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Abstract: Propagating crowdsourcing services via a wireless network can be an appropriate solution
to using the potential of crowds in crisis management processes. The present study aimed to deploy
crowdsourcing services properly to spatial urgent requests. Composing such atomic services can
conquer sophisticated crisis management. In addition, the conducted propagated services guide
people through crisis fields and allow managers to use crowd potential appropriately. The use of
such services requires a suitable automated allocation method, along with a proper approach to
arranging the sequence of propagating services. The solution uses a mathematical framework in
the context of a GIS (Geospatial Information System) in order to construct an allocation approach.
Solution elements are set out in a multi-agent environment structure, which simulate disaster field
objects. Agents which are dynamically linked to objects in a crisis field, interact with each other in
a competitive environment, and the results in forming crowdsourcing services are used to guide
crowds in the crisis field via the crowdsourcing services. The present solution was implemented
through a proper data schema in a powerful geodatabase, along with various users with specialized
interfaces. Finally, a solution and crowdsourcing service was tested in the context of a GIS in the
2019 Aqala flood disaster in Iran and other complement scenarios. The allocating performance and
operation of other system elements were acceptable and reduced indicators, such as rescuer fatigue
and delay time. Crowdsourcing service was positioned well in the solution and provided good
performance among the elements of the Geospatial Information System.

Keywords: crowdsourcing services; enterprise GIS; multi-agent environment; complex system

1. Introduction

The elimination of natural hazard consequences is usually difficult due to their huge extent [1] in
spatial and temporal scale, field recognition [2], and effective management [3]. Although, using some
methods, such as data fusion [4] can solve some problems to some extent, issues, such as monitoring,
resource management, services, financing [5], ensuring effectiveness of actions taken, reducing reacting
time and delivering services, resilience [6], and creating widespread coverage with minimal resources
are among the challenges that require a more robust solution. In this regard, crowdsourcing potentials
can be regarded as a proper solution to cover the above-mentioned deficiencies [7].

Compared with volunteer resources, crowdsourcing involves more people with less expertise
and interests. Although, it fails to include high standards of human resources for emergency services,
it is able to fulfill other requirements, such as abundance and spatial distribution. However, managing
many uncoordinated people, with few interests and potentials, seems difficult [8]. In order to overcome
this problem, a new type of crowdsourcing service was introduced. These IT-based services were
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designed to guide the early emergency system rescuers in the form of crowdsourcing resources through
the disaster filed.

Spatial crowdsourcing services are proposed with three main segments: Information, activity,
and control segments, which are connected to each other by a customized trigger mechanism.
In other words, each service segment executes the next segment, as it is presented in Figure 1.
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atomic simple solutions using crowdsourcing services.

Proposed spatial crowdsourcing system in a basic and simple form would be able to digest the
complicated and long-aiding mission of a single individual injured from a critical situation to the safe
and stable status. Crowdsourcing services are classified into recognition, rubbing, first medical aid,
carrying, capabilities, and orders rescuer the place to go. Then, it guides him what to do and finally
takes a confirmation whether the mission has been completely done.

Follow the blue line in Figure 1. After the crisis, and its consequences, an injured person asks for
help. After registering on the server, the request goes to a management database. Suppose that at
this management database, we can just guide the execution of atomic processes through our services.
On the other hand, the management database activates an initial service for each type of request
(Figure 1, Case 2). As the service is delivered by a rescuer, the injury situation is improved from the
initial state to a better one. In each service, the internal trigger mechanism activates the next part
of the service. After the end of the service (Figure 1, Control 2), the external trigger mechanism is
activated, and with the user confirmation, the information is sent back to the server (orange line) and
from there, the next simple service is selected. By choosing the next simple service, the injury situation
gets better. However, the main problem is related to managing issues. Managing many rescuers over
disaster field, at different situations, with several skills in a central form, is as difficult as finding the
best arrangement of crowdsourcing services related to the injured ones.

Spatial crowdsourcing service has been introduced recently, so there is poor research on
its management, and, as a result, there cannot be expected to be many tools available for its
administration [9–11]. However, if we consider them as planning units for a larger process, such as
emergency rescue process, there are too many famous methods that manage human resources but do
not meet our needs.

Methods based on genetic algorithm, fuzzy sets, best fit of human resources, simulations,
and other similar ones in allocating and managing human resources, despite special privileges,
are also problematic with regard to the problem we are facing. However, according to the prevailing
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conditions, existing solutions do not meet our needs. The main reasons are apparent in areas, such as
central or distributed mode of solutions, automation, or non-automatic processes, as well as differences
in the inherent structure of solutions and problems. For example, the genetic algorithm method is
very time-consuming and not practical for many users. The fuzzy sets about our problem, except to
provide a general template and idea for the solution, solve no other problem. Likewise, in the problem
of human resource management, much attention is paid to the cognitive issues of human resources
and the nature of the missions, while in our case, there is no such cognitive principle at all.

In summary, the main problem can be considered in three main fields. The first is how to create
a proper combination of crowdsourcing services to solve various problems relevant to individuals,
the crisis, and disaster environment. Second, how can we choose the most suitable rescuer for each
service? Third, to do such processes, we need a system. How will the structure of such a system
look like?

In the present study, a solution and a system was proposed to complete the first two tasks.
This solution finds the best rescuers to a given injured person. In addition, it conducts rescuing missions
by assigning and composing proper services to suitable rescuers according to the injured situation.
Finally, the system, which has been designed based on this algorithm, is briefly presented. Since the
words “service” and “system” are frequently used in this paper, the terms “service” and “crowdsourcing
service”, or the “system” and the “crowdsourcing system”, may be used interchangeably.

2. Materials and Methods

Since the topic of research, in this article, is crowdsourcing service management, we first mention
the crowdsourcing, in brief, and then continue to explore a variety of HRM (Human Resource
Management) methods, which are close to our subject.

