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Blood supply chains (BSCs) play a strategic and crucial role in healthcare systems especially in unexpected sit-
uations such as earthquakes and pandemic outbreaks. Nevertheless, measuring the sustainability and resilience
of BSCs is a major challenge for many decision-makers in healthcare systems. To this end, this paper presents an
advanced network data envelopment analysis (NDEA) method to evaluate the sustainability and resilience of
BSCs. We deal with BSCs, including blood collection centers (BCCs), blood production centers (BPCs), and blood
distribution centers (BDCs). A new directional distance function (DDF) is also developed for evaluating both the
overall and stage efficiency scores. Our proposed model can deal with different types of data, including integers,

undesirable outputs, negative, zero, and positive. The undesirable outputs are the outputs that adversely impact
the performance of DMUs. Moreover, the developed method addresses the sustainability and resilience of BSCs. A
case study is provided to demonstrate the usefulness of the proposed model.

1. Introduction

Disasters such as floods, earthquakes, fire, and the Covid-19
epidemic affect human beings in many aspects [1]. As disasters are
unpredictable, some measures need to be taken for minimizing the
related consequences [2]. There have been several catastrophic disasters
with devastating impacts around the world over the last two decades.
The 2003 Bam earthquake struck Iran with a death toll of over 26,000
people and injured almost 30,000. The earthquake hurt Haiti in 2010
and Japan in 2011 with a death toll of 182,000 people. Most recently,
the Covid-19 pandemic with 1,274,311 death tolls by 11 November
2020.

Blood supply chains (BSCs) are essential parts of healthcare systems
to save people’s lives and prevent irreparable damages to society [3]. As
blood and its sub-products cannot be replaced by any alternatives, they
are considered vital commodities in any healthcare system [4]. More-
over, despite many people being eligible to donate blood, only a small
percentage of people donate. The rate can also be lower in developing
and underdeveloping countries [5]. Furthermore, the supply and de-
mand for blood and its sub-products are irregular and can be changed
significantly especially in emergencies. In addition, the nature of the
perishability of blood can raise issues in satisfying demands [3].
Therefore, to address emergencies, a sustainable and resilient BSC is of
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great significance [2]. A BSC includes three main components such as
blood collection centers (BCCs), blood production centers (BPCs), and
blood distribution centers (BDCs) [6]. As Samani et al. [4] and Haeri
et al. [7] discussed, BCC is the first stage in a BSC and is responsible for
collecting blood from donors. The BPC is the second stage of BCC, which
decomposes and tests the blood. While business supply chains (SCs) are
profit-oriented, BSCs are service-oriented. Additionally, blood is the
most vital product in healthcare systems and the shortage of it may
result in people’s death [8].

As Heidari-Fathian and Pasandideh [9] discussed, due to the trans-
portations among different stages of BSCs, environmental pollutions are
unavoidable. Sustainable SCs play a key role in many organizations
[10]. Over the last decade, considerable attention has been paid to
sustainability aspects of SCs such as economic, environmental, and so-
cial factors [11,12,13]. Nevertheless, the sustainability of BSCs has not
been addressed well in the literature. Furthermore, SCs particularly
BSCs deal with uncertain environments, which can create considerable
disruptions across the SC. Environmental uncertainty in BSCs refers to
different factors that can adversely impact the performance of the SC in
crises such as the Covid-19 pandemic and SARS outbreak [14]. For
example, owing to preventive measures by governments such as mass
lockdowns to control the COVID-19 outbreak many BCCs have been
suspended [15]. In the BSCs, the stochastic behavior of donors imposes
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considerable uncertainty and complexity in the SC [16]. To address the
uncertainty in BSCs some approaches have been proposed (e.g.,
[17,7,18,3,5,19]).

As a working definition for the current paper, resilient SC is defined
as an ability to recover rapidly and efficiently from a disruption in SC.
Resilient SC has a high capability to adapt decisions and restore the
performance under disruptions using recovery measures. Resilience is so
essential especially for SCs with perishable products [20]. Thus, an
effective SC needs to address resilience aspects for mitigating unex-
pected disruptions [21].

Efficiency assessment of SCs is a key factor for enhancing the orga-
nizations’ performance [22]. Nevertheless, a few studies have addressed
the performance assessment of BSCs to date. Data envelopment analysis
(DEA) is considered an effective tool for measuring the performance of
decision making units (DMUs) [23]. DEA is a nonparametric method for
measuring the efficiency of a set of DMUs in the presence of multiple
inputs and outputs (Shao et al. [24]; [25]).

The main objective of the current paper is to gauge the sustainability
and resilience of BSCs. In this paper, a novel network DEA (NDEA)
model is developed to deal with different types of data such as integer,
negative, undesirable outputs, and zero data. In summary, this study has
significant contributions, which are as follows:

e To measure the sustainability and resilience of BSCs, a new NDEA
model is developed.

e A directional distance function (DDF) is developed for evaluating
both overall and stage scores.

e The proposed NDEA model can deal with several types of data,
including integer, undesirable, negative, and zero.

e A case study is presented.

The rest of this paper is organized as follows: In Section 2, we present
the literature review. The proposed method is given in Section 3. In
Section 4, a case study is presented. Finally, conclusions and future
research directions are presented in Section 5.

2. Literature review
2.1. Blood supply chains (BSCs)

Lowalekar & Ravichandran [26] introduced a simulation model for
assessing blood collection policies. Alfonso, Augusto & Xie [27] pre-
sented mathematical programming models for planning annual blood
collection. Elalouf et al. [28] proposed a dynamic programming algo-
rithm to minimize operational costs through reforming blood sampling.
Sahinyazan, Kara & Taner [29] presented a bi-objective method to
minimize transportation costs and maximize the collected blood.
Ramezanian & Behboodi [3], to design BSCs, considered social aspects,
and stochastic demand. Haijema, van der Wal & van Dijk [30] presented
a method using Markov dynamic programming for producing blood.
Ghandforoush & Sen [31] developed a decision support system (DSS) for
platelet production and bloodmobile scheduling. Cetin & Sarul [32]
developed a method for blood inventory in BSCs through integrating
discrete and continuous location models. The proposed method can
minimize the travel time for providing blood in healthcare centers.
Abdulwahab & Wahab [33] utilized dynamic programming for dealing
with the inventory problem of blood platelets in uncertain situations.
They utilized the criteria such as inventory level and blood platelet to
evaluate the proposed model. To minimize the total cost, shortage, and
wastes of blood products, Gunpinar & Centeno [34] used integer pro-
gramming. Dillon, Oliveira & Abbasi [35] presented an approach to
optimize blood inventory replenishments. They applied a stochastic
programming model for representing the uncertain demand for blood.
Rajendran & Ravindran [36] proposed an integer stochastic program-
ming model for platelet ordering policies in BSCs.

