
Chapter 2
A Multiagent-Based Domain Transportation
Approach for Optimal Resource Allocation
in Emergency Management

Jihang Zhang, Minjie Zhang, Fenghui Ren and Jiakun Liu

Abstract In metropolitan regions, emergency events request urgent response within
a short time limit in order to minimise the damage and the number of fatality. Most
of these events require different resources that are usually distributed over a large
area. How to efficiently allocate the distributed resources to an event is a chal-
lenging research issue. Traditional centralised resource allocation approaches have
difficulties to find out the best resource assignment within the event’s time limits
by considering the dynamics of the metropolitan environment and the event itself.
In this paper, a multiagent-based decentralised resource allocation approach using
domain transportation theory is proposed to handle an emergency event with multi-
ple tasks. Experimental results indicates that the proposed approach can effectively
generate the optimal resource allocation plans by considering multiple factors of an
emergency event.
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2.1 Introduction

In recent decades, with the rapid increase of population in metropolitan regions,
public emergency departments suffer significant pressure about how to efficiently
and effectively allocate rescue resources for emergency events (i.e. vehicle acci-
dent, fire, terrorist attacks, etc.). Generally, these emergency events have the three
common characteristics, including that (1) they are hard to be predicted in dynamic
environments such as metropolitan regions; (2) they usually require multiple differ-
ent resources with different usage costs, mobilities, availabilities, ownerships and
functionalities (i.e. a vehicle accident might require ambulances, polices and fire
fighters); and (3) they have strict time limits for emergency departments to response
and allocate rescue resources. Currently, most resource allocation processes for the
emergency events inmetropolitan regions are still operatedmanually, which is highly
inefficient. This is because in ametropolitan region, large numbers of rescue resources
with different functionalities and availabilities are distributed over an extensive area.
Emergency event operators usually have difficulties to efficiently find out the optimal
resource allocation for an emergency event due to a large number of possibilities.

In recent years, agent and multi-agent systems have been becoming promis-
ing technologies for resource allocation in emergency situations and many useful
approaches have been proposed to assist human operators to make decisions [1–3, 5,
6]. Aygul et al. [3] proposed an agent-based solution for finding the optimal allocation
of emergency medical resources, which was implemented based on service-oriented
architecture. Since their approach requires the global information of all resources,
so it might not available in most real life situations. Beatriz et al. [5] proposed a
multi-agent system to allocate ambulances for emergency medical events by using
the contract net protocol and awinner determination algorithm to find out the optimal
ambulances allocation. However, their approach is restricted to handle ambulances,
so it might not suitable for emergency events with the requirements of different
resources. Fiedrich [1] proposed an multi-agent system for optimal resource alloca-
tion for large natural disasters based on High Level Architecture (HLA), which was
capable of sequentially allocating appropriate resources to tasks. However, sequen-
tial resource allocation might increase the number of fatality of tasks in the later
position of the task queue.

In order to overcome the above limitations, this paper proposes an agent-based
decentralised resource allocation approach for an emergency event in metropolitan
regions. The proposed approach first converts the resource allocation problem of a
single emergency event into different resource allocation tasks. Then, different agents
propose their resource allocation proposals to these tasks simultaneously. Finally, for
each task, the domain transportation theory is used to combines these proposals and
find out the optimal resource allocation that minimises the total allocation cost. The
major contributions of the proposed approach are that (1) the proposed approach is
designed to efficiently allocate distributed resources in decentralised manner, which
is more applicable and practical comparing with centralised approaches; (2) the
proposed approach is designed to effectively handle different types of emergence
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events that require resources with different functionalities; (3) the proposed resource
allocation framework can simultaneously allocate different resources to different
tasks of an emergency event; and (4) the proposed resource allocation algorithm
is highly adaptable and flexible, which is capable of generating optimal allocation
solutions for emergency situations in different domains with different cost functions
or attributes.

The rest of this paper is organised as follow. Section2.2 gives problem descrip-
tion and definitions. Section2.3 introduces the theoretical foundation of the optimal
resource allocation. Section2.4 describes the agent-based solution for the imple-
mentation of the proposed resource allocation approach. Section2.5 demonstrates
the experimental results and provides analysis. Section2.6 gives the conclusion and
outlines the future work.

