 0i X5
wh, vi, >0, d=1,....,D,i=1,...,m, l=1,...,L. (10)
Similarly, when the system efficiency with coordination E’XRS and coordination efficiency gy ®° are obtained,
VRS
we can get the system efficiency without coordination under the VRS assumption via ﬁXRS = lg\‘}m .

4. COORDINATION EFFICIENCY FOR GENERAL TWO-STAGE NETWORK SYSTEM BASED ON
ENVELOPMENT DEA MODELS

In this section, we further propose the envelopment DEA model for measuring the coordination efficiency in
general two-stage network system. Likewise, both CRS and VRS cases are considered.

4.1. CRS case

Under the CRS assumption, the envelopment DEA model for estimating the system efficiency with coordi-
nation ESRS-env of DMU, is as follows:

~min ) EOCRS,env
N5, A;, BERS-env, Z 4o
n
1 CRS_env v 1 .
s.t. E anij SEO Xiov t=1,....,m
j=1

S ONXR <ESRSevXR . h=1,... . H
j=1

S NYE YR, r=1,...,s
j=1

n; Y5 = Y, l=1,...,L
j=1
anZdeZdo, d=1,...,D

j=1
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Z)\jZdjSZdo, d=1,...,D
j=1
15, Aj > 0, j=1,...,n. (11)

Denote E1-CRS-env a5 the minimum reduction ratio of input X} if not considering the coordination between
the two sub-stages. It can be calculated by:

min ELCRS,cnv
nj E1-CRS_env
J o

n
§ : 1 11_CRS_e 1 ;

s.t. anij < Eo nVXiO, 1= 1,...,m
j=1

> Vi =y, l1=1,...,L
j=1
> niZy = EXNSNZ,, d=1,...,D
j=1
>0, i=1,...,n 12
U J

where E(?*CRS*’“V is the CCR efficiency of the second stage and is calculated by:

min ES,CRS,enV
\j,E2-CRS-env
n
st NjZg < EFORSeZ,, d=1,....,D
=1
n
S ONXp SEZORSevXxP o h=1,...H
j=1
n
2 2
Z/\ersz,.o, r=1,...,s
j=1
A; >0, i=1,...,n. (13)
Denote [)(OjRS*e“" as the coordination efficiency of DMU,, which is calculated by:
min ) ﬁgRS,cnv
0, A5 ,PSRS-eY, Z g,
n
st S m XL < ponsen (Ei*CRS*e“VX}O), i=1,...,m
j=1

Z )\jX’Qlj < jCRS-env (EE,CRS,ean}Qw)7 h=1,... H
j=1

n
S NYE YR, r=1,...,s
Jj=1
n
> Vi =Y, I=1,...,L

j=1
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n
ZﬁjZdeZdo, d=1,...,D
j=1
n
> XiZagj < Zgo, d=1,...,D
j=1
77j7>‘j207 jzl,...,’ﬂ (14)
when the system efficiency with coordination ESRS*‘)“V and coordination efficiency pSRS-" are obtained, we
mCRS_env
can get the system efficiency without coordination via 7#SRS-env = %ﬁ

4.2. VRS case

Under the VRS assumption, the DEA model for estimating the system efficiency with coordination of DMU,
is as follows:
min E;/Rs,env
M5 7>‘j 7EXRS’6[‘V7Zdo

n
s.t. Z anzlg < E(\)/RS,eanilo, = 1, e,
Jj=1

S ONXY <EYRSevXP . h=1,...H
j=1

n

2 2
S NYE YR r=1,...,s
j=1

> Vi > v, I=1,...,L

Jj=1

Zm‘ZdeZdo, d=1,...,D

j=1
ijzdjgédo, d=1,...,D

=1

n n
D m=) A=l
j=1 j=1
nj,)\jzo, j:L...,’I’L. (15)
Denote E1-VRS-enV a5 the minimum reduction ratio of input X} if not considering the coordination between

the two sub-stages. It can be calculated by:

min ENWLVRS _env
nj E~'17VRS,env
»~o

10?7

n
sty m X} < EyVRSen ] i=1,...,m
j=1

> Vi = v, I=1,...,L

j=1
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n
Z N Zdj > ES,VRS,env Zdo;

d=1,..
j=1
> nj=1
j=1

D

,

where EE*VRS*‘*“V is the BCC efficiency of the second stage and is calculated by:

min
\j,E2-VRS_env
H

r2-VRS_env
E
o

n
Z AjZdj < Eg,VRS,cndeo’