Hemmelmayr et al. [37] developed a delivery method of blood
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products based on integer programming. Kamp et al. [38] examined the
management of red blood cells (RBCs) in hospitals using simulation.
Hosseini-Motlagh, Samani & Homaei [39] developed a two-stage sto-
chastic programming model to plan blood supply. Sonmezoglu et al.
[40] examined the effect of the earthquake on blood donor types in
BSCs. To design BSCs in natural and anthropogenic disasters, Fahimnia
et al. [17] developed a stochastic bi-objective approach. Zahiri & Pish-
vaee [5] introduced a bi-objective method for optimizing effective fac-
tors on BSCs. Haghjoo et al. [41] presented a dynamic robust allocation
model for designing BSCs in the existence of disruption risks in unex-
pected situations such as natural disasters.

2.2. Sustainability and resilience in SCs

Sustainable SCs have recently received substantial attention from
both academia and industry [42]. The adoption of sustainability aspects
in SCs contributes organizations to improve their performance in
competitive markets [43]. Moreover, it assists organizations to decrease
pressures from stakeholders and media [25]. In addition to sustain-
ability, adopting the resilience concept needs to be addressed to mitigate
disruptions in SCs [44]. Incorporating the sustainability and resilience
concepts into the SCs can optimize SCs [45]. However, the sustainability
and resilience aspects in SCs especially BSCs have not been explored
adequately. Kumar & Kumar [46] proposed a genetic algorithm to
generate and compare the routes in sustainable BSCs. Hosseinifard &
Abbasi [16] presented an optimization method for centralizing the in-
ventory of hospitals in sustainable and resilient BSCs. Ramezankhani,
Torabi & Vahidi [47] discussed that if organizational efficiency is not
measured well, sustainable and resilient SCs cannot be realized.

2.3. Data envelopment analysis (DEA)

DEA is one of the most popular tools to evaluate the relative effi-
ciency of a set of DMUs in which multiple inputs produce multiple
outputs [48]. Due to the numerous advantages of DEA, it has been uti-
lized in many settings [49]. DEA assumes that the more output with less
input, the better performance. However, there might be some undesir-
able outputs in the performance measurement of DMUs [50]. The un-
desirable outputs are the outputs that adversely impact the performance
of DMUs [51]. For example, CO5 emissions and industrial wastewaters
are undesirable outputs [52,53]. It is obvious that the undesirable out-
puts should be decreased [54]. Fare et al. [55] proposed an efficiency
criterion, which considers the undesirable outputs and good outputs.
Seiford & Zhu [56] developed a DEA model to increase efficiency by
decreasing the bad outputs and increasing the desirable outputs.
Jahanshahloo et al.[57] proposed a non-radial DEA model to deal with
undesirable outputs in the efficiency measurement of DMUs. Leleu [58]
proposed a hybrid model for ensuring the economically significant
jointness of desirable and undesirable outputs while limiting shadow
prices of undesirable outputs. Cherchye, De Rock & Walheer [59]
characterized the undesirable outputs based on their production tech-
nologies for multi-output efficiency measurements. For more discussions
on DEA and undesirable outputs, see Cecchini et al. [60], Halkos &
Petrou [52], Liu et al. [61], Pishgar-Komleh et al. [62], and Zhou et al.
[53].

In the traditional DEA models, it is assumed that all variables are real
values. However, there might be some integer data. Lozano & Villa [63]
addressed the integer data in DEA by proposing mixed-integer linear
programming (MILP). Kazemi Matin & Kuosmanen [64] enhanced
Lozano and Villa’s model using returns to scale assumptions. Kazemi
Matin & Emrouznejad [65] developed the axiomatic foundation of
integer DEA for considering bounded outputs. To estimate the efficiency
of city bus systems, Chen et al. [66] proposed a DEA model with both
integer-valued data and undesirable outputs. To determine the perfor-
mance of suppliers, Azadi & Saen [67] developed an integer-stochastic
DEA model. Taleb, Ramli & Khalid [68] developed a slacks-based
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measure (SBM) model to assess two-stage production units with both
integer data and non-discretionary data. Ajirlo, Amirteimoori & Kor-
drostami [69] proposed an integer-valued slacks model to appraise the
efficiency of a two-stage structure. To tackle some pitfalls of integer DEA
models, Khoveyni et al. [70] proposed an integer-valued SBM. Kor-
drostami, Amirteimoori & Noveiri [71] presented a method for evalu-
ating the performance of firms with dual-role and integer data.

On the other hand, conventional DEA models can only deal with
positive data. Nevertheless, many problems in the real world deal with
negative data. For the first time, Scheel [72] addressed negative data in
DEA. His model considers negative inputs as outputs and negative out-
puts as inputs. Sharp, Meng & Liu [73] proposed a modified SBM model
for overcoming the lack of translation invariance in the SBM model and
addressed negative inputs and outputs. Portela, Thanassoulis & Simpson
[74] proposed a directional distance method to tackle negative data in
DEA and measured the efficiency of bank branches. To address both
positive and negative data in DEA models, Emrouznejad, Anouze &
Thanassoulis [75] presented a semi-oriented radial measure (SORM).
Based on the additive DEA model, Kazemi Matin & Azizi [76] developed
a two-stage method in the existence of negative data. Tavana et al. [77]
proposed a dynamic range directional measure (RDM) for two-stage
DEA models with negative data. Tavana et al. [78] developed a non-
radial directional distance model for DEA problems in the presence of
dual-role factors and negative data.