2.2 Problem Description and Definitions

This section introduces the important definitions that are used in the proposed
resource allocation approach and the fundamental problem that the proposed approach
is trying to address.

2.2.1 Definitions of Domain Knowledge

Definition 1 (Environment) An environment is represented by a city map, which
is defined as an undirected graph, G = [V,E], where V = {v1, v2, ..., vi } is a
set of nodes, which represent important locations in a metropolitan region, and
E = {e1, e2, ..., e j } is a set of edges, which represent the paths between the nodes.
e j is further defined as a two-tuple, e j = (vo, vp), where vo, vp ∈ V are the nodes
that be connected by e j .

Definition 2 (Resource) A resource is defined as a seven-tuple, res = (r ty, ser,
f un, rlo, ava, vel, exp), where r ty ∈ { f acili t y,mobile} represents the type of
resources, where facility refers to unmovable rescue resources, such as fire stations,
hospitals, etc., and mobile refers to rescue vehicles and personnel; ser ∈ {fire &
rescue, medical, police} represents the type of emergency services that res can pro-
vide; f un ∈ {fire fighter, fire truck, police officer, police car, ambulance, medical
personnel} represents res ’s functionality; rlo ∈ V represents res ’s current loca-
tion; ava = {0, 1} represents res ’s availability, where 0 indicates unavailable and
1 indicates available; vel ∈ (0,+∞) represents res ’s average velocity in kilome-
tre per hour (km/h) and exp represents res ’s money expenditure in per hour when
r ty = f acili t y, while exp represents res ’s money expenditure in per hour, per
kilometre when r ty = mobile.
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In the proposed approach, set REE indicates all resources in G. Besides, it is
assumed that the money expenditure exp of res is known by local emergency depart-
ments. Furthermore, the set of resource services and functionalities defined above
could be extended in real-world applications.

Definition 3 (Task) A task is defined as a three-tuple, tas = (dea, ser,TR), where
dea represents the deadline for resources to be allocated to tas; ser represents the
type of emergency service that tas requires to make response andTR = {tr1, tr2, ...,
tre} represents a set of required resources for completing tas. tre is further defined
as a two-tuple, tre = {r ty, f un}.

In the proposed approach, it is assumed that local emergency departments have
the knowledge to estimated a task’s deadline dea based on an event’s severity.

Definition 4 (Event)An event is defined as a five-tuple, eve = (con,SER, elo, sev,

TAS), where con ∈ {fire, rescue, loss of life, damage to health, security of per-
son, security of property} represents eve ’s content; SER ⊆ {fire & rescue, med-
ical, police} represents a set of emergency services required by eve; elo ∈ V

represents eve ’s location; sev ∈ [1, 10] represents eve ’s severity and TAS =
{tas1, tas2, ..., task} represents a sequence of tasks that need to be completed for
eve.

Definition 5 (Resource Allocation Proposal) A resource allocation proposal for
an event is defined as a two-tuple, rap = (eve,RES), where RES ⊆ REE repre-
sents a set of resources that be proposed for completing tasks in eve. Besides, a
resource allocation proposal for a single task in the event is defined as a two-tuple,
rapk = (task,RES), where rapk .RES ⊆ rap.RES.

In the proposed approach, the cost of resource allocation is calculated by cost
functions. Usually, different emergency events might need to use different cost func-
tions, whichmight involve different cost attributes. At here, a cost function is defined,
by considering two significant factors in emergency resource allocation, i.e., money
expenditure and time. In the following, the cost for allocating a single resource to a
single task is firstly defined.

Definition 6 (Cost Function) A cost function for a single resource’s allocation is
defined by Eq.2.1:

COR(eve.task , res) =

⎧
⎪⎨

⎪⎩

res.exp, if res.r ty = f acili t y

res.exp × DI S(res.rlo, eve.elo) × DI S(res.rlo,eve.elo)
res.vel ×

DL I N E(eve.task , res), if res.r ty = mobile,
(2.1)

where DI S(res.rlo, eve.elo) is a function that return the distance of a passable
road between resource location res.rlo and event location eve.elo, which could
be implemented by various path searching algorithms, such as Dijkstra’s and A*
algorithms [7, 9]. DL I N E(eve.task, res) is a function that is used to determine
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whether res can be allocated within eve.task ’s deadline, which is further defined
by Eq.2.2:

DL I N E(eve.task , res) =
{
1, if DI S(res.rlo,eve.elo)

res.vel ≤ eve.task .dea

+∞, if DI S(res.rlo,eve.elo)
res.vel > eve.task .dea

(2.2)

Based on above terms, the cost function for allocating all required resources to a
single task is defined by Eq.2.3:

COT (eve.task, rapk) =
∑

resv∈rapk .RES
COR(eve.task, resv) (2.3)

Furthermore, the cost function for allocating all required resources to all tasks in a
single event is defined by Eq.2.4:

COE(eve, rap) =
∑

eve.task∈eve.TAS
COT (eve.task, rapk) (2.4)

2.2.2 Problem Description

For an emergency event eve, there could be different resource allocation proposals.
In the proposed approach, the all possible resource allocation proposals for eve are
represented as setRAP. The main objective of the proposed approach is to search an
optimal resource allocation proposal rap∗ ∈ RAP for eve. The objective function
for an event’s resource allocation is formally defined by Eq.2.5:

OBJ E = arg min
rap∗∈RAP

COE(eve, rap∗) subject to rap∗ ∈ REE (2.5)

where OBJ E represents the name of objective function for an event’s resource
allocation and rap∗ ∈ REE means that the proposed resources in rap∗.RES must
belong to the available resources in the environment G. The event objective function
indicates that the optimal resource allocation proposal rap∗ must have the minimal
allocation cost in RAP. Besides, the proposed approach assumes there is always
enough resources in REE to be allocated for eve.

However, due to the fact that an emergency event usually require resources with
different types and functionalities, searching a complete rap∗ could be a complicated
and time-consuming process. In order to efficiently solve this searching problem, the
proposed approach creates a set of resource allocation tasks eve.TAS for eve. For
each task task in eve.TAS, it only requires resources that provide the same type
of emergency service (i.e. res.ser ). By doing so, the searching of rap∗ for eve is
converted to the concurrent searching of rap∗

k ∈ RAPk for each task task in eve.TAS,
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whereRAPk represents the all possible or available resource allocation proposals for
task . The objective function of resource allocation for a task task is formally defined
by Eq.2.6:

OBJT = arg min
rap∗

k∈RAPk

COT (eve.task, rap
∗
k ) subject to rap

∗
k .RES ∈ REE (2.6)

where OBJT represents the name of the objective function for an task’s resource
allocation.

2.3 Theoretical Foundation of the Domain Transportation
for the Optimal Resource Allocation

Domain transportation theory is a linear programmingmethod tominimise the cost of
relocating resources [4]. In domain transportation, the resource allocation problem of
a task can be described as a resource mapping problem from the available resources
in an environment to the required resources of the task, which is formally represented
by Eq.2.7:

rapk : REE → task .TR (2.7)

Apparently, there are many different mapping proposals (i.e.RAPk) from domain
REE to domain task .TR. In this paper, domain transportation theory is used to find
out rap∗

k for task , which can fulfil Eq.2.6.
More precisely, let REEe(yi ) denote the amount of functionality e resource at

location yi ∈ V. Let xk = eve.task and tre(xk) represent the required amount of
functionality e resource at task xk . The cost of transferring the resource at y j to
the task xk is given by Eq.2.1, i.e. COR(xk, y j ). An admissible allocation proposal
rapk is a mapping fromV toTAS satisfying the balance condition that for any subset
E ⊂ TAS, ∑

xk∈E
tre(xk) =

∑

y j∈rap−1
k (E)

REEe(y j ), (2.8)

where rap−1
k is the inverse mapping of rapk . As before, let RAPk denote the set

of all admissible allocation proposals. The purpose of Eq.2.6 is to find an optimal
proposal rap∗

k ∈ RAPk such that

COT (xk, rap
∗
k ) = min

rapk∈RAPk

COT (xk, rapk). (2.9)

From optimal transport theory, Eq. 2.9 can be transferred to the following linear
programming
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max

⎧
⎨

⎩

∑

xk∈TAS,y j∈V
u(xk)tre(xk) + v(y j )REEe(y j ) : u(xk) + v(y j ) ≤ COR(xk, y j )

⎫
⎬

⎭
.

