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AN AGENT BASED APPROACH FOR PARALLEL

CONSTRAINT VERIFICATION

RADU D. GĂCEANU(1), HORIA F. POP∗,(1), AND SERGIU A. SOTOC(1)

Abstract. The medical procedure result in case of cardiac arrest is highly
dependant on several factors including the quality of chest compressions,
early defibrillation and advanced life support. Timing and precise proce-
dure compliance are critical in such situations. This paper presents an
agent-based approach for detecting erroneous procedure follow-ups. The
Erlang programming language is chosen for implementation because of its
reputation in outstanding concurrency support thus being a perfect envi-
ronment for agent-based solutions. We provide experiments on a synthetic
dataset as well as on a dataset provided by the Romanian Resuscitation
Council.

1. Introduction

In case of cardiac arrest, the result of the medical personnel performance is
greatly influenced by the time and accuracy of applying predefined procedures.
Even though investments in the infrastructure are continuously being done,
the survival rate in case of cardiac arrest remains low [6].

In order to improve this situation the Romanian Resuscitation Council
(CNRR) [1] promotes high quality education in resuscitation (basic and ad-
vanced life support) acting in Romania at national level since 1998.

Our aim is to help the Romanian Resuscitation Council to detect situ-
ations where the standard procedures have been infringed so that they can
direct their efforts in such weaker areas. We propose an agent-based approach
for detecting breaches in the standard protocols. Since the search space may
be large (nation-wide registries), providing scalable solutions is desired. The
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Erlang programming language advocates the benefits of concurrent program-
ming so it seems a good choice for our agent-based approach.

Approaches that are similar to ours are presented in [7, 8, 16]. Authors
from [16] present a review of distributed constraint satisfaction problems and
some extensions to the considered models. They propose the use of multi-agent
systems in distributed constraint satisfaction problems. In their view an agent
is responsible for instantiating several variables and in order to reach a solu-
tion agents have to negotiate over the enforced rules. Authors from [7] employ
a two dimensional grid for the agents environment in order to solve CSP prob-
lems. A solution to the problem is given by the positions of the agents on
the grid provided that no constraint is unsatisfied. In [8] propose a method-
ology called constrained partition and coordinated reaction for distributed
constraint satisfaction is presented. The introduced approach partitions the
set of constraints and associates an agent to each subset of constraints. The
process starts from an initial instantiation of variables and, according to the
authors, the solution emerges through incremental local revisions of the vari-
able instantiations. The methodology was applied on the job shop scheduling
problem and experiments show better results compared to other methods.

Our approach considers an agent for each variable and instead of finding
an assignment for all variables such that all constraints hold (like in a CSP),
our aim is to find all variable assignments for which some constraint does not
hold. The proposed problem has practical reasons and is clearly motivated in
Section 2.

The paper is organized as follows: Section 2 states the motivation of our
approach, Section 3 presents the theoretical background. The proposed ap-
proach is presented in Section 4 and is followed by Section 5 where we show our
experimental evaluation. In Section 6 we present a comparison with related
work. Finally, conclusions and ideas for future work are presented in Section
7.

2. Motivation

In cardiac arrest cases, the outcome of the intervention on the patient is
greatly influenced by the time and precise compliance to well defined proce-
dures. Technological growth has facilitated the decrease of rescue teams to
patient arrival times. Nevertheless survival rates remain unsatisfactory [6].
The focus is now on improving the performance of rescue team procedures as
this is thought to be the main cause of low survival rates [9].

In this regard, the Romanian Resuscitation Council (CNRR) [1] aims to
promote high quality education in resuscitation (basic and advanced life sup-
port). Since 2004, CNRR is the unique partner of the European Resuscitation
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Council in Romania. Tasks performed by CNRR since 1998 until today in-
clude: promoting the quality of education in resuscitation; translation of the
resuscitation guidelines in 2000, 2005 and 2010; formations in resuscitation and
trauma at national level; implication in the REMSSy program, a project for
the development of the Romanian Emergency Medical Services; editing of text
books 2006, and releasing the printed version of the Romanian resuscitation
guide lines 2010; active involvement in increasing the quality of the medical
care in fields as resuscitation and post-resuscitation care; management of a
nation wide network of instructors for advanced and basic life support; im-
plication into the European Registry of Cardiac Arrest (EuReCa) since 2010;
main promoter of the Romanian Registry of Cardiac Arrest; Organization of
international conferences in the field of resuscitation 2005 and trauma in 2007.