Apart from negative and positive data, there might be zero data to
compute the efficiency of DMUs. Lee & Zhu [79] proposed a super-
efficiency DEA model in the presence of zero data. Tavassoli, Farzi-
poor Saen & Faramarzi [80] developed a super-efficiency model in the
existence of zero data and undesirable outputs. Over the last few years,
several scholars have addressed zero data in DEA (e.g., [81,82,83]).

Ignoring the internal components of DMUs is another pitfall of
traditional DEA models. However, many DMUs have network structures
and there is a need to consider internal components of DMUs. To esti-
mate the efficiency of network structures, for the first time, Fare &
Grosskopf [84] proposed NDEA. Liang, Cook & Zhu [85] proposed a
two-stage DEA model using game theory assumptions. Kao & Hwang
[86] proposed an NDEA model to investigate system inefficiency in the
banking industry. Mirhedayatian, Azadi & Saen [87] proposed an NDEA
model in the existence of flexible factors, undesirable outputs, and fuzzy
data. Kalantary & Saen [88] introduced an inverse network dynamic
DEA model to evaluate sustainable SCs in multiple periods. Izadikhah
et al. [25] developed a chance-constrained NDEA model for measuring
the sustainability of SCs.

2.4. Knowledge gap

The above discussions show that there is limited research on the
sustainability and resilience of BSCs. Moreover, the performance
assessment of BSCs has not been addressed well. Furthermore, integer-
valued data has not been paid attention in NDEA structures. Last but
not least, current NDEA models are unable to deal with undesirable
outputs, integer-valued data, negative, zero, and positive data, simul-
taneously. In this paper, these research gaps are addressed by proposing
a new NDEA model and applying it to assess the sustainability and
resilience of BSCs.

3. Proposed model

BSCs play a strategic and crucial role in unexpected situations such as
earthquakes and pandemic Covid-19. Here, an advanced NDEA model is
introduced to evaluate the sustainability and resilience of BSCs. A new
DDF is developed to assess the overall and stage efficiency scores. As is
seen in Section 4, our proposed model can deal with different types of
data, including integers, undesirable outputs, negative, zero, and
positive.

Suppose there are n DMUs, which DMU;j (j = 1,...,n) consumes m

Decision Support Systems xxx (xxxx) xxx

inputs x;; > 0, (x; # 0,i =1, ...,m) to produce s final outputs y;; > 0, (¥
# 0,r =1,...,5). Under variable returns to scale (VRS) assumption, the
underlying production possibility set (technology) is stared as follows
(Banker, Charnes & Cooper [89]):

n

o {(xy) e 2 Zi:lljxj’y < Zi:lljyj’ i1

=1, szo}

Traditional DEA models consider the DMUs as black-boxes without
taking into account the internal structure of DMUs. This may lead to an
over-estimate of efficiency scores. To overcome this issue, NDEA models
are introduced, which take the internal operations of sub-processes into
account. Now, consider a network production system, including p sub-
processes. Let xgjk) and yg-‘) denote the ith input and rth final output of
kth sub-process of DMUjfori=1, ..,m;r=1,...,s55k=1, ...,p;andj =
1, ..., n, respectively. Following the standard notation of inputs and
outputs, we may write x; = Eﬂzlxl(]k) and y,; = Zﬂz]‘yﬁj’-‘).

The key feature, which distinguishes NDEA from the traditional ones
is considering the intermediate products. The intermediate products are
produced in the sub-processes and are consumed within the production
units. In the traditional DEA models, the intermediate products are
ignored and DMUs are treated as black-boxes. Further, let zg’t) denotes
the gth intermediate product, which is produced by sub-processes s for
consuming in sub-processes t for g =1, ..., h. Therefore, {’leg-"” shows
the total amount of the gth intermediate product, which is produced by
sub-process k for being consumed in other sub-processes. Similarly,
Sz }’k) shows the total amount of the fth intermediate product, which
is produced by other sub-processes for being consumed in sub-process k.
In real-world applications, a sub-process may consume only a subset of
inputs and intermediates to produce a subset of intermediates and final
outputs. A typical network DMU is depicted in Fig. 1. See Kao [90] for
more details.

The associated production possibility set under VRS assumption is as
follows:

noo (k) (k K noo(k P (K K
D IR v i) B
noak) P (k) (k) k) (k) (k)
< j:]l/. <Z/1ZFJ ),y, SZ/:M“J Yij j:llj
— — . 900
=1k =1,0.,p, K,V £ 4 zo,,}

Note that the intermediate products appear in two different roles; i.e.
output of the tth sub-process and input of the t + Ith sub-process.
Therefore, two different types of constraints are used for the in-
termediates. In this modeling, the sub-processes are connected via the
intermediate products and thus the formulation is known as the con-
nected model in NDEA literature [91]. Traditional DEA models rely on
some basic assumptions, including homogeneity of activities, continuity,
and non-negativity of inputs and outputs. However, in the real world,
DMUs might be non-homogenous, data may be integer-valued, negative,
and/or undesirable. Here, we introduce a novel NDEA model to address
negative, integer-valued, and undesirable data.

Several approaches have been proposed to deal with negative data in
DEA literature. Kaffash et al. [92] summarized the DEA models with
negative data. The SORM model, proposed by Emrouznejad et al. [93], is
one of the popular techniques in dealing with negative data in DEA. A
modified version of the SORM model was introduced by Kazemi Matin
et al. [94]. Their introduced model has an important feature that con-
siders positive and negative-valued data in all inputs and outputs.

To deal with the negative outputs, using SORM, consider DMUs as
(x, yp s yN); where y? indicates the positive outputs, i.e., y% >O0forallr=
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Fig. 1. A sub-process in network DMU.

