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a b s t r a c t

According to the characteristics of blood inventory control problem under the condition of blood
shortage, the dynamic decision-making problem of blood supply chain is investigated in this paper.
Firstly, based on the recursive equation, the state transition equations of two categories of blood
demand under two inventory issue strategies (FIFO and LIFO) are given. The mathematical expressions
of key indexes such as blood outdating and blood shortage are obtained. A blood collection decision-
making method based on EWA (Estimated Withdrawal & Aging) strategy is proposed. Then, an optimal
model of blood transshipment problem is established with the goal of the shortest transshipment time
and the maximum freshness of the transported blood. In addition, an allocation planning model with
multiple priority requirements and fairness concerns is established to achieve the best fairness and
the minimum shortage. Besides, a discrete event system simulation (DESS) framework is designed
according to the characteristics of the model. Finally, the effectiveness of the decision-making method
and EWA inventory strategy are verified by numerical simulation. The results show that safety stock,
target stock level and fluctuation range of demand have significant impacts on the control effect of
blood inventory.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Blood shortage has become a worldwide thorny problem of
linical blood supply in recent years. The United States, Canada
nd other countries are facing varying degrees of blood short-
ge [1]. Blood shortage is more serious in Chinese mainland. From
010 to 2014, the blood centers in Beijing, Chongqing, Shenzhen,
hanghai and other places appeared in varying degrees of blood
hortage. Since 2015, the disaster of blood shortage has affected
he whole country. Many blood centers have launched a level-1
arly warning system. The continuous blood shortage has reached
ts peak. The nationwide blood shortage has gradually changed
rom the periodic and seasonal shortage in past to normal and
ong-term shortage now, as well as from emergency shortage only
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to clinical and emergency shortage coexisting. Blood is the fuel
for the survival of patients. Blood supply plays a crucial role in
ensuring health and saving lives. Therefore, it is of great practical
significance to solve the problem of blood shortage and upgrade
the level of blood supply to meet the needs of clinical blood
demand [2].

Two key measures to solve the problem of blood shortage are
to implement the strategy of blood transshipment and coordinate
the inventory of blood supply chain. Blood transshipment will
benefit local blood collection and inventory, but an effective
method of blood supply chain operation considering blood trans-
shipment does not exist. The main difficulties are: 1⃝ Blood is
a special perishable item with a fixed lifetime. The optimal in-
ventory decision must identify the remaining lifetime (inventory
level) of all inventory products. 2⃝ Under the condition of blood
shortage, the uncertainty of supply and demand information in-
creases the complexity of decision-making. 3⃝ The diversity of
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lood demand also increases the difficulty of inventory level
escription. Some blood transfusion treatments require higher
lood freshness. For example, fresh blood should be used in the
reatment of patients with acute blood loss and those with heart,
ung, liver and kidney dysfunction [1]. 4⃝ The decisions of blood
ollection, transshipment and allocation interact in a long period
nd are dynamic processes [3]. Therefore, the decision-making
roblem of blood supply chain considering lifetime distribution,
ransshipment and allocation is an imperative problem to be
olved.
There are a lot of researches on blood collection, blood in-

entory, blood transshipment and other decision-making prob-
ems [3], but most of them are based on single-stage static
ecision-making to solve certain decision-making problems. Sin-
le stage static decision-making is insufficient to meet the urgent
emand of the state of blood shortage. It is necessary to integrate
ransshipment and allocation, then establish an integrated dy-
amic optimization method in the process of blood supply chain
ynamic decision-making. Due to the randomness of supply and
emand information, the multidimensional nature of inventory
evel, and the dynamic nature of inventory decision making, the
raditional inventory optimization model with minimum system
ost, or the inventory model of exponential decay perishable
oods cannot be used to carry out effective mathematical anal-
sis for blood inventory. Therefore, it is difficult to apply the
ptimization method to solve the integrated dynamic decision-
aking problem of blood supply chain under the condition of
lood shortage. So, this paper uses discrete event system sim-
lation (DESS) as a research framework of blood supply chain
ecision making, especially the inventory decision-making, and
ntroduces the optimization method to solve the blood trans-
hipment and blood allocation decision-making problems into the
ESS framework.
In view of this, this paper considers the uncertain supply

nd demand, blood product lifetime distribution, transshipment,
air allocation and other factors to study the blood supply chain
ecision-making under the state of blood shortage. A large num-
er of blood shortage events were simulated by the fluctuation
haracteristics of supply and demand, and the simulation method
f blood supply chain decision was established by using DESS,
nd the optimization model of blood transshipment decision
nd blood allocation decision were embedded in the simulation
rocess. Finally, a series of sensitivity analysis are carried out for
he key parameters, and some valuable management implications
re obtained. The theoretical contributions of this paper are as
ollows: 1⃝ By integrating the horizontal and vertical coordination
f blood supply chain inventory, the influence of blood transship-
ent is considered in this paper. 2⃝ The allocation problem of
lood products with different priority demand and fairness con-
erns in process of inventory decision-making is integrated too.
3 The complexity factors such as supply and demand fluctuation,
ifetime distribution, transshipment and freshness constraint are
onsidered in modeling the blood inventory system.
The rest of this paper is organized as follows. The relevant

iterature is reviewed in Section 2. The decision-making method
f blood supply chain considering transshipment and allocation
n uncertain environment is presented in Section 3. Simulation
xperiments and case study are conducted in Section 4, and the
onclusions and future work are presented in Section 5.

. Literature review

The special physiological and security characteristics of blood
ring great challenges to inventory management. The physiolog-
cal characteristics of blood are as follows: 1⃝ the scarcity of
blood products. The sole supply channel of blood is the human
2

body, which is not easy to obtain. 2⃝ Blood products are per-
ishable. Blood products have a fixed shelf time. Depending on
different preservation solutions, the shelf time of whole blood
and red blood cells is usually 21 days, 35 days or 42 days, and
the shelf time of platelets is 5–7 days [4]. 3⃝ Blood products
are irreplaceable. Blood serves a single purpose. It directly acts
on the human body and cannot be replaced by other materi-
als [5]. The characteristics of blood supply are as follows: 1⃝ the
onsequences caused by blood shortage are extremely serious.
2 Excessive discarding of outdated blood also leads to negative
ocial impact [2]. 3⃝ In order to meet diverse blood needs, some
lood transfusion treatments require higher blood freshness [6].
In the following, literatures on blood inventory/collection,

lood transshipment and blood allocation are classified and re-
iewed.
(1) Blood inventory/collection and related problems
Under the normal state, the blood collection process is carried

ut according to the bottom-up information channel (lower: Hos-
itals; upper: Blood Station). That is to say, medical institutions
or blood demand regularly send blood requests to blood banks
ccording to the demand estimation. The blood bank periodically
eplenishes the inventory for blood reservoirs of hospitals based
n the plan reported by hospitals. A daily blood supply chain is
imilar to a pull supply chain. Millard [7] first introduced the
ndustrial inventory model into the blood inventory management
roblem. In the 1970s, the study of blood inventory appeared a
limax. Nahmias [8], Gregory et al. [9] respectively reviewed the
tudy of this period. In the 1980s and the end of 1990s, there
ere few studies on blood inventory problem. Goyal et al. [10]
ummarized the researches in this period. Since the 21st century,
he research on blood inventory has entered a new period of de-
elopment. Beliën et al. [11], Osorio et al. [2], pirab á n et al. [12]
eviewed the latest blood supply chain literature.

