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A UNIFIED PARALLEL DEA MODEL AND EFFICIENCY
MODELING OF MULTI-ACTIVITY AND/OR
NON-HOMOGENEOUS ACTIVITY
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Abstract. Data envelopment analysis(DEA), as originally proposed, is a methodology for evalu-
ating the relative efficiencies of peer decision making units (DMUs) under some general assump-
tions. DEA models with non-homogeneous DMUs and multi-activity structures are two different
subjects referring to relaxing various assumptions. In this paper, we show that these two formula-
tions are both derived by embedding the corresponding process into a general parallel DEA model.
Furthermore, following the parallel DEA framework, general DEA models for multi-activity and
non-homogeneity are proposed, which are able to handle many situations where different aspects
of non-homogeneity or multi-activities exist. This study provides important insights into the
existing DEA models for non-homogeneity and multi-activity.
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1. Introduction

Data Envelopment Analysis (DEA) has been a standard methodology for evalu-
ating the relative performance of Decision Making Units (DMUs) since the paper of
Charnes et al. [4]. Some underlying assumptions are common to traditional DEA
models. DMUs are treated as black boxes since the internal structures of DMUs
are ignored in traditional DEA models. Furthermore, all DMUs are considered to
be homogeneous, that is they all utilize the same types of inputs to produce the
same types of outputs. In the last four decades, thousands of articles and extensive
work have appeared to relax the above assumptions, see [11, 29].

In some contexts, the knowledge of the internal structure of DMU can give further
insights for the performance evaluation. Extensive studies have been done to model
internal structures and networks of the operation, in e.g., [5, 12, 21, 23, 25, 30]
and so on. Comprehensive discussions on network DEA have been showed in the
handbook of Cook and Zhu [15]. A basic type of network structure is parallel
system where a production system is consisted of several subsystems. In the case
that a production system with parallel production units, there are currently two
fundamental researches: YMK model[32] and Kao’s parallel DEA model[22], and
we will first show that they are both special cases of a general parallel DEA model.

Multi-activity problem is a special case concerning the internal structure of
DMUs, where there exist shared inputs and outputs allocated to various activities.
Furthermore, the allocation of resources remains to be determined. This problem
was first studied by Beasley[1]. Molinero[28] extend the problem by concentrat-
ing on the dual of Beasley’s model. Although the problem was first known as the
joint determination of efficiency within a DEA context, it is often referred to as a
multi-activity or multi-component model now. Subsequently, Cook et al.[10], Ja-
hanshahloo et al. [19] and Tsai and Mar Molinero[31] have revised the model. Many
authors have introduced variants of multi-activity models. Castelli et al. [2] have
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reviewed some extensions of multi-activity models, which include considering weight
restrictions (Beasley[1]), variable returns to scale (Tsai and Molinero[31]), differ-
ent weights on shared inputs (Cook et al.[10]), additive objective function (Cook
and Hababou[8]) and various forms of inputs/outputs (e.g., Cook and Green[9];
Jahanshahloo et al.[19, 20]). Moreover, the production process of a DMU may con-
tain several stages in which some outputs produced by a former stage are used as
inputs to a later stage of production. Fare and Grosskopf[16, 17]thus proposed a
network DEA model for measuring efficiency for those DMUs with multiple produc-
tion stages. Subsequently, Chen [6], Chen et al.[7], Yu and Lin[33], Yu and Fan[34],
and Wang et al.[35] studied multi-activity network DEA models which incorporated
multiple activities and multiple processes into a unified framework. In this paper
we show that multi-activity DEA models can be derived from the general parallel
DEA model.

Besides the black-box assumption, in the traditional DEA models, all DMUs
are known as homogeneous in the sense that each has the same type of inputs
and outputs. However, in some applications such as plants and universities, this
assumption may be violated. The situation that the inputs and outputs of a set
of DMUs or their input-to-output relations are not exactly the same is known as
non-homogeneity. The DEA model with non-homogeneous DMUs is first studied
by Molinero[27] with a specific university example, and then a systematic study has
been presented by Cook et al. [13, 14]. Following the work of Cook et al. [13, 14],
a few extensions around the non-homogeneity phenomenon have been carried out.
Imanirad et al. [18] introduced a methodology to allow for efficiency measurement
in situations where some DMUs have different input-to-output relations. And in
the latest paper, Liang et al.[24] examine non-homogeneity on the input side. In the
current paper, by looking inside the non-homogeneity phenomenon, we will show
that Cook’s model can also be transformed into the form of the general parallel
DEA model.

Hence following the parallel DEA framework, general DEA models for multi-
activity and non-homogeneity are proposed, which are able to handle many situa-
tions where different aspects of non-homogeneity or multi-activities exist.