1,..,sj=1,..,n and yN shows the negative outputs. According to
Emrouznejad et al. [93], we may write y™ = y! — %, where non-negative
vectors y! and y? are defined as follows:
ify; =20 =Y if yj <0
vy =Ty anayy = {0
Under these settings, SORM production technology can be repre-
sented as follows:

Tpea-sorm = {(xJp’leZ) |x > Z:‘:lljxj,y" < Z?:lfljng:yl

< Z?:l’lfy}’yz z Z?:lifyjz’z:lzllf =LV a2 0}

Given the linear structure of Tpgs_sorm, the DEA models can be
modified to deal with the negative outputs. For network DMUs with
negative outputs, we suggest a modified production possibility set based
on the SORM approach. To this end, let I and O denote the inputs and
outputs, respectively. Also, O' and O" represent a set of outputs

Transportation costs
Research & development costs
Blood production costs

Advertisement cost
The number of donors
Transportation costs

Transportation Delay

Blood collection Centre
The sent blood

Waste of blood

Waste of blood

Blood production Centre

associated with y* and y" respectively; where 0’ NO" =@ and 0’ UO"
= 0. Under the VRS assumption, the SORM production possibility set
with network structure for dealing with negative outputs is as follows:

n k) (K
Tnetwork—sorm = {(x7z7y1>7y17y2)| jzllj( )xg)

(k) (k) P (Ik) (k) _(k)
<5 (S ) <4

1(0)
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In addition to the negative outputs, suppose that there are integer-
valued inputs and undesirable outputs. For simplicity, assume that all

Environmental costs
Holding cost of product
The number of personnel

Transportation costs

Cost of work safety and labor health

The sent blood

Blood distribution centre

g
i
5
Z
o
£
&

Transportation delay

Profit

Waste of blood

Fig. 2. The BSC of IBTO.
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Table 1
The used factors for evaluating the sustainability and resilience of BSCs.
Stages Factors Factor type Data type Notation  Sustainability/resilience Measurement
dimension unit
Blood collection centers (BCCs) Advertisement cost Input Real x(ll) Economic Rial
The number of donors Input Integer o Economic Person
Transportation costs Input Real x50 Economic Rial
Waste of blood Output Undesirable ~ y{P® Economic Litre
Transportation delay Intermediate ~ Real 22 Resilience Minute
The sent blood Intermediate  Real 252 Economic Litre
Blood production centers Transportation costs Input Real x? Economic Rial
(BPCs) Research and development costs Input Real x&m Economic Rial
Blood production costs Input Real x2 Economic Rial
Environmental costs Input Real xP Environmental Rial
Waste of blood Output Undesirable ~ y{P@® Economic Litre
The sent blood Intermediate ~ Real 23 Economic Litre
Transportation delay Intermediate  Real 252 Resilience Minute
Blood distribution centers Holding cost of the product Input Real x(13) Economic Rial
(BDCs) Cost of work safety and labor Input Real x(23) Social Rial
health
The number of personnel Input Integer Pesy Economic Person
Transportation costs Input Real xP Economic Rial
Waste of blood Output Undesirable ~ y{P® Economic Litre
Received blood by patients Output Real ¥ Economic Person
Profit Output Real Y@ Economic Rial

the divisions have the same integer inputs and undesirable outputs.
Extending for the case of a hybrid index in which integer and/or un-
desirable outputs coexist in a subset of divisions is straightforward. The
non-negative outputs can be classified into two categories of desirable
(D) and undesirable (UD) outputs; i.e., O' = D U UD in which DN UD = ¢.
Therefore, we have y* = (y°,y"P). The inputs also can be classified into
two disjoint categories, including integer (I) and real (NI), wherei € I U
NI, I N NI = ¢ and we use x = (xl,xNI).

To address the undesirable outputs, the axiom of weak disposability
(WD) is used. The axiom provides possible tradeoffs between the good
and undesirable outputs in the production possibility set. Given the
production possibility set Tnesork, WD axiom can be stated as follows:

Definition: The outputs (y°,y"P) are weakly disposable if and only if
¢, 2,y°,y"P) € Txemork, which implies that (x, 2, ay®, ay"P) € Tyemork for
all ¢ € [0,1].

Kuosmanen [95] introduced the production possibility set given

Table 2
Explanations about the used factors.

Factors Explanations

Advertisement cost Cost of publishing brochures and advertising in media
to donate blood [3].

The number of persons who voluntarily donate their
blood for humanitarian purposes [18].

Costs associated with transportation such as repair and
maintenance and fuel ([99]; [17])

The amount of wasted blood due to human error or
defective equipment ([100]; [101]).

The amount of sent blood among stages of BSCs ([28];
[31D.

The delay in transportation ([17]; [102]).

Costs associated with improving blood sub-products
and preventing waste of blood [103].

Costs associated with processing blood and its sub-
products [104].

Costs associated with preventing greenhouse gas
emissions and fuel consumption [9].

Costs associated with increasing personnel work safety
and enhancing labor health [23].

The number of technical and non-technical staff [105].
Costs associated with storing blood and its sub-
products such as personnel costs and utilities’ costs
[106].

The amount of received blood by patients [107].

The amount of profit by providing blood and its sub-
products to patients [108].

The number of donors
Transportation costs
Waste of blood

The sent blood

Transportation delay

Research and development
costs

Blood production costs

Environmental costs

Cost of work safety and
labor health

The number of personnel

Holding cost of the
product

Received blood by patients
Profit

axioms, including convexity, free disposability of inputs and desirable
outputs, and weak disposability of desirable and undesirable outputs.
See Kuosmanen and Kazemi Matin [96] for details. The associated
production possibility set for a general network, including integer-
valued inputs and negative and undesirable outputs under WD
assumption can be presented as follows:

WD—Integer 1 D JUD 1 .2 n ) (k)
Tnerworke SorM = {( Mz y? y Py y )|Z,-:1’1.5 Xij
no (k) le NI(k) n (k) P (LK)
Z A7 S 7Zj:]l/. <lezf7 )
P (k)
'< Z/ 17 <lez§f )"

yP® < s 1a,,1<") Pvreo,
1(k) 2(k)
O’,y < Yad y,J Mvre 0, 'y >

r r

YW — s 00y

A0 =

k) k)
Ay e € 0,57 A

1, vk vj: A% >00<a<1

Here, a; is used to denote the abatement factor associated with the
WD axiom for the undesirable output of DMU;. Note that these factors
should be considered for all the outputs, including both positive and
negative outputs. Due to the multiplication of abatement factors a; by
the intensity weights /1( ), the new production possibility set Ty"2 ..
has non-linear constraints. To overcome this issue, we use the following
variable substitutions (see Kuosmanen [95] for more details):

