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Background

Background and Motivation

Blood service operations are a
key component of the healthcare
system all over the world.

Over 39,000 donations are
needed everyday in the United
States, alone, and the blood
supply is frequently reported to
be just 2 days away from running
out (American Red Cross).
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Background

Background and Motivation

Of 1,700 hospitals participating in a survey in 2007, a total of 492
reported cancellations of elective surgeries on one or more days due
to blood shortages.

Hospitals with as many days of surgical delays as 50 or even 120
have been observed.

In 2006, the national estimate for the number of units of blood
components outdated by blood centers and hospitals was
1,276,000 out of 15,688,000 units (Whitaker et al. (2007)).
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Background

Background and Motivation

The hospital cost of a unit of red blood cells in the US had a 6.4%
increase from 2005 to 2007.

In the US, this criticality has become more of an issue in the
Northeastern and Southwestern states since this cost is
meaningfully higher compared to that of the Southeastern and
Central states.

American
On the Road to help save the day. + Red C:

W )

YOU CAN TOO WHEN YOU GIVE BLOOD, SUPPORT A NEIGHBOR AFTER A DISASTER, TRAIN IN FIRST AID OR HELP OUR TROOPS.
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Background

Background and Motivation

Hospitals were responsible for approximately 90% of the outdates,
where this volume of medical waste imposes discarding costs to the
already financially-stressed hospitals (The New York Times
(2010)).
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Background

Background and Motivation

The health care facilities in the United States are second only to
the food industry in producing waste, generating more than 6,600
tons per day, and more than 4 billion pounds annually (Fox News
(2011)).

Anna Nagurney, Amir H. Masoumi, Min Yu Supply Chain Management of a Blood Banking System



Literature
Some of the Relevant Literature

e Nahmias, S. (1982) Perishable inventory theory: A review.
Operations Research 30(4), 680-708.

@ Prastacos, G. P. (1984) Blood inventory management: An
overview of theory and practice. Management Science 30 (7),
777-800.

e Nagurney, A., Aronson, J. (1989) A general dynamic spatial
price network equilibrium model with gains and losses.
Networks 19(7), 751-769.

o Pierskalla, W. P. (2004) Supply chain management of blood
banks. In: Brandeau, M. L., Sanfort, F., Pierskalla, W. P.,
Editors, Operations Research and Health Care: A Handbook
of Methods and Applications. Kluwer Academic Publishers,
Boston, Massachusetts,103-145.

Anna Nagurney, Amir H. Masoumi, Min Yu Supply Chain Management of a Blood Banking System



e Sahin, G., Sural, H., Meral, S. (2007) Locational analysis for
regionalization of Turkish Red Crescent blood services.
Computers and Operations Research 34, 692-704.

e Haijema, R. (2008) Solving Large Structured Markov Decision
Problems for Perishable - Inventory Management and Traffic
Control, PhD thesis. Tinbergen Institute, The Netherlands.

e Nagurney, A., Qiang, Q. (2009) Fragile Networks: Identifying
Vulnerabilities and Synergies in an Uncertain World. John
Wiley & Sons, Hoboken, New Jersey.

e Mustafee, N., Katsaliaki, K., Brailsford, S.C. (2009)
Facilitating the analysis of a UK national blood service supply
chain using distributed simulation. Simulation 85(2), 113-128.

Anna Nagurney, Amir H. Masoumi, Min Yu Supply Chain Management of a Blood Banking System



e Nagurney, A., Nagurney, L.S. (2010) Sustainable supply chain
network design: A multicriteria perspective. International
Journal of Sustainable Engineering 3, 189-197.

e Nagurney, A. (2010) Optimal supply chain network design and
redesign at minimal total cost and with demand satisfaction.
International Journal of Production Economics 128, 200-208.

e Karaesmen, |.Z., Scheller-Wolf, A., Deniz B. (2011) Managing
perishable and aging inventories: Review and future research
directions. In: Kempf, K. G., Kskinocak, P., Uzsoy, P.,
Editors, Planning Production and Inventories in the Extended
Enterprise. Springer, Berlin, Germany, 393-436.

e Nagurney, A, Yu, M., Qiang, Q. (2011) Supply chain network
design for critical needs with outsourcing. Papers in Regional
Science 90(1), 123-143.

Anna Nagurney, Amir H. Masoumi, Min Yu Supply Chain Management of a Blood Banking System



Regionalized Blood Supply Chain Network Model

We developed a generalized network optimization model for the
complex supply chain of human blood, which is a life-saving,
perishable product.