The paper is organized as follows. After introduction, two classic parallel DEA
models are introduced and a general parallel DEA model is proposed in Section
2. Multi-activity models are presented in Section 3, in addition, how to apply
the parallel DEA model is explained. Section 4 describes the specific situations
of multi-activity models which exist in the literatures. Following the formulation
of the general parallel DEA model, a general DEA model with non-homogeneous
DMUs is proposed in Section 5. Furthermore, in Section 6 we apply the general
models into specific situations. Discussions around the general model and some
future directions are presented in Section 7.

2. DEA models for systems with parallel structure

A basic type of internal structure is parallel system. For a system composed
of several processes connected in parallel, there are at least two fundamental re-
searches. One is YMK model proposed by Yang et al.[32] in measuring the efficien-
cies of the production system with independent subsystems, the other is proposed
by Kao[22] dealing with the case where all parallel subunits consume the same set, of
inputs to produce the same set of outputs. We think that the key difference between
the YMK model and Kao’s parallel DEA model lies in that the corresponding in-
puts and outputs across subunits are perceived to be (equally) compensable or not
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FIGURE 1. The parallel production system of YMK model.

in efficiency evaluation, and this is often a managerial decision. Essentially for two
sub-processes that both produce, say, rice, its outputs can be evaluated as two inde-
pendent outputs or, incorporated into an overall total measure, and this is decided
by the decision maker. The notion of (equally) ”substitutable” or ”compensable”
has been investigated in the DEA literature (Liu et al.[26]), where orders or prefer-
ences are introduced as a basic element into DEA model building since DEA is to
compare performance of different DMUs. Logically one has firstly to know what is
the underlying meaning of ”better” in a particular DEA model. Here two different
preferences of Pareto and Average are involved: Let (Y7, Z;) and (Y2, Z3) be the
outputs of two DMUs, then the former is better than the latter in the sense of
Pareto if Y7 > Y5 and Z; > Z,, while in Average sense if Y1 + Z7 > Yo+ Z5. In
this sense YMK model has adapted the Pareto order while Kao’s uses the Average
order for overall-system aggregation, for more details one can refer to Liu et al. [26]
and Zhang et al.[36].

After introducing the two classic parallel models, we will further investigate the
connection between these two models. Subsequently, a general parallel DEA model
is proposed, which can encompass the feature of the both models.

Before introducing the models, some notations are given as follows. For each
DMU;(j =1,2,--- ,n), it acts as a production system consisting of K subsystems,
each subsystem k represented by its own input/output bundle. Each subsystem k
is formed in such a way that all inputs impact all outputs. For DMU; , acfj and
yffj represent the input ¢ and output r of subsystem k, respectively.

2.1. YMK model. In the model proposed by Yang et al.[32], the operation of
each subsystem is independent. As the YMK production system shown in Fig.1
below, the input/output bundle of subsystem k is denoted by (Ix, Rj). Note that
each input/output subset can vary from one another. The numbers of inputs and
outputs for subsystem k are my and s, respectively. In this model, we assume the
inputs and outputs are evaluated via Pareto order across subunits, the input and
output of the overall production system is constituted of all inputs and outputs
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of K subsystem. Hence the numbers of inputs and outputs for the system will be
Z my and Z Sk, respectively. Let us emphasize that the corresponding inputs and

outputs in dlfferent subsystems are compared in the Pareto order, but they may be
in fact of either the same type or different types. They are linked only through the
radial measurement and objective functions.

The YMK model and its dual are formulated as follows (Yang et al.[32]).

max ZZU ymU

k=1r=1
K myg

(1) s.t. ZZU 1]0: ,

k=11i=1

Zv Zu y,,j < 0,Vk, V9,

u,v > 0,Vk,Vj.

min 60

s.t. ZA;“ k< 0ok VY,

§ Akyr] yfj07Vkavra
7j=1

k
N> 0,Vk, V5.

2.2. Kao’s model. In the model proposed by Kao[22], all parallel subsystems are
operated independently by utilizing the same set of inputs to produce the same
set of outputs which is different from YMK model. Furthermore, the principle
underlying this model is that the corresponding inputs and outputs across subunits
are evaluated via Average order, hence it is rational for them to be summed up in the
evaluation of the system efficiency. The production system of Kao’s model is shown
in Fig. 2. Let (Iy, Ry) denotes the input/output bundle. There are m inputs and
s outputs in every subsystem as well as in the overall system. x;;(i =1,2,--- ,m)
and y,;(r =1,2,- ) constitute the overall inputs and outputs of the productlon

system, where z;; = Z af; and y,; = Z yr;.
The Kao’s model and its dual are as follovvs (Kaol[22]).

s
max ZuTy,«jO
r=1
m
s.t. Zvixijo = 1,
(3) i=1
m s
Zvixfj - Zu'ryfj < 0,Vk7Vj,
i=1 r=1

Uy, V5 2 0.
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FIGURE 2. The parallel production system of Kao s parallel model.