(2.10)

Moreover, there exists a maximiser (u∗, v∗) (unique up to a constant) achieving
the above maximum. u∗ is called a potential, and v∗ is its dual potential. The
pair (u∗, v∗) also satisfies a generalised Legendre duality associated with the cost
function COR. Hence, for each xk , there exists a unique yi such that the equality
holds in the constraint, namely u∗(xk) + v∗(yi ) = COR(xk, yi ), which means the
task xk requires the resource from location yi . Thus, one can construct a mapping
inv∗

k : xk ∈ TAS → y j ∈ V. From optimal transport theory, by differentiating the
above equation one can see that

∇u∗(xk) = ∇xCOR(xk, inv∗
k (xk)),

yi = inv∗
k (xk) = ∇−1

x COR(xk,∇u∗(xk)). (2.11)

In fact, one can further show that inv∗
k is exactly the inverse of the optimal allocation

proposal rap∗
k .

Therefore, to construct rap∗
k , it suffices to follow the following steps:

1. From the given data {tre,TAS,REEk,V}, formulate the linear programming
Eq.2.10;

2. Solve Eq.2.10 to find out a potential u∗;
3. Using Eq.2.11 to construct the mapping inv∗

k : xk ∈ TAS → V, which implies
that task xk requires the resource from the area REQ := inv∗

k (xk) ⊂ V;
4. Take the inverse, we obtain the optimal allocation proposal rap∗

k : REQ → xk ,
which can inform the agent how to distribute the resource in the optimal way.

2.4 Agent-Based Decentralised Resource Allocation

The proposed resource allocation approach is implemented based on agent andmulti-
agent technologies, due to agents ability of autonomous reasoning, intelligent deci-
sion making, group coordination and collaboration [8]. This section gives detail
description of agents’ definitions, resource allocation framework and process.

2.4.1 Definitions of Agents

Generally, there are four types of agents in the proposed resource allocation approach,
which are response agent, mobile agent, facility agent and deployment agent. Each
agent’s definition is described as follows.
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Definition 7 (Response Agent) A response agent is represented by ra, which has
the information of a specific emergency event. A response agent has four major
functionalities, which are (1) identifying event content eve.con for a new event
eve; (2) identifying the emergency services eve.SER that is required by eve based
on eve.con; (3) identifying a set of tasks eve.TAS for eve based on eve.ser ; and
(4) sending eve.TAS to a deployment agent.

Definition 8 (Mobile Agent) A mobile agent is represented by ma, which has the
information of a specific mobile resource ma.res. A mobile agent has two major
functionalities, which are (1) managing a mobile resource ma.res; and (2) imple-
menting resource allocation paths after receiving resources allocation commands.

Definition 9 (Facility Agent) A facility agent is represented by f a, which has
the information of a specific facility resource f a.res and a set of mobile agents.
More precisely, f a.MA = {ma1,ma2, ...,maj } represents a set of mobile agents
that belong to f a and REF = { f a.res} ∪ {ma1.res,ma2.res, ..., maj .res|maj ∈
f a.MA} represents all resources under f a ’s management. A facility agent has
three major functionalities, which are (1) managing a facility resource f a.res;
(2) generating resource allocation proposals for tasks based on f a.REF; and
(3) informing its mobile agents to execute resources allocation commands after
receiving the commands from a deployment agent.

Definition 10 (Deployment Agent) A deployment agent is represented by da,
which has the information of a specific emergency event. A deployment agent has
three major functionalities, which are (1) informing an event’s tasks information
(i.e. eve.TAS) to facility agents that are located in its circle communication area,
represented by da.com; (2) combining and generating the optimal resource alloca-
tion proposal rap∗

k for a task based on a set of proposals (i.e. RAPk) submitted by
facility agents; and (3) informing relevant facility agents to execute rap∗

k .

2.4.2 Resource Allocation Framework and Process

The proposed resource allocation approach is implemented by a multi-agent system
(MAS), which includes a task identification module, resource identification mod-
ule, proposal generation module, optimal allocation module and proposal execution
module. The framework of the MAS is depicted in Fig. 2.1.