, M.

s.t. d=1,
j=1
n
S ONXp SEFVRSevXE o h=1,...
j=1
n
DY YR r=1
j=1
n
doa=1
j=1
A >0, ji=1,...
Denote py RS-V as the coordination efficiency of DMU,, which is calculated by:
min pYRS-env

055 X5 Py 8-V, Z o

n
s.t. Z anilj < ﬁXRsfenv <E~§’VRS*6“VX.1 >,
j=1

10

n

2 ~VRS_ 2-VRS_ 2
Z)\thj < Po env(EO eanho)a
j=1

n

2 2
YNV YR,
j=1

> Y = v,

j=1

> 1iZa; = Zao,

j=1

Z NiZaj < Zio,

j=1

n n
D=3 =1
j=1 j=1

77]7)‘j Z 07

1=1,.
h=1,
r=1,
l=1,.
d=1,
d=1,
J=1

3809

(17)

(18)
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when the system efficiency with coordination EYRS-*" and coordination efficiency 5y R5-"V are obtained, we
. . . . o FVRS-env
can get the system efficiency without coordination wvia 71y RS-env = S

5. EQUIVALENCE BETWEEN MULTIPLIER AND ENVELOPMENT DEA MODELS

In this section, we show the equivalence between multiplier and envelopment DEA models proposed in
Sections 3 and 4. Both CRS and VRS cases are considered.

5.1. CRS case

Models (5)—(7) can be converted to their linear ones via Charnes—Cooper transformation as follows:

s L
ECRS _ Y2 Yl
° UT,ngUE:,?iLZ119h, ;ur ro ; Hitio
D L m
s.t. deZdj—i—ZulYl}—ZviX}jgo, j=1,...,n
d=1 =1 1=1
s D H
dowY =Y waZy— Y 9 Xi; <0, j=1...,n
r=1 d=1 h=1
m H
ZUiXilo + Zﬁtho =1
i=1 h=1
Urawdyvinulaﬂhzoa T:L"'asad:la"'aD
i=1,....m, l=1,...,L, h=1,...,H (19)
s L
~CRS 2 1
- Y, Y,
D L m
s.t. dezdj+zmyl;fzv,-x}jgo, j=1,....n
d=1 =1 =1
s D H
ZUT}/TQ]'_deZdj_ZﬁhXﬁjgoa jzl,...7n
r=1 d=1 h=1

m

H
v; (E}CRSXZJO) + Z I (EE*CRSX,?()) =1
=1 h=1

ur7U)d,'UZ‘,,LLl7'19hZO7 Tzl,...,87d:17...,D

D L
EyORS = max S wh (B2 Z,,) + 3w,
Wd Vil i—1 =1

D L m
s.t. chllZdj—l—ZmYl}—ZviX}jSO, j=1...,n
d=1 =1 i=1
m
1 _
ZviXiofl
i=1
wh, vi, >0, d=1,...,D,1,....,m, l=1,...,L. (21)
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It should be noted that EE*CRS and EE*CRS*’“V are CCR efficiency of the second stage based on multiplier and
envelopment models, respectively. Obviously, they are equal, i.e., E&CRS = EN(%*CRS*““’. It can be found that
models (19)—(21) are equivalent dual models of model (11), model (14), and model (12), respectively. Hence, the
system efficiency with coordination ESRS*QHV and coordination efficiency SRS based on envelopment DEA
models are equal to ESRS and SRS based on multiplier DEA models, i.e., ESRS-env — EORS apd pORS-env —
PSRS. Moreover, we have E1-CRS-env — B1.CRS Tt indicates that under the CRS assumption the multiplier DEA
approach is equivalent to the envelopment DEA approach for general two-stage network system.