Vi, ¥ k 2 aiaf® = 60, (1 — apaf = uf, 4R = s 1 00,

Therefore, the linear version of the productlon possibility set

TSORM- WD s as follows:

Therworic soru = {0, 2,y2, %P,y y?) | 5165 + uf O < of
) s (50 ¢ ) NI < (NIt s~ 500 " ,,(k))(zf }l k)) < 2o,

(k) < 2:]” (5(k) + ”]k))(E :p,]Z(k t)) yD(k) < 2: 5 y’] v re O/ yUD(k)
1(k) n SR o 2(k)
< . .0 A re0”,
y, S Y

S8 yXvr e 0,57 1( +uf >) =1,vkY: 69 >0,u" >0}

Now, based on the introduced production possibility set
TAV,ZL;;OIZ’[i“’;éRM, the efficiency scores of DMUs are assessed. The traditional
DDF for performance evaluation of DMU, (the DMU under evaluation)

for the known production possibility set, T, can be represented as Max

= Z}Llé}k)yg-‘) vV r e 0,
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Table 3
The dataset.
BSCs Blood collection centers (BCC) Blood production centers (BPC)
(DMUs) Inputs Output Intermediates Inputs
Advertisement The Transportation Waste of blood Transportation The sent  Transportation Research & Blood
cost (1000 Rial) number of costs (1000 Rial) (Undesirable) delay (minute) blood costs (1000 Rial) Development production
donors (Litre) costs (1000 Rial) costs (1000
(Integer) Rial)

1 1,401,000 25,318 4,125,000 51 935 12,015 5,317,000 2,150,000 7,019,000
2 3,259,000 39,615 6,941,000 64.5 1019 18,310 7,819,000 3,347,000 8,542,000
3 1,135,000 24,917 3,940,000 59 992 12,134 4,550,000 2,940,000 6,374,000
4 2,047,000 27,965 4,275,000 43 1247 13,078 4,917,000 3,541,000 6,918,000
5 1,517,000 29,174 3,941,000 55 1139 12,193 4,193,000 2,682,000 6,018,000
6 1,638,000 25,615 4,463,000 32 1175 11,847 4,817,000 1,749,000 6,494,000
7 3,741,000 34,170 7,901,000 67 1482 16,172 7,714,000 2,481,000 7,805,000
8 2,652,000 31,435 6,047,000 39.4 1037 14,560 6,286,000 3,726,000 6,397,000
9 3,415,000 33,241 5,972,000 55 1274 15,825 7,119,000 3,910,000 7,151,000
10 1,797,000 27,947 5,122,000 41 1197 13,728 5,468,000 3,270,000 7,409,000
11 1,345,000 23,650 4,576,000 37 872 11,910 5,085,000 1,748,000 4,937,000
12 2,939,000 38,171 6,245,000 62 1546 17,596 6,973,000 4,168,000 8,412,000
13 1,720,000 24,389 4,016,000 35.4 910 10,401 3,857,000 2,340,000 5,730,000
14 3,320,000 34,860 6,581,000 42 1413 15,358 7,198,000 2,368,000 6,490,000
15 1,489,000 21,527 2,052,000 30 759 8714 2,610,000 1,743,000 4,513,000
16 1,835,000 23,943 4,718,000 53 1268 11,037 4,342,000 1,418,000 5,176,000
17 1,371,000 19,781 2,950,000 37 916 8350 3,830,000 1,773,000 4,495,000
18 2,842,000 31,177 6,572,000 21.5 1571 15,064 6,187,000 2,728,000 5,972,000
19 1,187,000 18,635 3,276,000 34 1049 7928 4,028,000 1,951,000 4,810,000
20 1,352,000 23,287 4,017,000 46 1476 10,517 4,542,000 3,275,000 6,492,000
21 3,987,000 34,715 6,519,000 52 1182 16,254 7,092,000 2,628,000 7,139,000
22 3,524,000 30,824 6,217,000 29 1319 14,381 5,938,000 1,833,000 5,725,000
23 1,920,000 21,389 3,281,000 37 1051 9155 3,917,000 1,425,000 4,927,000
24 2,371,000 28,671 5,019,000 44 1232 12,227 5,938,000 2,718,000 6,735,000
25 1,682,000 22,324 3,956,000 31 993 9819 4,513,000 1,758,000 5,514,000
26 1,435,000 18,257 3,591,000 25 1146 8328 3,715,000 2,310,000 5,596,000
27 2,981,000 31,141 7,126,000 56 1374 13,921 6,820,000 2,587,000 7,825,000

{@| (%0, 20,¥0) + (8", 8% &) € T}, where the uniform distance parameter n
¢ is used. Note that the natural directional vector (g%, g% g") = (—x,,0
¥o) can be chosen in which the DDF takes the form Max{¢| (1 — ¢)x,, 2o,

6 y” (1 - (/Jff) )yfm(k),Vr €0,

1(k)

(1 + @)y,) € T}. For more details, see Fare and Grosskopf [97]. n 5gk)y1 ® 5 (1 o ) Vre o
To provide both the overall and stage efficiency scores in =1 = cy, '
TP ineser 4> We introduce a modified version of DDF in which the

n

26)
natural improvement direction (g, g™V, g% ¢"?,g""0,g",g"%2 ) = 5 yr, <(1- oY ) Vreo,
(—xb, =, 20,y2, —yYP, ¥, —¥2) is used for the evaluation and different Yr