More specifically, we developed a multicriteria

framework for a regionalized blood supply chain network.
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Regionalized Blood Supply Chain Network Model

We assume a network topology where the top level (origin)
corresponds to the organization; .i.e., the regional division
management of the American Red Cross. The bottom level
(destination) nodes correspond to the demand sites - typically the
hospitals and the other surgical medical centers.

The paths joining the origin node to the destination nodes
represent sequences of supply chain network activities that ensure
that the blood is collected, tested, processed, and, ultimately,
delivered to the demand sites.
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Components of a Regionalized Blood Banking System

o ARC Regional Division Management (Top Tier),
Blood Collection
@ Blood Collection Sites (Tier 2), denoted by: Ci, Gy, ..., Gy,
Shipment of Collected Blood
Blood Centers (Tier 3), denoted by: Bi, B,,...,B
Testing and Processing

o Component Labs (Tier 4), denoted by: Py, Ps, ..., Pp,,

ng»

Storage
o Storage Facilities (Tier 5), denoted by: 51,5, ..., Sps,
Shipment
o Distribution Centers (Tier 6), denoted by: Dy, Dy, ..., Dy,
Distribution
@ Demand Points (Tier 7), denoted by: Ry, Ry, ..., R,
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Model
Supply Chain Network Topology for a Regionalized Blood Bank

ARC Regional Division
Blood Collection Sites
Blood Centers
Component Labs

Storage Facilities

Distribution Centers

Demand Points

Graph G = [N, L], where N denotes the set of nodes and L the set of links.
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Regionalized Blood Supply Chain Network Model

The formalism is that of multicriteria optimization, where the
organization seeks to determine the optimal levels of blood
processed on each supply chain network link subject to the
minimization of the total cost associated with its various activities
of blood collection, shipment, processing and testing, storage, and
distribution, in addition to the total discarding cost as well as the
minimization of the total supply risk, subject to the uncertain
demand being satisfied as closely as possible at the demand sites.
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Model

C,. the unit operational cost on link a.
C,: the total operational cost on link a.
fa: the flow of whole blood/red blood cell on link a.

p: a path in the network joining the origin node to a
destination node representing the activities and their sequence.
wy: the pair of origin/destination (O/D) nodes (1, Ry).

Puw,: the set of paths, which represent alternative associated
possible supply chain network processes, joining (1, R).

P: the set of all paths joining node 1 to the demand nodes.

np: the number of paths from the origin to the demand
markets.

Xp: the nonnegative flow of the blood on path p.

@ d,: the uncertain demand for blood at demand location k.

vk: the projected demand for blood at demand location k.
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Model
Formulation

Total Operational Cost on Link a

Ca(fa) = fa x ca(f3), Vae L, (1)

assumed to be convex and continuously differentiable.

Let Py be the probability distribution function of d, that is,
Pi(Dx) = Pi(dk < Dy) = [P Fi(t)d(t). Therefore,

Shortage and Surplus of Blood at Demand Point Ry

A; = max{0, dx — vk}, k=1,...,ng, (2)
AZF = max{0, vx — dx}, k=1,..., ng, (3)
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Expected Values of Shortage and Surplus

E(A7) :/Oo(t— VOFDAE),  k=1,....m  (4)

Vi

E(A:):/ka(vk—t)fk(t)d(r), k=1,....n. (5)

Expected Total Penalty at Demand Point k

EON AL + XA = A E(AL) + NFE(A)), (6)

where )\, is a large penalty associated with the shortage of a unit
of blood, and )\;f is the incurred cost of a unit of surplus blood.
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Model
Formulation

Arc Multiplier, and Waste/Loss on a link

Let a, correspond to the percentage of loss over link a, and f;
denote the final flow on that link. Thus,

fl = aafs, Vae L. (7)
Therefore, the waste/loss on link a, denoted by w,, is equal to:

Wy = fa_f;:(l—aa)fa, Vae L. (8)

v

Anna Nagurney, Amir H. Masoumi, Min Yu Supply Chain Management of a Blood Banking System



Total Discarding Cost function

Non-negativity of Flows

Xp207

Vp e P, (10)

Path Multiplier, and Projected Demand

Mp = Haa,

acp

where 1, is the multiplier corresponding to the loss on path p.
Thus, the projected demand at Ry is equal to:

Vi = g Xplp,

PEPw,

Vp e P, (11)

k=1,...,nR. (12)
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0ap | [ 0w, if{a' <a} #0,
Qap = &<l (13)
ion if {a <a} =0,

where {4’ < a} denotes the set of the links preceding link a in path
p. Also, d,p is defined as equal to 1 if link a is contained in path p;
otherwise, it is equal to zero. Therefore,

fo = Z Xp Qlap, Vae L. (14)
pEP
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Model
Cost Objective Function

Minimization of Total Costs

nRr

Minimize Y &(f)+ Y 2:(f) + > (A E(A) + A E(A)))
acL acL k=1
(15)
subject to: constraints (10), (12), and (14).

v
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Supply Side Risk

One of the most significant challenges for the ARC is to capture
the risk associated with different activities in the blood supply
chain network. Unlike the demand which can be projected, albeit
with some uncertainty involved, the amount of donated blood at
the collection sites has been observed to be highly stochastic.