A very academic definition describe crowdsourcing as an online participative activities.
Such activities would be proposed by an organization, an individual, or even a non-profit organization,
to a group of people in a heterogeneous condition, via a flexible open call platform. The proposed tasks
would vary in complexity and modularity. On the other hand, crowds could bring their money, ideas,
data [12], works, and experiences in receiving mutual benefits, such as developing proper software
products for users [13]. Crowd also satisfy some of their demands, including professional abilities,
and social or economic benefits [14]. Crowdsourcing raises action speed, spatial scale, and functionality
extent, or reduce action cost [15]. Volunteer actions, which can be assumed as outsourcing significantly,
differs from crowdsourcing because of type processes [16]. Outsourcing is comprised of top-down and
bottom-up processes in contrast [17].

However, in spite of the technical issues and the background of the proposed new crowdsourcing
services, in this paper, it is preferable to focus more on how to apply this service to crisis management
and how to manage such services. On the other hand, given that these services manage human
resources, different HRM methods will be considered.

In addition, although the use of crowdsourcing in crisis management [18] has been considered by
some researchers, more of these researches look like social networks [19]. However, there are many
differences between social services and crowdsourcing services, crowdsourcing has been usually used
to gather the information needed to manage the crisis, similar to the research by Ogie et al., for mapping
the crisis environment [20]. The use of natural language processing in mapping and cognition of
crowdsourcing data has also been addressed [21]. In alike activities, some have examined the degree
of reliability of provided spatial crowdsourcing data [22]. While, this kind of service has significant
potential for crisis management.

Human resource management practices are critical for organizational success [23]. HRM can
be viewed as the core processes of project management in many organizations. However, this is not
a simple task and becomes more complex when the number of projects and professionals increases the
range of required expertise [24].
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Therefore, many distinct approaches have been proposed in the literature to support how to deal
with individual software projects by using distinct techniques, such as simulation, genetic algorithms,
and fuzzy theory [25–27].

The otero method [28] and BFR (Best Fit Resources) technique determine a fit between the
candidates’ set of skills and needs, which cannot actually meet all of the tasks required for any injured
person during a rescuing mission.

In order to capture the flexibility of human actors, [29] a statistical approach is used to allow for
flexible task management and role allocation. They had mind deadlines and escalation procedures,
accessed rights and allowed for the temporary promotion and dynamic assignment of actors. However,
this method on dynamic aspects requires a lot of data and makes the implementation process in large
disaster fields too difficult.

Kang and Jung used the constraints of experts’ interviews to allocate human resources to the
required activities [27]. They implemented ASA (Accelerated simulated annealing) and COCOMO
II estimation model. However, performing this technique becomes really difficult as the number of
constraints increase.

Some new concepts declined resource allocation stiffly to production management [30]. Emergency
situations are not emphasized. Although, the horizontal ability of human resource would benefit
from production processes. Increasing the number of output production is considered the only
important parameter.

Buffer management approaches are a class of project resource management, which is related to
uncertainty and Critical Chain [31]. Although, the uncertainty forces a centralized approach, resource
allocation should be organized in a decentralized way in a multi-agent approach. Agile scrum is
a popular flexible project resource management method in IT development. Multidisciplinary teams
with a high level of self-organization execute the work in sprints. Scrum-of-scrums is the MPM
(Multi-Project Management) approach related to agile scrum [32].

Resource sharing policies form a different class are designed to deal with the inevitable conflict
within a matrix organization between project, resource, and portfolio management [33]. Aritua et al.
used feedback loops in an allocation process [34]. Also, during the last decade, heuristic Operational
Research was regarded as a popular approach for project management, which dedicated among 20%
of journals until 2000 [35].

Some believe that two main aspects should be considered in determining the appropriate approach.
The first is related to whether a human or an algorithm makes the decision. Another important aspect is
to see whether the decisions made are centralized or decentralized. Automated decisions are calculated
based on simplified models of reality. These heuristic OR models improve the decision made by
incorporating an increasing number of variables. The human decision approach is based on the idea
that an algorithm can never incorporate all the situations, which occur in real-life and that humans are
much more flexible to adjust themselves to unpredicted situations [36].

According to disaster field situations, a distributed approach is more feasible than centralized ones.
In addition, autonomous algorithms are preferred than those made by human decisions. On one hand,
numerous rescuers and injured people in disaster fields make the structure matrix too big and too
difficult to solve in a centralized system according to their constraints. On the other hand, human-based
algorithms do not overwhelm all environment variants.

Regarding practical aspects, WDP (Winner Determine Problem) has been treated by heuristic
branch bound algorithm, as well as benchmarking on real world economic models. Although, both
declined the solution in preference for centralized solutions.

Competitive Multi-Agent systems propose a dynamic assignment of human resources. Although,
they have their own challenges. Finding incentives to diffuse focused resources, the protocols to
complete the first price auction, and local games for Nash equilibrium are among the common
problems in theoretical aspect [37]. At present, extensive discussions, such as the use of big data,
micro data, modeling, and adaptation of the behavior of agent models, with real environments and



ISPRS Int. J. Geo-Inf. 2019, 8, 420 5 of 23

validation, are among the main challenges of spatial agent’s researches [38]. Although, the use of
sophisticated mathematical or probabilistic models simplifies spatial simulation, equally, it reduces the
degree of credibility. On the other hand, accessing powerful processing resources to increase the speed
of simulator systems is among the many important issues. In this regard, the proper use of simpler
mathematical models can increase the reliability of responses, reduce the processing power required,
and increase processing speed.

The fact is that this research intersects with four topics, including crisis management,
crowdsourcing services, human resource management, and intelligent agents. Although, detailed
researches have been carried out in each of these branches, the intersection of these fields is a new
issue. In our research, the crowdsourcing service, communicates between these fields. For this reason,
in this section, we compare the history of research in each branch separately with the capabilities
offered in our service. In this way, we tried to simplify the difficult communication process between
four different topics.