Most literatures study the blood inventory strategy from the
erspective of perishable goods inventory. Kopach [13] applied
ueuing model to study the optimal strategy of red blood cell
nventory management system considering conventional demand
nd emergency demand, and took a blood bank in Canada as
n example. Baron et al. [14] considered the inventory control
roblem of perishable products based on the (S, s) strategy of
ontinuous inventory inspection with batch mixed Poisson dis-
ributed demand, and designed a heuristic algorithm to obtain the
atisfactory solution of the problem. Olsson et al. [15] considered
he Poisson demand distribution and studied the inventory con-
rol problem of single warehouse and single variety perishable
tems with delayed delivery based on (S-1, S) replenishment
trategy. The result proved that (S-1, S) strategy is better than (Q,
) strategy in cost-saving. Hosseinifard and Abbasi [16] studied
mpacts of centralization in a two-echelon supply chain with
erishability and demonstrated that centralization increases the
ustainability of the blood supply Chain. Clay et al. [17] used
ystem dynamics to illustrate the response of the blood supply
hain to disturbances, and proposed a modification to ameliorate
olatility.
The lifetime of blood was not considered in the above liter-

ture. In order to improve the performance of inventory man-
gement, some scholars considered the inventory level of blood
i.e. the distribution information of the remaining lifetime of all
nventory items) in the inventory strategy research. For example,
ekin et al. [18] discussed the influence of an improved batch
rder control strategy on the remaining lifetime of goods in
tock, and established an age-based policy on perishable inven-
ory model considering the loss of market share. Broekmeulen
t al. [19] proposed an order strategy based on (R, s, nQ) with
nventory lifetime, and proved the cost advantage of the strategy.
ivelek et al. [20] divided platelet demand into three categories
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ccording to different residual lifetime. They presented that each
ype of demand can replace each other, but the replacement cost
hould be considered. On this basis, a replenishment strategy
alled (S, C) was proposed and compared with NIR strategy [21].
amdan et al. [22] presented a two-stage stochastic program-
ing problem for red blood cells that simultaneously considered
roduction, inventory and location decisions. Dillon et al. [23]
nvestigated a two-stage stochastic programming model for op-
imizing blood inventory replenishment control policies, con-
idering multiple types, perishability, lead time, and a periodic
eview policy. Chen and Li [24] investigated the benefit of joint
ecision making regarding whole blood collection and platelet
roduction at a blood center. Zahiri et al. [25] presented a bi-
bjective mixed-integer model for integrated collection, produc-
ion/screening, allocation and routing planning of blood products,
nd sought to simultaneously optimize the total cost and fresh-
ess of transported blood products to hospitals. They developed
hybrid multi-objective self-adaptive differential evolution al-
orithm to solve the model. Rajendran and Ravindran [26] de-
eloped a stochastic integer programming model under demand
ncertainty to determine ordering policies along the blood supply
hain. In the study of blood inventory domain, considering the
ifetime and inventory level is helpful to improve the average
reshness of the outgoing products and reduce blood shortage and
utdating.
There are also some researchers who studied the blood in-

entory problem based on the background of blood shortage.
ang and Ma [1] studied the problem of blood replenishment

trategy with different blood age by considering the emergency
ransshipment of blood between blood banks. Research shows
hat inventory transshipment can improve the service level of
lood and reduce the overdue rate of blood. Zhou and Ma [2] tried
o implement the blood group substitution strategy in the case of
evere shortage of blood supply, and established an optimization
odel of shortage blood collection with service level constraints
ased on a two-level inventory system (blood center-hospitals).
a and Zhou [6] studied the dynamic model of emergency blood
ollection for large-scale emergencies considering the character-
stics of emergency blood supply. Luo and Chen [27] investigated
he blood order and collection problems with two demand classes
nd emergency replenishment.
(2) Blood transshipment problem
Blood transshipment is a horizontal coordination strategy

mong blood banks. Transshipment can make up for the lack
f local collection. There are many literatures about the trans-
hipment of regular goods [28] or perishable articles [29], but
ess about blood transshipment. Lang [30] investigated the trans-
hipment strategy in the inventory control problem of blood
anks. Dehghani and Abbasi [31] proposed an age-based lateral-
ransshipment policy for perishable articles. The results demon-
trated that the transshipment policy is effective under vari-
us circumstances such as lost sale and backordering. Dehghani
t al. [32] developed a new model to make decisions on proac-
ive transshipment and order quantities simultaneously. There
re also a small number of studies on blood transshipment for
mergency or blood shortage background. Considering the in-
luence of inventory status, the problem of transshipping and
ransferring overstocked blood in emergency rescue was studied
y Wang et al. [33]. Wang and Ma [34] established a multi-
tage optimization model to solve the problem of multi-variety
mergency blood transshipping with the goal of maximizing the
lood freshness delivered within the specified time.
Obviously, blood transshipment is an effective means to re-

ieve blood shortage. Blood transshipment affects collection and
nventory decisions of the local blood bank. Based on the con-
ideration of blood transshipping factors, this paper further stud-
es the inventory management strategy of vertical coordination
etween blood banks and hospitals.
3

(3) Blood allocation problem
Blood inventory decision often involves the allocation of blood

products. In the past, there are many literatures on the allocation
of medical supplies [35], but there are few studies on the allo-
cation of blood products. Dumas et al. [36] proposed a double
cross matching and substitution strategy in blood allocation to
reduce the outdating rate of blood. Sapountzis [37] took the
lowest blood outdating rate as the goal, and studied the problem
of blood allocation under the condition of determining demand
and random demand.

Under the condition of blood shortage, the contradiction of
insufficient supply makes the fair allocation of blood products
become an urgent concern. At the same time, the blood supply
should follow the principles of priority of severe case care and
emergency in practice. Therefore, the allocation of blood products
with different priority requirements and fairness concerns will
also be considered in the inventory operation process.

3. Decision making method of blood supply chain considering
transshipment and allocation in uncertain environment

3.1. Problem description

The blood bank is the central node for blood supply chain op-
eration, which is responsible for the whole blood collection, blood
product detection and preparation, inventory management, allo-
cation blood products between hospitals and other businesses.
China’s blood bank system includes blood centers, central blood
banks and central blood reserves. Blood centers are generally
located in municipalities directly under the central government
or provincial capitals. The central blood bank is set up in the
city divided into districts, and the central blood reserve is set
up in the county-level general hospital which cannot be covered
by the central blood bank. In China, blood banks at all levels
provide blood products to hospitals within their region. Blood
banks at all levels are independent of each other in operation.
Under the normal state, the blood inventory system in the region
is a two level system with one-to-many structure (the local blood
bank-hospitals).

Under the state of blood shortage, the structure and charac-
teristics of blood supply chain have changed. In China, college
students are one of the main sources of unpaid blood donation.
Chinese universities are usually concentrated in the central city.
Due to the return of college students in winter and summer
vacation, the central city often has a seasonal blood shortage.
Therefore, during the winter and summer vacation, the blood
center located in a central city needs to transship blood from
other blood banks nearby. At the same time, due to the shortage
of blood, it is also necessary to fairly allocate the transshipped
and collected blood products, so as to achieve a good blood
supply effect. The daily blood collection volume of blood banks
is random, which generally obeys normal distribution and can
be fitted by historical data. The historical data of blood banks
in China’s major central cities show that the amount of blood
that can be collected will drop sharply once the time enters
into winter or summer vacation from normal time. As shown in
Fig. 1, under the background of blood shortage, the decisions of
blood collection/inventory, transshipment, and allocation should
be made in the process of blood supply chain operation. These
decisions influence each other and are dynamic processes.

Blood is a kind of perishable articles with a fixed lifetime.
Supposing the fixed storage period is M days. The utility of blood
products remains unchanged during the storage period. Let the
lead time of blood collection be L days. The in-put stored blood
from local collection is new blood, that is, the remaining shelf
time is M days. So, the inventory level of blood products at
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p

Fig. 1. Chinese blood supply chain under blood shortage.
eriod t is a vector and can be depicted as {x1(t), x2(t), . . . , xM (t)}.
The blood inventory level {x1(t), x2(t), . . . , xM (t)} changes dy-
namically. After entering the period of blood shortage, the blood
supply will be greatly reduced. When a new term begins, the
blood supply return to normal level. In the clinical blood trans-
fusion treatment, part of the blood demand has to do with blood
freshness. That is to say, the old blood is not suitable for some
blood demand. The blood with the remaining shelf time longer
than r days is required. Therefore, in this paper, the two types
of blood demand are considered, and we call the blood demand
for any remaining shelf time as Class A, and the demand for fresh
blood as Class F respectively [23].

The local blood bank is allowed to carry out transshipment
from other blood banks under the condition of blood shortage.
In order to minimize blood shortage and give priority to sat-
isfying the demand of blood class F, the two decision targets
are selected to maximize the total amount and the freshness of
the transshipped blood. Meanwhile, the capacity constraints of
other blood banks, the uncertainty of supply and demand are also
considered to build the transshipment decision model. The goal
of the transshipment decision is to maximize the total amount
and the freshness of the delivered blood, so as to ensure the least
shortage and the demand priority of blood class F.