distance parameters are applied for different stages. Let »% denotes the

n

inputs and output distance parameters. Also, let w® denotes the asso- Z(aj@“ + M}k)) =1,Vk,
ciated predeﬁned positive weights corresponding to the kth division in =1
which Zp 1w = 1. For the performance assessment of DMU, : (a¢k, 2N © © ©
— . - Kk 3 J
26,¥2,¥P, ¥4, ¥2), we suggest the following modified DDF model: Vie LVkYj: % ez.,00 ¢ >0,8" > 0,47 >0.
p oW To avoid non-integer targets for integer-valued inputs, i € I, new
Z’ff wre, (€8] integer variables X; are used in Model (1) (see Kuosmanen, Keshvari &
k=l Matin [98]). This is a mixed-integer linear programming model in which
Subject to the objective function and all the constraints are linear and just a small
R subset of variables are restricted to integer values, which can be easily
s + A0 <m0 < (1-p®)®ier L
Z, . ﬂ, Xj SXU S Po )X solved by any optimization solver.
In optimality, the overall and stage efficiency score of DMU, are
Z” (5 +” ) M) (1—® )X{W(k) ie NI suggested as follows:
j=1 o
1- E w 0
" ORTC) P (k) (k) D UD I 2\ _ k=l
S (80 ) (2o ) < vk Ef foreran (%), 6", 20,5232, ¥}, 32) I
1+ > whg,
k=1
® <\ ( (k) gk)) P (k) 1— oW
L = Zj:l G+ Hy thlzx/ , Vk Efﬁ((xg,xgw,zu,yf, y, 7y,ﬂy,]) % (k=1,...,p)
+
Zj715,(k yrjk ® > (1+9% )Yf)(k) Vreo, where ¢,*® shows the maximum percentage of proportional improve-

ments of inputs and outputs of division k.
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Blood production centers (BPC) Blood distribution centers (BDS)
Inputs Output Intermediates Inputs Outputs
Environmental Waste of The Transportation Holding Cost of The Transportation Waste of blood  Received Profit
costs (1000 blood sent delay (minute) cost of work number of costs (1000 (Undesirable) blood by (1000 Rial)
Rial) (Undesirable) blood product safety personnel Rial) (Litre) patients
(Litre) (1000 and labor (Integer) (Litre)
Rial) health
cost
(1000
Rial)
1,158,000 434 11,375 1316 1,521,000 164,250 16 5,941,000 357 10,918 11,930,000
1,418,000 421 17,632 1874 2,335,000 301,980 25 8,146,000 592 16,840 16,785,000
1,053,000 331 11,510 1512 1,492,000 151,740 17 5,012,000 336 11,074 13,172,000
1,734,000 457 12,431 1348 845,700 193,200 19 4,573,000 459 11,972 14,590,000
1,390,000 305 11,715 1119 1,217,000 243,140 17 4,958,000 527 11,188 6,170,000
1,042,000 491 11,137 1671 2,249,000 257,590 21 5,617,000 835 10,302 0
915,200 343 15,679 1354 2,027,000 281,120 23 7,281,000 565 15,114 9,148,000
1,179,000 285 14,112 1028 1,847,000 267,970 20 7,190,000 522 13,590 6,875,000
1,068,000 212 15,490 1313 1,798,000 318,310 27 6,745,000 479 15,011 11,380,000
2,287,000 367 13,239 1065 1,624,000 143,590 19 6,010,000 393 12,856 19,250,000
937,000 351 11,405 1591 1,738,000 245,100 21 4,917,000 583 10,822 9,957,000
1,570,000 293 17,029 1439 2,014,000 349,780 24 6,245,000 402 16,627 1,083,000
892,000 387 9872 995 1,017,000 99,350 16 7,219,000 279 9593 10,079,000
1,308,000 272 14,913 1125 2,104,000 298,400 24 7,745,000 547 14,366 —172,435
845,000 249 8315 811 1,248,000 75,300 11 2,916,000 215 8100 7,820,000
1,173,000 305 10,554 1124 1,387,000 101,072 18 5,012,000 230 10,324 10,520,000
1,280,000 372 7801 943 1,244,000 126,500 15 3,215,000 192 7609 9,227,000
1,193,000 319 14,546 1431 1,847,000 314,180 27 7193,000 643 13,903 —356,455
1,257,000 197 7614 737 1,035,000 128,000 14 3,915,000 206 7408 7,287,000
1,625,000 203 10,148 1095 1,638,000 103,500 16 4,953,000 185 9963 10,972,000
1,935,000 328 15,709 1321 1,497,000 216,270 23 6,947,000 313 15,396 11,510,000
1,622,000 251 13,981 1184 1,273,000 158,210 19 7,074,000 346 13,635 9,367,000
1,238,000 194 8805 783 1,035,000 126,400 17 4,253,000 241 8564 8,928,000
1482,000 275 11,796 1018 1,416,000 172,100 21 6,219,000 193 11,603 7,514,000
1,729,000 178 9537 1215 1,158,000 153,350 19 5,401,000 207 9330 10,717,000
1,043,000 214 7965 1074 1,193,000 197,800 16 4,318,000 154 7811 8,543,000
1,539,000 317 13,489 1397 1247,000 141,230 21 6,652,000 319 13,170 9,321,000
Theorem 1. Model (1) is always feasible and bounded. 1+Z0 < 1. To complete the proof, note that Vk : w® S 0 and
Proof. Let o = 0 (vK), 6= 1 5(") 0 (Vj # o), and also u(k) 0 (vk P K P ik *()
o Powk = 1, so we have Y% w® (1 —@o )
V j). Furthermore, let ;¥ = x (Vl € I). It is easy to verify that these ®
values satisfy all the constramts of Model (1). Therefore, the model is <3P wh (1 +oF ) Therefore, 0 < % < 1. This
X o

feasible. For the boundedness part, given the constraints of inputs, un-

hows that 0 < Effo n <1
desirable, and second part of negative outputs, we conclude that ") s verall <
p gative outputs, w Al ii. Note that Effoverau(Xxt, X320, Y5, Y5 Y0, ¥s) = 1 leads to vk :

=

1. From the constraints of the desirable outputs, based on Ej:l j ) <1, #6*® = 0, which shows no input and output improvements are
mz,lX{yD(“ } possible in any stage. This is equal to Vk : Effi(xh, xN, 20, y5, 57,

we have 0 < (pf,k) < % —1. A similar relation can be repeated for yg, _yg) =1.
the first part of negative outputs. Thus, we have Vk : 0 < & < 1, which iii. Note that all inputs, intermediates, and outputs’ constraints are
shows the objective value is bounded. |l linear. Without any change in the optimal values of ¢, any
change in units of measurement affects both sides of constraints
Theorem 2. The following statements are true: in Model (1). Therefore, both Effo,erquand Effiare unit invariant.
iv. Itis enough to show that Effi(k =1, ..., p) are monotonic in inputs
1 0 < Effoveran S land 0 < Effi <1 for all k. and outputs Then, based on the assumption vk : w® > 0 and
ii. Effoveran = 1 if and only if Effi = 1 for all k. > ,w® =1, monotonicity of Effoyeran achieves immediately. To

iii. Effoveraquand Effi(k = 1, ..., p) are unit invariant.