3. Solution

In order to conduct a crisis management process, our proposed crowdsourcing service, first, collects
aiding requests from the environment. Then, the central system, using the same service, sends aiding
requests to appropriate rescuers at the crisis field. But our proposed service has been designed in simple
and atomic form. In other words, each service is assigned one rescuer and is designed to perform
a simple process. In this way, in order to solve the complex problems of the crisis environment, it
is necessary to send the appropriate combination of the crowdsourcing services to the appropriate
rescuers. Therefore, our main problem is, firstly, the formation of an appropriate combination of simple
atomic crowdsourcing services for solving a complex problem. Second, sending these services to the
right rescuers.

To solve these problems, a multi-agent simulation environment was used with customized agents.
A multi-agent solution involves a computer environment where several intelligent agents can interact
with each other and solve problems that are difficult or impossible with a single part or a central
solution. In our case, too, a large number of aiding requests must be solved by a large number of people,
with different capabilities and specifications, in a vast area. An intelligent or smart agent refers to
an autonomous entity which acts, directing its activity towards achieving goals, upon an environment
using observation through sensors and consequent actuators [39].

In this solution, beyond the structure of spatial crowdsourcing services, the most important
features of crisis environment was simulated as dynamic objects (Figure 2, part 1), except for rescuers
and individuals who asks for requests. Then, a customized agent structure was designed for these
two groups (Figure 2, part 2), while focusing on its behavior, especially the search mechanism (Figure 2,
part 2). In fact, any rescuer or injured person in the crisis environment will have an object or an agent
in the simulation environment.

These agents, then, interact with each other and simulated the environment (Figure 2, part 4) to find
the best arrangement of crowdsourcing services and the most suitable rescuers. As the agents find the
best rescuer and service, they send the result to the corresponding real rescuers in crisis field (Figure 2,
part 6). Three main behaviors of the agent are heavily involved with the simulated environment
(Figure 2, part 5). While the search mechanism finds the best rescuer, the guiding behavior takes the
main duty of rescuer and navigation information, and learning behavior collects the results for future
similar search. Finally, the rescuer decides whether to perform the proposed service (Figure 2, part 6).

Before proceeding to the details, we first review the main components of the solution. We want to
tell each intelligent rescuer agent, among the help applicants (agents), who is more suitable for help?
What can he do for him or her? To do this, all agents who need help, are ranked against each rescuer
agent. The process of scoring and prioritizing, is the main decision mechanism for intelligent agents.
This mechanism is based on the effectiveness cone (Section 3.3). To construct this cone, we need different
parameters, which later represent the extraction of these parameters (Sections 3.1 and 3.2). The main
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idea of this cone, and its constituent parameters, have been extracted from the issue of time-geography.
Time-geography or time-space geography is an evolving trans-disciplinary perspective on spatial
and temporal processes and events, such as social interaction, ecological interaction, social and
environmental change, and biographies of individuals [40]. But why have we used this issue?
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One of the main challenges in designing intelligent agents is their mismatch with real-world
objects behaviors. On the other hand, the main application of time-geography has been human
behavioral studies, which have been successful in this regard [41]. For this reason, time-geography
issue contains appropriate developed tools and techniques. It can be concluded that these tools are in
good agreement with real human behaviors. Therefore, conceptual or software-based uses of these
tools in intelligent agent design can, somewhat, increase the reliability of the intelligent agent operating
design. Also, the use of this topic, along with the way we use mathematical tools, greatly reduces
the sensitivity of the agent design to the calibration parameters. Now, we can look at the details of
the solution.

In the following part, we will look more closely at the internal structure of the agents.
Our agent consists of three clearly distinct sections; parameters (Figure 3, parts 2–4), behaviors
(Figure 3, parts 14–16), and an interface (Figure 3, part 20). Notice that, in the proposed solution,
the most important part of the agent is the decision mechanism, and in this mechanism, the most
important part is the effectiveness cone (Section 3.3). The cone in this mechanism, for each rescuer
smart agent, gives priority of aiding requests. Section 3 to Section 3.2 provide the required parameters
for this cone.

Constant goals (Figure 3, part 2) ensure the agent can start functions and hear messages from the
objects and agents in the simulated environment. Therefore, variable capabilities (Figure 3, part 4),
such as aiding request positions and types, are updated. It will enter the next section along with the
constant capabilities (Figure 3, part 3), such as rescuers’ abilities and interests. Figure 3, parts 5 to 13
actually represent the internal structure of the search mechanism of the agent.

The search mechanism of agent is significantly supported by Hagerstrand space constraints.
Hagerstrand space is an evolving trans-disciplinary scheme on spatio-temporal events that uses
different types of constraints, including psychological, physical, coupling, and authority ones [42].
In order to set this constraint, we use tools created in a tensor space (Figure 3, parts 5–7). Indeed,
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instead of simply analyzing spatial events in a crisis environment [43], we use an expert concept space
for all kinds of needs and adapt it to our solution.
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Physical constraints (Figure 3, part 8) consider the possibility of practical action in space-time.
This clause in our research is determined by a tool (Figure 3, part 6) that measures the geometric
distance between the rescuer and the rescuee. Psychological constraints (Figure 3, part 9) also express
the possibility of an action by psychological readiness. In our study, the value of this constraint is
expressed by a tool (Figure 3, part 7) that measures the level of fatigue of the rescuer. The coupling
constraint (Figure 3, part 10) also expresses the probability that an activity will occur due to the fit of
factors in space-time. This constraint in our research examines the proportion between the rescuer and
the injured request for the required expertise. The value of this constraint is also measured by another
tool (Figure 3, part 5) in tensor space.