Detecting failures in the standard procedures is highly important in order
to improve rescue team performance and possibly save lives. We propose an
agent-based approach for detecting breaches in the standard protocols. Ideally,
nation-wide registries should be available for analysis so any solution in this
direction should be scalable.

Our programming environment is the Erlang programming language. We
have chosen Erlang because it is promoted as a language with built-in support
for concurrency and distributed programming. Moreover, using a declarative
language (like Erlang) seems to be a more natural choice for implementing
agents. For example it is much easier to implement a rule-based system in a
declarative language than in an imperative one (a rule base could represent
the intelligence part of an agent).

Rule based systems are becoming key components in nowadays fields like
Semantic Web [10]. In order to make better use of artificial intelligent re-
search experience and the practical application of Semantic Web technologies,
the World Wide Web Consortium (W3C) has adopted the Web ontology lan-
guage (OWL) as a language for processing Web information [4]. Authors from
[5] note that rules represent because the standard ontology language OWL
provides only basic forms of reasoning. However, ensuring the correctness of a
rule-based approach may not always be a trivial task since the actual system
behaviour and the resources required to realize such rules may be difficult to
predict. These issues are even more disturbing in distributed rule-based sys-
tems where several communicating rule-based programs exchange information
via messages. Also, a communicated fact may be added asynchronously to the
state of the rule based system at run-time, potentially triggering a new strand
of computation which executes in parallel with current processing [10]. Since
agents in a multi-agent system can operate asynchronously and in parallel
their use in a distributed rule-based environment may result in increased over-
all speed. A multi-agent based approach in general is more desirable compared
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to a centralised approach because it makes the system more robust, reliable,
scalable, flexible, cost effective, easier to develop and reuse [14].

3. Theoretical background

An agent is an entity that can be viewed as perceiving its environment
through sensors and acting upon that environment through effectors [13]. An
agent that always tries to optimize an appropriate performance measure is
called a rational agent. Such a definition of a rational agent is fairly general
and can include human agents (having eyes as sensors, hands as actuators),
robotic agents (having cameras as sensors, wheels as actuators), or software
agents (having a graphical user interface as sensor and as actuator). Software
agents are generally thought to act independently of the user intervention.
According to [13, 12] agents exhibit the following characteristics:

• autonomy
• reactivity
• pro-activity
• sociability
• intelligence
• mobility
• self-organization.

The most attractive property is self-organization, that is, the ability to
improve its behaviour without external influence or guidance.

An agent always has an associated environment, being able to act au-
tonomously in order to accomplish its objectives. It only plays a role and
operates in the environment through its sensors and effectors.

An abstract view of an agent is best expressed by Figure 1. However, such
a view of an agent is fairly general and hence this abstract architecture should
be refined. As described in [15] the agent’s decision function may be separated
into perception and action subsystems. In this sense, the agent may be seen as
a pair Ag =< see, action >, where the function see maps environment states
to percepts and the function action maps sequences of percepts to actions:

see : E → Per(1)

action : Per∗ → Ac(2)

An intelligent agent has all the abilities of a software agent plus the skill
of communicating with other agents, being reactive at the changes in the
environment, having at least a partial representation of it. An intelligent
agent is driven by completing its goals, it has its own resources, is able to
completely understand the environment and is also able to learn.

Usually agents coexist and interact forming Multi-agent Systems (MAS).
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Figure 1. An agent perceiving its environment. The agent
takes sensory input from the environment, and outputs actions
that modify the environment.

Definition 3.1. In computer science, a multi agent system (MAS) is a system
composed of several interacting agents, collectively capable of reaching goals
that are difficult to achieve by an individual agent or monolithic system.

The precise nature of the agents is not clearly established. MAS may
also include human agents. Examples of multi agent systems include human
organizations and society in general.

Remark 3.1. In a multi agent system, agents can be software agents, robots
and also humans.

Remark 3.2. As a consequence to Remark 3.1 it follows that there is no single
agent system.

A multi agent system has the following advantages:

• it is inherently a distributed architecture and thus critical failures and
performance bottlenecks are avoided
• allows interconnection of legacy systems
• problems like task allocation, team planning, complex phenomena sim-
ulation are naturally modelled in terms of interacting agents
• efficiently operates with information from spatially distributed sources
• suitable in situations where knowledge is distributed temporally and
spatially
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• enhances system performance at least in the following aspects of com-
putational efficiency, robustness, reliability, and extensibility.

