20-07

% 53 B LA EFPMARRS - HRE

A Transport Resource Planning Model for Synchronizing

Relief Flows at a Relief Hub for Minimizing Non-Food Relief

Inventory

Rubel DAS?!, Makoto OKUMURA?

!Member of JSCE, Assistant professor, International Research Institute of Disaster Science, Tohoku University

S-502, 468-1 Aoba, Aramaki, Aoba-ku Sendai, 980-0845, JAPAN

E-mail: rubeldas@irides.tohoku.ac.jp

2Member of JSCE, Professor, International Research Institute of Disaster Science, Tohoku University

S-502, 468-1 Aoba, Aramaki, Aoba-ku Sendai, 980-0845, JAPAN

E-mail: mokmr@m.tohoku.ac.jp

Generally relief inventory models assume uniform or normally distributed demand pattern and unbounded

planning horizon. This study formulates a relief inventory model for a limited relief operation duration.

A large stock of relief items in a warehouse is not economical and causes shortage in other affected areas.

Therefore inventory replenishment strategy is proposed for trapezoid type of demand distributions by

changing parameter values. It is found that the system costs for all parameter values are stable. The order

quantity in each replenishment cycle varies and has a certain pattern. A sensitivity analysis for several

parameters are also presented.
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1. INTRODUCTION

A product’s demand is inversely proportional to its
price. In a market economy, if a product’s price is
higher, its demand is lower. Disaster victims receive
relief goods free of cost and, therefore market
economics in disaster logistics is absent. However,
relief goods are distributed for alleviating the disaster
victims’ suffering. Disaster logistics manager similar
as commercial logistics manager also needs an

inventory plan for effective utilization of relief items.

If a large amount of the relief items are stocked in a
single location, it will increase the holding cost and
cause shortage in other locations. In a single-order
policy, the relief items required for an inventory cycle
are collected once at the beginning of a relief
operations-period. However, relief items may be
required at the later part of the relief operation. On
the other hand, a multi-order policy may decrease
holding cost because the policy encourages the
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timely use of relief items, resulting in a lower holding
cost.

Relief demand characteristics are not well explored
in literature. Disaster survivors need several types of
relief items. After a disaster occurs, demand for aid
supplies will likely change over time (Balcik and
Beamon, 2008). Demands for some relief items are
high in the aftermath of a disaster and decrease
gradually. Two figures are illustrated below to
1and Fig.
2 are depicted based on the relief delivery to all

explain the relief demand properties. Fig.

shelters in Aoba ward, Sendai Japan after the 2011
great east Japan earthquake. Sendai ward office,
Japan distributed the relief items among different
shelters. Aoba ward is one of the wards under the
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Fig. 1 Linear decreasing of rice demand after the 2011
great east Japan earthquake (based on author’s survey in

Aoba ward)

Due to time stake nature, a disaster logistics manager
confronts difficulties in collecting relief demand
information. We aim to propose a mathematical
model for inventory management to meet target
demand. Our model will be implemented in pre-
disaster situation pursuing a push-logistical strategy.
This model assumes that a secondary hub (SH) is
responsible for collecting relief goods and delivering

the collected relief goods to a local distribution center.

This model assume that relief demand will become
zero after a certain period. The system is designed for
no shortage of relief goods. The relief operation
period is fixed and the operation will be terminated
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jurisdiction of Sendai. Each dot in the figures
represents an event of delivery of relief items, not the
delivered quantity of relief items. Data for initial four
days were not available. Fig. 1 illustrates rice
delivery to different shelters. As Sendai ward office
did not face shortage of rice and water, we assume
supply and demand of rice and water in Sendai region
was similar. The demand for rice decreases gradually
1). On the other hand trapezoidal

demand trend is observed for water as shown Fig. 2.

(as shown in Fig.

As relief demand is time sensitive, a logistics
manager requires to prepare the warehouse facility
and transport capacity for supporting time dependent

demand.
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Fig. 2 Trapezoidal trend of water demand after the 2011
great east Japan earthquake (based on author’s survey

Aoba ward)

after the planning horizon.