2.3. General parallel model combining Pareto and Average orders. In
more general cases, inputs and outputs can be divided into those equally important
but non-compensable and compensable. In the notation of preference Pareto is
applied for some of the components of the input/outputs while Average order is
used for the others. In the following, we will combine the above two models and
derive a general parallel DEA model which can deal with the more general cases.
Our approach is based on observation that actually YMK model can be trans-
formed into the form of Kao’s model. Take the YMK production system shown in
Fig.3 as a simple example and each subsystem has two inputs and two outputs. To
help transfer YMK model into the form of Kao’s parallel DEA model, extensions of
the inputs and outputs sets are done as follows: in the first subsystem, assume Z}
and T3 are the same as 1 and z} in YMK, while letting 71 = 7} = 0; similarly, in
the second subsystem, let 77 = T3 = 0, while assuming 73 and 77 are the same as 3
and 22 in YMK. The extensions of the outputs are the same as those of the inputs.
The system inputs and outputs are 7; = >.zZF(i = 1,2) and 7, = > 75 (r = 1,2) ,
k k

respectively. In this case, the original production system is transformed into a new
system (see Fig. 4) which is the same as that of Kaos parallel DEA model. Note
that the model derived from the transformed system is equivalent to the original
YMK mod

As indicated by the simple example, YMK model can be transformed into Kao’s
parallel model after extending the original input and output sets by adding zeros.



UNIFIED PARALLEL DEA MODEL AND EFFICIENCY MODELING

XX

5
Sho
¥

F1GURE 3. A simple YMK production system.

\

AN
S S
X% i

\ X 2 3% 3 /

w

l

bﬁ
=

FIGURE 4. A transformed production system.
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With these helps, we now give the general parallel DEA model, where some subsys-
tem inputs/outputs are compensable, while others are perceived to be not. To be
more specific, in the evaluation of the system efficiency, some inputs/outputs are
addable across subsystems while others are not.

In this model, each subsystem k is represented by its own input/output bundle
(Ix U Iy, R U Ro). There will be (my + m) inputs and (sx + s) outputs for sub-
system k. In subsystem k, the inputs belong to Iy and outputs belong to Ry are
compensable across subsystems as that in Kao’s model, while inputs belong to I},
and outputs belong to Ry are the same type as that in YMK model.

The general parallel DEA model and its dual can be formulated as follows:

max Z UrYrjo +Z Z u ym0

r€Rg k rERg
s.t. Z Vi, + Z Z v; ”0 =1,
i€ly k i€ly
k k, k k
(5) Z u’ryrj + Z ury'r’j < Zvimij + Z 7} 2]7Vk V]a
r€Ro reRy i€ly i€ly
Uy 20,7’:1,"' y S5 Ui 2071217 ,y M,
uf}O,r:L , Sk, Vk
oF >0, =1, my, Vk
min 6

ZZ/\k < Bzij,, i € I,

Z/\g?zf < 0zf; ki € I,

J
Z Z Ny > yrjy, 7 € Ro,

ZAkym = yr307Vk7r € le
J

k; .
A¥ > 0,VE, V.

K
where z;; = >~ « 2](2 € Iy) and y,; = Z ym (r € Ro) .

It is clear that when inputs and outputs in different subsystems are compared in
Average order, the general model is exactly the same formulation as that of Kao’s
model. Otherwise, the general model will share the same formulation as that of
YMK model. That is, our general model encompasses both the YMK model and
Kao’s parallel DEA model.

Take the production system shown in Fig. 6 as a simple example of the general
parallel system. Assume there are two inputs and two outputs for each subsystem
and only the input and output with subscript 2 are perceived to be compensable.
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FIGURE 6. A simple general parallel production system.

Following the general parallel DEA model, the parallel DEA models for the above
system are formulated as follows.

11 2.2
max Uiy, + Uiy, + v2ly2j,

1.1 2.2
st. wvixy,, +viaYj, + vexej, = 1,

u}y%j + uzyéj < lelj + 02$2j,Vj,
(7) U%y%g + U2292J < U1x1] + U2$2]7VJ7
uj, uf >0,
U%alﬁ =0,
> 0,v9 = 0.
min 6

Z)\lxlj lejo, Z)\Qaclj Hsc%jo,
Z xzj—&—Z)\Q:pQJ 0x2j,,

J

Z /\1y1j z leo7 Z)‘Zylﬂ z yljo’

Z Alyz] + Z )‘?ygj 2 y2j0a
J

1 2> .
ALAZ > 0,5

In the following, we will try to utilize the general parallel DEA model to handle
the multi-activity and non-homogeneous input/output processes by embedding the
process into a general parallel system.

3. Multi-activity model

In many real situations, the units under evaluation may perform several different
functions or may be separated into different subsystems. In such situations, partic-
ular resources are often shared among those subsystems. This sharing phenomenon
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will commonly present the difficulty of how to disaggregate the measure into sub-
systems. Usually, the amount of shared flow to each subsystem is considered as
a decision variable to maximize the DMU efficiencies. This problem is known as
multi-activity problem which was first proposed by Beasley[1].