Some of the important things that need to be taken into consideration
when dealing with a MAS are: communication between agents, collaboration
and coordination [12]. The interactions between agents in a MAS can be
either cooperative or selfish [12, 15, 11]. The information exchange is done
using Agent Communication Languages like KQML [2] and FIPA ACL [3].

4. Proposed model

We propose an agent-based model for the parallel constraint verification
problem.

Definition 4.1. Given:

• A set of variables V = {Vi|i = 1, |V|}
• A set of domains D = {Di|i = 1, |D|}, where each Di is finite and

discrete, |V| = |D| and Vk ∈ Dk, ∀k = 1, |V|
• A set of rules R = {R(Pi)|i = 1, |R|}, where each Pi represents a
subset of variables from V , and each rule R(Pi) represents a relation
over the given subset of variables Pi.

The constraint verification problem consists in finding all ordered bags

S =< v1, v2, . . . , v|V| >(3)

s.t. ∃S′ ⊆ S, ∃i ∈ {1, . . . , |R|} where R(Pi) is not satisfied.

We consider the environment E of an agent as a finite set of states:

E = {ei|i = 1, |V|},(4)

where ei ⊆< v1, . . . , v|V| >.
The set of all possible actions an agent may choose from is:

Ac = {α(Ri)|i = 1, |Ac|},(5)

where α(Ri) denotes the action taken by the agent when rule Ri ∈ R is
triggered.

Definition 4.2. A behaviour, b, of an agent in an environment is a sequence
of state transitions:

b : e0
α(R0)−−−−→ e1

α(R1)−−−−→ . . .
α(Ru−1)−−−−−→ eu(6)

Definition 4.3. An agent in the environment is:

Ag : BE → Ac(7)
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where BE is the subset of all possible behaviours b that end with an environment
state.

A sketch of our approach to the constraint verification process is given
in Algorithms 4.1 and 4.2. The main algorithm spawns a new agent for each
considered record of data. By a record we mean an ordered set of values for all
variables from V. In its behaviour, each agent is checking the rules consistency
against the provided data record.

Algorithm 4.1 Spawn Agents

1: Input: V, D, R
2: for all records L =< v1, v2, . . . , v|V| > do
3: SpawnAgent(AgentBehaviour, L,R)
4: end for

Algorithm 4.2 Agent Behaviour

1: Input: L =< v1, v2, . . . , v|V| >,R
2: for all rules R ∈ R do
3: P ← GetV alues(R,L)
4: SW ← CheckConsistency(R,P )
5: ProcessResult(P, SW )
6: end for

Algorithm 4.2 describes an agent’s behaviour. The agent receives an in-
stance L and the set of rules R. For each rule R from the set of rules the agent
checks whether the rule holds given L. GetV alues is a convenience function
which, given L, returns a list P of variable values occurring in rule R. The
CheckConsistency function checks if the rule R holds given P and returns a
boolean SW . In the ProcessResult function we only print the values P in a
file if SW is false, i.e., the rule R did not hold over L.

5. Experiments

In order to evaluate our approach we have performed two experiments. For
the first one we have used a dataset provided by the Romanian Resuscitation
Council while the second experiment is on a synthetic dataset.

One of the CNRR datasets consists of 698 instances and 49 variables of
categorical data recording information such as: date of cardiac arrest, time of
collapse, treatment before team arrival, time of CPR (Cardiopulmonary Re-
suscitation) by rescuer, defibrillation time by rescuer, number of shocks, time
of first cardiac rhythm analysis, defibrillator type etc. The data is noisy and
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there are a lot of missing values. After a preprocessing phase 62 instances
having the following variables were selected for analysis: patient id, time of
CA (Cardiac Arrest) establishment, time of CPR, time of first cardiac rhythm
analysis, time of defibrillation. Between these variables there is only one con-
straint: they have to be in increasing order.

In Table 1 we show the problematic instances as resulted from the execu-
tion on the CNRR dataset.