The contributions of this research are as follows

1. Traditional
unbounded planning horizon. This condition is

inventory models consider an
not applicable to the relief inventory model, as
the relief operation takes place over a certain
period. Therefore, we propose a model for a finite
horizon.

2. The relief operation will end when the relief
demand becomes zero. The relief demand may
show a continuous decreasing trend or may show
a trapezoidal demand trend. This study considers
both types of relief demand.
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The remainder of the paper is structured as follows.
Section 2 presents mathematical notations and the
assumptions of the proposed model. Section 3
includes several sub-sections that explain the
proposed model, and explains a solution algorithm.
Section 5 reports the results of numerical analyses
that use the proposed model. Finally, Section 6
presents the conclusions of this study and a summary

of the study results.

2. ASSUMPTION AND DEFINITION
The relief operation period is separated into several
cycles. The length of the cycle and other operation

properties are required to be planned before a disaster.

A cycle starts at period j and ends at period k.

1. The system operates for a prescribed H units of
time (planning horizon). Attime t=0 andt =
H, the inventory level is zero.

2. The lead time is constant.

Shortages are not allowed in any cycle.

4. Atevery replenishment, a variable lot size q; is
ordered so as to meet demand in the target cycle
length.

In this system, we consider two types of costs:

holding cost and replenishment costs. Holding costs

have a tradeoff relationship with replenishment costs.

The replenishment cost G; for the i-th cycle (i =

1,2,..m) is partly constant and partly dependent on the

lot size during that cycle and is of the following form:

Gy = Ap + Coq; 1)

The relief items that arrive at time j will satisfy the
demand until time k. Therefore, the i-th cycle starts
at period ji and ends at period ki.
The following notations have been used:
Input parameter
f(t) : Demand function. Here, ai,b1,a2,bz, s,
and po are given.

M1 Start point of constant demand rate in
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trapezoidal demand trend

: End point of constant demand rate in

trapezoidal demand trend

. Planning horizon (day)

: Holding cost ($/unit-day)
: Fixed cost ($)

. Operational cost($/unit)

Explanatory items

N;

cli

Li

c2i

di

1s

2s

3s

Sm

Em

: Ratio of horizontal

: Cycles during increasing demand rate

in trapezoidal demand trend in multi-
order strategy

: Cycle combination with increasing

demand rate and constant demand rate
in trapezoidal demand trend in multi-
order strategy

. Cycles during constant demand rate in

trapezoidal demand trend in multi-
order strategy

: Cycle combination with constant

demand rate and declining demand rate
in trapezoidal demand trend in multi-
order strategy

. Cycles during decreasing demand rate

in trapezoidal demand trend in multi-
order strategy

: Section during increasing demand rate

in trapezoidal demand trend in one-
order strategy

. Section during constant demand rate in

trapezoidal demand trend in one-order
strategy

. Section during decreasing demand rate

in trapezoidal demand trend in one-

order strategy

. Starting point of the replenishment

cycle number m

: End point of the replenishment cycle

number m

section and



planning horizon(:2

f  : Ratio of holding cost and lot size

dependent part of operational cost (%
0

Output variable

li(t) : Inventory level at time t in cycle i
R
Gi : Replenishment cost in cycle i. It has

: Holding cost of cycle i

two components. One is fixed and
another is dependent on lot size

Do : Constant demand rate of trapezoidal
demand trend in between p; and e

ji  : Starttime of cyclei

ki : Endtime of cyclei

gi : Order quantity in cycle i

m  : Total number of cycle in a planning
horizon

W(j,k) :  Total cycle cost

TCk : Total cost at time k

TC; : Total cost at time j

TCo : Total cost at the beginning of relief
operations

3. MODEL FOR
INVENTORY PATTERN
At t = j;, the relief items arrive at the secondary hub.

DIFFERENT

The stock level in the secondary hub decreases owing
to demand and becomes zero at time t = k;, when
the next batch arrives. The cycle length is not fixed
and is dependent on lot size. The entire cycle repeats
m times during (0,H). Our problem is to determine
the optimal values of lot size of each cycle (g;) and
replenishment time (ji), which minimizes the total
cost over the time horizon.

