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Abstract
One of the most fundamental components of heakhsgstems is the blood supply
chain management. This chain has two significamipmments including collecting
donor’ bloods and supplying blood’s products. ThEmpurpose of this paper is to
concentrate on supplying blood products and presemtovel constrained bi-
objective mathematical model for a two-echelon Hlasupply chain network
(BSCN). The aims of the proposed model are: 1) mige products’ waste and
shortage costs in hospitals and 2) to minimizentidaimum unsatisfied demand of
different products among hospital demands supgigdlood transfusion centers.
Some techniques are used to linearize the modeldinear terms and decrease
presented model’'s complexity. A multi-choice goadgramming (MCGP) technique
is used to convert bi-objective model into a sirgdgective one. The model is solved
by mathematical software under 3 different sceisasnd 18 time periods in real-
world BSCN. Computational results showed that ha$piare tended in accepting
products’ holding and waste costs to satisfy deraarighatients who are highly need
for receiving blood products.
Keywords: blood supply chain, packed red blood cells, MCBRod transfusion
center
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1- Introduction

Blood is a scarce source and has a limited lifetiReople can be required for receiving blood ith bo
normal and crucial situations. Formal statisticblighed by Red Cross organization of United State
reveals the fact that one person on each two secoray be required for receiving blood. Similar
statistics published in Iran show that one personeach three seconds may want to receive blood
(Nagurney et al., 2012). Blood products are amtbiegessential items needed to save the human life an
the lack of them may lead to significant lossekiman health (Kohneh et al., 2016).

The real world importance of the BSCN is uniggiace human lives are at stake. The intricacyhef t
supply chain is perhaps less clear. According tts&laki and Brailsford (2007), more than a hundred
different products can be derived from blood, adl @& products and sub-products, but red bloods cell
(RBC), plasma, platelets and cryoprecipitate aganmged as to be the most important. RBCs represent
63.4% of the total transfused products, followedptasma at 17.8%, platelets at 13.6% and ultimately
cryoprecipitate at 5% (Whitaker et al. 2016). Mot these products can be processed to obtain sub-
products such as irradiated or washed productgdoticular treatments or as raw material for other
products such as recombinant products. Componeatssad in different conditions: for instance, RBCs
are needed in anaemia treatments, while plateletaeeded for cancer patients and plasma is needed
treat patients with burns. This list represents single instance of the use of each component; hemye
each component can have many uses in separatespescien health care. However, there are specific
constraints and preferences in using them. Moredkershelf life of blood products is another intpat
aspect to be considered; platelets, RBC, plasmacmgprecipitate have unlike shelf lives. Platelets
the most significant component with a shelf lifejoét 5 days, followed by RBC with 42 days and
ultimately plasma and cryoprecipitate with one yélhtis means that if a blood product has not been
transfused before the end of its shelf life, it iroes discarded. Finally, it is important to notattblood
products are not produced independently. Therediferent primary fractionation alternatives that
produce from one to four products, as well as diffie methods of collection(Osorio et al.,2015).

Hospitals are major consumers of blood produttey are committed to transfer blood to people who
are injured in accidents, patients who will havguggery, people who need for organ transplantatiah
people who are suffering from blood cancer or otfiseases. People or hospitals are always tended in
receiving blood products. It is always impossildetedict exact value of the demand for blood pot&iu
in coming weeks or months. So, having a blood heittk enough available fresh blood inventories ie on
of the key components of the world’s healthcaréesys(Nagurney et al., 2012).

Iranian blood transfusion organization (IBTO) limn’'s only credible national structure that is
committed to conduct and control all the activitiegolved in BSCN (Gharehbaghian et al., 2008). In
other words, the main responsibility of IBTO orgaation is to collect bloods donated by volunteers a
distribute them among different concerned centl830O is established in 1974 as a central unified
organization and is currently working as an insapkr component of Iran’s healthcare system. A
centralized system is involved in IBTO to perforhtlae activities like receiving donated bloodqrsig,
processing and collecting blood products amongitadsg{Cheraghali, 2012)

Blood and its products are produced, storedpadessed in more than 90 blood transfusion cetders
be distributed among various hospitals. 31 cerdbthese centers are located in state cities agid 34
centers are able to do specialized experimentsthAlmentioned centers involve fixed and mobileoll
Iran.(Omidkhoda et al. 2016)

According to the definitions of blood transfusi organization, blood transfusion center (BTC) is
defined as a place that is responsible for selg@ppropriate donors, collecting blood and its puots|,
performing transmittable blood infections, prodgcisiood products, storing and ultimately distribgti
them among different hospitals. Blood products lsarused by hospitals for clinical applications anc
be sent to the centers which are in contact withicall centers. Blood can be collected by blood
collection centers (BCCs) and blood collection pssing centers (BCPCs). While BCCs only collect and
freeze donated blood, BCPCs in addition to colfectind freezing blood also attempt to isolate blood
products. In addition, blood collection centerséanly blood collecting equipment and can only nexe
donors’ bloods. Mobile blood collections teams (METpmprised of a group of blood transfusion
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organization’s employees, and are located in pheg@flocations to collects volunteer donors’ blood.
Details of the inbound process of blood donatiod ather steps involved in an Iranian blood supply
chain are shown in Figure 1.