A multi-activity model is formulated after introducing the following notations.
Consider n homogeneous DMUs and each engages in K activities. For DMU; , let
xfj(z € I) and yffj (r € Ry) be the dedicated input ¢ and output r of subsystem £k,
respectively. Assume that x;;(i € Ip) is the shared input and thus all subsystems
are shared in z;;. Also, all components play an important role in producing shared
output y,;(r € Rg). Some portion a¥ of the shared inputs z;; and some portion 8%
of shared outputs y,; are allocated to subsystem k.

If we know the split proportion of inputs and outputs among activities, that is,
afzj(i € Iy) and BFy,;(r € Ry) are known shared inputs and outputs allocated to
activity k , we might reasonably apply the general parallel DEA model directly to
arrive at an efficiency score for each DMU. That is, afw,;(i € Ip) is equivalent to
that a?fj (i € Ip) in the general parallel model, similarly, 3%y, ;(r € Ry) is equivalent
to yfj (r € Rp) in the general parallel model. However, the precise split of shared
inputs and outputs to various activities are not known, o and 8¥ are variables to
be determined. Hence evaluating the efficiency of a given DMU with multi-activity
structure is, indeed, a bi-level programming problem which contains two parallel
objectives: obtaining the best efficiency score and the most appropriate resource
allocation. It may take two steps to solve this problem. First, assuming the split of
inputs/outputs is a known quantity, so we can proceed as above, that is to seek a
best score for each DMU by directly applying the general parallel DEA model. For
this step, the objective function can be either minimal or maximal depending on
the orientation chosen. Then the second step is to determine the most appropriate
alpha and beta variables. We argue that the best way to allocate the resources
is to do so in a way that results in the best overall efficiency for a DMU. For the
optimization model with alpha and beta as decision variables, the objective function
is supposed to find the maximum efficiency score.

Following the two-steps method shown above, the multi-activity models could
be formulated as follows.

Multiplier form:

max max eg(q, B, u,v) = Z UrYyjo —|—Z Z uifyfjo

(v, 8) (u,v) reRo N reRy
s.t. Z ViTyj, + Z Z vfxfjo =1,
i€lp k i€l
DBy + Y ubyl; <> viafwy + Y vfal, Vi, Vk,
(9) r€Ry rERy i€ly =
Zaf = ]_’ VZ E IO7
k
dosr=1, Vr € Ry,
k

k k k pk .
urvuravhviaaivﬂr 20 VZ,’I’,]C.
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Dual form:

max max eq(a, 5, ¢, \
e oy e1(@8.6.3)

(10) s.t. ZZ)\?Q?I’U < .’Eijo,V’i c Io,
k J

D Nk <af VELVi€ I,

J

ZZA;?nyTj 2 QYrjy, VT € Ry,
kg

S ONyE = oy VR,V € Ry,

J

> af =1,Vie I,
k

> BE=1,vr € Ry,
k

k .
AF > 0, Vk, V.

The above bi-level programming problem is linear in each level, but the com-
putational work is enormous. We show below that we only need to compute the
objectives max eg(a, 8, u,v) and max, e1(a, B, ¢, \), although they are nonlin-

(o, B,u,v) a,B,¢,

ear (we will discuss the linearization later).

Lemma 3.1. maxmax f(z,y) = max f(z,y).
z Y z,y

Proof. This lemma appears to be obviously true. However, we cannot find the proof

in the literature. Thus we include a proof here for the convenience of readers.

max max f(z,y) < max f(z,y).
r oy (z,y

Let I(na>)<f(ac,y) = f($07y0)7 then maxmaxf(x,y) > maxf(x,yo) = f(3707y0>~
z,y z y T

Consequently, we can conclude that max max f(z,y) = max f(x,y). O
z oy

)

Theorem 3.2. The functions ep(c, ) = I(na>)< eola, B,u,v) and ey (a, B) = I(na>)<el(a,

B,u,v) are concave with respect to (a, ), so that any local solutions are also global
solutions.