5.2. VRS case

Similarly, models (8)—(10) can be converted to their linear ones via Charnes—Cooper transformation as follows:

s L
VRS _ 2 1_ —
B = S 2t Qo = = e
r=1 =1
D L m
s.t.deZdj—kszl}—ZviX}j—wogo, i=1...,n
d=1 =1 i=1
s D H
S oY= waZe - Y InXi; —ue <0, j=1,....n
r=1 d=1 h=1
m H
ZUiXilo + Z ﬁhX}%o =1
i=1 h=1
urvwdavhﬂlaﬁhzoa r= 7~--757d:17"'aD
i=1,....m,l=1,....L, h=1,....H (22)
s L
~VRS 2 1
= Y Y, — —
P00, 2 Yo+ QYo 0 =
r=1 =1
D L m
s.t. deZderZulYl}vaiX}jfwogO, j=1...,n
d=1 =1 =1
s D H
ZurYé—deZdj—ZﬂhX%j—uoga ji=1,...,n
r=1 d=1 h=1
m H
oi(BVRSXL) + >0 00 (B2VRSXE,) =1
1=1 h=1
ur7wd7vi7ul719h20a T:1,...7S,d:1,...,D

i=1,...,m, l=1,...,L, h=1,...,H (23)

D L
1_VRS 1( 2_VRS 1
EXVRS = max 3w} (EO Zd0> +3° Yk — w,
T d=1 1=1

D L m
s.t. ZwéZdj—i—Z,ulYl}—ZviX}j—wo§0, i=1...,n
d=1 =1 i=1
m
1 _
Z’Uin-o—].
i=1
w,vi, >0, d=1,....,D,i=1,....m, l=1,...,L. (24)
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Here EE*VRS and EZ*VRS*‘S“V are BCC efficiency of the second stage based on multiplier and envelopment
models, respectively. Hence, we have E(%*Vlis = E2-VRS-env Besides, model (24) is the equivalent dual model of
model (16). Hence, we have El-VRS-env — pl-VRS

The dual model of model (15) is:

s L
EVRS-env max u. Y2 + Y —w, —u
r=1 =1
D L m
1 1 .
s.t. deZderZulYlj—ZviXij—woSO, ji=1...,n
d=1 =1 i=1
s D H
2 2 .
ZUTYW»—deZdj—Zﬁhth—uOSO, ji=1,...,n
r=1 d=1 h=1
m H
1 2
Z vi X, + Z UnXij, =1
i=1 h=1
u’rawd>via,ul719h207 7":1,...,S7d:17...7D

i=1,...,m,l=1,...,L, h=1,...,H. (25)

Models (25) and (22) have the same constraints and objective function. Hence, EYRS-" is equal to EYRS.
The dual model of model (18) is:

s L
po S = max § u, Y + § Yy — wo — Uy
Ur, W, Vi 11,9 n
r=1 =1
D L m
1 1 .
s.t. E waZg; + g Yy — E ;X —wo <0, j=1...,n
d=1 =1 =1
s D H
2 2 .
E u,,Yijg dedjfg ﬂhthfu()gO, 7=1...,n
r=1 d=1 h=1
m H
i ( FL-VRS-env Xilo) n Z 9 ( [2-VRS-env X}Qw) —1
=1 h=1
urvwd7vivﬂla'l9h20a T:].,...,S,d:l,...,D

i=1,...,m, l=1,...,L, h=1,...,H. (26)

Due to E1-VERS-env — BIVRS ' models (26) and (23) have the same constraints and objective function. Hence,
pYRS-env ig equal to pyRS. Based on the above findings, it shows that under the VRS assumption the multiplier
DEA approach is equivalent to the envelopment DEA approach for general two-stage network system.

5.3. Numerical example

To verify the proposed approach in the previous section, we use a numerical example to illustrate in this
section. Considering that the VRS case is similar to the CRS case, we only show the results under the CRS.

Particularly, we use two data sets in Liang et al. [21] and Chen et al. [4], respectively. The results are shown
in Tables 1 and 2. As is shown in the tables, for general two-stage network system, the efficiency estimates
(system efficiency and coordination efficiency) based on multiplier and envelopment DEA approach are totally
the same.



