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Abstract

Given the seriously damaged emergency situation occurring after a large-scale natural disaster, a
critical and important problem that needs to be solved urgently is how to distribute the necessary
relief goods, such as drinking water, food, and medicine, to the damaged area and how to trans-
port them corresponding to the actual supply and demand situation as quickly as possible. The
existing infrastructure, such as traffic roads, bridges, buildings, and other facilities, may suffer
from severe damage. Assuming uncertainty related with each road segment’s availability, we for-
mulate a transshipment network flow optimization problem under various types of uncertain sit-
uations. In order to express the uncertainty regarding the availability of each road segment, we
apply the Monte Carlo simulation technique to generate random networks following certain proba-
bility distribution conditions. Then, we solve the model to obtain an optimal transport strategy for
the relief goods. Thus, we try to implement a necessary and desirable response strategy for man-
aging emergency cases caused by, for example, various natural disasters. Our modeling approach
was then applied to the actual road network in Sumatra Island in Indonesia in 2009, when a dis-
astrous earthquake occurred to develop effective and efficient public policies for emergency situ-
ations.
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1. Introduction

Emergencies occur from unexpected, serious, and often dangerous situations, such as natural disasters, human-
caused accidents, and major terrorist attacks, and require immediate action. Large-scale emergencies may result
in the loss of a large number of lives and/or severe property damage even though such emergencies may not oc-
cur so frequently. However, once a large-scale emergency occurred, as we experienced during the Great East
Japan Earthquake in March 11, 2011, an enormous amount of confusion and damage to our society resulted.

Regarding disasters caused by nature, according to the International Disaster Database [1], the incidence of
natural disasters has risen dramatically over the last four decades. Natural disasters often cause a large number
of fatalities and massive property damage, including those to infrastructure and transportation networks. Large
natural disasters, such as earthquakes, hurricanes, and volcanic eruptions, have caused many casualties and/or
severe damage to our infrastructure. These disasters include the Haiyuan Earthquake (1920), Tangshan Earth-
quake (1976), Hanshin-Awaji Great Earthquake (1995), Gujarat Earthquake (2001), Indian Ocean Earthquake
and Tsunami (2004), Pakistan Earthquake (2005), Haiti Earthquake (2010), Great East Japan Earthquake and
Tsunami (2011), New Zealand Earthquake (2011), the Bhola Cyclone (1970), Nevado del Ruiz Volcano Erup-
tion (1985), Hurricane Andrew (1993), Hurricane Katrina (2005), and Cyclone Nargis (2008). Regarding the
Great East Japan Earthquake and Tsunami in 2011, Parwan to and Oyama [2] have discussed details of the oc-
currence, causes, and damage by investigating the statistical data comparing natural disasters in Japan and In-
donesia.

Shortly after a natural disaster occurs, many injured victims need to be immediately taken to hospitals, and
survivors need some vital items for survival such as clean drinking water, food, and medicine. Some residents
may not have any reserves of such vital items, while others may have them, though only in limited amounts.
Unfortunately, the situation sometimes becomes worse, that is, when a large natural disaster occurs, severe
damage to the existing infrastructure, such as traffic roads, buildings, bridges and other facilities, may happen.
This condition will certainly complicate the process of delivering relief goods to the victims, even though a suf-
ficient amount of goods may be available. Thus, the distribution of relief vital goods under large-scale emergen-
cies, also known as logistics in an emergency, should be undertaken as quickly as possible, so that the victims
can have an increased chance of survival. The planning strategy for the distribution of aid by considering all
possibilities that occur is very important to implement. As pointed by Jiang et al. 3], some specific characteris-
tics of large-scale emergencies differ, depending on the type, for logistics in an emergency in the aftermath of a
disaster. This condition makes the knowledge of aid logistics and supply chain management immensely impor-
tant for humanitarian operations. One of the most highly recommended methods and the one often used for hu-
manitarian operations is the operations research (OR) technique, since it has been proven to be beneficial for
different planning situations (see Kovacs and Spens [4]). However, given that the application of OR methods in
emergency situations under uncertainty is still scarce, this study will investigate this issue, particularly propos-
ing an optimization model regarding how to distribute necessary relief goods to the affected areas as soon as
possible using the ground transportation.

We apply our model to the Indonesian case, where a M7.9 earthquake struck West Sumatra Province on Sep-
tember 30, 2009 at 17:16 pm local time and resulted in about 1197 dead and missing, 1798 people injured, and
about 249,800 houses damaged. The West Sumatra Earthquake also caused damage to roads and bridges, which
in turn disrupted the transportation network. In general, the earthquake caused damage in 13 regions (cities/re-
gencies) out of 19 regions. These regions are Padang city, Pariaman city, Solok city, Padang Panjang city, Pa-
dang Pariaman regency, Bukittinggi city, Agam regency, Solok regency, Pasaman regency, Pasaman Barat re-
gency, Pesisir Selatan regency, Tanah Datar regency and Mentawai Island regency, in which the last one is an
archipelago regency separated from West Sumatra, with the only transportation to Mentawai Islandis by ship or
aircraft.

In most cases of large-scale emergencies or large-scale disasters, the amount of relief supplies is limited while
the demand is great. Liu ef al. [5] argues that the key factor in an effective response under a large-scale emer-
gency is the prompt availability of supplies at emergency sites. Hence, an efficient emergency transportation
network becomes important in addressing and optimizing the complex distribution process.

In this paper firstly and generally we formulate a multi-commodity transshipment network flow optimization
problem under various types of uncertain situations. Then by solving the network flow optimization problem, we
try to find an optimal transport schedule for various kinds of relief goods including cases where all necessary
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demands are not met. Thus, under two different criteria, i.e. minimizing the total transport distance and mini-
mizing the supply-demand gap, we investigate the characteristics of how the optimal transport schedule would
be changed. Also, we take the uncertainty regarding the availability of each traffic road segment into considera-
tion by giving the probability that each traffic road segment would be “blocked”. In order to deal with the quan-
titatively assumed probabilities, we apply the Monte Carlo simulation technique. Thus, we can determine the
optimal transport schedule of various relief goods under emergency situations occurring just after natural disas-
ters such as earthquakes and typhoons.