Proof. For any fixed «, 8, eg(a, 8,u,v) is a linear function, that is, eg(a, 5, u,v)
is concave with respect to u and v for any fixed a and S , then ey(a, ) =

max eq(a, B, u,v) is concave with respect to a and S. Similarly, we can show the
u,v

concavity of € (-, ). O

With Lemma 3.1, we rewrite model (9) and (10) as follows.
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Multiplier form:

max Z UrYrjo + Z Z Ufyfjo

TER k rERg
k .k
s.t. E Vi, + E E vy, =1,
i€lp k 1€y

o w By + Y ubyl; <Y viakwi + Y ofal,

vy, VEk,

Dual form:

(12)

—k
To facilitate linearization, we make the change of variables Z, = v;a¥ and 2z

r€Rg

Zaf: 1,
k
> oBr=1,
k

reRy i€1lg i€y

k k k ok
Uy, Uy, Vi, Vg 7ai7ﬂr 2 0,

max ¢

s.t.

u,BE | and note that

_k
Yab=1=v,Ydf =v, =Y Z, = v,
k k k

—k
S =1=u. Y 8=u =2, =u,.
% % %

Using the usual transformation ¢t = 1/( Y vizij + >, Y. viah

- _k
et al.[4]), and defining p, = tu,, p¥ = tuk, v; = tv;, vF =tk A =12, WF =1tz

k_k .
ZZ)\jai Tij < l‘ijU,VZ S IQ,
kE g

> Nl < ak vk, Vi € I,

J g ijo?
J
k ok
ZZ/\]ﬂrym = PYrjy, V1 € Ro,
kg
S NEE > gyl Yk, Y € Ry,
J
ZOI? = ]"VZ € IOa
k
Z/Bf = l,v'l" € R07
k

k- .
Af > 0,Vk, V.

i€lp k i€l

K3

Vi € Iy,
Vr € Ry,

Vi, r, k.

k

r =

k
) (see Charnes

T
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problem (11) reduces to the following form:

max Z HrYpjo + Z Z Nryrjo

rERg k TERy
s.t. Z ViTij, + Z Z v; m =1,
i€l k i€ly
D @y D sy < ) atwi ) viwl, ik,
(13) reRy reRy i€l i€l

Z’)’f:l/i, VZ?
k

Zwrk::uTv V’f‘,
k

k k kK .
Hors oy Vi Vi iy Wy 207 VZ,T',]C.

However, it seems difficult to linearize dual form model (12), which is a key for
benchmarking. For the first layer of the bi-level problem, we may take the dual of
model (9) and (10), and derive the corresponding multi-activity models.
Multiplier form:

fg%f?m% ea(a, Byu,v) = ZUJ?UO—FZZU Lijo

i€lp k i€l
k, k
re€Ry k reRg
Yo wBlye + > ubyly <Y wviakwy + > ofal, VLR,
(14) r€Ro rERy, i€lo i€l
Zaf =1, Vi € I(),
k
> BE=1, Vr € R,
k
ur7uﬁvvi7vaaf7ﬂf > 07 VZ',T, k.
Dual form:
max min ez(a, 3,60, \
s i ool )
Z Z )\fafx” < HxijO,Vi € Iy,
ZAf F< 0xf, ki € I,
J
ZZA;?@{CZ/M 2 Yrjo, ¥ € Ro,
(15) ’

Z Akym Yk, ¥k, Vr € Ry,

Zaf =1,Yi € I,
k

> BF=1,Vr € Ry,

k
k .
A; = 0,Vk, V5.
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These models are more difficult to solve so to keep the presentation simple, we only
consider model (11) and (12) throughout the paper.

4. Models for special situations

The model proposed by Beasley[1] which included shared inputs only can be
written as follows.

k, k
maxg E Uy Yo

k reRy
k. .k _
(16) s.t. E Vi, + g E VT = 1,
iely k i€y
k, k k k .k .
E UpYrj S E Vi Tij + E V; T Vj, vk,
reRy i€ly i€},
k
k k k .
U, , Vi, U; 05 =0, Vi, r k.

which is clearly a special case of model (11) where no shared outputs exist. Molinero[28]
proposed an approach dual to (16). In addition, the authors included shared inputs.
Their output oriented model is:

E k 1k
max w o

k
k_k .
s.t. Z Z Ajai II?ij < I’ijo,VZ € Io,
E J

1307

J
SO ONBEY =6k Brys0,Vr € R,
k J k

> Nl < ak Vi€ Iy,

(17)
k, k ko k
D Nk = ¢k ki kY € Ry,
J
> ai=1vi
of =1,Vi € Iy,
k
> BEF=1,9r € Ry,
k
A¥ > 0,Vk, V5.
where w* are positive weights representing the relative importance of each activity

k for DMUjg , and ¢§ are inefficiency measures of activity k for DMUjy. The
measures for various activities can be either the same or different, it depends on
decision makers, note that the choice will not change the general structure of the
multi-activity model. Let w* and measure qﬁlg be the same for all activities, model
(17) is a special case of model (12).