; A do so, we first consider the case that only one input of DMU, is
iv. Effoverauand Effi(k =1, ..., p) are monotonic in inputs and outputs.

changed by a positive a in any division k; i.e. i € I UNI: xi9"" = xl,
® 4 q. We show that, at optimality, Effg®” < Eﬂﬁld. Forie I, we
have a € Z,. By putting this value on the ith input constraint, we
get

Proof:

i. From Theorem (1), we have Vk : q;g*(k) c [0,1]. First, we show
that Vk : p,*® # 1. Otherwise, if for any k, k, o z o< =1, 1, then from Z” ] (5(k> +u ) ( 1) +a) <50 < (1-g) (xl{l(‘k) +a>
the first constraint we have Zj 1(5( )4 /4( )) xI( ) = = 0, which !

(k)
based on at least one positive value in anyi € I, leads to YL ((SJ Since Z] ) (

(k)
tH;
+ y}k)) = 0, which is a contradiction. This leads to 0 < Effy, =

; ) =1, we have
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Table 4
The sustainability and resilience of BSCs.

Decision Support Systems xxx (xxxx) xxx

BSCs Overall and stage sustainability and resilience Integer input targets
PP o s Overall Stage 1 Stage 2 Stage 3 ;(12( 1) ;(13(3>
1 0.02824078 0 0 0.9813484 0.9450697 1 1 24,603 16
2 0 0 0 1 1 1 1 39,615 25
3 0 0 0.005296280 0.9964754 1 1 0.9894632 24,917 16
4 0 0 0 1 1 1 1 27,965 19
5 0 0 0 1 1 1 1 29,174 17
6 0.03517416 0 0 0.9768223 0.9320421 1 1 24,714 21
7 0 0 0 1 1 1 1 34,170 23
8 0.04555432 0 0 0.9700847 0.9128609 1 1 30,003 20
9 0 0 0 1 1 1 1 33,241 27
10 0 0 0 1 1 1 1 27,947 19
11 0 0 0 1 1 1 1 23,650 21
12 0 0 0 1 1 1 1 38,171 24
13 0.09323876 0 0 0.9397145 0.8294265 1 1 22,115 16
14 0.07971888 0 0 0.9482298 0.8523340 1 1 32,081 24
15 0 0 0 1 1 1 1 21,527 11
16 0 0 0 1 1 1 1 23,943 18
17 0 0 0 1 1 1 1 19,781 15
18 0 0 0 1 1 1 1 31,177 27
19 0 0 0 1 1 1 1 18,635 14
20 0 0.1005226 0 0.9351576 1 0.8173184 1 23,287 16
21 0.1056575 0.01175043 0 0.9246759 0.8088784 0.9767721 1 31,047 23
22 0.1748962 0 0 0.8898256 0.7022781 1 1 25,433 19
23 0.07677900 0 0 0.9500913 0.8573913 1 1 19,746 17
24 0.1739641 0.2125386 0 0.7717393 0.7036295 0.6494320 1 23,683 21
25 0.1751959 0 0 0.8896472 0.7018439 1 1 18,412 19
26 0.02747283 0 0 0.9818510 0.9465235 1 1 17,755 16
27 0.2242703 0 0 0.8608862 0.6336262 1 1 24,157 21
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Fig. 3. Summary of the results.

n q 4 P -
S (0 ol <7 —a <o~ (L9 +a)

Therefore, > (ﬁ;k) +u® )xl..(k) <x

; as (1 g

<1 +ﬁ> )x{.ﬁk). This shows that ¢, = p® (1 +ﬁ> is a feasible dis-

tance parameter for evaluating the ith input of the second observation; i.
e. after changing i(()k) to xf,(,k) + a in which we have (pok) > (p,(,k) . Thus, if

o0 € {(pg“‘) L, (1 +ﬁ> } and subject to feasibility of this distance

parameter for other inputs/outputs of DMU,, this immediately shows
! (k) e . .
that 17'”?@ < % and at optimality, we can state Efff* < Ef?9. In case
+@, Po
of changes in any other input/output components, similar proof can be
provided.

These properties are the four basic properties of an efficiency score.
The first two properties imply that the new proposed overall and stage
efficiency scores are bounded by 0 and 1, reaching the efficient states if
and only if Vk : ¢,*® = 0. This means that, in no stage, no improvement
in the input/output vector of the DMU under evaluation is possible.

Property (iii) guarantees that the values of Effoyerqrand Effiare
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independent of the unit of measurement of inputs, intermediates, and
outputs. Property (iv) states that the introduced overall and stage
measures are monotonic decreasing (increasing) functions in terms of
inputs (outputs).

Based on the optimal value of model (1), the feasible vector
(xl f 1 Zos if ,if,]D W= yo -y, ) is introduced as the target point for
the DMU under evaluation:

~ _x(k .

xf(k) =X ® foriel,k=1,...,p

2 = (1-9a% )™ forie NI k=1, .., p

?f(k) = (1 +(pz(k) )y?(k) forre0,k=1,..,p

yf’”“‘ <1 (po )y, forre0,k=1,..,p

NG) RN 2 N(K)
S 14 - (1) - +
Vs (1400 >y, )y, ¥,

w| 1w 2k
+ forre0", k=1, ...,
P ly, Ty, P

Y.

Note that the obtained target vector shows a strict improvement in
the inputs, desirable, undesirable, and negative parts of the outputs of
the DMU under evaluation.

4. Case study

To demonstrate the usefulness and validity of the proposed model, a
case study is presented. Here, the proposed NDEA model is applied to
measure the sustainability and resilience of BSCs. Iran Blood Transfusion
Organization (IBTO) was founded in 1970. Iran with more than 200
blood transfusion centers is one of the most active countries in blood
products in the Middle East. The BSC (DMU) of our case study consists of
three stages; BCCs (stage 1), BPCs (stage 2), and BDCs (stage 3). Fig. 2
shows the BSC of IBTO.