Van Wassen hove [6] describes as follows: disaster relief is about 80% logistics, therefore it would follow
then that the only way to achieve this is through slick, efficient and effective logistics operations and more pre-
cisely, supply chain management. This condition renders the knowledge of aid logistics and supply chain man-
agement immensely important for humanitarian operations. Altay and Green [7] have summarized various ap-
plications of OR methods in disaster operations management. Delivery planning in disaster relief operations has
also been studied rather extensively. Ozdamar et al. [8] proposed a logistics planning model in emergency situa-
tions that involves dispatching commodities to distribution centers in affected areas. Their model addresses the
dynamic time-dependent transportation problems that need to be solved repetitively at given time intervals dur-
ing ongoing aid delivery. Haghani and Oh [9] developed a multi-commodity, multi-modal network flow model
for disaster relief operations in which they used penalty costs for unsatisfied demand.

On the other hand, Fiedrich et al. [10] proposed a dynamic optimization model to find the best assignment of
available resources to affected areas after an earthquake. In addition, Lin ef al. [11] developed a logistics model
for disaster relief operations. They argue that the geographic location of the depot is very important as they have
shown that they can improve the performance. Also they add that reduction in the number of clusters does not
guarantee an improvement in the logistics of humanitarian relief by increasing the number of vehicles.

Meanwhile, Tzeng et al. [12] propose a multi-objective model for the optimal distribution of relief commodi-
ties, taking into account cost minimization, travel time minimization, and satisfied demand maximization. Vito-
riano et al. also suggest a goal programming approach to support humanitarian organizations in aid distribution
decisions [13]. Yi and Ozdamar [14] propose different transportation and network flow models in which they
have also taken into account uncertainty, multiple aid items, and multiple time-periods (see also Ozdamar et al.
[8], and Barbarosoglu and Arda [15]).

In most of the above-mentioned studies, the preparation phase or the immediate response of disaster relief has
been addressed, in which most of the problems fall into the transportation problem category, namely allowing
only shipments that go directly from a supply point to a demand point. However, in many situations, shipments
should be allowed between supply points or between demand points, in which there may also be some points
(called transshipment points) through which goods can be transshipped on their journey from a supply point to a
demand point. Shipping problems with these kinds of characteristics are known as transshipment problems (see
e.g. Winston [16]). Fortunately, the optimal solution to a transshipment problem can be found by solving a
transportation problem, although few studies have been conducted in this field. Herer ef al. [17] developed a
transshipment model in a supply chain, which consists of several retailers and one supplier. Rootkemper et al.
[18] developed a mixed-integer programming model to minimize the unsatisfied demand as well as the opera-
tional costs by imposing penalty costs for unsatisfied uncertain demand.

We know there are more references dealing with emergency management issues such as the INISCRAM' and
the IEEE International Conference on Emergency Management even though we could not include them in this
paper. We believe these references could be very useful for our future research.

2. Transshipment Network Flow Optimization Model Analyses
2.1. Objectives of the Network Flow Optimization Model

We consider a case where an emergency situation, caused by, for example, a relatively large scale natural disas-
ter, has just occurred in a particular area consisting of several regions/cities and has rendered significant damage
to property and inflicted human casualties, both deaths and injuries. Some regions have experienced damage and
losses more severely than other regions. These regions should immediately get help, in the form of consumable
and durable commodities. Some emergency supplies must be transported from several supply centers/depots (air-
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port/harbor or central inventory) to locations with demand (e.g. affected regions). In addition, it is given that, in
general, every region has a supply/stockpile of emergency vital needs, albeit for a relatively short time and in
limited quantities. Thus, for a relatively short time (i.e. a few days), the need of relief goods vital for survival,
such as medicine/drugs, drinking water/clean water, and food, can be supplied by the affected regions of the
natural disaster itself; in other words, the affected regions become both demand and supply regions.

We consider the following problem. Suppose we are given a set of regions, e.g. cities, and a set of commodi-
ties, e.g. drinking water, food and medicine, and moreover suppose we know that each city has a certain amount
of each commodity it can supply, as well as some demand. Then if each city’s supply of each commodity is not
less than its demand, then we do not need to transport any commodity from one city to another. However, as this
case may occur generally, we want to find an optimal transport scheduling strategy so that all the demand for
commodities for all cities can be met. Otherwise, namely in the case where all cities’ demands for commodities
are not necessarily met, we want to find some desirable transport scheduling strategy. We denote regions with
excess supply, namely regions where the supply for the commodity is larger than the demand, as RES. Similarly,
other affected regions might not be able to satisfy their own demand. We denote such regions with excess de-
mand, namely regions where the demand for the commodity is larger than the supply, as RED. Of course, af-
fected regions that experience excess demand (RED) are regions that should immediately get help in order to
minimize the number of casualties as a result of the disaster. The necessary goods for survival must be imme-
diately sent to this region. Thus, logistics in an emergency can be defined as the distribution of relief vital needs
commodities under (large-scale) emergencies, which is also known as humanitarian logistics or relief operations,
carried out in the second phase of disaster management, i.e. the response phase. The following formulation of a
multi-commodity transshipment network flow optimization model provides a solution to the problem described
above.

Common practices follow that the available relief aid to be sent immediately should come from the neighbor-
ing regions that are less affected (RES) to the regions that are severely affected (RED). However, the immediate
relief consignments may not be able to satisfy all the demands. Subsequently, we need to transport the relief lo-
gistics from, e.g. the supply center (SC) once they become available. Hence, these problems will be solved by a
technique whereby we calculate the maximum demand gap and transport relief aid by using the shortest path
technique.