Hospitals demand for receiving blood d prodwagsociates with different problems. First of dilg
blood volume requested by hospitals is always riueg real need. Secondly, supply centers arelviet a

to satisfy all the demand declared by differentpitats. So, they try to distribute their inventdogsed on
hospitals’ real requirements.

Blood donated— — —»
Whole blood —p
Blood sample
- Information -~ — —p
Al BCPCs }- Blood products- - - p

Figure 1. Iran’s blood supply chain network

The Rest of this paper is organized as follovterature review of BSCN and MCGP approach is
discussed in section 2. Section 3 is divided ihtee different subsections. The first subsectiateisoted
to presenting a mixed integer nonlinear programnfiamgiulation for a two echelon blood supply chain
network. The second subsection is devoted to linegr the model's nonlinear terms. The third
subsection is devoted to formulating proposed modebntext of MCGP approach. Section 4 is devoted
to implementing a real case study of Iran’s bloodpty chain network. Finally, the paper’s conclusio
and some recommendations for future works are sgrilin section 5.

2- Literature review

The research works presented in literature arestigeged in two different parts including papers
related to BSCN and MCGP approach

2-1-Blood Supply Chain Network (BSCN)

In the subject of BSCN, Belién and Forcé (204:2) Osorio et al (2015) presented a comprehensive
review on the BSCN to support different decisiorking issues and determine required future
researches. Pierskalla and Brailer (1994) and Riktas (2004) focused on both strategic and tactical
topics related to BSCN including blood-banking fiimes, coordination between supply and demand,
blood collection, setting inventory levels, etc.

It can be inferred from Table 1 that all the stsdierformed in field of blood supply chain netwodes
be categorized by following research areas:
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Modeling approaches. Different types of decisiomialdes including continuous, binary and
integer variables can be used for defining varimethematical models for BSCNs. Binary
nonlinear goal programming (BNGP) approaches haes lused more than other approaches for
modeling mixed integer programming (MIP) models.

Uncertainty approaches. Different approaches lilzzy set theory (FS), stochastic programming
(SP) and robust optimization (RO) techniques haeenbused in literature for modeling
parameters’ uncertainty.

Time periods. Most of the formulations consideredmodeling BSCNs are presented in form of
multi-period models.

Objective functions. Different mathematical foramibn developed in literature for modeling
BCSNs are presented in context of single objectivet multi-objective models.

Solution techniques. The methods used for solviagious mathematical models can be
categorized in four different groups including exeawethods (E), heuristic algorithms (H) and
simulation techniques(S).

Research scopes. Most of the scopes have beerdemtiin literature for designing a BSCN
were restricted to collecting and distributing doand blood products. And other researchers
have been focused on distribution (Dis) or collatt{Co) of blood.

Performance measure. The two most general catsgofigoerformance measures are those
considering the number of outdated units and thehbau of units short of demand. So we divide
inventory costs to Wastage (Wa), Shortage (Shhatding (Ho) costs.

Demand points. Most of the formulations considdidmodeling BSCNs have single demand
point. But so far only one paper considers multg@enand points.

Shortage costs. In none of the past researchesp@iDi) demand are not divided. But it can be
divided (Di).

Blood products. In real world, Hospitals order ffackage of various products but Most of the
formulations considered for modeling BSCNs have glsin blood product.
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Table 1.Pervious researches

References

Model

Uncertainty

Time period

Objective
functior

Solution
technigue

Research scopes

Performance
measur

Demand points|

Shortage
Ccostt

Blood
product:

FS | SP

RO

Single | Multi

single | multi

E

S

H

BSCN

Dis| Co

SH

wa h

D

single  Mul

Iti

Di

NOC

singleMulti

Case study

(Rytila and
Spens, 2006)

Canadian

(Van Dijk et
al., 2009)

MDP!