As pointed in Introduction, many authors have extended multi-activity models.
Castelli et al.[2] has reviewed some extensions of multi-activity models, which in-
cludes considering weight restrictions, variable returns to scale, different weights
on shared inputs, additive objective function and various form of inputs/outputs.
Furthermore, models (11) and (12) can be extended into multi-stage forms, see
Chen[6]Yu and Fan [33] and Yu and Lin[34] for example.
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5. A general model for non-homogeneity

In some applications such as plants and universities, the inputs and outputs of
a set of DMUs are not exactly the same, and note that this is not about missing
input or output data for certain DMUs, but a DMU has chosen not to produce
certain outputs. Although Molinero et al.[27] first proposed a specific example with
university level institutions which engage in different sets of activities, DEA models
with non-homogeneous DMUs were systematically studied by Cook et al.[13, 14]
assuming to only know the inputs and outputs. With the desire to fairly evaluate
a DMU for what it does, the authors proposed a DEA-based model which views
the DMU as consisting of a set of subunits. For each DMU, the efficiencies for
individual subunits make up the aggregate efficiency.

Cook et al.[14] describes a problem setting involving the evaluation of a set of
DMUs with non-homogeneous outputs. Suppose the non-homogeneous DMUs fall
into P mutually exclusive (M.E.) groups which we denote by {N,}” | such that
the outputs are exactly the same to DMUs of a given group. The outputs are
non-homogeneous across DMUs, but the inputs are all utilized to produce each
output, we may define the inputs are belong to a sharable input set Iy. Then
form M.E. output subgroups R,k =1,2,--- , K, where Ry denotes the maximum
subset of outputs with the property that all its members appear as outputs of the
same set of DMUs (same as DMU profile). With Ry properly defined, we may
view each DMU as a business unit consisting of a subset of K subunits where each
subunit k is represented by its input-to-output bundle (I, Rx). The subset can be
different, however, from one DMU to another. Some further notations are given
below, namely let Ly, denotes those subscript & forming the full specified output set
for any DMU in IVp,; M}, denotes the set of all DMU groups that has subunit £ as a
member, that is My = {N,, such that k € Ly, }. For DMU j, let yF;(r € Ry) be the
output of subunit k; z;;(i € Iy) be the sharable inputs; afpdenote the proportion of
sharable input i (i € Io) to be allocated to subunit & of Ly,. Then the DEA-based
model with non-homogeneous DMUs is formulated as follows.

max Z Z UrYrjo

kELNpO reRy

s.t. E ViTi5, = 1,
%

(18) Z UrlYrj — Zviafpxij <0, VJ € Np7k € LN,,7VP>
reRy i
Z afp = 1’ VZ,V]L
k€Ln,
ag, < af, < b, Vi, k, p,
ur,vi,af, >0, Vi, k, p.

Note that the DEA-based model with non-homogeneous DMUs is a bi-level pro-
gramming problem as well. But with lemma 1, the bi-level programming problem
can be formulated as model (18). Model (18) determines the most appropriate
alpha variables and the highest overall efficiency score simultaneously.

However, Cook’s model needs to be extended in many applications. Such as a
practical application of FHCs, the main business of FHCs can be classified into
Banking, Insurance, Security and Others (Chao et al.[3]). The business lines of
some given FHCs may be different from others. For example, certain FHC may
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TABLE 1. Product lines and DMU groups in Cook et al. [14].

Yi | Y2 | Y3 | Ya | Y5 | Ys
Ny | X | X | X X
Ny X | X | X | x| X
N3 X X | X
Ny | X X X

have Insurance company while others may not. In this case, both inputs and outputs
of DMUs are non-homogeneous. Here we extend Cook’s model into a general DEA
framework which can deal with more general non-homogeneous DMUs following
the general parallel DEA model, where some inputs/outputs are shared and some
are specialized. Another difference between our general model and Cook’s model
lies in that the subsystems of our general model will be further defined by the
operation properties of DMUs. That is, the subsystems are not purely the virtual
units decided by the phenomenon of non-homogeneity as in the Cook’s model, but
are further defined by the internal structure of DMUs. Here is an example to help
understand the difference. Cook et al.[14] considered a set of non-homogeneous
manufacturing plants with totally six main product lines. As shown in Table 1,
plants with the same product lines have been grouped into four DMU groups.
According to the subunits grouping criterion in Cook et al.[14], y1, y2, y4 and yg are
outputs of different subsystems, because their DMU profiles vary from each other,
and the outputs y3 and y5 whose DMU profiles are the same should be grouped as
one subgroup. Different from the unique grouping result in Cook et al.[14], we argue
that the outputs y3 and ys can be grouped into either one or different subsystems
according to the real operational structure of DMUs (for example, if the outputs
ys and y5 are two different product lines that need to evaluate separately, then it
is more appropriate to treat them as two subsystems). Note that our setting up
includes the case in Cook et al.[14]. We may argue that without the support of the
operation properties, generating uniqueness of maximal output subgroups is only
one particular option.