In clinical practice, the blood demand in hospitals is divided
into 3 priorities, such as emergency demand, severe case demand,
and common demand. Among them, the emergency demand
refers to the very urgent demand for blood transfusion, the severe
case demand refers to the demand with serious disease but
slightly lower emergency, and the common demand refer to the
demand beyond the emergency and severe case demand. The
transfusion of emergency blood and severe case blood is usually
reserved blood, and their demand is determined. The common
demand is uncertain. Its probability distribution can be fitted in
accordance with the historical data of hospital blood demand.
Therefore, blood allocation needs to consider the fairness con-
cerns and different priority demand of patients. An allocation
optimization model with objectives to search the best fairness
and the least blood shortage rate is established Considering the
uncertainty of supply and demand.

As previously mentioned, it is difficult to model and calculate
blood collection decisions with optimization methods due to the
complexity of blood inventory systems. We use indicators of
blood shortage, outdating and fairness to measure the effect of
inventory management, and establish a DESS framework to study
4

Fig. 2. Dynamic decision process of blood supply chain.

the dynamic decision of blood supply chain operation. The DESS

framework of this paper is shown in Fig. 2.
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In the long-term process of blood supply chain decision-
making, the main decision-making objectives are to ensure blood
supply, improve the fairness of blood allocation, and reduce
the amount of blood outdating. The question to be solved is as
follows. When to collect the blood? How much blood should be
collected? How to make the decision of blood transshipment?
How to make blood allocation decision? How to simulate and
optimize inventory control parameters?

3.2. Description of blood inventory level

In the process of blood collection planning, it is necessary to
calculate the amount of issued blood, the amount of outdated
blood, and the amount of collected blood with different remaining
shelf time every day, and update the inventory level according to
the calculation results each day.

A recursive equation can be used to establish the relation-
ship between the parameters and calculate the variables in the
inventory review cycle and lead time. The transfer equation of
inventory level from period t to period t+1 depends on the plan-
ing period t, blood collection volume S, inventory level variables
, two types of blood demand (class A and F ) and issue strategy R
FIFO and LIFO), in which FIFO is a first-in-first-out strategy and
IFO is a last-in-last-out strategy. It can be described as:

(t + 1) = xR(x(t), A, F , S) (1)

Considering the two kinds of blood demand of class A and F,
he inventory level transition equation is also divided into two
ategories, and the state transition of class A and F relates to each
ther. In clinical practice, the blood demand for class F is usually
eserved for surgery, and it is usually given priority when it is
elivered out of the warehouse on the same day. Therefore, it is
ssumed that the blood demand for class F is guaranteed first,
nd then blood demand for class A is supplied according to the
emaining inventory level.

The state transition equation of blood class F based on FIFO
trategy can be expressed as follows:

xm(t + 1) = [xm+1(t) − (DF
o (t) −

m∑
j=r

xj(t))+]
+, r ≤ m ≤ M − 1

xM (t + 1) = S(t + 1 − L)

(2)

In Eq. (2), r is the minimum remaining shelf time required for
blood class F. DF

o (t) is the demand of blood center o for class F at
period t. Where:

DF
o (t) = dFoe(t) + dFos(t) + dFog (t) =

∑
h∈H

[dFhe(t) + dFhs(t) + dFhg (t)] (3)

dFhe(t), d
F
hs(t), d

F
hg (t) are respectively the emergency demand,

severe case demand and common demand for class F in hospital
h at period t.

The state transition equation of blood class A based on FIFO
strategy is as follows:⎧⎪⎨⎪⎩xm(t + 1) = [xm+1(t) − (DA

o (t) −

m∑
j=1

xj(t))+]
+, 1 ≤ m ≤ M − 1

xM (t + 1) = S(t + 1 − L)

(4)

In expression (4), DA
o (t) is the demand of type A in blood center

o at period t. Where,

DA
o (t) = dkAoe (t) + dAos(t) + dAog (t) =

∑
[dAhe(t) + dAhs(t) + dAhg (t)] (5)
h∈H F

5

dAhe(t), d
A
hs(t), d

A
hg (t) are respectively the emergency demand,

severe case demand and common demand of class A in hospital
h at period t respectively.

The state transition equation of blood class F based on LIFO
strategy can be expressed as follows:⎧⎪⎪⎪⎨⎪⎪⎪⎩
xm(t + 1) = [xm+1(t) − (DF

o (t) −

M∑
j=m+2

xj(t))+]
+, r ≤ m ≤ M − 2

xM−1(t + 1) = (xM (t) − DF
o (t))

+

xM (t + 1) = S(t + 1 − L)

(6)

The state transition equation of blood class A based on LIFO
strategy can be expressed as follows:⎧⎪⎪⎪⎨⎪⎪⎪⎩
xm(t + 1) = [xm+1(t) − (DA

o (t) −

M∑
j=m+2

xj(t))+]
+, 1 ≤ m ≤ M − 2

xM−1(t + 1) = (xM (t) − DF
o (t))

+

xM (t + 1) = S(t + 1 − L)

(7)

3.3. Decision making method of blood collection

The EWA replenishment strategy proposed in reference [6]
is adopted in blood collection decision-making. EWA strategy
uses the method of estimating the expected outdated quantity in
the decision-making process of blood collection. This inventory
strategy takes the possible outdating amount into account in the
process of inventory replenishment, which can deal with the
dynamic decision-making process of blood inventory replenish-
ment, and minimize the outdating amount.

Firstly, an expected final stock level (EFS) is defined as:

EFS = total current inventory − expected demand
− expected outdating

Based on the historical data of hospitals served by the blood
center, the expected total demand of hospitals is taken as the
expected demand of the blood center. That is to say, the expected
blood demand for class F in the blood center is:

FDF
o (t) =

∑
h∈H

[d
F
he(t) + d

F
hs(t) + d

F
hg (t)] (8)

In formula (8), d
F
he(t), d

F
hs(t), d

F
hg (t) are the average blood de-

mand for class F in hospital h at period t.
The expected blood demand for class A in blood center FDA

o (t)
is as follows:

FDA
o (t) =

∑
h∈H

[d
A
he(t) + d

A
hs(t) + d

A
hg (t)] (9)

In formula (9), d
A
he(t), d

A
hs(t), d

A
hg (t) are the average blood de-

mand for class A in hospital h at period t.
The expected outdating (aging) is predicted based on the ex-

ected demand. Under FIFO strategy, the expected aging for class
at period t, FQ F

o (t) is as follows:

Q F
o (t) = [xr (t) − FDF

o (t)]
+ (10)

That is, the expected aging is the blood stock with the remain-
ng shelf time of r minus the expected demand.

The expected outdating for class A at period t, FQ A
o (t) is as

ollows:

Q A(t) = [x (t) − FDA(t)]+ (11)
o 1 o
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That is to say, the outdating is the blood inventory with the
remaining shelf time of 1 day minus the expected demand.

Therefore, the expressions of EFS for class F and class A under
FIFO strategy are as follows:

EFSF =

M∑
m=r

xm(t) − FDF
o (t) − [xr (t) − FDF

o (t)]
+ (12)

EFSA =

M∑
m=1

xm(t) − FDA
o (t) − [x1(t) − FDA

o (t)]
+ (13)

Similarly, under LIFO strategy, the expected aging of class F at
period t, FQ kF

o (t) is as follows.

FQ F
o (t) =

⎡⎣xr (t) −

(
FDF

o (t) −

M∑
m=r+1

xm(t)

)+
⎤⎦+

(14)

Under LIFO strategy, the expected outdating for class A at
period t, FQ kA

o (t) is as follows:

FQ A
o (t) =

⎡⎣x1(t) −

(
FDA

o (t) −

M∑
m=2

xm(t)

)+
⎤⎦+

(15)

Therefore, the expressions of EFS for the two blood classes
under LIFO strategy are obtained as follows:

EFSF =

M∑
m=r

xm(t) − FDF
o (t)

−

⎡⎣xr (t) −

(
FDF

o (t) −

M∑
m=r+1

xm(t)

)+
⎤⎦+

(16)

EFSA =

M∑
m=1

xm(t) − FDA
o (t) −

⎡⎣x1(t) −

(
FDA

o (t) −

M∑
m=2

xm(t)

)+
⎤⎦+

(17)

Let SS(t) be the safety stock at period t, λ the guarantee
level of blood, σ F

og (t) the standard deviation of common demand
for class F at period t, and σ A

og (t) the standard deviation of
common demand for class A at period t. SS(t) can be expressed
by (18).

SS(t) = λ

√
L((σ F

og (t))2 + (σ A
og (t))2) (18)

The decision rule of blood collection under EWA strategy is as
following.