Dutch
blood bank

(Grant, 2010)

(Cetin and
Sarul ,2009)

GNLP

(Zhou et al.,
2011)

SDP

(Seifried et al.
2011)

(Sha and
Huang 2012)

MINLP

Beijing

(Stanger et al.
2012)

(Blake and
Hardy, 2013)

Canada

(B. Zahiri et al.,
2015)

MIP

Mazandaran|

(Jabbarzadeh,
etal., 2014)

MIP

Tehran

(Fahimnia et al.

, 2015)

MIP

Unclear

(Osorio et al.,
2016)

MIP

Colombia

(Gunpinar and
Centeno, 201!

MIP

Unclear

(Behzad Zahiri
and Pishvaee,
2016)

MIP

Mazandaran|

(Puranam et al.
2017)

DP

Unclear

(Yates et al.,
2017)

(Kazemi et al.,
2017)

MIP

Mazandaran|

This article

MIP

Tabriz

! Markov dynamic programming
? stochastic dynamic programming

3 Dynamic Programming
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The motivation behind this study that differentsatihis paper from the existing ones in the related
literature can be summarized as follows:

* BSCN presented by Gunpinar & Centeno (2015) ire$udne hospital. Here, we develop their
network to a network with multiple hospitals.

» The presented model, aimed to minimize total wastk shortage costs of blood products. Here,
we extend their model to a bi-objective mathemétiwadel. To do so, another objetcive is added
to the model to minimize deviations between hospitemand and supply of blood tranfussion
centers. This issue can be used for establishingda off between supply and demand of blood
products.

» Shortage costs of preparing patients’ required dim@ducts is divided in two parts of shortage
in satisfying demand of ordinary and highly reqdipatients for blood products. This subject is
not considered in none of the studies.

e A MCGP approach is employed in this paper for samvbi-objective mathematical model.
Because this method has more flexibility in sewiitianalysis.

» A real case study is employed in this paper fdirtgsand evaluating performance of developed
model.

» Due to the uncertainty in the BSCNs and as welhademand hospitals, the credibility-based
stochastic programming is used.

* In real world, Hospitals order the package of vagiproducts, For this reason BTCs or BCPCs
supply offer various products. But Most of the @égdconsidered for modeling BSCNs have
single blood product. So we have considered migid products whit different expiration times.

2-2- Goal programming approach

Goal programming (GP) has been used extensiveliteirature for solving different multi-objective
optimization problems. This method was firstly otticed by Charnes and Cooper (1957) for solving
various types of multi-objective problems. This hwat has been used successfully for solving difteren
real life multi-objective decision making problenhs.addition, different versions of this techniquere
developed in literature for solving decision makipgpblems. All the GP based techniques can be
classified in two main groups including fuzzy gpabgramming models and crisp making problems. The
techniques of the first group can be used for sgluinulti-objective models dealing with uncertainty
mean while the second group’s techniques shouldsee for solving deterministic constrained multi-
objective problems. This method is mainly desigb@dninimize positive and negative deviations of
objectives involved in the model. In other wordsisttechnique aims at minimizing the gap existed
between objectives and their aspiration level. Thisthod uses two different types of the constraints
including goal constraints and system constraf@ystem constraints are designed to consider tearlin
programming concepts meanwhile goal constrainttudieg auxiliary variables are used to identify
optimal solutions by considering a set of predefigeals. The major structure of GP techniques tmed
solving multi-objective optimization problems is:

Minimize Y, d{ +d;
Subject to
hy(x)=(<or>)0 ; Vv k=1,2,...,q

f,(x)+d +d;=g; ; Vi=1,2,...,n

x€eX
d;L,d;EO 3V i=1,2,...n
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Where thek™ system constraint, thé"? goal constraint, thé™ goal’s aspirant level and variables
indicating positive and negative deviation frdfhgoal’s target value are respectively depictedpx),

fi(x), gi, dif andd;. Additionally, corresponding value df andd; can be calculated as follow:

dpL:{ fix)-g if fi(x)>g;
) otherwise

d_-Z{gi'fi(X) ;iffi (x)<g;
o otherwise

Different objectives like weighted, preemptive anth-max goals can be defined for GP techniques. The
main structure of weighted goal programming techeiig defined as:

Minimize YL, Wi(d"+d;)
Subject to
hy (x)=(<or>)0 ; Vk=1,2,...,q
fi(x)+dj-df=g; ;Vvi=12,...n
x€X
d,di>0 ;Vi=1,2,...,n

Where, positive weight defined for both negatived gositive deviations of thé goal form its
predefined target value is shown Wy.