In general, depending on the time when the SC can be established and operated, we consider the stage to de-
liver relief aid to the affected regions. Firstly, we consider how RES can deliver their surplus to RED, and if
there still remains a demand gap in RED, then we consider how the SC can deliver relief aid to meet all the re-
maining demand “shortage” gap in RED.

2.2. General Formulation and Computational Procedures

We denote the network by G = (N JE ) where N is a set of vertices corresponding to regions/cities and E is a
set of edges corresponding to road segments. We assume that each region is represented by the capital city, thus
in order to measure the distance between two regions we define the distance between these capital cities. Set £

consists of the edge (i,j) from region i to j defined by {(i, j )|z eN,jeN } . K is the set of relief vital com-

modities such as drinking water, food, medicine/drugs, etc. We formulate a network flow optimization problem,
which we call a network flow optimization model (NFOM). We denote input data as follows (i) £, {(i, j ) ek } :

probability that the edge (roadsegment) between region i and j is broken; (ii) S, {i eN,kekK } : supply for
commodity & in region i; (iii) D, {i€N,keK}: demand for commodity & in region i; (iv) 7, {(i, Jj)e E} :
transportation cost (distance or travel time) for road segment (i, i ) ; (V) 7 {k ek } : maximum load capacity
of the vehicle for commodity k; (vi) C, {(i, Jj)€E } : road capacity for road segment (i,j); (vi)) O,
{k € K} : amount of extra supplies in the SC for commodity .

We define the decision variables, constraints and objective function of the NFOM as follows:
i) Decision variables

X {(i, J)eE, kekK } : the amount of commodity k traversing road segment (i, j);
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vy {Jj€N,keK}:the demand gap for commodity & in region j;

w, : the maximum demand gap with respect to commodity k.

i) Constraints

As the model is based on a network flow formulation, we need to formulate continuity and conservation con-
ditions. The constraints are stated and explained as follows:

Z X — z X tvp2Dy; jeN, kek (1)
iEN,(i,/)EE ) peN,(/,p)eE ! ) !
DXy <Cy; (i,j)€E 2
kekK
> x; <S;; ieN,kekK (3)
JeN,(i.j)eE
Vi SWs jeN, kekK 4)

Constraint (1) expresses the flow conservation condition satisfying the demand for commodity & in region ;.
In addition, in constraint (1) the amount of commodity k transported to region j from all other region i may not
satisfy the demand needed in region j, then, we assume that the amount of commodity & transported to region j
should meet the demand for commodity & in region j by taking a positive value for the variable v, . Constraint
(2) reflects the road capacity constraint. Constraint (3) denotes the supply constraint, in which the amount of
commodity & transported from region i should not exceed the supply of commodity & in region i. Constraint (4)
indicates the maximum demand gap at region j with respect to commodity £.

iii) Objective function

Our linear programming model has two objectives, namely to minimize the transportation cost (i.e. distance
or time travel) and the total demand gap. The objective function of the model is stated in the following:

Minimizing z, = K, Y’ T x; +K,w, (5)
(i.j)eE
where K, 20 and K, 20

To incorporate the uncertainty condition, we modify one of the constraints namely constraint (2), by adding

the probability of broken road segment £, that is:

0 with probability £, ;

o < kekK 6
( ,/Z); Ex”k C, with probability (l -5, ); © ©)

Constraint (6) indicates that a road segment (i ,J ) is broken with the probability £, .

g

We can summarize our computational procedures as follows:

Step 1: Obtaining an optimal solution for the Reference case (K, =1, K, =0)
Step 2: Iterative computation (K, =1, K, =1,000,000)
Step 2-1: Set r=1
Step 2-2: Generate a uniformly distributed random number {n,/} on [0,1] for (i, J ) eFE

Define edge capacities as

C, =0 if n, <P, =C, otherwise

i ij

Step 2-3: Solve the above optimization problem. Obtain an optimal solution {z‘} R {x,’M} s {v;‘} s {w;}
Step 2-4: If ¢>T,then end; otherwise #+1—>¢ Go to step 2-2
Step 3: Find the distribution for all solutions {z’} , {x;.k} , {vjk} , {wz}
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A flow chart of the Iterative computational procedure is given in Figure 1.

The network flow optimization model, NFOM, described above gives an optimal allocation of supplying re-
lief goods from some region in RES to another region in the RED. Then we consider how we can meet the re-
maining excess demand of relief aid in RED. We formulate a network flow optimization model to solve this
problem for the emergency situation, which we call the demand shortage clearance model (DSCM). Our as-
sumption follows that all the remaining demand of relief commodities in RED will be met by providing com-
modities from the SC, i.e. a certain designated region in the network, to each region in RED. In order to attain an
optimal transportation schedule we formulate the following network flow optimization model.

We define the input data for the network flow optimization model as follows: I: set of destination regions, E,:
set of edges included in the shortest path from the SC to destination i. M: number of simultaneously available
vehicles, C: capacity of vehicle, F: velocity of vehicle, 7: maximum time horizon of delivery, T = {1, 2,---,T } :
set of time horizons, B: maximum number of batches, D,: demand at destination region i/, L, : distance
from SC to destination region i€/, N, : number of vehicles needed for delivering to destination i€/, ie.
N, = fDl. /C —| , where |_X —| indicates the least integer not less than X, 7, : time for delivering supply goods
(two-way) to the destination i€/, in which our model assumes an integral value for the sake of simplicity.