Risk Objective Function

Minimize > 7(f), (16)

acl,

where 7, = 7,(f;) is the total risk function on link a, and L; is the
set of blood collection links.
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Model
The Multicriteria Optimization Formulation

0: the weight associated with the risk objective function, assigned
by the decision maker.

Multicriteria Optimization Formulation in Terms of

ng
Minimize Y &(f)+ Y 2:(f) + > (A E(AL) + A E(A]))
ael acl k=1

+0) Fa(f) (17)

acly

subject to: constraints (10), (12), and (14).
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Model
The Multicriteria Optimization Formulation

Multicriteria Optimization Formulation in Terms of

nr

Minimize Z (Co(x) + Zp(x)) + Z(A; E(AL) + AfE(A)))
pEP k=1
+ 0> Ry(x) (18)

pEP

subject to: constraints (10) and (12).
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The total costs on path p are expressed as:

Co(x) = xp X Cp(x), Vp € Puik=1,...,ng, (19a)
Zo(x) = xp X Zp(x),  VpEPuik=1,...,ng, (19b)
Ro(x) = xp X Rp(x),  VpEPuwik=1,....ng,  (19¢)

The unit cost functions on path p are, in turn, defined as below:

Co(x) = Z Iy e VpePuwik=1,....,ng, (20a)
aclL

Zo(x) =Y za(f)oap,  YPpEPuwik=1,...,ng,  (20b)
aclL

Ro(x)= > ra(f)asp,  VpEPuik=1,...,ng.  (20c)
acly

Supply Chain Management of a Blood Banking System
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Model

Formulation: Preliminaries

It is proved that the partial derivatives of expected shortage at the
demand locations with respect to the path flows are derived from:

OE(A,
(;Xk):,up Py prup —1|,Yp€e Py k=1,...,nr.
P PEPuw,
(21)

Similarly, for surplus we have:

OE(A)

o — UpPr Z Xpltp | » Vp € Puik=1,...,ng. (22)

PEPWk
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Model
Formulation: Lemma

The following lemma was developed to help us calculate the partial

derivatives of the cost functions:

0Co(x) _ 9&(f)
Oxp o o 2P
0Z5(x) _ ~— 024(f2)
Oxp ; of, P
OR(x) _ Oa(fy)
ox, of, 7
p acl;

Vp € Puik=1,...,nr, (23a)
Vp € Puik=1,...,ng, (23b)
Vpe Pu k=1,....,ng. (23c)

v
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Model

Variational Inequality Formulation:

Feasible Set and Decision Variables

Let K denote the feasible set such that:
K = {x|x € R{"}. (24)

Our multicriteria optimization problem is characterized, under our
assumptions, by a convex objective function and a convex feasible
set.

We group the path flows into the vector x. Also, the link flows,
and the projected demands are grouped into the respective vectors
fand v.
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Model
Variational Inequality Formulation

Theorem 1

The vector x* is an optimal solution to the multicriteria optimization
problem (18), subject to (10) and (12), if and only if it is a solution to
the variational inequality problem: determine the vector of optimal path
flows x* € K, such that:

R aC,(x* 07, (x*
Z Z il )+ il )Jr/\zruppk Z X;/Lp
P

Oxp ox
PEPw,

IR, (x*
Netp [1=Pe| D xgup | | +6 o(x") x[x,—x3] > 0, Vx € K.