These constraints a convex cone in Hagerstrand space (Figure 3, part 12) and then offer a list of
appropriate requests for rescuer agent (Figure 3, part 13). This list is the actual output of the agent’s
search mechanism (Figure 3, part 18). The list is passed to the human interface (Figure 3, part 20).
Then the agent sends it (Figure 3, part 21) to its respective rescuer in the crisis field through the
crowdsourcing service. Finally, the rescuer chooses which request to take. This selection returns it to
the search mechanism (Figure 3, part 22) and completes it. In this way, the agent, is informed of the real
rescuer’s decision, prepares the appropriate messages, and sends them to the simulation environment
(Figure 3, part 24).

In the following sections, the mathematical models and tools, that make the search mechanism of
the agent, will be considered.

3.1. Mathematical Models and Tensor Tools

The application of numerical models in crisis management is common [44], but in this research,
a framework for these models was defined. To implement mathematical models, a framework is used in
tensor space (Figure 3, parts 5–7). In order to adapt the problem space to this framework, the important
parameters of the problem space are considered the main dimensions of the tensor space. We assume
that four types of rescuers serving services include debris removing as d, carrying as c, medical aiding
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as m and feeding as f. An injured one declares his required volume in the mentioned topics, based on
the following vector, as Equation (1):

Vinjured(d, c, m, f ) = ri
→

d + ri+1
→
c + ri+2

→
m + ri+3

→

f ri ∈ [0, 10]. (1)

The values of ri are determined by the injured or they express their priority of the value, while
other values are set, based on previous knowledge. Then, steps, such as selecting priority, ranking
rescuer agents, and sending messages to the candidate as rescuer agents are followed.

In order find the priority of required services, assume that each rescuer agent has a state vector,
which indicates its capabilities in four major parameters as shown in Equation (2):

VRescuer(d, c, m, f ) = ri
→

d + ri+1
→
c + ri+2

→
m + ri+3

→

f ri ∈ [0, 10]. (2)

Then, S produced in Equation (3) expresses the suitability of rescuer agents against any given
injured ones, which determines which rescuer agents are suitable for any given Injured person,
based on their specified tasks:

→

VRescuer·
→

VInjuered = S. (3)

Equation (3) of this tensor tool (Figure 3, part 5), in some way, expresses the quantity of coupling
constraint (Figure 3, part 10).

Any given rescuer, in addition to its capabilities, has another extra parameter that indicates his
remained power to work as p. The value of the p for injured agents is determined based on his demand
power. For example, p equals to 10 for an extreme exhausted injured or rescuer agent.

Y =





ri
...

ri+4


Rescuer

5×1

−



ei
...

ei+4


Injured

5×1


.




ri
...

ri+4


Rescuer

5×1

−



ei
...

ei+4


Injured

5×1


 (4)

The Equation (4) gives dot product of two main vector differences. The result is a scalar, which
is used to compare the suitability of different pairs and rank rescuer agents for any given injured
one. The fifth element of each vector indicates p parameter. The Equation (4) of this tensor tool
(Figure 3, part 7), in some way, expresses the quantity of suitability constraint (Figure 3, part 9). r and e,
are state vectors of both rescuer and injured agents (1), (2) with an additional parameter for fatigue (p).

If a rescuer agent needs any resources for his mission (for example, if a rescuer wants to temporarily
treat an injured person with the help of medicine or medical devices, those medical supplies are
considered as a resource), a dyad product will replace the rescuer state vector as in Equation (5),
whereas, in another study, it has been shown that the combined effect of a rescuer vector and a source
is almost the same as the effect of their dyad product:

ATrans
5×5 =


riei · · · riei+4

...
. . .

...
ri+4ei · · · ri+4ei+4

. (5)

Therefore, coupling constraint value (Figure 3, part 10) is modified as Equation (6):

(ATrans
5×5 ×

→

VRescuer).
→

VInjuered = S. (6)

Note that, S denotes the suitability of a rescuer and an injured based on their fixed properties,
while Y expresses their suitability on the basis of variable properties, such as fatigue.
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3.2. Distance

Distance is the most important physical constraints (Figure 3, part 8), which is a little complicated.
In real disaster fields, two possible cases, including urban and non-urban areas, are modeled on
a heterogeneous networks and raster datasets. Thus, a distance function (Figure 3, part 6) should be
designed to determine the distance constraint for a pair of agents or resources, which is considered in
vector and raster mode.

3.2.1. Vector Mode

Vector mode often occurs in urban areas. In this case, any injured agent should find the first
five rescuer agents within his surrounded accessible network as optimum facilities. Then, an injured
agent offers himself to them. Although, finding the closest facility is a simple problem, executing
this function, for any given agent, forces the heavy data processing to the server side. In addition,
the closest facility function should be triggered to the alteration of agents, which raises the frequency
of execution and processing load. Thus, a practical solution should be designed in this regard.

OD (Origin Destination) matrix among the other possible spatial tools [45], seems a practical
solution [46], but establishing OD matrix is a time-consuming process. It is not practical to update
it for any change among the agents’ situations. In order to solve this problem, an optimum spatial
index is designed with sequential numbers. These numbers are assigned to agents by using spatial
join function. Then, the OD matrix is generated for geometric centers of spatial index. A relation class
simply relates agents to OD matrix, which can significantly reduce the processing load and time.