If EFS ≥ SS, the blood collection operation is not performed;
if EFS < SS, then, perform the blood collection operation.
The collection quantity S(t) at period t is as follows:

S(t) = min[TSL − EFS, S(t)] (19)

In expression (19), TSL is the target inventory level of blood
products, and S(t) is the maximum collection capacity.

.4. Decision making method of blood transshipment

When the blood supply is insufficient, the local blood cen-
er needs to request for blood transshipment from blood banks
utside local region. If the outside blood banks have surplus
nventory after meeting their own demand, they can transfer
ut blood products of different quantities with different ages.
he goal of the transshipment decision is to maximize the total
mount and the freshness of the delivered blood, so as to en-
ure the least shortage and the demand priority of blood class
 m

6

F. The transshipment decision process is shown in Fig. 3. The
parameters involved in the transshipment decision model are as
follows.

o: Label of the blood center
B: Label of other blood banks, b = {1, 2, . . . , n}
H: Set of hospitals served by the blood center, h ∈ H
M: The maximum shelf time of blood products
m: The remaining shelf time of blood products, 0 ≤ m ≤ M
L: The lead time of blood collection
λ: The guarantee level of blood products
A: Notation of blood demand for class A.
F : Notation of blood demand for class F.
Xom: The inventory of blood products with remaining shelf

time m in blood center
Do: The total blood demand in blood centers
dh: The blood demand in hospital h
fdh: The reservation demand in hospital h
rdh: The random demand in hospital h
dFhe: The emergency demand for class F in hospital h
dAhe: The emergency demand for class A in hospital h
dFhs: The severe case demand for class F in hospital h
dAhs: The severe case demand for class A in hospital h
dFhg : The common demand for class F in hospital h
dAhg : The common demand for class A in hospital h
IPo: The inventory position in blood center
nbm: The available amount of blood products with remaining

shelf time m at blood bank b
Decision variables are as follows.
βbm: If transship blood from blood bank b to blood center, it is

1, otherwise, it is 0
Bbm:The amount of transshipment blood with remaining shelf

time m from blood bank b
According to the above transshipment principles, the trans-

shipment decision model P1 is constructed as following.
Model P1

max f1 =

∑
b

∑
m

βbmBbm (20)

max f2 =

∑
b
∑

m(Bbm ∗ m)∑
b
∑

m Bbm
(21)

.t.∑
b

∑
m

Bbm ≤ λ(Do − IPo), 1 ≤ m ≤ M, 1 ≤ λ ≤ 2 (22)

b1 = 0, ∀b ∈ B (23)

bm ≤ nbm, ∀1 ≤ m ≤ M, b (24)

bm = βbmBbm, ∀1 ≤ m ≤ M, b ∈ B (25)

bm ∈ {0, 1} , ∀1 ≤ m ≤ M, b ∈ B (26)

bm ≥ 0, ∀1 ≤ m ≤ M, b ∈ B (27)

The objective function (20) represents the maximum amount
f blood transshipment. The objective function (21) indicates that
he freshness of the transhipped blood is the best. Constraint
22) is the total amount limit of blood transshipping. Formula
23) indicates that blood with remaining shelf time of 1 day is
ot allowed to be transshipped. Formula (24) is the available
mount limit of blood products with residual shelf time m. For-
ula (25), (26) and (27) are the range constraints of decision
ariables.
Let f max

1 and f min
1 be the maximum and minimum values of

1, and f max
2 and f min

2 be the maximum and minimum values of
2 respectively. By nondimensionalizing the two objectives, the
ulti-objective optimization problem can be transformed into
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Fig. 3. Transshipping process of a blood center.
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he single objective optimization problem shown in Eq. (28) [38,
9].

axF = ω1

[
f1

f1max

]
+ (1 − ω1)

[
f2

f2max

]
0 ≤ ω ≤ 1 (28)

he chance constrained programming is used to deal with uncer-
ain demand. Then, constraint (22) can be rewritten as Eq. (29).
he proved process of equivalency can be seen Appendix.

b

∑
m

Bbm ≤ λ(
∑
h∈H

dAhe +

∑
h∈H

dAhs +

∑
h∈H

dFhe +

∑
h∈H

dFhs +

∑
h∈H

d
F
hg +

∑
h∈H

d
A
hg − IPo)

−λΦ−1(α)
√∑

h∈H

(σ F
hg )2 +

∑
h∈H

(σ A
hg )2

(29)

By replacing constraint (22) with constraint (29), a new equiv-
alent model of blood transshipment decision can be obtained.
The model is a mixed integer programming model. The existence
of a solution to this model is obvious. Because as long as there
is a feasible solution to the problem, there must be at least
one optimal solution. Relevant research on solving methods for
similar problems can be roughly divided into two categories:
design heuristic algorithm or exact algorithm according to spe-
cific characteristics of the problem, or use existing mathematical
programming software, such as LPSOLVE, CPLEX, MOSEK, etc. In
this paper, the free software, LPSOLVE, is used to solve the model.
In practice, blood transshipment or allocation decision-making
problems have a small or medium scale (the number of nodes is
generally less than 30), so the application of LPSOLVE can quickly
obtain the optimal solution.

3.5. Decision making method of blood allocation

Allocation decision refers to the allocation of blood inventory
from the blood center to hospitals in local region (Fig. 4). Different
from general supplies, in addition to ensure the minimum short-
age, the fairness concerns of patients must be fully considered
in blood allocation decision. In clinical practice, blood transfusion
must meet the allocation principles of emergency priority, severe
case care priority, and emergency superior to severe case care.

The related parameters of the blood allocation decision model
are described as follows:

|H|: Number of hospitals served by the blood center
dF : Blood demand for class F in hospital h
h

7

dAh: Blood demand for class A in hospital h
dFhe: Emergency demand for class F in hospital h
dAhe: Emergency demand for class A in hospital h
dFhs: Severe case demand for class F in hospital h
dAhs: Severe case demand for class A in hospital h
dFhg : Common demand for class F in hospital h

d
F
hg : Average common demand for class F in hospital h

dAhg : Common demand for class A in hospital h

d
A
hg : Average common demand for class A in hospital h

σ A
hg : Standard deviation of common demand for class A in

hospital h
ω2: Weight of objectives
Decision variables:
Q F
h :Allocation amount of blood class F to hospital h

Q A
h : Allocation amount of blood class A to hospital h

Q F
he: Allocation amount of blood class F for emergency demand

o hospital h
Q A
he: Allocation amount of blood class A for emergency demand

o hospital h
Q F
hs: Allocation amount of blood class F for severe case demand

o hospital h
Q A
hs: Allocation amount of blood class A for severe case demand

o hospital h
Q F
hg : Allocation amount of blood class F for common demand

o hospital h
Q A
hg : Allocation amount of blood class A for common demand

o hospital h
In order to measure the fairness of blood allocation, Gini coef-

icient, an evaluation index of economic income fairness, is intro-
uced as the objective function of blood allocation optimization
odel.
The commonly used Gini index in China is as follows:

=
1

2n2u

∑
i

∑
j

⏐⏐ui − uj
⏐⏐ , i ̸= j (30)

In expression (30), u is the average income of all industries.
ui, uj are the average income of the i and j industries. n is the
number of types of industries.

Let u =

∑
h∈H Qh∑
h∈H dh

be the average satisfaction rate of the al-

located blood products at hospital h, then u =
Qi , i ∈ H and
i di
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Fig. 4. Allocation decision process of the blood center.
uj =
Qj
dj

, j ∈ H are the satisfaction rates of hospital i and hospital j
espectively. It can be concluded that the fairness index of blood
llocation based on Gini coefficient is as expression (31).

=
1

2 |H|
2
∑

h∈H Qh∑
h∈H dh

∑
i

∑
j

⏐⏐⏐⏐Qi

di
−

Qj

dj

⏐⏐⏐⏐ , i ̸= j (31)

So far, the allocation decision-making model for blood class F
is established, as shown in P2.