As depicted in Fig. 2.1, an event’s resource allocation process involves one
response agent, one deployment agent, multiple mobile agents and facility agents.
The allocation process is formally described by Algorithm 1.
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Algorithm 1 : Resource Allocation Process
1: assign ra to eve
2: ra identifies eve.con
3: ra identifies eve.SER based on eve.con
4: ra identifies eve.TAS based on eve.SER
5: ra sends eve.TAS to da
6: da calculates circle communication area da.com
7: da locates FA in da.com
8: for all task ∈ eve.TAS do
9: da creates RAPk and FAk
10: for all f ai ∈ FA do
11: if f ai .res.ser = task .ser then
12: da updates FAk = { f ai } ∪ FAk
13: da sends task to f ai
14: f ai finds rapik : f ai .REF → task .TR
15: if tcu ≤ PDL I N E(task .dea, eve.sev) then
16: f ai submits rapik to da
17: da updates REDk = {rapi } ∪ RAPk
18: end if
19: end if
20: end for
21: end for
22: while |eve.TAS| > 0 do
23: for all task ∈ eve.TAS do
24: if tcu ≥ PDL I N E(task .dea, eve.sev) ∨ ∀ f ag ∈ FAk : f ag submit rapgk then
25: if RAPk contains enough resources for task then
26: da expend da.com by double
27: process goes back to Line 7
28: else
29: da finds rap∗

k : REDk → task .TR
30: da updates eve.TAS = eve.TAS \ {task}
31: da informs agents to execute rap∗

k
32: end if
33: end if
34: end for
35: end while

The resource allocation process shown in Algorithm 1 includes six steps, which
are explained as follows.

Step 1: (Lines 1–5)When an emergency event eve happened, a new response agent
ra is assigned to eve to identify the emergency content eve.con. Then, ra needs to
identify the emergency services eve.SER required by eve according to eve.con.
For example, when eve.con = f ire, the required emergency services could be
eve.SER = {fire & rescue, medical, police}. After emergency service identification,
ra needs to acquire the information of the resources required by each emergency
service, which may provided by human operators or other external agents. Then,
ra converts each of emergency service to a task. Finally, ra sends eve.TAS to a
deployment agent da.
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Fig. 2.1 The framework of the proposed resource allocation system

Step 2: (Lines 6–13) After receiving eve.TAS, da first needs to calculate an com-
munication area da.com, which is a circle centred at the event’s location eve.elo and
measured by square kilometres. da.com is calculated by Eq.2.12:

da.com = π × (avv × (

∑
task∈eve.TAS task .dea

|eve.TAS| − tcu))2 (2.12)

where avv represents the average moving velocity (km/h) of all required mobile
resources in eve.TAS and tcu represents the current time. In the proposed approach,
it is assumed that local emergency departments have the knowledge of the average
velocity of different functionalities’ resources.

After the calculation of da.com, da needs to locate all facility agents inside
da.com, which is represented by set FA = { f a1, f a2, ..., f ai } (Line 9). Then, da
sends each task to relevant facility agents in FA based on task ’s emergency service
requirement task .ser . At the same time, da also creates a facility agent contact
list FAk = { f a1, f a2, ..., f ag} (FAk ⊆ FA) and resource allocation proposal list
RAPk = {rap1k , rap2k , ..., rapgk } for each task in eve.TAS.

Step 3: (Lines 14–17) After a facility agent f ai ∈ FA receives task , f ai uses the
domain transportation theory (see Sect. 2.3) to calculate an optimal resource alloca-
tion proposal rapik based on all available resources that under f ai ’s management
(Line 14). After the calculation of rapik , f ai submits rapik to da if current time tcu
has not exceeded task proposal deadline. The task proposal deadline is calculated by
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function PDL I N E(task .dea, eve.sev), which can be defined by local emergency
departments based on the detail of task and eve. After the submission of rapik , da
adds rapik to RAPk .

Step 4: (Lines 23–25) After da receives task ’s resource allocation proposals from
all facility agents in FAk or task ’s proposal deadline has been reached, da checks
whether RAPk has enough resources for da to generate an final resource allocation
plan to complete task . If the resources are enough, the process goes to Step 6.
Otherwise, the process goes to Step 5.

Step 5: (Lines 26–27) IfRAPk does not have enough resources to complete task , da
expands its original communication area da.com by double to contact more facility
agents, and then the process goes back to Step 2.