Most of decision makers are interested in seledtngr values for aspiration level. Consequentlyjtin
choice version of GP technique (MCGP) was firstiiyoduced by Chang (2007) was firstly developed to
tackle with this problem. The main reasons behsidgithis technique is to consider different agjura
levels for the goals and avoid assigning lower @alto each goal’'s aspiration level. This techniigue
mainly designed to consider single and multipleirasipn levels for local and global areas in ortler
find global optimal solution. Overall structuretbfs technique is presented as follow:

Minimize YL, Wi(dif+d;)

Subject to

h, (x)=(<or>)0; vk=1,2,...,q

m
fl(X)+d;'d1+: bl]SIJ(B)I V1=1,2,,n
=1

XEX
df,d;>0; Vi=12,...n
S;j(B)ER;(x);  Vi=12,...n

Where,it" goal’sj™ aspiration level, function of binary serial numbaed function of resource boundaries
are respectively shown Iy, S;;(B) andR;(x).

Moreover, overall structure of two other MCGP bassthematical models proposed by Chang (2008)
is:
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The less is better
n

MinZ[Wi(df+d;)+ai(ei++e{)]
i=1

Subject to:
h (x)=(<or>)0; Vk=1,2,...q

f(x)+d;-df=y; Vi=1,2,...n

yite-ef =bimin;  Vi=1,2,...n
bi.minSYiSbi.max; vi=12,...,n
di,def, e>0;  Vvi=1,2,...n

The more is better

n
MinZ[Wi(df+d;)+ai(ei++e{)]
i=1

Subiject to:
h (x)=(<or>)0; Vk=1,2,...q

f(x)+d;-df=y; Vvi=1,2,...n

yi+e;—ei+=bi.max; vi=1,2,...,n
bi.minSYiSbi.max; vi=12,...n
di,d; e, e>0;  Vvi=1,2,...n

Where, continuous variable, lower and upper bouhdto aspiration level, positive and negative
deviations defined aly;-b; | in less is better model ang-b; .| in more is better formulations and

weight of sum of positive and negative deviatiore @spectively presented 9y b;min, bimax: € €
anda;.

MCGP technique has been used in literature nimdeling different real world multi-objective
problems. Ustun (2012) developed a conic scalaribiased MCGP model. The model had two main
contributions including reducing auxiliary consiigi and additional variables and ensuring obtaining
global optimal solution that can guaranty feadipitif obtained solutions. They presented some elesnp
and test problems to show usefulness of the praposadel. Paksoy and Chang (2010) developed a
MCGP model for multi-period multi- stage supply thagroblem. The proposed mixed integer
programming formulation aimed to minimize threefatiént goals including transportation costs, setup
costs and inventory costs. They used mathematifiaiare to solve proposed model. Bankian-Tabrizi et
al (2012) developed a new formulation for fuzzy ME@&chnique. The proposed formulation can be used
both for modeling real world problems and givingdarstanding about the solutions of the recently
developed fuzzy MCGP problems. Pal and Kumar (2@de8)eloped a revised MCGP technique for
modeling and solving economic environmental powareggation and dispatch problems. They converted
proposed nonlinear model into a linear model aredl USP technique for solving the developed linear
model. Patro, et al (2015) used two methods of ¥emdnde’s interpolating polynomial binary variables
and the least square approximation method to dpvalmovel mathematical formulation of MCGP
problem. They used mathematical software to solepgsed model and find the model’'s global optimal
solutions.
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3- Mathematical modeling

Mathematical formulations can be used for genegabiood’s collection and distribution network to
optimize BSCN (Duan & Liao, 2014). In this secti@nnovel mathematical model is presented for a two
echelon BSCN with one distribution center and mpldtihospitals. The BTC or BCPCs will supply
hospitals’ requested demand by investigating itslalle inventory. Scope of paper is shown in Fag2ir
So, it's very necessary for hospitals to identifgimal level of their blood inventory on differepériods.

The amount of blood required for hospitals on défé periods cannot be predicated exactly. So, they
always face with uncertainty on satisfying patiemtsed for receiving blood. As a result, demand
uncertainty should be considered in presentingva medel to make it closer to real conditions of the
hospitals.

Transportation costs are the only external cts$ Iran’s hospitals are paying for receivingduao
products. But these have different internal costshsas wastage, shortage and holding costs. So we
minimize sum of these costs. It is mentioned tlwddihg cost of blood products is different becatlnsse
store in dissimilar condition.

On the other hand, the demand values declardtbsypitals on different time periods are alwaysenor
than their real needs. This fact has been itellgtiasgerienced by IBTO. As a result, BTCs or BCR@G=s
not always supplying all the declared demand ophals. So, we try presenting a mathematical mazlel
make a reasonable and fair balance between hosjgtabnds, but also we minimize the maximum
unsatisfied demand of different products among talsgemands throughout the planning horizon.