In the lower right of Figure 4, A,B,C,D, and E are sample nodes from a street graph, for example,
in a city. The weight of each link in this graph is equal to the cost of traveling from origin node to
destine node (numbers displayed on arrows). The travel cost between all nodes in this graph is listed
in the OD Matrix (the matrix on the right and bottom margin of the Figure 4).
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3.2.2. Raster Mode

In a real heterogeneous raster space, each pixel has its own friction against movement. Puddles,
slopes, and other obstacles or parameters make the raster space heterogeneous. In such space,
injured agents can be assumed as to the source, and accessing their cost can be simple when it is
computed to using Cost Distance function, which computes the accessing cost of resources for all pixels.
Then, pixel values are assigned to rescuer agents by Interpolate Shape function, which transforms the
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space from raster to vector mode. Finally, “Add Z Information function” [47] extracts these values
for rescuer agents. Thus, the injured agents have a real distance to the rescuer agents and can send
a message to the suitable ones. Following codes in arcpy, the following processes are executed:

10 arcpy.sa.CostDistance(injured,cost,500,not)
20 arcpy.InterpolateShape_3d(cosdist,rescuer,rescuer1,5,non,none,none,none)
30 arcpy.AddZInformation_3d(rescuer1,none,none)
40 arcpy.SelectLayerByAttribute_management(rescuer1, “ADD_TO_SELECTION”, “‘Dist’ < 500”

Line 10, calculate pixel’s accessing cost to location of injured and based on cost layer, 20 transmits
value to rescuer objects, 30 extracts transmitted information from geometry field of objects and 40 runs
a spatial query on rescuer class.

However, such a function acts slowly and push a considerable process load to the system.
In order to allay this load, pure raster Cost layer should be taken. Then, its watersheds could be
extracted by hydrological analysis functions. After modifying the watershed networks geometrically,
it can be transformed into a network dataset. Now, the problem is transformed to the vector mode and
can be solved by using the proposed solution.

Furthermore, it is possible to use a complex network, that is related to different types of roads.
This network, includes weaker paths, such as gravel road or urban ones. Environmental frictions could
be assigned to road elements and such extra attributes make the cost attribute of network dataset.
Thus, the problem is transformed to vector mode by using this method. Finally, the problem is simply
solved via Euclidean distance function when there is no information about raster environment frictions.

3.3. Effectiveness Cone

In time geography methods and researches, the spatio-temporal domain, which is affected by
a given point in the same space, is introduced as the effectiveness cone of that point (Figure 3, part 12) [41].
In traditional time geography issues, this cone is usually used as an absolute constraint, while we
prefer to use it conceptually. Thus, the whole of it has been used as a criteria for ranking rescuers
against any given request.

Equation (7) is used to rank the rescuers against each aiding request,

Ri j =
si j√

Y2
i j + D2

i j

(7)

where, Ri j is the rank of rescuer j for request i, si j is the coupling value between aiding request i and
rescuer j, comes from Equation (3), Y2

i j is psychological value comes from Equation (4) (Figure 5, mark 2)

and D2
i j is the distance between aiding request and rescuer (Figure 5, mark 1), which is calculated by

the distance function in Sections 3.2.1 and 3.2.2. So, assuming m requests and n rescuers, we will have
the proposed matrix M as Equation (8):

M =


R11 · · · R1n

...
. . .

...
Rm1 · · · Rmn


m×n

(8)

Which Rmn is the rank of rescuer n for request m. At the end of each of the columns of this matrix,
is sent to its corresponding rescuer (Figure 3, part 21). Rescuer makes his choice from this list.
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4. Data, Implementation, and Evaluation

In this section, the method of data preparation is discussed first, then the implementation model
is expressed in the software environment, and finally the solution evaluation results are examined.

4.1. Data Preparation

Five classes of data are distinguished in our solution; base maps, resource and path maps, as well as
rescuer and request maps. These five data classes are the main input of the simulator. Except for base
maps directly embedded in the simulator, the main path of the rest of the data starts with the user of
the system almost. The user of the system (The upper part of Figure 6) that uses spatial crowdsourcing
service may be an applicant for help, a rescuer or any other one from crowds.
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As shown in Figure 6, the system user enters his data into the system through the crowdsourcing
service. Since the main processing is done in the mathematical space, the quantifier unit translates
some of the input qualitative values into the numerical values required by the simulator. Since this
service can accept various information, a parser then discovers the data. Request and report data are
directly submitted to the map generator. The field recognition data is entered the update section.
Thus four main maps, including request, rescuer, path, and resource maps, are produced. All data
comes into the simulator with the base map. In the end, the simulator send choices to the user, and a part
of its output is sent to the update unit to be used to update the resource and path maps.

Quantifier unit in Figure 6 uses a specific standard, in order to attach the crowdsourcing service
data to other information for use in the simulator. Table 1 summarizes the standard coding in data
fields, which was used in Aqala flood relief operation. In the protocol for transferring and storing data,
from the user to the server, and vice versa, we used the code contained in the code column. These codes
are replaced at the output of the user interface software by the domains in the field content.

Table 1. Data codes which was used in Aqala flood relief operation.

Data Group Data Type Code Field Content Domain

Spatial
Crowdsourcing
Services

Request 1–4 Food & Water/Medical/Shelter/Transfer 0 ≤ µ� 10
Mission 5–8 Food & Water/Medical/Shelter/Transfer 0 ≤ µ� 10
Field Recognition 1–4 Food & Water/Medical/Shelter/Transfer 0 ≤ µ� 10
Mission Report 10 OK/Suspended 0,1

Resources

Foods
20 Food & Water Long Integer
22 Drugs Long Integer

Device, tools

23 Trucks and instruments Long Integer
24 Boats Long Integer
25 Generator Long Integer
26 Water pump Long Integer

Path Street
31 Flooded, depth in centimeter Long Integer
32 Traffic jam, waiting in minute Long Integer
33 Debris, volume in cubic meter Long Integer

4.2. Implementation

4.2.1. DBMS Implementation

In the core of the system, the geodatabase, the crisis environment is simulated using relational
classes. Each of these classes is somehow connected to the actual objects of the crisis. Some classes
have a consistent and non-intelligent behavior and simulate only objects that have an interactive role,
while others are smart. At the center of this class is the “Operation” class (Figure 7, part 7), which is
equivalent to the spatial crowdsourcing service.