0x,
(25)

v
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Model
Variational Inequality Formulation

Theorem 1 (cont'd)

The variational inequality mentioned, in turn, can be rewritten in terms
of link flows as: determine the vector of optimal link flows, and the
vector of optimal projected demands (f*,v*) € K1, such that:

9e(f)) | 0z(f)) |, Ot(f)) ;
Z[ T +6 o X [fo — ;]

acly

96,(f)) | 92:(f)) e
+Z{ of, + o, x [ —£]

aelLf

nRr
+ D N P) = A (1= Pe(vi)] x [ve = w1 >0, ¥(f,v) € KY,

! (26)

where K denotes the feasible set as defined below:

K' = {(f,v)|3x >0, (10),(12), and (14) hold}.
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Standard form of Variational Inequality Formulation (25)

The variational inequality (25) can be put into standard form as follows:
determine X* € K such that:

(FIXHT, X —=X*) >0, VXeK, (27)

If we define the feasible set K = K, and the column vector X = x, and
F(X), such that:

0C,(x)  9Zy(x)
oxy T ow T kHePe| D xop

PEPuw,

F(X) =

_ OR,(x
A pp [ 1— P E Xplp —|—08’3X(P);p677Wk;k—1,...,nR
PEPuw,

)

then (25) can be reexpressed in standard form (27).
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Examples

[llustrative Numerical Examples

American
Red Cross

Blood Services
1-800-GIVE-LIFE
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Examples

!!rganlzatlon
a
G
b

By
©
P1

Dy

f

Ry
Demand Point

Supply Chain Network Topology for Numerical Examples 1 and 2
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Examples

Example 1 (cont'd)

The total cost functions on the links were:

&(fa) = F2 466,  &(fy) = 2f2 + 76, co(fe) = F2 +11f,,
Ca(fy) = 3FF +11fy,  &e(fe) = 2+ 2f, cr(fr) = 2+ fr.
No waste was assumed so that «u; = 1 for all links. Hence, all the

functions z, were set equal to O.

The total risk cost function on the blood collection link a was:
7, = 2f2, and the weight associated with the risk objective, #, was

assumed to be 1. )
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Examples

Example 1 (cont'd)

There is only a single path p; which was defined as:
p1 = (a,b,c,d, e, f) with pp, = 1.

Demand for blood followed a uniform distribution on [0, 5] so that:
Pl(Xpl) = X%-

The penalties were: A\; =100, A{ =0.
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Examples

Example 1: Solution
Substitution of the numerical values, and solving the variational
inequality (25) yields:

Xy = 1.48,
and the corresponding optimal link flow pattern:
fy=1f =f=f =f =f =148

a b c e

Also, the projected demand is equal to:

vi = x, = 1.48.
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Examples

Example 2

Example 2 had the same data as Example 1 except that now there
was a loss associated with the testing and processing link with

ac = .8, and 2, = .5fc2.

Solving the variational inequality (25) yields:

Xp = 1.39,

which, in turn, yields:

fr=f=f =139,

i

o =f=1.11.
The projected demand was:

*

Vi = Xp fip = L.11.
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Examples
Summary of the Numerical Examples 1 and 2

An Interesting Paradox

Comparing the results of Examples 1 and 2 reveals the fact that
when perishability is taken into consideration, with cc = .8 and
the data above, the organization chooses to produce/ship slightly
smaller quantities so as to minimize the discarding cost of the
waste, despite the shortage penalty of A] .
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Examples
Summary of the Numerical Examples 1 and 2

Nevertheless, an appropriate increase in the unit shortage penalty
cost A\] results in the organization processing larger volumes of the
blood product, even exceeding the optimal flow in Example 1,
which makes sense intuitively.

The optimal path flow in Example 2 as a function of the link
multiplier and the shortage penalty simultaneously can be
expressed as:

. bac(\[ —14)—120
Xy = — e . (29)
a2(A] +50) + 65

Anna Nagurney, Amir H. Masoumi, Min Yu Supply Chain Management of a Blood Banking System



Examples
Sensitivity Analysis Results

Table 1: Computed Optimal Path Flows x; and Optimal Values of the

Objective Function as a. and A; Vary

Q¢
A 2 A4 .6 .8 1
100 X;;1 0.00 0.58 1.16 1.39 1.48
OF | 250.00 | 246.96 | 234.00 | 218.83 | 204.24
200 X;1 0.88 2.40 2.83 2.77 2.61
OF | 494.19 | 439.52 | 376.23 | 326.94 | 288.35
300 X;Jk1 2.10 3.74 3.86 3.54 3.20
OF | 715.12 | 581.15 | 464.85 | 387.17 | 331.44
400 Xsl 3.20 4.76 4.57 4.03 3.55
OF | 914.75 | 689.71 | 525.36 | 425.56 | 357.63
500 | x* 4.20 5.57 5.09 4.37 3.79

p
OII: 1096.03 | 775.55 | 569.30 | 452.16 | 375.23

Note: Numbers in red are the paradoxical results.
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Examples
Sensitivity Analysis Results

Table 1 (cont'd)

Q¢

- 2 4 .6 .8 1
1
1000 | x3 8.09 7.95 6.41 5.19 4.33

P1

OF | 1799.11 | 1027.94 | 681.89 | 515.88 | 415.67
2000 | x; 12.69 9.80 7.27 5.68 4.65

OPI1: 2631.32 | 1224.45 | 755.64 | 554.47 | 439.05
3000 | x5 15.33 10.58 7.60 5.86 4.76
OF | 3107.51 | 1307.25 | 783.73 | 568.57 | 447.39
4000 | x; 17.03 11.01 777 5.96 4.82

P1

OF | 3415.88 | 1352.89 | 798.54 | 575.88 | 451.68
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The Solution Algorithm

The realization of Euler Method for the solution of the blood bank
supply chain management problem governed by variational
inequality (25) induces subproblems that can be solved explicitly
and in closed form.