The demand rate f(t) at any instant is a linear function
of t such that
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a, + bt  when t<u (2)
<t<
f(t) = Dy when W <t<u, o
a, —b,t when MZStSHSb—

2

Dyt

ar

Demand rate

H Ha H Time

Fig. 3 The trapezoid demand trend

Fig. 4 Inventory trend (multi- Fig. 5 Inventory

order strategy) trend(single-order strategy)
(1) Inventory model with multi-order strategy

As the demand type has a trapezoidal trend in the
planning horizon (Fig. 3), the inventory trend
becomes complex, as shown in Fig. 4 for multi-order
strategy and in Fig. 5 for single-order strategy. It
shows that some cycles start and end before 1. These
cycles are named n;. Again, one cycle may start
before p1 and may end after . This cycle is named
cl;. If a cycle starts after p; and ends before o, it is
named Li. Again, one cycle may start before p, and
end after . This cycle is named C2i. If a cycle starts
and ends after Y, it is known as d;.

Now, the change of inventor level

dI;(t) (3)
el —(a; +bit) for njandt <y,

dI;(t) (4)
=—(ay + byt) forcl;andt <y

dl;(t) (5)
=-D forcl;andt = 1y

dl; (t) (6)
——=-Dy forlLiand pu < t <,
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dI; () (7)
- —Dy forc2;and u < t<pu,
dr; (t)
(lit = —(ap — byt) forc2;and pu, < t (8)
1y (1) (9
e —(a; —byt) ford;and p, <t

Assume that the arrival of a relief item occurs at j and
the inventory becomes zero at k.

Solving the differential equations from ( 3) to ( 9),

& (10)
forn; t
t<i b,
=a1(k—t)+?(k2—t2) (11)
H1
L) = (—ay — byt)du (12)
t
forcl; b
= Dok — Dopy + aypy + — pi
t=u 2
(13)
by
—ayt -t
k
for ci1; L(t) = —j Dydu (14)
t
t=>
“ = Dyl — 1) (15)
k
for Li I,(t) = —f Dydu (16)
Hq <t t
< Uy = Do(k—1t) (17)
2]
for c2; L(t) = —f Dydu (18)
b=t t
b, 2 2
S Ko =a2(k—,uz)—?(k —U3) (19)
+ Do(uz — t)
t
1O=-[ @-bod (20
forcz; K
U < t b
i —a(k--2 (K-t  (21)
K
I-t=—fa—btdt 22
for d, () ) (az — byt) (22)
U < t b
i =a k-0 -2W -3 ()
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The holding cost is computed for each cycle in the
following manner

The holding cost for cycle type n;

k b 24
Rizhlf al(k—t)+71(k2—t2)dt (24)
j

“hu (G4 5 (ea-p-242)) )

3

The holding cost for cycle type cl;

(26)
Ri=h fjﬂl (Dok = Dopy + aypy + %Mf —a;(uy —t)—
2 (uf - t2)> dt + hy ffl Do(t — k)dt
. . (27)
= hy | Dok(uy — j) — Dopty (g — J) + aqpy (g —
. b i 2_;2 b 3_:3
)+ 71.11%(#1 -D-—a (ﬂlzj ) _71(_”13] ) +
uz K2
o (845 - k)
The holding cost for cycle type L;
g (28)
R; = f Dy(k —t)dt
j
P2 2
(R (29)
—h1D0<2 + > k])
The holding cost for cycle type c2;
b (30)
R; = fjuz (az(k —u) + 72(](2 —u5) — Do(uz —
k , , by ;.o
t) ) dt + fuz (Do(ﬂz —PD+a(—p) -0 -
2 by (.2 2
12) — ay(t — ) + 2 (% — i2) ) dt
(31)

=h <a2(k — )z =) — %(kz =15y =) +
ui+j? . U3 kup\ by (1 Kup
Do (5 —“21)”2(?—7)—7(?—7))

The holding cost for cycle type di
k b 32
R, = f <a2(k—t) —?Z(k2 —t2)>dt (32)
j

= n, (az (2 i) -2 (B - sz)) ©
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(1) Model For Single-Order Strategy

The inventory trend for one-order cycle strategy is
shown Fig. 5. The inventory curve is divided into three
sections named 1s, 2s and 3s on the basis of its gradient.