Model P2

min f3 = ω2
1

2 |H|
2
∑

h∈H Qh∑
h∈H dh

∑
i

∑
j

⏐⏐⏐⏐⏐Q F
i

dFi
−

Q F
j

dFj

⏐⏐⏐⏐⏐
+(1 − ω2)

(∑
h∈H (d

F
h − Q F

h )∑
h∈H dFh

)
, i ̸= j (32)

.t.(
dFie − dFje

)(Q F
ie

dFie
−

Q F
je

dFje

)
≥ 0, i ̸= j, ∀i, j = 1, 2, . . . , n (33)

(
dFis − dFjs

)(Q F
is

dFis
−

Q F
js

dFjs

)
≥ 0, i ̸= j, ∀i, j = 1, 2, . . . , n (34)

(
dFig − dFjg

)(Q F
ig

dFig
−

Q F
jg

dFjg

)
≥ 0, i ̸= j, ∀i, j = 1, 2, . . . , n (35)

Q F
ie = dFie

Q F
ie + Q F

is = dFie + dFis

if
∑

i

dFie ≤ IPF
o ≤

∑
i

dFie +

∑
i

dFis, i = 1, 2, . . . , n

if IPF
o ≥

∑
i

dFie +

∑
i

dFis, i = 1, 2, . . . , n

(36)

Q F
ie
F ≥

Q F
is

dF
≥

Q F
ig

dF
, ∀i = 1, 2, . . . , n (37)
die is ig
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0 ≤
Q F
ie

dFie
,
Q F
is

dFis
,
Q F
ig

dFig
≤ 1 , ∀i = 1, 2, . . . , n (38)

Q F
i = Q F

ie + Q F
is + Q F

ig , ∀i = 1, 2, . . . , n (39){
dFh = dFhe + dFhs + dFhg , ∀h = 1, 2, . . . , n
dFhg ∼ N(d

F
hg , σ

F2
hg ), ∀h = 1, 2, . . . , n

(40)

0 ≤

∑
h∈H

Q F
h ≤

(
IPF

o +

∑
b∈B

M∑
m=r

Bbm

)
(41)

Objective function (32) indicates to search the best fairness
and the least blood shortage rate. Constraint (33) indicates the
priority for emergency patients, that is, hospitals with more ur-
gent demand have higher emergency demand satisfaction rate.
Constraint (34) indicates priority for severe case. Constraint (35)
represents fair allocation of common demand. Constraint (36)
indicates that if the blood supply meets the emergency demand,
but cannot meet the severe case demand and common demand,
then give priority to emergency demand, second priority to se-
vere case demand, and finally the common demand. Constraint
(37) indicates that the satisfaction rate of emergency demand
is higher than severe case demand, and severe case demand is
greater than common demand. Constraint (38) indicates that the
demand satisfaction rate of blood class F is greater than 0 and
less than or equal to 1. Eq. (39) indicates that the total allocation
amount of emergency, severe case and common demand. Eq. (40)
shows that the blood demand is the sum of emergency demand,
severe case demand and common demand, in which the com-
mon demand follows a normal distribution. Constraint (41) indi-
cates that the blood allocation is less than the current inventory
position.

Constraint (35) can be transformed into expression (42) based
on chance constrained programming.

Φ−1(α)

(
σ F
ig

σ F Q
F
jg −

σ F
jg

σ F Q
F
ig

)
≤

d
F
jg
F Q kF

ig +
d
F
ig
F − Q F

jgQ
F
ig − Q F

jg (42)

jg ig dig djg
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Similarly, constraints (37) and (38) can be transformed into
expressions (43) and (44) respectively based on chance con-
strained programming.

Q F
ie

dFie
≥

Q F
is

dFis
≥

Q F
ig

d
F
ig

+ Φ−1(α)
Q F
ig

σ F
ig

(43)

≤
Q F
ig

d
F
ig

+ Φ−1(α)
Q F
ig

σ F
ig

≤ 1 (44)

By replacing the relevant constraints, a new equivalent Deci-
ion making model of blood allocation can be obtained. The proof
rocess is similar to Appendix.
The allocation model for blood class A is similar as model P2.

t is just need to update the inventory level before the allocation
ecision for blood class A.

.6. Discrete event simulation system

Discrete event system is a system driven and interacted by
iscrete events according to certain operation rules, resulting
n dynamic state changes. The process of modeling and ana-
yzing discrete event system is DESS. This method simulates
he behavior of the discrete system to be studied, records the
mportant parameters, and analyzes the performance of the sys-
em, so as to guide the actual operation activities in real life.
n view of the complexity of blood products, such as perishabil-
ty, randomness of demand, characteristics of multi-product and
ulti-stage, a large number of researchers use DESS to optimize

nventory system [40,41]. Considering the fluctuation of blood
upply and demand, the multi-dimensional of inventory level,
he dynamic and complexity of decision-making such as collec-
ion, transshipment and allocation, this paper uses DESS to study
he decision-making problem of blood supply chain operation.
hrough the operation of the system, the important parameters
uch as blood shortage, outdating and freshness are recorded, and
he effect of inventory management is analyzed. At the same time,
hrough the simulation experiments, the sensitivity analysis of
ome important parameters is carried out, and some beneficial
anagement implications are obtained to guide the blood center

o optimize the operation of inventory management. Blood supply
hain management is a dynamic process, and its basic process can
e described as Fig. 2. The specific operation process is described
s follows.
Step 1: Record the beginning inventory level.
Let t0 denote the beginning time, and the inventory level

x1(t0), x2(t0), . . . , xM (t0)} should be recorded first to make the
nventory decision.

Step 2: Integrate the demand orders of all hospitals.
The integration of demand orders of all hospitals is the de-

and of blood center o.
The demand of blood center o for class F at period t, DF

o (t), can
be integrated by expression (3). The demand of blood center o for
class A at period t, DA

o (t), can be integrated by expression (5).
Step 3: Judge whether the transshipment conditions are met

by the following method.
For each blood class, If the inventory position of the blood

center IPo(t) is greater than or equal to the total demand, no
transhipment is needed. Otherwise, the transshipment should
be implemented. That is to say, if IPo(t) <

{
DF
o (t) ∨ DA

o (t)
}
, the

transshipment should be implemented, then step into Step 4.
Step 4: make a transshipment decision.
The transshipment model P1 built in Section 3.4 should be

applied to make a transshipment decision. The model can be
solved by the solver LPSOLVE. LPSOLVE can be invoked in the
process of DESS based on MATLAB [42,43].
9

Step 5: make a blood collection decision.
Use the method given in Section 3.3 to make blood collec-

tion decision. The collection quantity S(t)at period t should be
calculated according to expression (8)∼(19) in this step.

Step 6: Update the inventory level after collected blood ar-
rived.

Update the inventory level based on the state transition equa-
tion (2), (4) , (6) and (7).

Step 7: Make a blood allocation decision.
Use the model P2 proposed in Section 3.5 to make blood

allocation decision. Model P2 is also solved by LPSOLVE invoked
in the process of DESS. The allocation decision of blood class F
should be first made. Then update the inventory level as Step 6.
The allocation decision for blood class A can be made as the same
method as blood class F .

Step 8: Calculate the Blood shortage, outdating and the fair-
ness index.

Step 9: Update inventory level {x1(t + 1), x2(t + 1), . . . ,
xM (t + 1)} at the end of the period.

Step 10: Step into the next day.

4. Numerical simulation

4.1. Blood supply chain decision

The research data of red blood cell products in a city in
western China are used for numerical simulation. There are 20
hospitals in the region, and their demand information is shown
in Tables 1–2. There are four different blood banks nearby the
blood center. The daily available blood inventory level of each
blood bank can be used for transshipment is transmitted to the
blood center through the information system every day. The
initial inventory level of the blood center is shown in Table 3.
The maximum collectable volume information of blood center
is shown in Tables 4 and 5. The maximum shelf time of blood
products M is 21 days, the lead time is L = 1 day, and the
threshold of residual shelf time for blood class F r is 15 days. Ac-
cording to the clinical experience of blood transfusion in Chinese
hospitals, the proportion of blood class F demand is 30%, and the
rest is blood class A demand. Summer vacation was chosen as
the research period. Summer vacation in Chinese universities is
about 42 days. In order to accurately cover the seasonal blood
shortage period, 42 days before and after summer vacation were
included in the simulation period. That is, the simulation period is
126 days.

Using EWA strategy, the sensitivity analysis of inventory pa-
rameter combination is carried out according to the process
shown in Fig. 5. A large number of numerical simulations show
that it is reasonable to take 1.8 ×

∑
h∈H fdh as SS and 2000U as

TSL [6]. Under the optimal control parameters, 20 random events
are simulated, and each event is run for 126 days randomly.
Averaging the results, the operation results are shown in Table 6.
The results show that FIFO strategy can reduce the amount of
shortage and blood transshipping.