Typically 7, =[2L /F+T, |, where T, is a transaction time, and D, =1 or 0 corresponding to the case that

there exists an edge (k,l ) € E for the computational simulation or not. This model solves a transportation

scheduling problem. Decision variables, constraints and the objective function are stated as follows:
i) Decision variables
X number of vehicles for the delivery to destination i in the j-th batch. ie/l, j=1,2,---,B

i1) Constraints

>x; 2N, Viel 0
Jj=l:B

in‘ft/ﬂ <M, VieT, (8)
iel

x,<MC,,, V(kl)eE, )

(2

Generate random
number (n;)

Define edge|capacity (Cf;)

| Solve the
t=t+1
optimization
problem

Solution:
&) {xl ), (v} Wi}

Figure 1. Flow chart of the iterative computational

procedure.
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Constraint (7) is on the minimum number of vehicles necessary for the delivery to destination i. The summa-
tion is taken for all the batches to calculate the total number of vehicles necessary for destination i. Constraint (8)
limits the total number of vehicles used at every hour. Incidentally, this constraint (8) becomes redundant for
some ¢ values as they give the same constraint, so we need to delete those redundant constraints even though the
application software FICO Express 7.4 (Fair Isaac Corporation) ignoredthis redundancy. Constraint (9) is the
road capacity constraint.

iii) Objective function

Minimize y = 3" > x,2/ (10)
iel j=1:B

We assume the shortest path is used in order to deliver the goods to any destination region. Our objective
function aims at minimizing the number of vehicles necessary for the delivery from SC to the destination region
in RED in the sense that we try to minimize the criterion given by (10). In the objective Function (10), the coef-
ficient 2’ is to attain as small a number of batches as quickly as possible by giving larger weights to the addi-
tional batch of vehicles in order to avoid the late delivery of supplies.

3. Application to the Indonesian Sumatra Earthquake Case
3.1. Data and Assumptions

We apply the network flow optimization model described above to the case of the 2009 West Sumatra earth-
quake in Indonesia. We know that Sumatra Island is an area included in a zone of high seismic activity, the so-
called “Pacific Ring of Fire”. Thus, earthquakes are one of the natural hazards that can hit the island at any time.
Thus, a disaster management plan that includes emergency response preparations should be done as carefully
and quickly as possible, with the principle of “hope for the best but prepare for the worst”.

Two earthquakes of 7.6 and 6.2-moment magnitude struck off the coast of West Sumatra, Indonesia on Sep-
tember 30, 2009. The first earthquake occurred at 17:16 p.m. and the second one followed 22 minutes later. The
epicenter was 45 km west-northwest of the port city of Padang, the capital of West Sumatra, and it had recorded
a depth of 71 km. A third earthquake of 6.8 magnitude struck an inland area, 225 km southeast of Padang, early
the next morning (BNPB, 2009). The cumulative impact of these events left a broad swath of destruction. The
earthquakes caused serious damage to housing and infrastructure in the communities in 13 regencies/cities®, de-
stroying livelihoods, and disrupting economic activity and social conditions, causing extensive psychological
trauma [19] [20]. Landslides in West Sumatra left scores of houses and several villages buried; i.e., three villag-
es in the path of the disaster in Padang Pariaman regency appeared to have been completely leveled, and most of
their inhabitants appear to have been buried due to subsequent landslides. Macro data for the casualties and
property damages are given in Table 1, while the corresponding detailed data for the West Sumatra Provinces
are shown in Table 2.

Furthermore, to deliver some relief commodities to the affected regions, we need to know the road transporta-
tion network system of West Sumatra Province. It should be noted that the entire transportation road network
system in West Sumatra province is large as it comprises of state roads, provincial roads, and district roads.
Since we only deliver relief aid from SC, located in the provincial capital, Padang city, to the capital of the dis-
trict/city or to the depot in each district/city, we assume that we only deliver the relief aid up to the SC of each
affected region, mostly located in the capital of each regency/city rather than delivering the relief aid directly to
the beneficiaries. Thus, we simplify the entire network system by simply taking the main roads linking the capi-
tal of the affected district/city, which consists of state roads and provincial roads. Figure 2 shows the road
transportation network system with 12 vertices and 22 edges in West Sumatra province as a whole.

In Figure 2, there are 7 regions affected by the disaster, which can be divided into two groups, namely se-
verely affected and less affected regions. Regions that belong to the former group are 1, 2, 5, and 6, while re-
gions 3, 4, and 7 belong to the latter group. Regions in the latter group may be able to satisfy their own demand,
and they may have supply surplus for some relief commodities, which then makes them suppliers, and we define
these regions as regions with supply surplus or RES. On the other hand, regions in the former group cannot sa-
tisfy their own demand, thus creating a demand shortage. We define these regions as regions with demand

“Since our study is only focused on the transportation network using land vehicles, we will exclude Mentawai Island regency from our anal-
ysis. Available transportation from/to Mentawai Island are air and/or water transportation.
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Table 1. Casualties and property damage caused by the West Sumatra earthquake.

Casualties
Death 1195 Persons
Severe injured 619 Persons
Slightly injured 1179 Persons
Missing 2 Persons
Houses and facilities
Houses (H) 114,797 Units
Houses (M) 67,198 Units
Houses (L) 67,838 Units
Office buildings 442 Units
Educational facilities 4748 Units
Health facilities 153 Units
Places of worship 2851 Units
Markets 58 Units
Bridges 68 Places
Roads 177 km

Source: National Disaster Management Board (BNPB) of Indonesia. H: Heavily; M: Moderately; L: Lightly.

Table 2. Number of population, households, casualties and property damage by affected region.