Hospital 1

Collection
Testing and storage
Highly required patient

MT and BCC

Figure 2. Scope of research

Paper outputs can be expressed as follows:
» BTC or BCPCs Distribute blood products between halspfairly, and Number of blood product
units is determined for each hospital and everioder
* In optimal condition and various scenarios, hospitave determined inventory to minimize
wastage, shortage and holding costs.

3-1- model’s assumptions
e The real capacity of BTC or BCPCs for storing bloaad supplying hospitals’ demand for
consuming blood products is limited.
» Life time of blood products supplied by BTC or BGPE known and may change during time.
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Shortage costs can be occurred when all the demepebsted by hospitals are not completely
supplied by BTCs or BCPCs. Happening shortages hwye harmful effects on patients’
healthiness that urgently needs for consuming bjwoducts.

The time required for transporting and deliverihgolo products for hospitals is ignorable.

FIFO policy is used by hospitals for consumingaol@roducts.

Disposal costs will be paid by hospitals for theddls that their useful life time is passed.

Number of highly required patients equal to neealyemts.

Firstly, hospitals satisfy highly required patiel#mands then remaining blood products are used
for needy patients.

3-2- Indices

i Index of hospitalgi=1,...,I)

k Index of blood product typgk=1,...k)
jk Index of product k life timgj,=1,... Ety
t Index of different time period&=1,...,T)
s Index of different scenarigs=1,...,S)

3-3- Parameters

T[S
CS1,
CS2,

hy

Cat

dij
dzj

Cw
Ct;

t
05,k

Probability of occurring scenario

Hospitals’ shortage costo prepare blood produc for highly required patient

Hospitals’ shortage costo prepare bloc product | for needy patient

holding cost:of keeping bloo product | on hospital

Capacity of BTC or BCPCs on distributing blood prots among hospitals on time period
highly required patients demand of hospitébr receiving blood product k on time period
under scenarie

needy patients demand of hospitgbr receiving blood product k on time periodunder
scenaric

Costs of wasting one unit of blood products on ltakg

Costs of transporting each unit of blood produaiefBTC or BCPCs to hospital

Ratio of blood product k with j days life time froBITC or BCPCs center to hospitabn
periodt, 0<6j; , <1V i,ji, k,t and ;65 ,=1V ikt

Expiration time¢ of blood product |

A big numbe

Decision variables

Number of units of blood product k determined by@@®r BCPCs to be sent to hospitabn
periodt

Number of units of blood product k withdays life time received by hospiiaht the beginning of
periodt

Number of units of blood product k wasted by hadpiat the end of periodunder scenario s
Inventory volume of™® hospital’s blood product k with jdays life time at the end of periad
under scenarie

Number of shortage units of blood product k forhfygrequired patients at hospitaih the end of
periodt under scenarie

Number of shortage units of blood product k fordepatients at hospitalat the end of period
under scenarie

An auxiliary variable associated with life timenjtime t that captures the number of blood pro
k units in life time left to be utilized for the lssequent period if all available blood in this lii@e
is not completely used to meet the demand of ptessiod.
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B Number of Remaining units of blood product k hightyuired patients at hospitain the end of
periodt under scenarie
1 if demand of hospitai for receivingjx days blood product at period t under scenario s

Zif fh !
completely satisfied , 0 otherwise

3-5- mathematical model

I
Min Z1= ZZZCt]X‘k+n Z Vi
=1i=1 t=1 i=1 jg=3 t=1 s=1 k=1 i=1 t=1 s=1 k=1
K

1 T S I T S K 1)
z z z CS1,rif + + Z Z z z CS2,r25)
i=1 t=1s=1k=1 i=1 t=1 s=1 k=1
Min Z2= Max (A1 + d2§-xj) 2)
I K
Z x} < Cd vt 3)
i= 1 k=1 )
y']kk =0 ijzl,z...,Etk,V Ikt (4)
Viik= XiicOhj i Vj=3,4,...Et},V ikt (5)
Zik 2 2403 1)k Vji=3,4,...Et,,V i,kts (6)
Vin k=0 Vjk=12,...Ety,V Lk ts 7)
Zitzsk=0 v i,t,k,s (8)
lk_vl]kk ij=Etk,v i,k,t,S (9)
Ety
t-1 .
1f}S<+Blk_ 2 ((Vl((]k )15)1( +Y1]kk) (Zl]kk 1]kk)+r1 Vikts (10)
k=3
d25=B+r2f Vikts (12)
t-1 . .
(lekk Zl(]k l)k) ((Vl((]k )]_S)k+YI]kk) = lllkk v1k=3,4,. . .,Etk,v l,k,t,s (12)
Ety
+d2 z ((Vl((t]kl)ls)k +Y1]kk)<r11k+r2 v i,k,t,S (13)
k=3
t-1 . .
l]kk (1 Zl]kk ((Vl((]k )15)}(+YIt]kk) +(Z1t]?(k_zlt(sjk 1)1()1}:]51(1( v]k=3l4l . ,Etk,v llkltls (14)
1k' yUkk' 1k' f]ik' 1k' 1k'11]kk >0, Integer ij' ikts (15)
288, =0,1 Vi, ik t,s (16)