Now, the change of inventor level

for Isandt <y dI;(t) (34)
—— = —(a; + byt)
dt
2y 2t 2w dL(t) (39)
dt ~— 7°
for3s; pp <t dr(t) (36)
T —(az — byt)

Assume that the relief items arrive at the beginning of
the planning horizon and the inventory becomes zero at

the end of the planning horizon (H)

for cycle H (37)
Il(t) = (_al - blt)du
type 1s t
= ay(H — 1) = Z(H? — i) + Doz —  (38)
)+ ay (=€) + 2 (uf — t7)
for cycle K2 39
type 2s t
= ay(H — 1) — 2 (H? = 43) + Dot — Dot (40)
For cycle H
type 3s t
b (42)
= a;(H=1) =~ (H? = t)
The holding cost in the cycle
R; = Ji" (aa(H — wp) =2 (H? — ) + Do 1z
by 2 2
) +ai(p —t)+=(ur -t )) dt +
(43)
U2 by 152 2
ful (az(H —H2) — 7(H — u3) + Do(u; —
£))dt + [i (ap(H—t) = 2 (H? - t2))dt
= az(H_Hz)Ul_bz_z(Hz_H%)lll'*‘Do(llz_ (44)
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1 byud
puy + > (apuf) + 1:1

+ a;(H—pp)(pp —
Hy) — %(HZ —13)(uz — 1y) + Dy (.Uz(llz -
) =3 = D))+ (HOH = o) — (47 =

1) = (2 = i) =20 - D)

(2)Total Cycle Cost
The total cycle cost consists of replenishment cost and
holding cost. Therefore the total cycle cost is
WG K) = 4o+ Coqi + Ry (45)

The cycle cost depends on the replenishment time and
cycle length. Therefore, we differentiate eq. ( 45) with
respect to j

OW(, k) o

0j

(46)

As obtaining a closed-form solution of eq ( 46) is
difficult, the replenishment point j is estimated using a
numerical search engine. A bisection algorithm is used

to ascertain the location of j*.

(3) Sequence of Replenishment
The objective of the proposed model is to ascertain the
optimal sequence of replenishment point j along the
planning horizon H that minimizes total system costs.
The optimal sequence of replenishment points may be
determined by solving the following dynamic
programming equations.

TC, = Min{TC; + W(j, k)} (47)

TCo=0 (48)

Eq. (48) shows that the cost at the starting point is zero.
The forward recursive procedure is used to ascertain the
minimal total cost over planning horizon H. To solve the
model, a dynamic programming algorithm is proposed
and subsequently explained. The algorithm is a
modified version of that of (Das and Okumura, 2016)
Step O: Input parameters: Ao, Co, h1, f(t)

Step 1: Let TCo=0, j=0 and m=1
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Fork=1toH {
Solve eq ( 46)to obtain W(j, k)
Let TC, =W (,k),S,, =0,and E,, = k
}
Step 2: Leti<1
For k=2to H {
For j=i to k-1 {
Solve eq (46) to obtain W(j, k)
IF TC, > TC; + W(j, k){
TC,=TC;+W(,k), m=m+1, §, =

jandE,, =k
i=k+1
Fort=itoH {

Solve eq (46) to obtain W(Kk,t)
Let TC, =TC, + W(k,t)

}
}
}
}
Step3:Let k=H
While (m # 1) {

Replenishment cycle= [S,,, E;]
Cumulated total cost =T'C},

me<m-—1.

4. NUMERICAL ILLUSTRATION

The model developed in section 3 is applicable to the
distribution of different long-term relief items. We
present a numerical example to illustrate the solution
concepts presented previously. Table 1 lists the key
parameters.

The values used in the numerical example are useful for
illustration purposes, but they might not match the
values estimated by the ultimate users of the model. A
user should gather parameter values before using the
model. Cost parameters are local condition values. We
have done sensitivity of cost parameters. Historical
relief operation data can be helpful for setting parameter

values for the demand. In this analysis, we kept total
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Table 1: Demand parameters

a b Do
Linear  decreasing | 48 0.96 0
(v=0)
Uniform 24 0 24
distribution(y=1)
Combination of | 64 1.28 32
uniform and linear

decreasing (y=0.5)

demand value is constant and the value is one thousand
two hundred unit (1200 unit). For keeping the analysis
tractable, we set p; =0 and here yis the ratio of
horizontal section length and planning horizon.