COORDINATION EFFICIENCY FOR GENERAL TWO-STAGE NETWORK SYSTEM 3813

TABLE 1. Result comparison based on data set in Liang et al. [21].

Envelopment DEA model Multiplier DEA model
DMU é;,CRS—gcn—cnv e?,CRS-gcn-cnv EjCRS—gcn—cnv ce]cRS—gcn—cnv é},CRS—gcn e?,CRS-gcn EjCRS—gcn CeJCRS—gcn
1 1.0000 1.000 0.902 0.902 1.0000 1.000 0.902 0.902
2 0.972 0.805 0.972 1.000 0.972 0.805 0.972 1.000
3 0.800 1.000 0.832 0.901 0.800 1.000 0.832 0.901
4 1.000 0.628 1.000 1.000 1.000 0.628 1.000 1.000
5 0.416 0.598 0.462 0.992 0.416 0.598 0.462 0.992
6 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
7 0.960 0.833 0.914 0.952 0.960 0.833 0.914 0.952
8 0.770 1.000 0.917 0.986 0.770 1.000 0.917 0.986
9 0.500 1.000 0.720 1.000 0.500 1.000 0.720 1.000
10 0.900 0.668 0.900 1.000 0.900 0.668 0.900 1.000

TABLE 2. Result comparison based on data set in Chen et al. [4].

Envelopment DEA model Multiplier DEA model
DMU 'é;,CRS—gcn—cnv e?,CRS-gcn-cnv E;}R,S—gcn—cnv ce?RS—gcn—cnv é},CRS—gcn e?,CRS-gcn E;}R,S—gcn ce?RS—gcn
1 1.000 1.000 0.902 0.902 1.000 1.000 0.902 0.902
2 0.400 0.813 0.546 0.950 0.488 0.813 0.546 0.950
3 0.800 1.000 0.832 0.901 0.800 1.000 0.832 0.901
4 0.628 0.628 0.628 1.000 1.000 0.628 0.628 1.000
5 0.404 0.597 0.452 0.959 0.676 0.597 0.452 0.959
6 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
7 0.833 0.833 0.819 0.983 1.000 0.833 0.819 0.983
8 0.771 1.000 0.917 0.986 0.771 1.000 0.917 0.986
9 0.500 1.000 0.719 1.000 0.500 1.000 0.719 1.000
10 0.6681 0.669 0.628 0.940 1.000 0.669 0.628 0.940

6. CONCLUSIONS

Although two-stage network DEA and traditional DEA are widely studied, the relation between them is
seldom discussed. Zhao et al. [30] estimated the coordination effect for the simple two-stage network system.
Their proposed coordination efficiency builds a link between two-stage network DEA and traditional DEA,
which is usually neglected by the existing studies, especially supply chain DEA. In this paper, we further extend
the research of Zhao et al. [30] on coordination efficiency to general two-stage network system.

Particularly, we develop both multiplier and envelopment DEA approaches for estimating coordination effi-
ciency based on both CRS and VRS assumptions. As is shown in Chen et al. [6], for network DEA the multiplier
and envelopment DEA models were two different approaches. However, we still show that under the general
two-stage network system the multiplier DEA approach for measuring the coordination efficiency is equivalent
to the envelopment DEA approach under both CRS and VRS cases. Two numerical examples are used to verify
the proposed approach in this paper.

As pointed out by Zhao et al. [30], the traditional “black box” efficiency is unobtainable for a two-stage
network system such as a supply chain with two members. Some endeavors or sacrifices must be made in
order to coordinate the two-stage system, which inevitably gives rise to an efficiency loss [30]. As a result, the
coordination efficiency defined in Zhao et al. [30] and this paper could be used to trace any potential efficiency
losses and quantify contributions or responsibilities of each division in the two-stage network system.
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For future research, it may use the proposed approach to real applications with good insights. In this paper,
we define the coordination efficiency under general two-stage network system, which is still a series network
structure. Future research may apply the proposed approach to general network system. Moreover, whether
the finding in this paper holds for efficiency decomposition of the coordination efficiency deserves for further
research. In short, we hope that our study could attract the community’s more attention on the interesting
characteristics of network DEA, one of the most active and exciting areas currently.
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