4.2. Comparison of major inventory strategies

The decision-making effect of different inventory strategies
is analyzed in this section. As shown in Fig. 6, eight inventory
strategies are input in DESS, including EWA (FIFO), EWA(LIFO),
(s, S) (FIFO), (s, S) (FIFO), (s, Q) (FIFO), (s, Q) (LIFO), (t, s) (FIFO),
(t, S) (LIFO). Similarly, 20 random events were simulated, and
each event ran for 126 days to obtain the indexes of shortage,
outdating and fairness. By comparing these indexes, the best
inventory strategy is finally selected.
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T
B

able 1
lood demand for emergency and severe cases in hospitals.
h. num MON TUE WED THU FRI SAT SUN

ED SD ED SD ED SD ED SD ED SD ED SD ED SD

1 18.3 27.45 12.68 19.03 12.65 18.98 11.73 17.59 14.13 21.19 3.1 4.65 3.19 4.79
2 14.24 21.35 9.87 14.8 9.84 14.76 9.12 13.68 10.99 16.48 2.41 3.62 2.48 3.73
3 21.73 32.6 15.06 22.6 15.02 22.54 13.92 20.89 16.78 25.16 3.68 5.52 3.79 5.69
4 12.22 18.32 8.47 12.7 8.44 12.67 7.83 11.74 9.43 14.15 2.07 3.1 2.13 3.2
5 16.84 25.27 11.67 17.51 11.64 17.46 10.79 16.19 13 19.5 2.85 4.28 2.94 4.41
6 6.13 9.2 4.25 6.38 4.24 6.36 3.93 5.89 4.73 7.1 1.04 1.56 1.07 1.61
7 3.83 5.75 2.65 3.98 2.65 3.97 2.45 3.68 2.96 4.43 0.65 0.97 0.67 1
8 8.82 13.23 6.11 9.17 6.1 9.15 5.65 8.48 6.81 10.21 1.49 2.24 1.54 2.31
9 10.40 15.6 7.21 10.81 7.19 10.78 6.66 9.99 8.03 12.04 1.76 2.64 1.81 2.72
10 10.53 15.79 7.3 10.95 7.28 10.92 6.75 10.12 8.13 12.19 1.78 2.67 1.84 2.76
11 6.38 9.57 4.42 6.64 4.41 6.62 4.09 6.14 4.93 7.39 1.08 1.62 1.11 1.67
12 0.76 1.14 0.53 0.79 0.52 0.79 0.49 0.73 0.59 0.88 0.13 0.19 0.13 0.2
13 11.8 17.71 8.18 12.27 8.16 12.24 7.56 11.34 9.11 13.67 2 3 2.06 3.09
14 6.12 9.18 4.24 6.36 4.23 6.35 3.92 5.88 4.72 7.09 1.04 1.55 1.07 1.6
15 13.73 20.6 9.52 14.27 9.49 14.24 8.8 13.19 10.6 15.9 2.32 3.49 2.4 3.59
16 6.51 9.77 4.51 6.77 4.5 6.75 4.17 6.26 5.03 7.54 1.10 1.65 1.14 1.7
17 5.29 7.94 3.67 5.5 3.66 5.48 3.39 5.09 4.08 6.13 0.9 1.34 0.92 1.39
18 3.27 4.9 2.26 3.4 2.26 3.39 2.09 3.14 2.52 3.78 0.55 0.83 0.57 0.86
19 5.92 8.87 4.1 6.15 4.09 6.14 3.79 5.69 4.57 6.85 1 1.5 1.03 1.55
20 0.97 1.45 0.67 1.01 0.67 1.01 0.62 0.93 0.75 1.12 0.16 0.25 0.17 0.25

Note: emergency demand (ED), severe case demand (SD).
Table 2
Common demand information in hospitals.
h.num MON TUE WED THU FRI SAT SUN

avg var avg var avg var avg var avg var avg var avg var

1 45.76 20.342 31.71 11.262 31.63 12.042 29.32 10.282 35.32 11.162 7.75 2.752 7.99 3.162

2 35.59 16.942 24.67 10.582 24.6 11.262 22.8 9.952 27.47 10.142 6.03 2.662 6.21 2.552

3 54.34 22.172 37.66 15.542 37.56 16.392 34.81 12.292 41.94 18.72 9.2 3.522 9.48 4.632

4 30.54 14.622 21.17 11.052 21.11 10.292 19.57 9.222 23.58 10.022 5.17 2.392 5.33 2.222

5 42.11 19.522 29.19 13.682 29.11 14.432 26.98 10.822 32.5 13.462 7.13 2.982 7.35 3.652

6 15.33 6.772 10.63 4.252 10.6 4.72 9.82 4.532 11.83 4.932 2.6 1.12 2.68 1.292

7 9.58 4.312 6.64 2.522 6.62 2.182 6.14 2.162 7.39 3.852 1.62 0.662 1.67 0.662

8 22.06 10.122 15.29 6.902 15.25 7.442 14.13 6.832 17.02 6.912 3.74 1.282 3.85 1.382

9 26 12.342 18.02 8.052 17.97 7.342 16.66 7.52 20.07 9.942 4.4 1.732 4.54 1.892

10 26.32 5.432 18.25 8.092 18.2 7.412 16.87 7.562 20.32 9.022 4.46 1.752 4.6 1.822

11 15.96 7.012 11.06 4.422 11.03 4.882 10.23 4.662 12.32 5.132 2.7 1.252 2.79 1.252

12 1.9 0.462 1.315 0.62 1.31 0.612 1.22 0.582 1.47 0.392 0.32 0.142 0.33 0.132

13 29.51 11.342 20.45 10.452 20.4 9.082 18.91 7.062 22.78 8.782 4.99 1.332 5.15 2.152

14 15.3 5.772 10.605 5.252 10.58 4.72 9.805 4.522 11.81 4.922 2.59 1.22 2.67 1.32

15 34.33 13.622 23.79 11.352 23.73 10.032 21.99 9.772 26.5 12.862 5.81 2.592 5.99 2.472

16 16.28 6.132 11.28 5.52 11.25 4.972 10.43 4.732 12.57 5.242 2.76 1.272 2.84 1.42

17 13.23 5.942 9.165 4.672 9.14 4.092 8.48 3.072 10.21 4.232 2.24 1.132 2.31 1.312

18 8.17 3.092 5.66 2.022 5.65 2.352 5.23 2.072 6.3 2.252 1.38 0.452 1.43 0.622

19 14.79 4.572 10.25 4.112 10.23 5.052 9.48 3.412 11.42 5.062 2.51 1.062 2.58 1.162

20 2.42 1.082 1.675 0.682 1.68 0.662 1.55 0.692 1.87 0.752 0.41 0.152 0.42 0.152
Table 3
Initial inventory level of blood center.
Remaining
shelf time

Inventory Remaining
shelf time

Inventory Remaining
shelf time

Inventory Remaining
shelf time

Inventory

1 16.8 7 20.72 13 19.6 19 39.2
2 16.8 8 19.6 14 19.6 20 27.16
3 16.8 9 19.6 15 18.2 21 26.88
4 16.8 10 19.6 16 18.2 Sum 448.84
5 19.6 11 19.6 17 16.8 – –
6 21.28 12 19.6 18 36.4 – –
10
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Fig. 5. Sensitivity analysis process.

Fig. 6. Selection process of the optimal inventory strategy.

The decision indexes of different inventory strategies during
ocation are shown in Table 7. In order to evaluate the optimal
nventory strategy, two classical multi-attribute decision-making
ethods, the TOPSIS method and gray relational analysis (GRA)
ethod are used to evaluate the optimal inventory strategy [44].
he comprehensive evaluation results based on TOPSIS are shown
n Table 8 and Fig. 7. The evaluation results based on the TOPSIS
ethod show that the EWA (FIFO) strategy is the most reasonable

nventory strategy, while the (t, S) (LIFO) strategy are the most
nfeasible strategy.
11
Table 4
Daily collectable volume information of blood products.
Time Statistical distribution Characteristic parameter

Monday Normal N ∼ N(738.75, 370.062)
Tuesday Normal N ∼ N(668.24, 320.352)
Wednesday Normal N ∼ N(613.43, 307.362)
Thursday Normal N ∼ N(754.77, 315.172)
Friday Normal N ∼ N(725.28, 311.172)
Saturday Normal N ∼ N(484.76, 225.382)
Sunday Normal N ∼ N(465.83, 210.592)

Table 5
Collectable volume information of blood products during winter and summer
vacation.
Time Statistical distribution Characteristic parameter

Monday Normal N ∼ N(147.75, 692)
Tuesday Normal N ∼ N(133.65, 65.082)
Wednesday Normal N ∼ N(122.69, 62.452)
Thursday Normal N ∼ N(150.95, 55.062)
Friday Normal N ∼ N(145.06, 67.722)
Saturday Normal N ∼ N(96.95, 34.462)
Sunday Normal N ∼ N(93.17, 36.22)

Fig. 7. Ranking of relative proximity based on TOPSIS method.