Casualties Property Damage (Houses)
b fegion Populaton  fHousehold Death  Missing S;}’z;zliy illji}rl ;lg Severe = Moderate  Slightly
1 Padang city 875,548 197,785 383 2 431 771 33,597 35,815 37,615
2 Solok regency 359,819 77,955 - - - 5 11,796 3797 4353
3 South Pesisir regency 448,488 95,747 9 - 7 20 3240 3046 2862
4 Padang Pariaman reg 389,735 81,954 666 - 6 19 57,931 16,291 12,945
5 Pariaman city 70,726 14,023 48 - 74 74 6685 4116 2605
6 Solok city 59,837 13,318 3 - - - 2 2 6
7 Padang Panjang city 56,491 12,921 - - 6 14 17 164 413
8 Tanah Datar regency 336,604 79,615 - - - - 28 115 105
9 Bukittinggi city 107,805 25,381 - - - - - - 50
10 Agam regency 431,153 101,557 81 - 90 47 3 - 136
11 West Pasaman reg. 338,567 72,656 5 - 5 25 197 13 931
12 Pasaman regency 261,579 58,918 - - - - 145 243 357
Total 3,736,352 831,830 1195 2 619 1179 114,797 67,198 67,888

Source: National Disaster Management Board (BNPB) of Indonesia.
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City

padang\ -
Pariaman

South Pesisir

Figure 2. Illustration of road network system and
flow commodity to/from a region.

shortage or RED. In most cases, when there is a disaster, the relief consignments from the supply center, which
come from the central government or other parties, usually do not come immediately due to some difficulties.
Therefore, common practices follow that the available relief aids to be sent immediately should come from the
neighboring regions of less affected RES to those of severely affected RED. However, the immediate relief con-
signments may not be able to satisfy all the demands too. Subsequently, we need to transport the relief logistics
from the SC once they become available. Thus, these problems will be solved by calculating the maximum de-
mand gap and transporting relief aid by using the shortest path technique.

3.2. Numerical Results by the Deterministic Approach

Firstly we consider the case that all road segments are available (survive), i.e. F, =0 for all (i, i ) € E . Later,
we discuss more general cases such that the road segment (i, /)€ E might be broken with general probability
0<P <I.

Tai)lc 3 gives the demand and supply for the commodity, i.e. drinking water for 7 days (one week). The
supply and demand columns describe the stockpile/reserve and the need for each commodity in each affected
region. In Table 3, the negative value of Gap indicates that the region is in a Region with Excess Demand
(RED), while a positive value of Gap indicates that the region is in a Region with Excess Supply (RES). The
Total Excess Demand (TED) from RED is the summation of all the negative values of Gap, which is 823.12 for
drinking water from Table 1. The Total Excess Supply (TES) from RES is the summation of all positive values
of Gap, which is 71.15 for drinking water from Table 1. As mentioned in Section 2, just after the natural disas-
ter occurs, the affected region should try to satisfy the demands using existing reserves in each region. However,
as this can only last for a few days, not long after, the increased demand and the diminishing supplies lead to
gaps between supply and demand in some affected regions, especially in regions that have experienced the rela-
tively severe impact of the natural disaster. Of course, this gap should be filled as soon as possible by sending
the commodity from the neighboring region and/or the SC. Data sources for the supply for aid commodities are
several governmental institutions. Data for drinking water are taken from the regional enterprise of drinking wa-
ter (PDAM). Furthermore, the estimated relief commodity, drinking water for one week, available in the SC Pa-
dang city is 1058.76 (m®). The number of trucks for transporting food and medicine is estimated to be 56 ve-
hicles with the maximum capacity per vehicle being 14 tons, while the number of tanker trucks for transporting
drinking water is estimated to be 39 with the maximum capacity per vehicle being 6 m”.
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Table 3. Demand and supply for drinking water to the affected area for one week by region.

Drinking Water (M°)
No Region
Supply (S) Demand (D) Gap (S-D)
1 Padang city 843.37 984.02 —140.66
2 Solok regency 295.40 323.52 -28.12
3 South Pesisir regency 317.96 403.24 —85.28
4 Padang Pariaman reg. 267.21 438.02 -170.81
5 Pariaman city 37.63 79.49 —41.86
6 Solok city 64.83 53.80 11.03
7 Padang Panjang city 66.52 50.79 15.73
8 Tanah Datar regency 309.10 302.65 6.45
9 Bukittinggi city 134.87 96.93 37.94
10 Agam regency 318.73 387.66 —68.92
11 West Pasaman reg. 21.92 304.41 —282.49
12 Pasaman regency 230.21 235.19 —4.98
Total 2907.76 3659.71 —751.95

From Table 3, we see that all the commodities have larger total demand than total supply, which leads to
“demand gaps” interpreted as “shortages” for each commodity. Furthermore, we can also see that the situation is
different for each commodity in each region. Figure 3 illustrates the condition of supply and demand of drink-
ing water by region. For instance, as depicted in Figure 3, regions 1, 2, 3, 4, 5, 10, 11, and 12 encountered
excess demand for drinking water denoted by RED, where region 11 has the largest (maximum) demand gap
(282.49); while regions 6, 7, 8, and 9 denoted by RES experienced excess supply (71.15). Then by assuming that
the main SC takes some times to be established and/or start operating, RES can deliver their excess supply to

their neighboring RED.

Our objective function given in (5) consists of two terms in which the first one aims at minimizing the trans-
portation cost (i.e. distance or time travel), while the second one corresponds to minimizing the maximum de-
mand gap. Even though we are aiming at minimizing both the transportation cost and the maximum demand gap
simultaneously, the optimal solution obtained from the model depends upon the values of coefficients K; and K,
indicating the relative “importance” of the above two terms. A general computational procedure of the model
analysis implies that after estimating the gap, we try to deliver supplying commodities from RES to RED with

minimum transportation cost taking the maximum demand gap minimization into consideration.