Step 6: (Lines 29–31) If RAPk has enough resources to complete task , da uses
domain transportation theory (see Sect. 2.3) to generate an optimal resource alloca-
tion proposal rap∗

k for task based on all resources in RAPk , which is represented
by REDk (Line 24). Finally, da informs relevant facility agents to execute rap∗

k and
remove task from eve.TAS. If there are more tasks in eve.TAS, the process repeats
Step 4, otherwise the process ends.

2.5 Experiment

In this section, experimental results are presented and the performance of the pro-
posed resource allocation approach is analysed. The experiments focus primarily on
testing the resource allocation time, money expenditure and cost of an event when
employing the proposed optimal resource mapping algorithm. The benchmark of
the experiments is the decentralised ambulances allocation approach proposed by
Beatriz et al. [5], which uses an auction mechanism based on trust and time to assign
ambulances to emergency events.

2.5.1 Experimental Setting

In the experiments, the proposed resource allocation was tested in two different
scenarios, which are: (1) resource allocation for an event with the proposed optimal
resource allocation approach and (2) resource allocation for an event with Beatriz’s
ambulances allocation approach.

AlthoughBeatriz’s approachwas specifically designed to allocate ambulances, but
it is suitable to be used to allocate different kinds ofmobile resources. Therefore, only
mobile resourceswere required by the two scenarios’ experiments. Furthermore, both
two scenarios were conducted over an 1000 × 1000 grid. The experiments in each
scenarios were repeated for 1000 times and the average resource allocation cost, time
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Table 2.1 Parameters for resource’s setting

r ty rlo ava vel exp f un

Mobile [0, 0]–[1000, 1000] {0,1} [20–200] [1–100] Ambulance, fire truck,
police car

Table 2.2 Parameters for event’s setting

con SER elo sev |TAS|
Fire Fire & rescue, medical, police [500, 500] 5 3

Table 2.3 Parameters for task’s setting

No. ser dea (min) |TR| tr.r ty tr. f un

Task 1 Fire & rescue 30 15 Mobile Fire truck

Task 2 Medical 40 10 Mobile Ambulance

Task 3 Police 50 10 Mobile Police car

and money expenditure of an event was recorded. The resource allocation cost was
calculated byEq.2.1. For each time of the experiment, the resources’ parameterswere
randomly regenerated based on Table2.1, but the parameters of the event (Table2.2)
and its tasks (Table2.3) remain same.

2.5.2 Experimental Result and Analysis

The experimental results are shown in Fig. 2.2.Aswe can see fromFig. 2.2a, Beatriz’s
approach (Scenario 2) requires slight less resource allocation time for an event com-
paring with our approach (Scenario 1). Nevertheless, from Fig. 2.2b, c, we can see

Fig. 2.2 Experimental results
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that our approach outperforms Beatriz’s approach significantly in terms of money
expenditure (1086 vs. 1329) and allocation cost (9850 vs. 18100). This is mainly
because in Beatriz’s approach, resource allocation time is used as the primary cri-
terion to determine the optimal allocation of resources, but our approach takes both
resource allocation time and resourcemoney expenditure into consideration. Another
potential reason behind the results is that Beatriz’s resource allocation approach was
based on auction mechanism and the relationships between contract agents are com-
petitive. However, for most emergency situations, it is more reasonable for agents
to act cooperatively rather than competitively. In our approach, a deployment agent
uses the domain transportation theory to generate the optimal solution based on the
resource allocation proposals frommultiple facility agents, so the optimal solution is
a combined solution by integrating the advantages of each facility agent’s proposal.
By doing so, our approach can effectively minimise the required resource money
expenditure and allocation cost by not compromising too much in terms of resource
allocation time.

2.6 Conclusion and Future Work

In this paper, an agent-based decentralised resource allocation approach was pro-
posed to handle an emergency event in metropolitan regions. In order to efficiently
search an optimal resource allocation proposal for an event that requires different
resources, the proposed approach first creates a set of tasks based on the emergency
services required by the event. Then, domain transport theory is used to search
the optimal resource allocation proposal for each task. The proposed approach was
designed to handle multiple resource allocation tasks simultaneously and it can be
used for emergency events in different domains. The experimental results indicate
the good performance of the proposed approach in terms of resource allocation cost.
Our future work will focus on handling concurrent emergency events and incorpo-
rating a resource coordination mechanism for resource contention problems between
events.
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