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Abstract. Agent-based modeling and simulation is a promising technique utilized to
study and simulate interdependencies of complex infrastructures. This technique has
two relevant properties which couid be exploited in the field of healthcare, namely, the
re-use of simulation models and the sharing ol expertise. This research proposes a
methodaology to exploit the benefits of multi-agent systems with respect to the study of
interdependencies between rehabilitation center personnel. The design procedure began
by proposing an architectural layout which can best facilitate overall patient movement
and improve heaithcare services provided. Then, a simulation of the various personnel,
along with the patients, was analyzed and implemented, using NetLogo, an agent-based
simulation engine and environment. The simulation results showed how multi-agent
systems could shed light or interdependent system performance and assist in their
guantification. These results could then be used to make recommendations concerning
the ideal number of personnel Lo be aliocated to the rehabilitation center, thus ensuring
its maximum performance. '

1. INTRODUCTION the patient’s recovery. Successful
. L recovery of a person can also be affected
The plaqnmg f)f a rchabilitation center adversely by slack time. Quicker a
has a direct impact on the speed of person receives trealment, better are his
recovery for patients with either chances for maximum benefit [1].
traumatic brain or spinal cord injuries.
Some of the reasons for this include the Due to long distances between treatment
distance between one therapy area to the areas, some patients may receive more or
next and the lack of communication less nursing observation than " others.
between therapists and physiatrists. The Therefore, the goal of planning the
overall nature of some facilities might be layout of the patient wings must be to
dack and depressing. The lack of these minimize distances for the nurses. This
factors can definitely be a detriment to is also beneficial in the need to provide
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minimize distances for the nurses. This
is also beneficial in the need to provide
the patient with economical, high-quality
care [2]. Architect Lewis J. Sarvis
investigated the amount of travel time
nuwrses spend traveling between the
centralized nurses’ station and patient
beds. He determined that nurses spent as
much as 40% of their work day walking
to and from the patients’ beds [31.
Therefore, reducing the time nurses
spend walking between these areas and
the resulting increase in direct nurse-
patient contact has become a major
factor in rehabilitation center planning.

In order to simulate the working
environment in the rehabilitation center,
different personnel interactions need to
be decentralized and complex systems.
_Every person, either working or being
treated.in the center, needs to utilize his
own memory and reactive behavior plus
his ability to learn and plan. The
simulation of such behavior can be
modeled using multi-agent systems
(MAS).

A MAS consists of a number of agents
that are capable of being autonomous,
proactive, adaptive and socially active,
to communicate and interact sociability
with each other. These agents may
interact with each other both directly
(through =~ communication and
negotiation} or indirectly (by acting on
the environment). Agents may be able to
cooperate for their mutual benefit or they
may compete to serve their own
interests. In a multi-agent system, an
agent receives an indication of the
current state of the environment as data
input in each step of the interaction. The
agent then performs an action which
generates an output to change the state of
the environment to a more desirable state

by providing a reward or penalty. After
the agent receives an offer from an
opponent, it analyses the offer, modifies
its solution and makes a conclusion. The
updated conclusion then becomes the
agent’s a priori knowledge [4].

MAS have been used successfully in a
few healthcare and planning
applications. Xiao et al. {S] presented an
adaptive security model for MAS and
showed its potential application in a
clinical trial to develop a prototype
tumour classification system. Sud et al.
[6] used a new approach for real-time
multi-agent planning in pursuit-evasion,
terrain exploration and crowd simulation
scenarios which involved hundreds of
moving agents, each with a distinct goal.

In this research the architectural analysis
procedure was used to decide which
design is superior taking the function-
related space and ease of flow for the
different personnel in the premises into
consideration. After the design is an
MAS stage which simulates the
rehabilitation center environment, with
different personnel modeled as agents, fo
evaluate a number of performance
criteria that reflect the quality of the
rehabilitation center and the strength of
its work effectiveness.

2. THE REHABILITATION
CENTER LAYOUT

Basically, a rehabilitation center must
contain an area for the accommodation
of patients which is easily accessible to
the cafeteria, therapy area and visitation
area. The environment in which the
patient will be accommodated for the
period of his  stay must be cheerful
and secure, with confinuous supervision
by various personnel.
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Fig. 1: A bubble diagram lor the different functicral arcas of a rehabilitation center that reflect the strengths of their
relationships.

Other important areas might be the
doctors’, nurses’, laboratory and
pharmacy areas, plus the outpaticnt
services, - entry and administration
offices. The nurses’ area needs to be
“designed in such a way as to afford easy
access to patients.