Table 4 shows the change of optimal solution for water delivery corresponding to the gradual increase of
coefficient value K, for a fixed value of K, (e.g. K, =1). From Table 4, we find that when the relative
“importance” of the maximum demand gap is rather small, i.e. “gap” cost is small, no delivery from RES to
RED is seen from model solution. However, increasing the value of coefficient K, larger than 120, the model
starts to give a gradual increase with respect to the amount of water supply to be delivered. We know that re-
ducing the maximum demand gap by a certain amount means increasing the delivery by the same amount from
some RES to other RED with the minimum transportation cost. Therefore, we can see from Table 4 that for the
coefficient value K, =130, drinking water has been delivered from RES to RED, that is from region 9 to re-
gion 11 (x./k =37.94m’ ) , making the maximum demand gap (wk) and remaining gap (v/.k) at region 11

i

decrease to 244.55 m’. Now, regarding the “turning” coefficient value as between K, =120 and K, =130,
this implies that the minimum transportation cost for a unit amount of water supply from some RES to other
RED occurs between region 9 and region 11 with a total distance 63+69 =129 . Hence, for a coefficient value
less than K, =129, there is no supply delivery from RES to RED, while for K, >129, the maximum demand
gap minimization process starts to provide drinking water from RES region 9 to RED region 11 by the demand



N. B. Parwanto et al.

Pasaman Regency
$(230.21)< D (235.19)
> RED {-4.98}

West Pasaman

Regency
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Tanah Datar

T
58km Regency
/ /S (309.10) > D (302.65)
/ P DRES {+6.45}
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Figure 3. Supply and demand of drinking water (m°) by region. Note: S: Supply; D: Demand;
Number in brackets { } represent the gap; + indicate excess supply; — indicate excess demand,
RES: Region with excess supply; RED: Region with excess demand.

Table 4. Optimal solutions for delivering drinking water (m).

Total Excess Demand (m°®) Total Excess Supply (m®)

Max Gap Total Cost Amount of Relief Aid (Water)

K (m’) (km) Original Improved Original Improved Routs to Be Delivered (m®)
(Remaining) (Remaining)
100 282.49 0 82312  823.12 7115 7115 ; 0
110 282.49 0 82312 823.12 71.15 71.15 ; 0
120 282.49 0 82312  823.12 71.15 71.15 ; 0
130 24455 489426 823.12  785.18 7115 3321 951011 37.94+0=37.94
140 24455 489426 823.12  785.18 71.15 3321 951011 37.94+0=37.94
150 22882 722230 823.12  769.45 71.15 17.48 75951011 1573 +37.94+0=53.67
160 22882 722230 823.12  769.45 71.15 17.48 75951011 1573 +37.94+0=53.67
170 22882 722230 823.12  769.45 71.15 17.48 75951011 1573 +37.94+0=53.67
7\ 15.73+
180 22237 837040 823.12 763.00 71.15 11.03 > 9—10—-11 37.94+0 = 60.12
8 6.45+
T~ 15.73+
190 22237 837040  823.12 763.00 71.15 11.03 9—-10—-11 37.94 + 0= 60.12
8 —7 6.45+
7 — 15.73+
200 22237 837040  823.12 763.00 71.15 11.03 9—>10—11 37.94+0 = 60.12
8 —~7 6.45+
RN 11.03 + 15.73+
210~ 21134 1059850  823.1 751.97 71.15 0.00 9—-10—-11 37.94+0="71.15
8 ~7 6.45+
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gap to be filled as 37.94 m® corresponding to the available delivery of drinking water from region 9 given by
134.87-96.93 =37.94. We can also see that other RES regions (i.e. 6, 7, and 8) have not delivered their supply
in order to minimize the sum of the transportation cost and the demand “gap” cost. Subsequently, the next
“turning” coefficient value appears between K, =140 and K, =150 corresponding to the next shortest dis-

tance route from region 7 to region 11 with 19+63+66 =148 as we see in Table 4. Thus, following the in-
crease of the coefficient value K, , additional deliveries are obtained along the “next” shortest routes.

We see no change for our optimal solution after we increase the value of K, to over 210, as shown in Table
4. When K, =210, we have the final optimal solution where all of the supplies from RES (x.,.k =7L15m’ )

i

have been delivered to RED (i.e. region 11), resulting in a decrease in w, and v, atregion 11 to 211.34 m’.
Figure 4 illustrates the routes to be travelled for delivering drinking water from RES to RED in the final optimal
solution (i.e. K, =210).

The results in Table 4 and Figure 4 show that there still remain demand gaps for the commodity of drinking
water in each region with demand shortage (RED). All of these remaining demand gaps in the RED need to be
met by delivering additional relief goods from the SC to each destination. The problem then will be how to de-
liver the relief goods from the SC to the RED as quickly as possible. We try to solve this problem for the emer-
gency situation using what we call DSCM, described in Section 2.2.

From the solutions shown in Figure 4 we see that the maximum excess demand gap in region 11 was reduced
from 282.49 to 211.34. However, we know that still there remain excess demand gaps in regions 1, 2, 3, 4, 5, 10
and 12 also with 751.95 in total as shown in Table 3. We try to fill these excess demand gaps by sending ve-
hicles to all regions needed carrying the relief commodity drinking water with the minimum number of batches
for sending vehicles. In order to apply the optimization model given in (7)-(10), we use the following data. The
number of simultaneously available vehicles, capacity of vehicle, velocity of vehicle, maximum number of
batches and maximum time horizon of delivery are given as M =39, C=6 (m®), F=30 (km/hr), B=10
(batches) and 7 =48 (hours), respectively. For each destination region i</, demand D,, distance from SC
L,, time for delivering supply goods (two-way) to the destination 7;, and number of vehicles needed for deli-
vering to destination A, are given in the left column in Table 5.

Furthermore, as our objective is to deliver the vehicles from the SC, which is at the provincial capital i.e. Pa-
dang city, to the RED as quickly as possible, in solving this shortest path problem we exclude region 1. In addi-

tion, we also assign the following assumptions: vehicle velocity (F ) is 30 km/hour, transaction time for load-
ing (T() is 2 hours, maximum number of batches (B) is 5 batches, and maximum time horizon of delivery
(T) is 24 hours.