Objective function (1) is mainly designed to minbmitotal costs of transporting blood products
between BTC or BCPCs and hospitals, holding coétbland products, wasting costs of out dated
products and shortage costs. The second objectimetion (2) seeks to minimize the maximum
unsatisfied demand of different products among itmisdemands throughout the planning horizon to
make a reasonable and fair balance between hodpitednds. (3) Ensures that all the bloods suppled
BTC or BCPC to various hospitals on each periodikshnot be greater than their total holding capacit
Constraint (4) guaranties that blood products atelelivered to hospital on the first two daysuit life
time. In fact, specialized tests and experimergsparformed on blood products at the first two dégsr
life to ensure their healthiness. Constraint (5)miginly imposed to the model to assign products to
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different age groups at each hospital and on eadiog Constraint (6) enforces the model to perform
FIFO policy of delivering products to patients inspitals on each period. Constraint (7) ensureasatha
the hospitals are committed to refuse deliverarfcene and two days products. Constraint (8) implies
that BTC or BCPC is committed to refuse satisfactd hospitals demand for receiving products with
two days life time. Constraint (9) implies that pibals are committed to dispose out dated products.
Constraint (10) Firstly, hospitals satisfy highlgquired patient demands. Constraint (11) implied th
remaining blood products are used for needy patigdbnstraint (12) shows that the amount of blood
products transported to the next period at eachitabshould not be greater than inventory volurhthe
products’ pertinent age group. Constraint (13) gotes that shortage volume of the products condume
by both needy and highly required patients at d¢exdpital should be greater or equal to the gap dmtw
hospitals’ demand and inventory level. Constrailat) (calculates inventory level of the products with
known life time on each time period. Finally, inkecgand binary variables used in proposed model are
respectively shown in constraints (15) and (16).

3-6- linearization scheme

Linearization schemes are used in this paper &afine the model's nonlinear terms. It can be iefir
that second objective along with constraints ({02) and (14) are nonlinear. So, following procedur
are used in this section to linearize their nodimsomponents.

3-6-1- Step 1.Second objective's linearization saine

Due to the miamax structure of the second objective function,oaitpve variablep is defined to
facilitate the linearization of the concerned obijecfunction. Accordingly, the model can be retenit as
follows:

Min Z3=¢ (17)
@=>d1% + d28-x}, Vi k,t s (18)
©>0 (19

3-6-2- Step2. Constraints linear equivalent

The technique employed by (Gunpinar and Cent2@5) is used in this section to linearize
constraints (10), (12) and (14). So, constraintsl JAA-19) should be imposed to the model to
linearize the model’s nonlinear constraints. Theitkeof this formulation are given in Appendix
A.

3-6-3- Step3. Constraints linear equivalent
Finally, foIIowing constraints can be replaceithveonstraints (10), (11) and (14).

(20)
1f§+Blk_ 2 (al]kk+ 1]kk lijskk)+r1itls< Vits
1]kk+81]kk pl(]k Dk~ Gljkk—lljkk Vjk=34,... Et,V ikts (2 1)
_,t1 . .
Vl]kk Vl((]k 1S)k+Y1]kk O(1]kk Bl]kk+Y1]kk 1]kk Vik=34,...Eti,V ik ts (22)

3-7- Converting model to a single objective one

A MCGP approach is used in this section to congesposed model into a single objective one. The
main purpose of this technique is to minimize pesitdeviations of the model's objectives. Single
objective version of linearized model is preseragdollow:

Min Zy= W;(d})+a; (eF)+W,(d3) +az(e3) (23
Z,-d{ =yy, (24)
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Z3-d3 =yy, (25)

Wl'ei—zbl.min (26)
YYZ'e;:bZ.min (27)
bl.minSYY1Sb1.max (28)
bZ.minSyyz SbZ.maX (29)
Constraints (3) to (9)11),(13),(15),(16)(18),(19)(20) to (22), (A-1)-(A-19)

df,df.ef, ed>0 (30

4- Computational results

We design a set of test experiments to (1) validhte performance of the proposed model, (2)
investigate various coefficients in MCGP techniglieo data sets are generated with different sizes a
shown in Table 2. A mathematical software is usegfoblem modeling and optimization.