..
~,
.
~,

Dy =
Horizontal section b
I

“i H Time

Demand rate

Fig. 6 : Trapezoid demand trend for numerical
analysis

Horizontal section length (49)

Planning horizon

Y:

If y =0,becomes linear decreasing demand trend. If
y = 1, becomes uniformly distributed demand. The
parameters of demand function is shown in Table 1
Since the relief demand depends on disaster intensity,
socio-economic status, population density, frail-
population density, and many other unknown factors.
Therefore, the demand parameter can be set on the basis
of available budget and target demand. Planning
horizon (H) is assumed to be fixed and set to a value of
50.

Inventory level for y=0
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Fig. 7 Inventory level and order cycle for linear

decreasing trend demand type (y=0)

Inventory level for y =1

ory level {unit)

Inven

Fig. 8 Inventory and order cycle for uniform demand

distribution  (y=1)

Inventory level for y=0.5

Fig. 9 Inventory level and order cycle for combination

of uniform and linear decreasing demand trend (y=0.5)

Inventory level with y=0.2

ory leve

Invent

Fig. 10 Inventory level and order cycle for combination

of uniform and linear decreasing demand trend (y=0.2)

Eq ( 46) is solved by using the proposed algorithm in
7 - Fig. 10 illustrated relief

ordering policy for different y values. In the case of y =

previous section. Fig.

0, the order quantity decreases gradually. Fory = 1 the
order quantity are kept constant. For other y values the
order quantity has decreasing and increasing trend. The
increasing trend of order quantity ends before the u,
and decreasing trends of order quantity starts after the
U, . This finding provides valuable suggestion for a
logistics manager to conduct transportation and
warehousing contract. So the location of u, (or y
value) is critical for lowering order quantity. The order

quantity and replenishment time can be found from the
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respective figures. This analysis shows that the position
of u2 are important in warehouse and transport cost

capacity selection.

Total cost for different gamma value

The ds
Mow B ou

Co:

Fig. 11 Cost sensitivity with y value

Number of cycle

Number of cycle
NN W W
v (=] wv (=] v

-
o

o w

0.166 05 1 2 5 10

Fig. 12 Total number of cycle sensitivity with B values
We have conducted a sensitivity analysis for different y
values. It is observed that our system adjust the total
number of cycles and order quantity for minimizing the
total cost. Here total cost are stable (percent deviation
less than 1% ) with the increment of y. In our numerical
setting, the total cost was minimum at the position of
y =0.5. As this system has tradeoff between the
holding costs and replenishment costs, we did
sensitivity analysis for different Bvalues (Note that
Brepresents is the ratio of holding cost and lot size
dependent part of operational cost ). With the increment
of B, the number of cycle also increases. For higher Bthe
holding cost also increases, therefore the system aims
for lowering on-hand inventory and the average cycle

lengths become shorter.

5. CONCLUDING REMARK

In this paper, we have discussed the inventory problem
for a trapezoid demand trend over a finite time horizon.
The replenishment cost is taken to be dependent on the

lot size of the current replenishment. A logistics
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manager may bring all relief at the beginning of the
relief operations. However, this strategy is not rational,
as the stocked relief items could be used in other
affected places. Therefore, the multi-order inventory
policy is suitable for relief inventory management. The
model outcomes show that the cycle lengths are not
fixed and the order quantities are dependent on cycle
length.

After the 2011 great east Japan earthquake, several
types of demand trends depending on product type are
observed. Order quantity for a trapezoidal demand trend
(with p, = 0) showed increasing and decreasing trend.
The kink point (u,) is a critical point for identifying
transition period of ordering quantity. It proves that
the selection of the type of demand distribution has
significance influence on the system cost. Of course, the
paper provides an interesting topic for the further study

of such kind of important inventory models.
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