Pasaman Regency
5(230.21) < D (235.19)
>RDS {-4.98}

77 km

105 km
West Pasaman /
Bukittinggi City

Regency
§(21.92) < D (304.41, \\
DRDS {-282.49}
v N
{-211.34} \
/ (134.87)> D (96.93) 1.03
Agam Regen

cy BT} DRSS {+37.94}
5(318.73) < D (387.66) 19k 49 km
> RDS {- 68.92]
t / adang Panjang Cif
§(66.52) > D (50.79
\ y —_— Tanah Datar

7 '/ Regency 71.15
- 5 (309.10)> D (302.65)  6.45
“Z. DRSS {+6.45}
7
Pariaman City Jelii=-<_ 7 |
$(37.63)<D(79.49) 64 km
>RDS {-41.86} g g
6 km Pariaman
% (267.21) < D (438.02)

>RDS {-170.81}

Padang City
5(843.37) < D (984.02) YA
> RDS {-140.66}

5(64.83) > D (53.80)
DRSS {+11.03}
Note:
=S : Supply; D : Demand

= Number in brackets { } represent the gap:
5(295.40) < D (323.52) + indicate supply surplus

>RDS {-28.12} - indicate demand shortage
= RSS : Region with Supply Surplus
= RDS : Region with Demand Shortage

24 km

South Pesisir Regency
$(317.96) < D (403.24)

> RDS {-85.28}

Figure 4. Illustration for delivering drinking water from RES to RED (X, = 210).
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Table 5. Minimum number of vehicles necessary for delivering drinking water.

i

(OneBatch 1 2 3 4 5 6 7 8 910111213 14151617 18 1920 21 22 2324 25 26 27 28 29 3031 32 33 34 35 36 37 38 39 40 4142
Time, Cars)

25,5 2222222222111110000000O000O00O0O0000000O0O0O0O0O0O0O0

38,15 55555 5555555555555555555000000000000000000

4(5,29) 1212121212121212125 55 55 0 00 0 000 0O0O0O0O0OO0OOO0OO0O0O000O0O0O0OO0OO0O0O0O

56,7 3333333333331 111110000O0O0OO0O0OO0OO0OO0OO0ODO0OO0OO0ODO0ODO0OO0OO0O0O0O0OO0DO0

10(10,12) 4 4 4 4 4 4 4 4 44 44 4444444444444 44444000000000000

11(14,36) 1212121212 1212121212121212121212121212121212121212 1212 12 121212121212 12 1212 1212121212

12(14,1) 1111111111111 10000O0O0O0OO0OO0OO0OO0O0OOOOOO0OO0OO0OO0OOO0OOOOOOOO

Total 3939393939 39393939393131292928222222212121212121161616 16 1616121212121212121212121212

We define input data for the model DSCM given by (7)-(10) in order to meet all the demands for the relief
good, i.e. drinking water, in the RED as follows: 7 ={1,2,3,4,5,10,11,12} : st of destination regions, T ={1,2,--,T}:

set of time horizon, N, , i€l,and 7, =[2L /F+T, |, where T, isa transaction time. An optimal solution is

i

given in Table 5. Delivery routes for the relief good of drinking water from SC to RED are shown in Figure 5.

3.3. Numerical Results by the Probabilistic Approach

The probabilistic approach considers the probability (Py) that the road segment is blocked, i.e. becomes un-

available due to a natural disaster, for each road segment (edge) (i, j ) € E . This possibility might force the

route for delivering aid commodity as well as the amount of aid commodity to be changed. Following the algo-
rithm shown in Figure 1, we apply conducting 500(: T ) iterations for the network flow optimization model.

Table 6 presents the computational results giving the mean values of the max-gap, total distance to deliver the
relief goods drinking water from RES to RED corresponding to various values of probability of broken road
segments. In Table 6, we can see that the available drinking water is delivered from RES to region 11 with the
highest demand gap. Figure 6 shows the total distance for delivering the drinking water from SC to RED and
the value of the max-gap corresponding to various probability values. From Figure 6, we find that as the proba-
bility of broken road segments increases, the total distance for delivering the drinking water from SC to RED
region 11 decreases while the max-gap increases. Figure 7 shows the amount of the drinking water from SC to
RED corresponding to various probability values. We see that as the probability of broken road segments in-
creases, the amount of the drinking water delivered from SC to region 11 decreases, reaching zero when all road
segments were broken with probability 100%.

The higher possibility of broken road segments also suggests alarger remaining demand gap. As we can see
from the column of max-gap which represents the amount of remaining maximum demand gap in Table 7, when
all the road segments are available (PU = 0.00) , the remaining demand gap of drinking water in region 11 be-
comes 211.34 m’, that is after receiving aid of 71.15 m® from RES. However, increasing the probability of bro-
ken road segments, the remaining demand gap also increases. In addition, there also other consequences; i.e., the
routes taken to deliver the drinking water from RES to region 11 also change with the changes of the probability
of broken road segments as shown in Table 7. The rows in Table 7 represent the mean of the amount of drink-
ing water delivered to region 11 for certain probabilities of broken road segments (edges), while the columns in
Table 7 show the transshipment flows (routes) taken to deliver the drinking water to region 11.

4. Summary and Conclusions

Given that disasters are prominent throughout the world, the importance of disaster management is undeniable,
and a large amount of human losses and unnecessary demolition of infrastructure can be avoided with very res-
ponsive Disaster Management Action, and thus humanitarian logistics or logistics in an emergency should be
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Table 6. Mean of max gap, total distance and delivery of drinking water from RES to RED.