Table 2.Details of the three datasets used in all experisnen
11 |K] JI=[Ety] IT| S|
Datasetl 6 1 Et;=30 1 1
Datase2 12 2 Et;=30Et,=5 2 2

For the three datasets, Table 3 presents thenmahresults gained using the exact solution oot
different coefficients (w w,, a4, ay). Model runtime is given in the other column. GAMG&ftware was
able to provide feasible solutions for datasetsndl 8. These results show that importance of first
objective function is higher. Also Figure 3 showattwe must distinguish to first objective function

Table 3. Thenumerical results for all datasets

Wy Ws 0 O 74 Runtime(second)
Dataset 0.1 0. 0.1 0.© 113594. 27.19641
0.z 0.6 0.2 0.6 13921¢ 27.6523!
0.2 0.7 0.2 0.7 14870: 27.59741
0.4 0.€ 0.4 0.6 93672¢ 27.06346.
0.E 0.E 0.t 0.E 113593 27.66342
0.6 0.4 0.€ 0.4 138444 27.69455
0.7 0.2 0.7 0.2 208558: 27.43165
0.6 0.z 0.6 0.z 213925 27.04240
0. 0.1 0. 0.1 215827 27.38108
Dataset 0.1 0.¢ 0.1 0.¢ 73025.2: 53.979!
0.2 0.6 0.2 0.6 857806.. 53.3216!
0.2 0.7 0.2 0.7 103502 53.5088:
0.4 0.€ 0.4 0.6 116984l 53.7263
0.E 0.E 0.t 0. 127116l 53.4880!
0.6 0.4 0.€ 0.4 209877! 53.9657.
0.7 0.2 0.7 0.2 218060 53.6815!
0.6 0.z 0.6 0.z 222741 53.9834
0. 0.1 0. 0.1 241521! 53.9295!
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Figure 3. Computational results with various coefficients

5- Case study
5-1- Total position of BSCN

The only BTC of Eastern Azerbaijan province (EAP)dcated in Tabriz. The main responsibility of
this center is to perform all the activities ofleoting blood and its products among different fitagg In
addition, two BCPCs located in Mianeh and Maragbiies of this province can collect blood and
distribute its products among different hospitdisimber of clinical centers and hospitals covered by
EAP’s BTC and BCPCs is shown in Table 4.

Table 4.Position of blood supply chain network

Tabriz’sBTC 35
Mianeh’sBCPC 3
Maragheh’sBCPC 6
Sum of centers located EAF | 44

The real demand and supply values of hospitalsE&fls BTC and BCPCs is shown in Table 5 to prove
the fact that hospitals’ demand for blood prodigtsiore than their real need. Therefore, there ldhoe
balance hospital demands.

Table 5. Distribution centers of EAP

Distribution cente Demand value | Supply value
Tabriz's BTC 20365( 17291
Mianeh’s BCP( 1546¢ 1551(
Maragheh’s BCP 1792¢ 1757(
Sum of centers located in E 23704 20599:

5-2- data collection and implementation

Tabriz’s BTC is able to cover demands of 35 varibiospitals and clinical centers. Note BCPCs
located in Mianeh and Maragheh are not investigated

Hospitals are mainly interested in receiving keat red blood cells, platelet concentration,
Cryoprecipitate, whole blood, Washed Red Bloodscetid Fresh Frozen Plasma (Maramazi Ghaflez et
al., 2014). The model and real data investigatethis paper is restricted to pack cells (PCs), lirres
Frozen Plasma (FFP) and platelets (PLTs). Althdhgtreal life time of these products accompanieis wi
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type of its injected holder material, we assume thase products life time equals to 30, 300, 5sday
respectively. Demand values of hospitals and dingenters for this product for the years 1393 H3@P
under various assumptions are mentioned in appehdbhortage costs for each unit of this produats f
needy and highly required patients is respectiwgyal to 800 and 2000 million Rials (Zhou et al.,
2011).In addition, waste cost for each unit of thisduct is assumed to be equal to 0.6 million Rial

(Haijema et al., 2007).

A mathematical software is used in this paper teesthe model presented in previous section unekr r
data of Tabriz’s BSCN and find the model's globatimal solutions. The result of solving proposed
model under various scenarios in presented asafollo

» Optimal values of objective function based on défe values of coefficients of the MCGP
model's objective function under various scenados presented in Table 6. The results shows

that selecting lower coefficients for the first etfive will meaningfully decrease total costs of

MCGP formulation.