Let us now introduce the more general setting. Suppose the non-homogeneous
DMUs with multi-activity structure fall into P mutually exclusive (M.E.) groups
which we denote by {Np}f::l such that the inputs, outputs and input-to-output
relations are all exactly the same to DMUs of a given group. The subsystems are
decided by both the multi-activity structure and the non-homogeneity phenome-
non. Define the whole production system as a system consisted of K subsystems,
each subsystem only engages in one activity and has the property that it appears
homogeneous across the DMUs containing this subsystem. To address this problem,
we may view each DMU as a business unit consisting of a subset of K subsystems.
The subset can be different, however, from one DMU to another. Since the inputs
and outputs are extended in our general model, the following notations are further
defined. Except the sharable inputs defined above, there are specified inputs belong
to I that are specially allocated to subsystem k. And similarly, specified outputs
in Ry are those specially generated from subsystem k& and sharable outputs belong
to Ry are those generated from all subsystems.

One more step before applying the general parallel DEA model is introducing
dummy processes. By introducing dummy processes, the non-homogeneous DMU
production system can be represented by a homogeneous parallel structure. To be
more specific, for any DMUj € N, if Ry not € Ly, , dummy process k is introduced.
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The outputs and inputs of dummy process k are all zeros, this is realized by letting

%, =0(Vr € Ro), yf; = 0(Vr € Ry,), and of, = 0(Vi € ), z}; = 0(Vi € I;). Note
that this step is taking after grouping and deciding subsystems (while missing data
approach uses zero as a dummy for blank entries before all these), so this will not
affect the non-homogeneous structure. Consequently, applying the general parallel
DEA model, we propose the following model with dummy processes to deal with
non-homogeneous DMUs.

Multiplier form:

(19)
k, k k. k
s (5 w430 3 ol ) 1 (D T3 b,
r€Ryp k reRyg i€lp k 1€y
s.t. Z u’r‘ﬂfpyT‘j + Z u?’fyfj < Z viafpxij + Z vzl'cx?j’ v]v Vkavp,
reRg reRy i€lp i€},
Zafp =1, Vi € 1o, Vp,
k
> Bk =1, Vr € Ry, Vp,
k
ur7u]:7vi7vf7a?p7ﬁ7’?p 2 07 Vi7r7k7vp'
Dual form:
max ¢
s.t. Z Z)\?Ot?pl‘ij < a:ijo,Vi € Iy,
k J
D Nk <af VR,V € I,
J
k ok
DO NBE s = dyrjo, ¥ € R,
=
(20) ’

Y Ny = dyri,, Yk, Vr € Ry,
J
Zafp =1,Vi € Iy, Vp,

k
Zﬁfp = 1,V7" S Ro,Vp,
k

k .
AE > 0,Vk, V).

The objective functions of model (19) and (20) have been transformed with
Lemma 3.1, the problem underlying these two models remains a bi-level program-
ming problem. Note that after removing the dummy processes, the above dual
model derived from the general parallel DEA model with both shared outputs and
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dedicated inputs is as follows.
max ¢

s.t. Z Z Z )\fafp:vij < xijU,Vi € Iy,

k NpeMy jEN,

k. .k k ;
>N Mak < af VEVie I,
NpeM;, jEN,

ST T My > by, VT € Ro,

k Np,EMy jEN,

21)
S ST Nk > ey, vk, € Ry,
NpeMy jEN,
Z O‘fp =1,Vi € Io, Vp,
k€Ln,
Z pr = ].,VT' € ROaVP,
k€L,

k .
A > 0,Vk, V.

Model (19) is nonlinear in the current form. Similarly, following the linearization

procedure shown in Section 3, using the usual transformation t = 1/( Y vz, +
i€l
Xk:lez; vfzf; ) (see Charnes et al. [4]), and defining p, = tu,, pi = tuf, v; = tv;,
k

Vf = tof

: tu,ﬁffp, problem (19) reduces to a linear form.

k _— k k
y Vip = tviaipv Wrp =

6. Models for special situations

In the section above, we have developed a general DEA-based model with non-
homogeneous DMUs. Below we will show that many models in the literature are
special cases of our model.

6.1. Non-homogeneous outputs. Consider the problem discussed by Cook et
al.[14] as an example for the situation that non-homogeneity arises due to non-
homogeneous outputs. Following our denotation, the case in Cook et al.[14] only
considers sharable inputs I and specified outputs Ry. First four M.E. DMU groups
are derived. Then,yi,yo2,ys and yg are perceived to be outputs of different subsys-
tems. If y3 and y5 form the outputs of one subsystem since there is no internal
structure given in this case, the envelopment form of this problem can be derived
from our general model.

max ¢
s.t. Z Z )\?afpxzj < al‘ijo,Vi € I,
k J
(22) DNyl = oyl Yk, Vr € Ry,
J

> ak =1,V € I, Vp,
k

k .
A7 = 0,VE,Vj.
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TABLE 2. Product lines and DMU groups in Li et al. [24].

T1 | X | 3 | T4 | T5
Ny | x| x| %
No | X | X | x| x
N3 | x | x| X X
Ny| X | X | x| x| x

6.2. Non-homogeneous inputs. Take the situation Li et al. (2016) considered
as an example, the non-homogeneity arises when there exists an input configuration
in a DMU and is different from the configuration of another DMU.