Main architectural designs may be
radial, linear or clustered. Radial design
provides a dominant central space from
which a number of linear sections radiate
outward. Linear design essentially
employs a series of spaces which can be
directly related to one’ another or linked
through another separate and distinct
linear space. Lastly, clustered design
makes use of repetitive, cellular spaces
that have similar functions  and
share  a common visual trait such as
shape or orientation [7].

The proposed design in this research is a
combination of both the radial and the
clustered design, and aims to utilize the

space in such a way as to offer the
patient casy and convenient access.

3. ARCITECTURAL DESIGN

The first step in the architectural design
was to determine the various functional
areas of the rehabilitation center and
then to decide the importance of the
relationships between each function as
shown in figure 1.

Figure [ shows the function-retated areas
that enable the architect to decide how
close each area must be with respect to
the other arcas. This diagram can be
replicated many times using different
arrangements, until an ideal arrangement
is found. An additional complementary
step is performed to check the traffic
circulation and movement of the patients
and other personnel who play a role in
patient treatment, in order to decide
which design will best facilitate smooth
movement [8]. A floor plan design is
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Fip. 2: A rehabilitation center Noor luyout illustrating the different arcas of the premiscs.

then developed, based on the two
previous steps, in such a manner as (o
take into account all the constraints
surrounding the system, as shown In
figure 2.

4. SYSTEM MODELING

Agent  architecture  involves  the
fundamental mechanisms underlying the
autonomous components thal support
effective  behavior in  real-world,
dynamic, open environments. These
architectural components can be divided
into four main groups: logic-based,
reactive, belief-desire-intention (BDI),
and layered architecture.

BDI acchitecture is probably the most
popular type for agents. It has its roots in
philosophy and offers a logical theory
which defines mental attitudes including
belief, desire and intention, using modal
Jogic. BD! architecture includes and
uses an explicit representation for an
agent’s beliefs, desires, and intentions
[9]. The advantage of this approach, as it
is utilized for this research, is that the
interpreter is able to stop the program at
any time, save the state and execute a
different plan or intention, if necessary.

Pharmacy
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4.1. Designing Agents
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Fig. 3: Agent diagrams for (a) the patient. (b) the
nurse, and {c) the doclor.

The design process begins by assigning
the agent to one of three different groups
that has been selected for the simulation
process. These groups are patients,
nurses and doctors. It is important to
mention here that the doctors’ group
includes physiatrists,
neuropsychologists, physical therapists,
occupational therapists, speech therapists
and recreational therapists. The grouping
of different medical specialties into one
unit serves to provide collaborative and
interactive treatment. The next step is to
define the different roles an agent will
play, as shown in figure 3. The roles
defined for the patients’ group are to

/|Request assistance

!1independert mobility

. | Dependent mobility

4 Accompany patient

request assistance from. the nurse,
engage in independent mobility or move
with the heip of a nurse. The defined
roles for the nurses’ group are to check
on a patient, answer a patient request,
request a doclor’s attention or chose and
accompany a patient. The roles for the
doctors group include checking paticnt,
requesting a nurse. answering a nurse’s
request and lreating a patient. These
groups and their roles provide several
pieces of information  regarding
cooperation, coordination and
facilitation of information exchange
[10].

4.2, Protocols

A set of rules represents the legal
sequences of messages between agents.
This protocol is arranged around a frame
that contains (he parlicipants tn an
interaction, along  with  message
sequences. Figure 4 shows two agents
from the patients and the nurses groups.
The patient requests the attention of a
nurse and wailts for the response. Hle
calls the nurses, of which the total
number is m. 'rom those, n of the nurses
are busy while o of them are available.
He chooses from the available o nurses
closest to him. The nurse may arrive, or
fail to arrive after a certain waiting time,
set by the patient, has expired.
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Fig. 4: Sequence diagram for & palient requesting
assistance fram a nurse.

4.3, Goals, Plans and Actions

The modeling process’s next step is to
define and integrate goals, plans and
actions within the agent shell -
specifically, to associate actions with
services, protocols and events. The
fundamental unit of a goal is an action
which represents a specific task the
agent must perform. The agent itself
initiates an action, such as requesting
attention from a nurse, checking a
patient or accompanying a patient to
achieve an objective. Conditions can
interfere with the execution of a specific
action and can refer to a belief, desire or
intention (BDI) modality. A precondition
might be a call to a nurse by a patient or
a call to a doctor by a nurse.