Table 6.0bjective function’s optimal values under differsnenarios and coefficients

1

0.05 0.95 0.05 0.95

Scenarios
sl 0.5
0.95
0.05
s2 0.5
0.95
0.05
s3 0.5
0.95

05 0.5
0.05 0.95

0.95 0.05
05 05
0.05 0.95
0.95 0.05
05 05
0.05 0.95

0.5
0.05

0.95
0.5
0.05
0.95
0.5
0.05

662636.3
6626291
12589950

643024.9
6430191
12217360
672253.3
6722443
12772630

« Objective function Time solution (second)

160.79
141.03
154.33

335.67
342.55
440.3
1024.58
832.42
890.14

The result of solving proposed model on GAMS sofewvahowed that optimal value of slack
variable equals to zero. It shows that hospitaleevable to satisfy patient’s need for receivingoblo
products. So, shortage costs imposed to hospitaldifterent periods equals to zero. For example,
optimal values of the blood products delivered fitas®, 25 (x5, x55) on different periods under
the third scenario are shown in Table 7.
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Table 7. Amount of blood products delivered to hospital B, 2
Hospital 9 Hospital 25
period PCs| FFR PLTs PCs FKFP PLTs
1 211 | 82 98 24 9 11
2 212 | 83 99 25| 10 12
3 141 | 55 66 16 6 7
4 282 | 110{ 131| 32| 12 15
5 352 | 137| 164 40 15 19
6
7
8
9

351 | 136 163| 40 18§ 19
280 | 109| 131 32 12 15
281 | 109 131| 35 13 16
276 | 107 128| 30 12 14
10 211 | 82 98 23 9 11
11 215| 84| 100] 24 9 11
12 141 | 55 66 16 6 7

13 219 | 85 102] 25 10 12
14 222 | 86 103 28 11 13
15 146 | 57 68 17 6 8

16 292 | 114] 136] 33 3 15
17 367 | 143] 171] 43 17 20
18 365 | 142 170] 41 16 19

5-3- Sensitivity analysis shortage costs
We now complete a sensitivity analysis to examitetiver adjustments in wastage and shortage
costs can be used as a strategy to improve BSCNsamnice level in EAP. Figure 4 illustrates
changes in BSCN over a range of shortage costigblytrequested patient. A general observation is
that increased CS1 in cost function results in bugipain cost constantly.

25000 CSl

» 20000 ——~F —
= 112550000000
©  d
g 15000 L g
= —o—scenariol
é 10000
2 scenario 2
o
o 5000 scenario 3

0 T T 1

0 1000 2000 3000
CS1(million Rials)

Figure 4. Sensitivity analysis for shortage costs of higldguested patient

Figure 5 shows changes in BSCN over a range ofadmicosts of needy patient. A general analysis
is that increased CS2 in cost function resultsippdy chain cost constantly.
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Figureb . Sensitivity analysis for shortage costs of neediepa

6- Computational results and future suggestions

A novel mathematical model was presented in thigepdor BSCN of EAP. The main purpose of
developing bi-objective mixed integer nonlinearnfiofation was to 1) minimize total costs including
transportation costs, holding costs, shortage castswaste costs and 2) minimize total gap between
hospitals’ declared demand and supplying volumeblobd transfusion center. Some linearization
techniques presented in literature was employdihéarize the model's nonlinear terms and reduse it
complexity. In addition, MCGP approach was usedhis paper to convert the model into a single
objective formulation. In addition, BSCN of Eastehzerbaijan province with one blood transfusion
center and 35 various hospitals was used as aaeal study to evaluate accuracy and performance of
proposed model. The model's real benchmark problgere implemented on a mathematical software to
obtain optimal solutions of benchmark problems analyze effects of objective’s coefficient’'s valuas
quality of the solutions obtained by the softwak#.the results of solving benchmark problems oa th
software can be summarized as follows:

» Hospitals’ holding, transportation and waste casispared to their shortage costs are very low.
So, their declared demand is always higher thain tbal needs.

» Blood transfusion center knows that hospitals dimical centers are not able to pay high monies
for preparing blood products. So, he attempts tmagea his supply volume and sell blood
products based on his real inventory capabilities.

Following suggestions can be considered for extentliis paper is as follow:

 The model presented in this paper was tested apyschain network with one product type.
So, the model can be implemented and tested onnahberk problems or supply chain
networks with a multiple blood products.

» Patients’ needs for consuming fresh blood can bsidered in future works.
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