At iteration 7 of the Euler method one computes:
XT = Pe(X™ — a,F(X7)), (30)
where Px is the projection on the feasible set K, and F is the

function that enters the standard form variational inequality
problem (27).
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Examples

Explicit Formulae for the Euler Method

Applied to Our Variational Inequality Formulation

x;+1 — max{O,xZ—l—aT()\;up(l— Py ( Z x;,up))—)\;fupPk( Z X;up)
PEPw, PEPw,
6€p(XT) azp(XT) aIA?p(XT)
— — -0 A4 . 1
Oxp Oxp Oxp VPP (31)

v

The above was applied to calculate the updated product flow
during the steps of the Euler Method for our blood banking
optimization problem.
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Examples
Example 3

ARC Regional Division
Blood Collection Sites
Blood Centers
Component Labs

Storage Facilities

Distribution Centers

Demand Points

Supply Chain Network Topology for Numerical Example 3
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Examples

The demands at these demand points followed uniform probability
distribution on the intervals [5,10], [40,50], and [25,40],
respectively:

Z HpXp — D Z fpXp — 40
€Pw, €Pw,
P moxp) = plfv Pa( > 1pxp) = p2T7
PEPw, PEPw,
2{: HpXp — 25

PEPw.
P Y uoe) = e

PEPw;
A =2200, A =50,
A, =3000, M\ =60,
A; =3000, A =50.

h(f) =22, and #(f) = 1.5f2,
and 0 =0.7.
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Examples
Solution Procedure

The Euler method (cf. (31)) for the solution of variational
inequality (25) was implemented in Matlab. A Microsoft Windows
System with a Dell PC at the University of Massachusetts Amherst
was used for all the computations. We set the sequence

ar =.1(1, %, %, .-.), and the convergence tolerance was ¢ = 107°.
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Examples
Example 3 Results

Table 2: Total Cost and Total Discarding Cost Functions and Solution for
Numerical Example 3

Link a | a, ca(fa) 2.(f,) f;

1 97 | 6/2+15f | .8f% | 54.72
2 99 | 97 +116 | 7# | 43.90
3 1.00 | 77 +f 6f | 30.13
4 99 | 12f7+f, | .87 | 22.42
5 1.00 | fZ+3f 62 | 19.57
6 1.00 | 8fZ+2f | .8f7 | 23.46
7 92 | 25fZ +2f, | .57 | 49.39
8 96 | 3ff +5f 8f2 | 42.00
9 98 | .8ff +6f | .4fy | 43.63
10 1.00 | .5f5 +3fo | .7y | 39.51
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Examples
Example 3 Results

Table 2 (cont’d)

Link a | aa &(f) 2.(f2) fr
11 1.00 | .33 + fu 32 | 29.68
12 1.00 | .53 +2f, | .4f5 | 13.08
13 1.00 | .4f% +2f3 | .3f3 | 26.20
14 1.00 | .6f3 + fia Af% ] 13.31
15 1.00 | 1.3f% +3fs | .7f5 | 5.78
16 1.00 | .8f% +2fs | .Af% | 25.78
17 98 | 5f%+3h7 | 5F% | 24.32
18 1.00 | .73 +2fig | Tf3 29
19 1.00 | .6f% +4fo | .4f%5 | 18.28
20 .98 | 1.175 +5ho | .5fy | 7.29

The computed amounts of projected demand for each of the three demand
points were:
vi =6.06, v; =44.05 and v; = 30.99.
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Summary
Summary and Conclusions

We developed a supply chain network optimization model for the
management of the procurement, testing and processing, and
distribution of a perishable product — that of human blood. Our
model:

@ captures perishability of this life-saving product through the
use of arc multipliers;

@ it contains discarding costs associated with waste/disposal;
@ it handles uncertainty associated with demand points;

@ it assesses costs associated with shortages/surpluses at the
demand points, and

@ it also quantifies the supply-side risk associated with
procurement.
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