The methodology proposed in Li et al.[24] can be seen as a special case of our
general model, where there exist sharable inputs Iy, specified inputs I and over-
lapping outputs Ry. To be more specific, the outputs y; and y» are overlapping
outputs that can be generated from any subunits, x1 and x5 are sharable among
all subunits, z3,z4 and x5 are specified inputs allocated to specified production
subunits as displayed in Li et al.[24]. The grouping according to our criteria is
displayed in Table 2.

Applying our general model, the problem can be formulated as follows.

max ¢
k k .
s.t. ZZ)\jawmij < Ty, Vi € I,
k J

D Nk <af VR, Vi€ I,
J

(23) > NEBE Y = byrjy, VT € Ry,
k J
> ok, =1,Vi€ I, p,
k
Zﬁfp = 1,V7‘ S Ro,Vp,
k

k .
A5 > 0,Vk, V).

6.3. Non-homogeneous input-output subsystems. When partial input-to-
output interactions exist, DMUs can still have a common input/output bundle,
however, different input/output structure across the DMU set may give rise to the
problem of non-homogeneity. That is, although the inputs and outputs of DMUs
are homogeneous, some DMUs have different input-to-output relations than is true
of others. Our general model can be successfully applied into this case.

When partial input-to-output interactions exist as shown in Table 3, Imanirad
et al.[18] has extend their earlier work to allow for situations that the input/output
profiles are non-homogeneous among DMUs. Imanirad et al.[18] first proceed by
grouping DMUs into P M.E. groups which are the same with our methodology.
The following step is to generate the subunit bundles of inputs and outputs. There
is a significant difference in this step. The maximal set of input-to-output bundles
denoted by (Iy,, Rg,) in Imanirad et al.[18] is derived within the given DMU group
N,

p-
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TABLE 3. Product lines and DMU groups in Imanirad et al. [18].
T1,T2,T3 — Y1 | T1,X2,X3 — Y1,Y2 | £1,T2, T3 — Y1,¥Y3 | T1,T3 — Y2 | T2,T3 — Y3
Ny X X X
No X X
N3 X X
TABLE 4. Product lines and DMU groups according our methodology.
T1,T2,T3 — Y1 | T1,T2,T3 — Y2 | T1,T2,T3 — Y3 | L1,T3 — Y2 | T2,T3 — Y3
Ny X X X
N2 X X X
N3 X X X
In Imanirad et al.[18], No(Type 2) has the bundles given by (I1,, R1,) = ((1,2, 3),

(1,3)) and (I2,,R2,) = ((1,3),(2)). Note that there is no comparison among dif-
ferent types of DMUs referring to the common input-to-output impact (I, R) =
((1,2,3),(1)). For the reason that it is combined with (I, R) = ((1,2,3),(3)) to
form the input-to-output bundle (I1,, R1,) = ((1,2,3),(1,3)) in N2 , while in N3,
it is included in a different input-to-output bundle (I,, R1,) = ((1,2,3),(1,2)).
Actually, there is no clear configuration in this case, thus we argue that the com-
bination of outputs such as y; and yo in N3 can be relived. To avoid this kind
of wrong grouping, the input-to-output bundles would be more appropriate to be
derived within the whole DMU set as proposed in our methodology. According to
our methodology, the grouping results are shown in Table 4.

The full production system is consisted of five subunits, and each subunit is
included by exactly the same DMU profile. The type 1 network displayed in Imani-
rad et al.[18] is consisted of subunits 1, 4 and 5, the type 2 network is consisted of
subunits 1, 3 and 4, finally, the type 3 network has subunit 1, 2 and 5. The model
is formulated as follows.

max ¢
k k .
s.t. ZZAJ%MU < Ty, Vi € I,
kK J

S O NyE > oyt VE,Vr € Ry,

J

> ak =1,V € I, Vp,
k

A% > 0,VEk, V).

(24)

7. Discussions and further directions

In this paper, we introduce a general parallel DEA model which encompasses
the YMK model and Kao’s model in order to provide a unified framework for
DEA-based models with non-homogeneity and multi-activity processes. Although
these two problems have always been two different subjects referring to relaxing
two various assumptions, we show that these formulations are both extended by
embedding the corresponding process into the general parallel DEA model. And by
applying the general parallel DEA model, we propose a general model which can
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deal with various aspects of non-homogeneity, including non-homogeneous inputs,
outputs and input-to-output relations.

In the current paper, we assume that the sharable inputs and outputs are equally
important and compensable across all subunits. This assumption could be relaxed
when the internal structures of DMUs are given and decision makers put different
significance to the same type of inputs/outputs in different subunits. Hence, an
important area for future research is considering the more general form of parallel
DEA models, consequently, more general multi-activity models and DEA-based
model with non-homogeneous input/output processes can be extended.
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