This class is completed in conjunction with the user class (Figure 7, part 11) and extracts the
required parameters from classes such as Request (Figure 7, part 2) and Expert (Figure 7, part 9).
Allocation class (Figure 7, part 10) is a communication center designed for recording communications
between other classes. The User class (Figure 7, part 11) is a parent of two classes with smart behaviors,
Rescuers (Figure 7, part 14) and Requests (Figure 7, part 2). These two classes simulate and execute
an intelligent behavioral search through built-in mechanisms. The search environment employs
two types of Topology (Figure 7, part 13) and Raster space (Figure 7, part 16) in searching for smart
agents. The Position class (Figure 7, part 18) generates the position of all the objects in the environment.
Of course, this class acts smartly, with its own mechanism on the bank of points, produces instantaneous
location for each requestor.

Specification class (Figure 7, part 8) is the main supplier of the parameters required and observed
on the service. Resource class (Figure 7, part 14) is one of the non-smart and auxiliary classes of
the environment that puts all kinds of resources (Figure 7, part 20) required by the User’s class into
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consideration, and adjust their parameters accordingly to the new inventory. The Captions class
(Figure 7, part 1) has nothing to do with the main object class, but just to customize the display method
and the instant content of the mobile users’ GUI.
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4.2.2. Hybrid Programming for Core Development

At the end, an enterprise GIS, including our solution to the allocation problem, was designed.
This system uses spatial crowdsourcing service to obtain spatial data from users and re-distribute
system decisions made to users. Other tasks, such as management, cartography, and information
analysis, are done in the GIS’s common practice. But to implement a multi-agent solution in the context
of the GIS, a combination of programming methods was used.

Although, traditional techniques in programming such as modular, along with structured- and
object-oriented method, involve many benefits, there are some problems with these methods [48].
These methods contribute to the implementation process of huge software construction by using
separate and independent modules [49]. In addition, the decomposition of codes can facilitate the
development of the most famous software in the world. However, developers should be informed of
some important issues for hybrid and complex systems.

Further, these systems should support different plug-in techniques and raise the total speed and
design mechanisms to run modules at the requested times. Furthermore, object-oriented programming
makes the modelling simple, but it makes the programming too difficult in some cases [50]. Programmers
should think about all objects, events, interactions, synchronization time, and the like. However,
programming languages have some benefits in developing specific types of projects. Automation
software such as CRM [51] can widely spread hybrid programming by using the benefits related to
both sides [52]. Using hybrid programming allows developers to deploy the richest tools available in
some functional environment, such as a database, along with many written standard codes.

In addition, programming within a database raises the integrity of codes and optimizes the use of
data. On the other hand, functional languages are really more simple to be deployed when mathematics
is the background structure of the required mechanism. Therefore, the decision was made to do the
implementation in a hybrid mode.
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Figure 8 displays the incorporation of spatial programming via Geo-Processing [53], functional
programming within database environment, and traditional logical programming. Database views feed
required data for constraints (Figure 8, part 1), which are supported by both, spatial and non-spatial
data (Figure 8, part 5). Such constraints are indeed an upgraded type of time-geography constraints,
which we call Geo-constraints. Geo-constraints output (Figure 8, part 16) are used by ArcObjects and
ArcEngine to run function in Engine (Figure 8, part 17), the output of which feed database triggers
(Figure 8, part 4), along with the stored procedures (Figure 8, part 2). Then, such database triggers
form the search mechanism of the agent (Figure 8, part 6).
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In addition, the object-oriented method was deployed to define agents (Figure 8, part 7),
and describe the mechanism of multi-agent environments and their interaction. The application
programming interface supports the construction of software system assembling (Figure 8, part 8).
Finally, the Analysis segment in Geo Processing was reserved for further development and complex
spatial inquires (Figure 8, part 15).

4.2.3. System Configuration and User Interfaces

Systems cover a wide variety of users. Each user class uses a specific interface that meets its
requirements to communicate with other system parts. In the system design scheme, three colors are
used. The blue lines represent the flow of data, the red lines represent the flow of the crowdsourcing
service, and the green lines indicate practical actions. The recognition process may be carried out by
a group of people (Figure 9, part 1), automated intelligent agents, or traditionally by professional
rescue teams (Figure 9, part 3). Professional rescue teams and their managers can send this information
to the data server (Figure 9, part 5), while crowd information is transmitted by crowdsourcing service
to the same server (Figure 9, part 4). However, automated intelligent agents require their data to
be transmitted directly to a central geodatabase by a data intermediate user, after initial processing
(Figure 9, part 2). After processing the information in geodatabase and the GIS processor (Figure 9,
part 9), the results are transferred to the GIS server (Figure 9, part 7). Information of resources and tools
is transferred to the central server through the data server (Figure 9, part 6). Subsequently, the data
server sends crowdsourcing service to people’s smartphones to guide them and to inform them where
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to go and what to do (Figure 9, part 10). They use the resources to deploy the relief process in a crisis
environment (Figure 9, part 12). This is while the GIS server can provide some information needed by
the professional rescue teams or the monitoring crisis management center (Figure 9, part 13 and 14).
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The system has several users, and each user needs a specific cartographic view of the data.
These cartographic views are generated by the spatial analyzer (Figure 9, part 9) and are published
via the GIS server. Each cartographic view is tailored to a need. As time goes on and the discovery of
newer needs, newer views are being made.

Among the system users, the SDE (Spatial Data Engine) user is connected directly to the
geodatabase. With access to all spatial and descriptive information, the user can control all of the
operations in the system and is in some way a system administrator at the command center. In addition
to the capabilities of other users, this user can access spatial classes with a variety of spatial processing
with the help of tools, functions, and spatial queries.

For example, all people who has remained constant for a significant period of time before, and after,
the crisis and have not made any move can be identified as possible points for rescuing mission.
Figure 10a shows these points and the time of stopping since the crisis occurred.