Through meetings with managers and experts of IBTO, we identified
the indicators to assess the performance of sustainability and resilience
of BSCs. The inputs of stage 1 are advertisement cost x{*), the number of
donors x[( ) ,and transportation costs xg ). The output of stage 1 is waste
of blood yj ub() . Transportation delay z{*? and the sent blood 25 are
the intermediate measures between stage 1 and stage 2. The inputs of
stage 2 are transportation costs xﬁz), research and development costs x&z),
blood production costs xgz), and environmental costs xﬁz). The output of
stage 2 is the waste of blood y¥P®. The sent blood z{>* and trans-
portation delay z5>% are the intermediate measures between stage 2 and
stage 3. The external inputs of stage 3 are the holding cost of the product
xﬁg), the cost of work safety and labor health x&e‘), the number of
personnel 15, and transportation costs x. The outputs are waste of
blood y¥P®, received blood from patients y5”, and profit yY®. Table 1
summarizes the information related to the inputs, outputs, and inter-
mediate measures. Table 2 presents some explanations about the used
factors in the case study. Table 3 provides the dataset of 27 BSCs across
Iran. The dataset is related to July 2020 to November 2020, which is
obtained by analyzing the documents and archives of IBTO.

The customized version of Model (1) for the case study is as follows:

3
(k) (k)
max w
s.t. 227< +HJ ) 1)<(1 [’0 )lO’i:1’3

(5 o <5

< (1-¢)x",

Decision Support Systems xxx (xxxx) xxx

i=1,2,3 4,

Do+ ) < (10,

3 3 3 3
(o ) < (- ol

i=1,2,4,

27

2(5}3) “‘/4;3) )xgs_l) <5®

J=1

< (1-¢)x”,

27

1 1 1,2 1,2
2(5,( ) +u_,(- ))Zf, ) sz-o ),

J=1

i=1,2,

S
N}

Zz(’:l)z (5 +”j )u12)7 i=12,

=1

27
S+ ) = =1

J=1

7 7 (/A

27
£V 23 (8 )Y =12,

=
b1l

(1), UD(1)
25/ Vi

J=1

27 ( )
2) UD(2)
251 Vi

=(1=g), W

= (1-0),

3
17400 )7 yﬁfX)

Z Py =

27

3.3
>

J=1

> (140l s

27

Z 50 >

J=1

> (140 )y

27

Yooy < (1-0 )y

J=1

2
2171(5 +ﬂ} )Zl}k:l’-"ﬁ 37
5}"), u?>0,j=1,.,27,k=1,..,3,

75050 ez, 09 oW >0 k=1,..,3.

5. Results and discussions

To analyze the dataset, Lingo 18.0 software is used. Table 4 shows
that 13 out of 27 BSCs are overall sustainable and resilient with a score
of 1. The overall sustainable and resilient BSCs have sustainable and
resilient stages as well. Note that there is at least one sustainable and
resilient BSC in each stage. BSC #24 has the lowest overall sustainability
and resilience. As is shown in Table 4, 15 BSCs are unsustainable and not
resilient in stage 1. Also, there are 3 unsustainable and not resilient BSCs
in stage 2 and only one BSC is unsustainable and not resilient in stage 3.
The targets for integer-valued inputs are reported in the last two col-
umns of Table 4. As is seen, 13 out of 27 BSCs get different sustainability
and resilience scores when integer assumption is taken into account.
This indicates that the integer assumption plays important role in
evaluating the BSCs.

Fig. 3 shows the results. As is seen, in stage 3, all the BSCs (except for
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BSC #3) are relatively sustainable and resilient. However, in stages 1
and 2 there are many relatively unsustainable and not resilient BSCs. As
is seen, whenever the overall sustainability and resilience of BSCs rela-
tively become 1, all the stages are also relatively sustainable and resil-
ient. Note that in the real world there is no 100% sustainable and
resilient BSC. Since DEA compares DMUs relatively, a couple of BSCs are
determined relatively sustainable and resilient.

5.1. Managerial implications

BSCs are vital in every healthcare system [3]. To address emergen-
cies, a sustainable and resilient BSC is important [2]. Blood shortage
leads to people’s death [8]. Since the proposed approach measures the
resilience and sustainability aspects of BSCs, it can help managers and
decision-makers to mitigate pressures from beneficiaries such as patients
and media. Furthermore, the proposed approach not only can calculate
the sustainability and resilience of each stage of BSC but also can mea-
sure the overall sustainability and resilience of BSCs. This, in turn, helps
decision-makers to have a better insight into the performance of BSCs. In
addition, the proposed approach considers different types of data.

6. Conclusions and future researches

The supply and demand for blood and its sub-products are essential
for humankind. Blood is a perishable commodity and its shortage
particularly in unexpected situations such as natural and man-made
disasters may lead to human death. Furthermore, human blood and its
sub-products are a scarce and valuable resource that is produced only by
human beings. Therefore, measuring the sustainability and resilience of
BSCs is of great importance in any healthcare [109,110,41].

Given the importance of blood in saving people’s lives, for the first
time, we proposed a novel NDEA model for evaluating and analyzing the
sustainability and resilience of BSCs. The BSCs, in this study, consist of
three stages, including BCCs, BPCs, and BDCs. Furthermore, we devel-
oped a new DDF based measure to evaluate both overall and stage
scores. Also, for the first time, we modeled integer data, negative data,
positive data, zero data, and undesirable outputs in the network
structure.

One of the limitations of our model is that it cannot take into account
stochastic data. However, in the real world, there might be stochastic
data. Also, our proposed model assesses DMUs in a static setting and
cannot deal with DMUs in dynamic settings. Some future research di-
rections can be derived based on the developed method. In this paper,
we proposed an NDEA model in the existence of undesirable outputs,
integer, negative, zero, and positive data. Proposing an NDEA model to
address stochastic data can be an interesting topic for future researchers.
Also, developing a dynamic NDEA model to evaluate BSCs in several
periods can be another future research avenue.
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