The results of comprehensive evaluation based on GRA are
shown in Table 9 and Fig. 8. The results show that the EWA (FIFO)
strategy is the most reasonable inventory strategy, while the (t,
S) (LIFO) strategy are less effective. The conclusion is almost con-
sistent with the TOPSIS method. Therefore, the presented EWA
inventory strategy is effective.

4.3. Sensitivity analysis of key parameters

4.3.1. Sensitivity analysis of SS
Let TSL = 2000, the sensitivity analysis of SS was carried out.

The results show that (see Table 10), the setting of SS has a
significant impact on the decision-making effect. If the SS is set
large, the shortage situation will be slowed down; otherwise, the
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esults under EWA strategy.
Inventory strategy Shortage Average fairness index Total transshipment Total collection Total outdating

Shortage days Total shortage Class F Class A Class F Class A Class F Class A

FIFO(non- vacation) 0 0 0 0 870.42 7790 3169.55 16629.38 0
FIFO(vacation) 28 8568.36 0.02 0.41 1536.03 6222.28 3886.95 811.05 0
LIFO(non- vacation) 0 0 0 0 1177.63 10725.71 3620.49 32436.97 6186.26
LIFO(vacation) 30 9872.64 0.02 0.42 1894.44 5556.69 3250.73 2019.28 0
Table 7
Indexes of different inventory strategies.
Strategy TSF TSA TO TTF TTA TCF TCA AFI

EWA(FIFO) 227.28 8341.08 0 1536.03 6222.28 3886.95 811.05 0.43
EWA(LIFO) 491.63 9381 0 1894.44 5556.69 3250.73 2019.28 0.44
(s, S)(FIFO) 147.3 8536 0 921.62 1804.25 1952.65 3465.35 0.49
(s, S)(LIFO) 245.49 13066.17 26.41 1228.83 0 1818.55 4110.86 0.51
(s, Q)(FIFO) 196.4 9789.42 0 921.62 541.27 3244 2466 0.49
(s, Q)(LIFO) 245.49 1228.83 247 1228.83 0 4185 1965 0.51
(t, S)(FIFO) 2005.69 15916.14 0 1484.83 0 2636.8 453.2 0.53
(t, S)(LIFO) 2375.59 17917.78 0 1689.64 0 3625.42 2524.58 0.49

Note: Total blood shortage for class F (TSF), Total blood shortage for class A (TSA), Total outdating (TO), Total transshipment of
blood class F (TTF), Total transshipment of blood class A (TTA), Total blood collection amount of blood class F (TCF), Total blood
collection amount of blood class F (TCA), Average fairness index (AFI).
f
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b

4
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Fig. 8. Evaluation results based on GRA.

shortage will be more serious. Due to the priority of meeting the
demand of blood class F, the shortage degree of blood demand
for class F is far lower than class A. The change of SS also has an
mpact on the collection quantity. The higher the SS, the greater
he collection quantity is required.

.3.2. Sensitivity analysis of TSL
Let SS = 1.8×

∑
h∈H fdh, the sensitivity analysis of TSL is given

n Table 11. It can be seen from Table 11 that the setting of TSL has
significant impact on the effect of inventory decision-making.
roperly improving the TSL can help to reduce the shortage, but
lso increase the collection amount. Due to the reduction of blood
hortage, the emergency and severe case demand of each hospital
re constantly met, so the fairness index is becoming smaller and
12
Table 8
Evaluation results based on TOPSIS method.
Inventory strategy Di

+ Di
− Ci Sort

EWA(FIFO) 1.967 0.3337 0.1450 1
EWA(LIFO) 1.8522 0.3924 0.1748 2
(s, S)(FIFO) 1.81 0.7482 0.2925 3
(s, S)(LIFO) 1.6994 0.9851 0.367 5
(s, Q)(FIFO) 1.7793 0.8232 0.3163 4
(s, Q)(LIFO) 1.5361 1.2905 0.4565 6
(t, S)(FIFO) 1.1555 1.0465 0.4752 7
(t, S)(LIFO) 1.0524 1.187 0.5300 8

Note: Di
+ is the distance from the positive ideal scheme, D−

i is the distance
rom the negative ideal scheme, and Ci is the relative proximity degree.

maller, and the demand satisfaction rate of each hospital is also
ecoming consistent. and the demand.

.3.3. Simulation analysis of blood demand fluctuation
The actual demand will fluctuate to a certain range above or

elow the predicted demand. Within different fluctuation range,
0 demand events are generated, then, the sensitivity analysis of
lood demand fluctuation is given in Table 12. It can be seen that
he greater the fluctuation of demand, the greater the possible
hortage.
The sensitivity analysis of TSL is also carried out under drastic

luctuation of demand (Table 13). The results show that the
SL still has an important impact on the decision-making. With
he increase of the TSL, the blood shortage decreases and the
ollection amount increases.
The sensitivity analysis of SS is carried out under drastic de-

and fluctuation (Table 14). The results show that the setting of
S has an important impact on inventory decision.
From the above sensitivity analysis, the blood outdating is 0

nder the EWA strategy, which indicates that the EWA strat-
gy can solve the problem of blood waste in blood shortage
eriod.
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Table 9
Correlation coefficient of GRA.
Index EWA(FIFO) EWA(LIFO) (s, S)(FIFO) (s, S)(LIFO) (s, Q)(FIFO) (s, Q)(LIFO) (t, S)(FIFO) (t, S)(LIFO)

TSF 0.9753 0.9480 0.9838 0.9733 0.9785 0.9733 0.8171 0.7904
TSA 0.5179 0.4885 0.5121 0.4068 0.4779 0.8794 0.3602 0.3333
TO 1 1 1 0.9971 1 0.9732 1 1
TTF 0.8536 0.8255 0.9067 0.8794 0.9067 0.8794 0.8578 0.8413
TTA 0.5901 0.6172 0.8324 1 0.9430 1 1 1
TCF 0.6974 0.7338 0.8210 0.8313 0.7342 0.6816 0.7726 0.7119
TCA 0.9170 0.8161 0.7211 0.6855 0.7842 0.8201 0.9518 0.7802
AFI 1 1 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999
GRD 0.9184 0.8856 0.8126 0.7286 0.7616 0.8607 0.7269 0.6577
Order 1 2 4 6 5 3 7 8

Note: gray relational degree (GRD).
able 10
ensitivity analysis of SS.
TSL SS TSF TSA TC AFI TO

2000

1.1 261.16 11435.13 24114 0.39 0
1.3 227.28 9379.31 25018 0.36 0
1.6 227.28 8820.21 24249 0.42 0
1.8 227.28 8341.08 24497 0.43 0

Table 11
Sensitivity analysis of TSL.
TSL TSF TSA TC AFI TO

1000 297.58 10508.26 21999 0.29 0
1500 227.28 9058.34 24934 0.36 0
2000 227.28 8341.08 24497 0.43 0

5. Conclusion

This paper investigates the decision-making problem of blood
upply chain considering the lifetime distribution of blood prod-
cts under uncertain supply and demand environment. A simu-
ation method of blood supply chain decision-making based on
ESS is established. In the simulation process, blood collection
ecision, blood allocation decision and blood transshipment de-
ision are integrated. This paper proposes an EWA inventory
trategy and designs a sensitivity analysis tool for some key
nventory parameters. The main contributions of this paper are
s follows: (1) in order to minimize the transshipping time and
aximize the freshness of the delivered blood, an optimization
odel of transshipment is established to study the decision-
aking rules of transshipment amount. (2) With the goal of the
est fairness and the minimum shortage, an allocation planning
odel with multi-priority is established. (3) Based on the indexes
f blood shortage, outdating and the fairness index, we compare
nd analyze different inventory strategies, and find that EWA
nventory strategy is the best strategy. (4) Sensitivity analysis
xperiment shows that SS, TSL and fluctuation range of demand
ave important influence on the effect of blood inventory con-
rol. Various kinds of random events that may occur should be
epeatedly simulated and tested, and then reasonable inventory
ontrol parameters should be determined according to the actual
eeds.
The substitution problem of blood groups under extreme

hortage situation should be considered, and the boundary condi-
ions and optimization schemes of different blood group substitu-
ion strategies in the dynamic decision-making process of blood
upply chain should be studied in further research.
13
Table 12
Sensitivity analysis of blood demand fluctuation.
Parameter Fluctuation

degree
TSF TSA TC AFI TO

SS = 1.8
TSL = 2000

20% 617.24 11617.5 28106 0.49 0
10% 422.26 10097.92 23577 0.46 0
5% 368.04 9854.33 24558 0.45 0