In a similar way, it can monitor the status of resources available at the service stations in real
time, in terms of remaining percentage or capacity, in order to compensate for reduced resources.
The Figure 10b is an image of the software, in which the residual amounts of water, medicine, food,
and equipment are displayed to the logistics managers. Similarly, it categorizes rescuers according to
their fatigue in different parts of the city, and locates them on a map or creates crisis density map and
many other interesting application maps.

Another system subscriber is the user of the map server on the Internet. This user also has the
ability to identify, limit information entry and the display of cartographic information, and, of course,
has a very limited tool for analyzing spatial information. This user can use the WFS and WMS services
directly on the web and may have a client-side tool or just use the web browser. Figure 10c shows
an overview of the region’s different needs and requests with the satellite background image along
with main roads.

Perhaps the main user of this system is the crowd of people, which is almost entirely connected to
the crowdsourcing services. Different crowdsourcing users need to have the same, simple user interface
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on their smart phone to work in this system. This GUI, who uses the Open Street Map service as a
background map, is the main interface of the crowd. This GUI, and the subsequent crowdsourcing
services, have three main roles. The first role of the interface and service is to register aiding requests.
Two combo boxes are used to register the application, and the values are determined by the original
server. In other words, the system administrators can adapt domains of these combo boxes to suit the
type and the severity of the crises. Figure 10d shows crowd mobile user interface.
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Figure 10. (a) Designed analysis for finding system users with long stopping time since crisis occurred,
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Using texts to reports situations in crisis field would be difficult. Therefore, it is possible to
use icons in GUI instead of using simple buttons with text labels. In addition to the combo boxes,
two additional parameters are also taken by this interface, which are proportional to the type of selected
combo box cases that express their quantity.

The second role of this interface is crisis field identification. That is, users can report the status
of critical areas in the crisis field instead of applying for help. Users can also upload two images for
this purpose. The third role of this interface is to guide the rescuers for emergency missions. In other
words, the system first identifies the critical users with aiding requests, and then suggests them to the
appropriate rescuers, based on the method described above.

A rescue user comes in contact with a list of applicants by connecting to the system and receiving
a payroll service. Rescuers control the list and select the right item among them, then the system
guides him with its map menu. After reaching the site, if the operation is successful, the rescuer taps
the status key and informs the system that the request has been successfully completed. Otherwise,
with the touch of the Suspension key, the system will realize that it needs to send other rescuer users to
this point.

4.3. Evaluation

Our proposed solution to the allocation problem in crisis management involves actions in
the context of an enterprise GIS and the importance of this solution arises in interacting with the
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crowdsourcing service and various components of the GIS. In this way, various methods were used to
evaluate different parts of the system, service, and solution.

Aqala is a city in Golestan province of Iran and the city center of Aqala County. The city now has
about 35,000 inhabitants. The city of Aqala is located on the sides of the Gorgan River. After heavy rains
in March 2019, the city and its county was flooded by the Gorgan River. For the first time, the spatial
information system was launched on the basis of the proposed solution, and crowdsourcing services
was practically tested during the relief operations of the city.

In order to evaluate the performance and functionality of the GIS and crowdsourcing service in
the field of spatial data, the system was tested experimentally in the flood of the Aqala. We formed
two rescue teams, each team consisting of five people, and two system users were considered for
each team. The first team worked with the guidance of the system user in the northern side of the
Gorgan River, while for the second team, the system user registered only the operations performed by
the team in the southern side of the river. For the first team, before the start of the relief operation,
the system’s user was registering the requests needed by the people through the system. The first
rescue team started solving the problems based on system guidance. But the second team only acted on
the basis of their knowledge and commands to the relief operation. Of course, due to the limited time
and conditions, we used the system in offline mode. The information of the two user smartphones,
and the one on the laptop as the central server, was able to synchronize almost every six hours.

Table 2 shows the summary of collected information and operation results by team 1, compared
to team 2.

Table 2. Recorded information of missions, successes and the fails of rescue teams in six days.

Water/Food Shelter Medical Transport Total Percent

Team 1

Day1 Request 703 15 0 18 736
Success 517 2 0 0 519 71

Day2 Request 867 24 0 34 925
Success 711 5 0 3 719 77

Day3 Request 697 89 0 48 834
Success 715 19 0 5 739 88

Day4 Request 743 129 3 15 890
Success 706 28 2 11 747 83

Day5 Request 542 118 7 9 676
Success 503 31 5 4 543 80

Day6 Request 465 94 13 7 579
Success 450 25 12 3 490 85

Team 2

Day1 Mission 750 0 0 0 750
Day2 Mission 700 0 0 0 700
Day3 Mission 700 4 2 0 706
Day4 Mission 750 7 3 4 764
Day5 Mission 650 6 0 6 662
Day6 Mission 650 3 5 7 665

Failed 183 78 9 4 274 41

Total Request Team A 4640 Total Request A. without Food 623

Total Success Team A 3757 Total Success A. without Food 155

Total Success Team B 4247 Total Success B. without Food 47

When the second user of the system, in the six-day period, only recorded operations carried out
by team two, after the completion of the Sixth Day Relief operation, this user recorded unresolved
cases of relief requests from that area.

According to Figure 11 and Table 2, the results indicate that the second team failed to meet
about 40 percent of the relief needs. On the other hand, the team’s main activity merely involved the
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distribution of food without purpose. While, the first team, that operated under the system conduction,
had responded to a different range of requests with over 85% coverage.
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Team 1 worked in the northern area of the river with an approximate area of 750,000 square meters
and Team 2 in the southern region of the river with an approximate area of 446,000 square meters.
Figure 12a, shows the position and density of green relief missions and the remaining red problems in
two regions on the sixth day. Team 1, which worked with the system’s guidance in the area, had fewer
unresolved points and, on the other, covered more area.

Figure 12b shows the magnitude of water inundation on both sides of the river and the various
services provided on the sixth day. First, the map is based on the information obtained from the
crowdsourcing service. Thus, the service gives us different developmental capabilities. Second, Team 1
has been able to offer better and further services in the fields of home improvement, sanitation,
and transportation.