The goal of the patient. agent is to
calculate the average waiting time which
in tum will reflect the patient’s
satisfaction with the response that he/she
experiences; this is an indication of the
quality of service offered by the center.
On the other hand, the goal of the nurse
and doctor agents js to calculate the

average service, walking and idle times.
It is important to note here that the
higher the average service time, the
better, but that doesn’t necessary mean
that the average waiting time for the
patient will be minimized. On the
contrary, the higher the average service
time, busier and less responsive to calls
the nurses and doctors become. The
simulation reflects these factors for
different numbers of patient, nurse and
doctor ratios. An increase in the number
of nurses and doctors means a decrease
in both the average waiting time for
patients and the average service time by
the nurses and doctors. Therefore, a
careful selection needs to be considered
in a real environment where performance
may not be as good as expected and the
question will turn to be how much less
compared to the simulation environment
as criteria to evaluate the personnel
effort working in the premises.

The patient agent is able to check the
distances each free nurse walks to reach
him. This behavior helps in determining
the closest one and consequently,
minimizing the average waiting time.

The nurse and doctor agent can be
wandering around on a predetermined
path or may be found in their designated
area when they are not treating a patient.
These activities are governed by
probabilistic behavior and can be set
during the simulation. A doctor’s
activity can initiate the selection of a
patient to be checked or call for his
attendance in the therapy area to
administer treatment to a specific
patient. This activity triggers the action
of a nurse to accompany the patient if he
needs assistance or the patient may make
his own way, if he is capable of
independent mobility. As
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Fig. 5: A GUI for the system simulation wilh wfic r=d circles representing paticnts, biue circles represenling nurses,
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treatment in the therapy arca requires
nurses, it is normal for the doctor to
request a certain number of nurses to be
present, regardless of the patient’s
mobility.

5. SYSTEM SIMULATION

A complete agent-based system requires
an infrastructure to facilitate message
trapsport, direciory services,
notifications of events and delivery
services. For this research, NetLogo has
been used for simulation of the agents.
NetLogo is a programmable modeling
environment, which can "be used for
simulating certain natural and social
phenomena and is particularly well
suited for modeling complex systems
developing over time. The modelers can
specify instructions to hundreds or even
thousands- of independent agents which
can all operate in parallel. This makes it

possible to explore the connection
between the micro-level behavior of
individuals and the macro-level patterns
that emerge from the interaction of many
individuals. NetLogo is the next
generation in a series of modeling
languages with agents that began with
StarLoge [11]. 1t is a medium written
entirely in Java, therefore it can be
installed and activated on most important
platforms.

The simulation uses three kinds of
agents: patients, nurses and doctors.
They move and communicate in an
environment that  represents a
rehabilitation center layout. The layout
has been modeled utilizing different
colors to guide the agent movements. A
patient agent may know his health
condition and can move around a few
predetermined areas. The patient agent is
programmed with a parameter that stores
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information about the average time that
elapses between the patient’s request for
a nurse and the time hefshe actually
arrives. Nurse and doctor agents also
have a few parameters that represent the
effort they expend while doing their
work. One of these variables stores the
total time spent in walking, compared to
the total working time. The other
variable represents the total time spent in
treating or attending a patient, compared
to the total working time.  These
parameters aid in quantifying the
performance of the center for a
determined number of patient, nurse and
doctor ratios. They can greatly assist in
deciding on the total number of staff that
may be needed so as to offer satisfactory
services.

Figure 5 shows the different variables
that can be changed during the
simulation process. The variables
include the number of palients, nurses
and doctors that play important roles in
the simulation process. The ratio of the
number of nurses and doctors to the
number of patients directly affects the
average waiting time, service time and
walking time; these are expressed as a
percentage of the total working fime
during the period that the patients are
being cared for in the rehabilitation
center. This, in turn, aids in choosing the
optimal number of personnel for the
premises.

6. CONCLUSION

The simulation presenied in this research
not only presents appropriate
architecture for  a rehabilitation

center that would offer a suitable
environment for patient treatment, but
also provides a basis which a manager
can rely upon when simulating the best

environment for a rehabilitation center.
This environment can help the manager
in deciding the appropriate number of
staff that will be needed to provide
satisfactory treatment and provides a
baseline for the comparison of the
activities that each worker is expected to
perform.

As one would expect from a multi-agent
sysiem, this model simulation can be
used in the study of an agent’s behavior
in various situations. Furthermore, it can
be used to identify  possible
enhancements which may be
instrumental  in  improving  the
performance of a rehabilitation center.
This model can also be used in creating
educational software to be utilized when
considering different scenarios which the
management and the staff may be faced
with during the course of their work.
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