Destination Region

Probability Max Gap D;l;(t);ilce . ; g 0 »
0.00 211.34 10598.50 —-11.03 -15.73 —6.45 —37.94 71.15
0.10 216.35 10143.16 —=7.06 -15.38 =5.75 —37.94 66.14
0.20 220.69 9737.42 —4.54 —14.47 =5.07 =37.71 61.80
0.30 225.84 9309.99 —2.56 -13.09 —4.13 —36.88 56.65
0.40 232.54 8429.27 -1.50 -10.19 -3.20 —35.06 49.95
0.50 238.43 7531.93 —-0.90 —8.24 —2.52 —32.40 44.06
0.60 246.04 6397.61 —0.40 —6.01 -1.66 —28.38 36.45
0.70 255.56 4838.31 —0.07 -3.62 —0.94 —22.31 26.93
0.80 264.94 3250.57 —0.02 —1.45 —0.30 -15.78 17.55
0.90 275.07 1384.45 0.00 —0.31 —0.05 —=7.06 7.42
1.00 282.49 0.00 0.00 0.00 0.00 0.00 0.00

Note: Transshipment from RES to RED: positive value = imported; negative value = exported.

Table 7. Mean of the transshipment flow of drinking water to region 11.

Route
Probability
4-5 4-105-10 6-7 7-4 74 7-9 8-4 8§-7 8-9 9-7 9-109-11 9-1210-1112-11 7-8 7-9

0.0 0.00 0.00 0.00 11.03 0.00 0.00 26.76 0.00 0.00 6.45 0.00 71.15 0.00 0.00 71.15 0.00 26.76 0.00
0.1 0.55 3.19 055 7.06 3.19 0.10 20.50 0.55 0.63 4.57 0.61 54.67 038 7.35 5841 7.35 20.50 0.55
0.2 0.77 484 077 454 464 020 15.69 097 0.61 3.62 0.83 42.55 144 1220 48.16 1220 15.69 0.97
0.3 198 626 198 256 6.84 030 1145 139 0.71 221 2.12 28.78 243 1721 37.01 1721 1145 1.39
0.4 096 689 09 150 6.50 040 8.01 1.34 0.50 1.54 2.50 20.07 4.70 17.33 2791 1733 8.01 1.34
0.5 1.01 585 1.01 090 576 050 625 1.10 0.50 098 243 1542 584 1594 2228 1594 625 1.10
0.6 095 487 095 040 498 0.60 395 0.84 035 073 243 437 592 11.84 9.17 11.84 199 0.64
0.7 0.65 4.16 065 007 416 070 199 0.64 0.10 026 243 437 592 11.84 9.17 11.84 199 0.64
0.8 0.12 1.74 0.12 0.02 163 080 090 023 0.00 006 1.06 126 577 867 3.12 8.67 090 0.23

0.9 0.00 0.48 0.00 0.00 043 090 0.19 0.05 0.00 0.00 0.30 038 2.88 3.68 0.86 3.68 0.19 0.05

1.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

well planned in advance. In such a situation, an optimal strategy on how to distribute necessary relief commodi-
ties to the damaged areas and transport them corresponding to their supply and demand condition as quickly as
possible is vitally needed. As part of the action taken in the response phase, our optimization models have tried
to address this issue.

In this study, an approach for logistics in emergency under uncertainty has been presented, which can be ap-
plied in the occurrence of seriously emergency situations. In such a situation, we try to find an optimal strategy
on how to distribute necessary relief commodities to the damaged area and transport them corresponding to their
supply and demand condition as quickly as possible. The optimal strategy should take into account two objec-
tives: minimizing the transportation cost (i.e. distance or travel time) and the total demand gap.

In order to solve this problem, we build a multi-commodity transshipment network flow optimization model
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(NFOM) for making decisions under uncertainty. To evaluate the model and the solution method, we apply the
NFOM to the case of the 2009 West Sumatra earthquake in Indonesia. The resulting planning problem consists
of the distribution of the relief commodities and the number of vehicles necessary to deliver the relief commodi-
ties. Both the NFOM and the demand shortage clearance model (DSCM), including the simulation, and the solu-
tion analyses, are applicable to other planning situations such as air transportation and water transportation of
various types of relief goods, which have similar characteristics.

The optimal strategy obtained from the NFOM should take into account two objectives, namely, minimizing
the transportation cost (i.e. total distance or travel time) and minimizing the maximum demand gap. By assum-
ing a fixed value of the coefficient K|, if we emphasize more on the importance of the total cost, then we assign
a lower value for the coefficient K, , otherwise, we assign a higher value for K, . Thus, the general strategy
obtained from the NFOM to decrease (minimize) the largest excess demand is to find a set of regions with extra
supply (positive value of the gap), and then try to connect those regions to the region with the largest excess
demand. Subsequently, depending on the solution obtained from the NFOM, we solve the DSCM to find the
shortest path and minimize the number of batches for sending vehicles necessary to deliver relief aid from SC, in
order to satisfy all the remaining demand gaps in RED. As a logical consequence which can be seen from the
model solution, if we choose to minimize the maximum gap at the NFOM, then at the DSCM, the number of
vehicles necessary to deliver relief commodities to the region with the largest gaps can be reduced.

Both NFOM and DSCM are necessary, useful, and important, even though they have their own shortcomings
and limitations in the sense that neither can solve the total and comprehensive relief goods transport problem
completely. However, we believe that under conditions of uncertainty such as after the occurrence of natural
disasters, and given that the amount of damage and casualties may not be known, our model results can give us
new insights and findings regarding how we should handle relief goods transport problems under emergency
situations.

In this regard, we can say from the viewpoint of public policy that the government must carefully plan the
humanitarian logistics in advance. More specifically, the government should always keep an inventory of the
supply of relief commodities and update it in terms of both quantity and quality, and keep track of the transpor-
tation modes.
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