Figure 12c is a density map of the remaining problems on the sixth day. First, the production
of such maps by the GI system is very effective for crisis management, and secondly, Team 1 has
managed to reduce the volume of problems in the area by conduction of the system and utilizing the
crowdsourcing service. Figure 12d is a service density map by the two teams on the sixth day. Again,
Team 1 has managed to provide more and a wider variety of services.

In the next section, in order to evaluate the efficiency of the proposed algorithms and solutions,
several scenarios were defined in software and simulation environments.

In the first scenario, a simple competitive multi-agent environment was designed in AnyLogic [54].
Further, agents were programmed to touch some constant points as injured in a network space, among
which those with more touching won. In order to test the system overall speed, the agents’ numbers
were gradually increased in both AnyLogic and the developed system. As shown in Figure 13a, the speed
of the agent-based model fails as the agent abundance exceeds 23. As illustrated, the real agent-based
system, with serious complicated missions, fails even sooner, which proves the functional strength for
tackling bulky duties.
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The second scenario was defined to measure the overall fatigue of system elements. In this regard,
four medical aiding rescuer agents and 10 injured ones were defined in the proposed system and
SIMIO [55]. Then, two tests were run for the proposed system. Regarding the first test, the agents
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used the Euclidean shortest path while they used the optimum path algorithm for the second test.
SIMIO (Simulation Software system) used its own algorithm to find the optimum path. As displayed
in Figure 13b, the designed optimum path decreases the overall fatigue of system elements. In other
words, the proposed solution had the best results, compared to the Euclidean algorithm which reveals
the worst. In this graph, the x-axis represents the time in minutes, and the y-axis represents the fatigue
of agents in percentage.

Regarding the third scenario, four rescuer agents and 12 injured agents in different classes were
defined to test the accuracy of rescuer agent selections. Each injured used two services of different
classes. An expert rescuer was asked to choose the proper injured agents for any given rescuer agents.
In addition, two other university students were asked to choose. Then, all results were compared to
SIMIO and developed system selection. As illustrated in Figure 13c, the similarity of decisions was
taken by the proposed methods and the SIMIO to expert rescuer was approximately two times more
than the volunteer students.

The fourth scenario focused on the total system operation. First, 2 rescuer agents and 4 injured
were initialized in the proposed system. Then, two teams including 4 volunteer students participated
in in the test. Further, the location of the injured and rescuers were distributed in university campus.
One group was asked to the mission just using treasure map of Garmin, while, the second group was
conducted by the system. Accordingly, the waiting time were measured according to the chronometers
on the injured agents. In relation to the comparison of the injured waiting time, the group conducted
by the system could decrease the waiting time approximately to 62%, compared to another group.
In other words, considerable time was consumed for the team which just used GPS for recognizing and
making decisions (Figure 13d). In this graph, the X-axis represents the total operation time in minutes.
The Y-axis, represents the delay time of rescuer agents in minutes.

Figure 13a, displays the effect of increasing the number of agents on the system response time in
AnyLogic and developed system. The vertical and horizontal axes represent the number of agents
and time in seconds. Figure 13b indicates agent fatigue volume. The blue line represents the fatigue
of agents in SIMIO; the orange line belongs to the developed system, while it uses simple Euclidean
distance, and; the gray line displays fatigue volume of agents in the developed system by using
optimum path algorithm. Figure 13c shows number of correct choices, which are made by agents in
the proposed system. It compares the correct choices that have been made by our system, SIMIO and
two volunteer students, based on an expert selection. The right half of Figure 13d represents the total
waiting time of injured objects while two volunteers just use Garmin treasure map, where the horizontal
axis indicates the whole mission time in minutes and the vertical axis represents the total waiting time
in minutes. The left half of Figure 13d indicates the waiting time of objects, while two other volunteers
were led by crowdsourcing services.

5. Conclusions

We believe that the use of spatial crowdsourcing services can create new developments in spatial
information systems. These services can be more powerful than Volunteer Geographic Information in
producing data. This service can be used as a tool for collecting spatial information and also serve
to guide individuals in an integrated coherent operation. In other words, these services turn spatial
information systems from a consultative system to a strategic and actor system in scenes, like crisis
management. Using such a service for major problems, such as crisis management in a vast area,
utilizes the potential of people to solve the problem in a positive way. Its experimental use in the flood
Aqala crisis showed that these types of services could be a new jump in spatial information systems
after mobile GIS and VGI (Volunteered Geographic Information).

But the implementation of such a service in the context of the GIS system involves two basic issues;
designing and managing automated services. In this regard, the use of multi-agent environments
made the solution much simpler. Because designing such environments is far easier than designing
a centralized system. The use of tensor space and its models also made the process easier.
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On the other hand, designing the process is implemented in the commercial software environment,
such as SQLServer, there is more convenience and faster development. For example, a wide range
of features, such as classes, views, stored procedures, and triggers, that exist in the database space,
were used in agent programming. By using such a solution, the system can easily and quickly generate
many agents to act in simulation environment. This is very important in the development of spatial
information systems.

Of course, such a method of designing and developing, centered on the database and its tools,
reduces overall system speed. Although, similar systems can show a higher process speed, this method
will be the only practical way when the number of users increases significantly. Conventional simulation
systems are basically unable to work with a large number of users. In addition, the proposed solution
for decision mechanism of agents, has a small sensitivity to calibration parameters and has found
significant speed through the use of math and tensor tools.

But in the end, we can point to the interaction of proposed solutions with spatial information
systems. In this interaction, both parties serve each other. In other words, this solution is implemented
in the structure of a spatial information system, and along with other tools in this system, it will further
empower it. On the other hand, the solution uses the tools of these systems. For example, the physical
constraint in Hagerstrand space is the same distance in both, the Raster and vector mode, and uses
tools that are available on these spatial information systems.
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