Table 13
Sensitivity analysis of TSL under drastic fluctuation of demand.
Parameter TSL TSF TSA TC AFI TO

SS = 1.8
20%

1000 765.54 15169.45 23840 0.35 0
1500 617.24 11901.49 27798 0.49 0
2000 617.24 11617.5 28106 0.49 0

Table 14
Sensitivity analysis of SS under drastic demand fluctuation.
Parameter SS TSF TSA TC AFI TO

TSL = 1500
20%

1.3 617.25 11979.22 27650 0.45 0
1.6 617.25 11901.5 27798 0.49 0
1.8 617.24 11901.49 27798 0.49 0

TSL = 2000
20%

1.3 617.25 13310.4 26572 0.41 0
1.6 628.06 11935.88 27553 0.45 0
1.8 67 10601.87 55863.77 0.49 0
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ppendix. The process of equivalency proof of chance constraint

Blood center demand Do is the aggregate demand of the hospital, that is

Dk
o =

∑
h∈H

dAh +

∑
h∈H

dFh =

∑
h∈H

fdh +

∑
h∈H

rdh, h = 1, 2, . . . , n (A.1)

Among them,∑
h∈H

fdh =

∑
h∈H

dAhe +

∑
h∈H

dAhs +

∑
h∈H

dFhe +

∑
h∈H

dFhs, h = 1, 2, . . . , n (A.2)∑
h∈H

rdh =

∑
h∈H

dAhg +

∑
h∈H

dFhg , h = 1, 2, . . . , n (A.3)

dFhg ∼ N(d
F
hg , (σ

F
hg )

2), ∀h = 1, 2, . . . , n (A.4)

dAhg ∼ N(d
A
hg , (σ

A
hg )

2), ∀h = 1, 2, . . . , n (A.5)

Then Do also follows the normal distribution.

Do ∼ N(
∑
h∈H

dAhe +

∑
h∈H

dAhs +

∑
h∈H

dFhe +

∑
h∈H

dFhs +

∑
h∈H

d
F
hg +

∑
h∈H

d
A
hg ,
∑
h∈H

(σ F
hg )

2
+

∑
h∈H

(σ A
hg )

2) (A.6)

heorem 1. Suppose that function g(x, ξ ) has the form g(x, ξ ) = a1x1 + a2x2 + · · · + anxn − b, where ξ = (a1, a2, . . . , an, b), ai and b are
ndependent normal distribution random variables, i = 1, 2, . . . , n, then the equivalent form of chance constraint Pr

{∑n
i=1 aixi ≤ b

}
≥ α

s
∑n

i=1 E(ai)xi + Φ−1(α)
√∑n

i=1 V (ai)xi2 + V (b) ≤ E(b), where Φ−1 is the inverse function of probability distribution function of standard
normal distribution.

Corollary. If the constraint condition of the above model is at least true with the confidence level α, i.e. P
{∑

b
∑

m Bbm ≤ λ(Do − IPo)
}

≥ α, then applying the above theorem, it can be transformed into the form of
∑

b
∑

m Bbm≤ λ(
∑

h∈H dAhe+
∑

h∈H dAhs+
∑

h∈H dFhe+
∑

h∈H dFhs+

h∈H d
F
hg +

∑
h∈H d

A
hg − IPo) − λΦ−1(α)

√∑
h∈H (σ

F
hg )2 +

∑
h∈H (σ

A
hg )2.

It can be proved as following.

hypothesis λ(Do − IPo) ∼ N

⎛⎜⎜⎝
λ(
∑
h∈H

dAhe +

∑
h∈H

dAhs +

∑
h∈H

dFhe +

∑
h∈H

dFhs +

∑
h∈H

d
F
hg +

∑
h∈H

d
A
hg − IPo)

, λ2

(∑
h∈H

(σ F
hg )

2
+

∑
h∈H

(σ A
hg )

2

)
⎞⎟⎟⎠ ,

Then y(x) =
∑

b
∑

m Bbm − λ(Do − IPo) obeys the normal distribution, and its expectation is:

E(y(x)) =

∑
b

∑
m

Bbm − E(λ(Do − IPo))

=

∑
b

∑
m

Bbm − λ(
∑
h∈H

dAhe +

∑
h∈H

dAhs +

∑
h∈H

dFhe +

∑
h∈H

dFhs +

∑
h∈H

d
F
hg +

∑
h∈H

d
A
hg − IPo)

(A.7)

The variance was as follows:

V (y(x)) = λ2

(∑
h∈H

(σ F
hg )

2
+

∑
h∈H

(σ A
hg )

2

)
(A.8)

So,

η =

[∑
b
∑

m Bbm − λ(Do − IPo)
]

λ

√∑
h∈H (σ

F
hg )2 +

∑
h∈H (σ

A
hg )2

−

[∑
b
∑

m Bbm − λ(
∑

h∈H dAhe +
∑

h∈H dAhs +
∑

h∈H dFhe +
∑

h∈H dFhs +
∑

h∈H d
F
hg +

∑
h∈H d

A
hg − IPo)

]
λ

√∑
(σ F )2 +

∑
(σ A )2

∼ N(0, 1)
(A.9)
h∈H hg h∈H hg

14
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w

The inequality
∑

b
∑

m Bbm ≤ λ(Do − IPo) is equivalent to:

η =

[∑
b
∑

m Bbm − λ(Do − IPo)
]

λ

√∑
h∈H (σ

F
hg )2 +

∑
h∈H (σ

A
hg )2

−

[∑
b
∑

m Bbm − λ(
∑

h∈H dAhe +
∑

h∈H dAhs +
∑

h∈H dFhe +
∑

h∈H dFhs +
∑

h∈H d
F
hg +

∑
h∈H d

A
hg − IPo)

]
λ

√∑
h∈H (σ

F
hg )2 +

∑
h∈H (σ

A
hg )2

≤ −

[∑
b
∑

m Bbm − λ(
∑

h∈H dAhe +
∑

h∈H dAhs +
∑

h∈H dFhe +
∑

h∈H dFhs +
∑

h∈H d
F
hg +

∑
h∈H d

A
hg − IPo)

]
λ

√∑
h∈H (σ

F
hg )2 +

∑
h∈H (σ

A
hg )2

(A.10)

So the chance constraint P
{∑

b
∑

m Bbm ≤ λ(Dom − IPom)
}

≥ α is equivalent to:

P

⎧⎨⎩η ≤ −

[∑
b
∑

m Bbm − λ(
∑

h∈H dAhe +
∑

h∈H dAhs +
∑

h∈H dFhe +
∑

h∈H dFhs +
∑

h∈H d
F
hg +

∑
h∈H d

A
hg − IPo)

]
λ

√∑
h∈H (σ

F
hg )2 +

∑
h∈H (σ

A
hg )2

⎫⎬⎭ ≥ α (A.11)

here η obeys the standard normal distribution, so the above chance constraint holds if and only if

Φ−1(α) ≤ −

∑
b
∑

m Bbm − λ(
∑

h∈H dAhe +
∑

h∈H dAhs +
∑

h∈H dFhe +
∑

h∈H dFhs +
∑

h∈H d
F
hg +

∑
h∈H d

A
hg − IPo)

λ

√∑
h∈H (σ

F
hg )2 +

∑
h∈H (σ

A
hg )2

(A.12)

The results are as follows:∑
b

∑
m

Bbm ≤ λ(
∑
h∈H

dAhe +

∑
h∈H

dAhs +

∑
h∈H

dFhe +

∑
h∈H

dFhs +

∑
h∈H

d
F
hg +

∑
h∈H

d
A
hg − IPo)

− λΦ−1(α)
√∑

h∈H

(σ F
hg )2 +

∑
h∈H

(σ A
hg )2

(A.13)

The proof is over.
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