Id CA CPR First CRA Defibrillation Deceased
73 9:05 9:00 9:00 9:00 6 Feb 2011
19 0:45 0:45 23:00 0:45 None
1225 19:40 19:30 19:27 19:34 5 May 2009
2170 16:25 16:45 16:47 16:46 8 Jul 2011

Table 1. CNRR dataset. Column Id represents the pa-
tient Id, column CA denotes the time of cardiac arrest, CPR
represents the time of cardiopulmonary resuscitation, column
FirstCRA represents the time of the first cardiac rhythm anal-
ysis, Defibrillation represents the time of defibrillation and
column Deceased represents the decease date of the patient.

Instance 73 is not valid because the reported time of cardiac arrest is af-
ter the reported time of CPR. In case of instance 19 the time of first cardiac
rhythm analysis is far from the other reported times. Instance 1225 is prob-
lematic since the times of cardiac arrest, cardiopulmonary resuscitation and
first cardiac rhythm analysis are not in chronological order. In instance 2170
reports a defibrillation time before the time of First CRA. We notice that all
patients are deceased or the information regarding their survival is missing.

Analysing the considered dataset (after preprocessing and feature selec-
tion) we notice that 45.16% of the patients have actually survived. The fact
that all the reported problematic instances represent data from patients that
have not survived is disturbing. The dataset resulted after preprocessing is
indeed small compared to the original and hence a general conclusion regard-
ing a certain correlation cannot be drawn. Nevertheless, the question is if the
procedures followed by the rescue team in the case of the reported problems
have been accurately followed. Our results show that the procedures may not
have been followed in the case of patients from Table 1. Could this be the
cause of their death?
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Our second experiment was done on a synthetic dataset. We have gener-
ated 10000 instances with 10 variables imposing the following rules:

R1 : X1 ≤ X2 ≤ X3 ≤ X4,(8)

R2 : X5 ≤ X6,(9)

R3 : X7 ≤ X8,(10)

R4 : X9 ≤ X10.(11)

A snapshot of the dataset is shown in Table 2.

Id X1 X2 X3 X4 X5 X6 X7 X8 X9 X10
0 19:18 15:04 8:15 17:09 13:10 5:09 10:42 0:06 19:00 18:35
1 23:06 7:08 3:48 1:57 20:48 22:33 12:42 10:45 6:18 10:08
2 3:47 14:03 12:57 12:36 11:18 8:30 16:49 12:22 22:03 3:25

Table 2. Synthetic dataset (snapshot).

Table 3 shows the problematic times (with respect to the considered rules)
of the instances considered in Table 2.

Id 0 Id 1 Id 2
19:18 15:04 8:15 17:09 23:06 7:08 3:48 1:57 3:47 14:03 12:57 12:36
13:10 5:09 None 11:18 8:30
10:42 0:06 12:42 10:45 16:49 12:22
19:00 18:35 None 22:03 3:25

Table 3. Synthetic dataset (snapshot) — result.

In Figure 2 we show the performance of the execution on the synthetic
dataset considering 10 episodes.

6. Comparison to related work

Authors from [7] use a two dimensional grid of agents in order to check that
all constraints of a CSP problem are satisfied. As opposed to their approach,
our aim is to find all variable assignments for which some constraint does
not hold. Thus, even though both approaches deal with software agents and
rule-checking, the proposed frameworks are fundamentally different.

In [8], the authors introduce a methodology called constraint partition and
coordinated reaction for distributed constraint satisfaction. In their approach
the instantiation of a variable depends on a set of agents who can negate or
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Figure 2. Execution performance on 10 episodes.

approve the instantiation of the same variable confirmed by some agent before-
hand, and this is what authors from [8] call distributed constraint satisfaction
with coordination reaction. A final solution is an instantiation of all variables
that all agents agree on, i.e. it does not violate any constraints. The authors
from [8] have improved this method by adding the responsibility for enforcing
constraints of a particular type to specialist agents. The agents coordinate
to iteratively change the instantiation of variables under their jurisdiction ac-
cording to their specialized perspective. Experiments on a benchmark suite of
job shop scheduling problems show promising results. While authors from [8]
are focusing on finding variable values that match all rules, our aim is to find
all instances that don’t match some rule.

Authors from [16] advocate that distributed constraint satisfaction prob-
lem solving provide a useful mechanism for formalizing cooperative distributed
problems in general. They present the asynchronous backtracking algorithm
that allows agents to act asynchronously and concurrently, in contrast to the
traditional sequential backtracking techniques employed in constraint satisfac-
tion problems. The authors from [16] use one agent for each variable. Each
agent instantiate its variable concurrently and use message passing in order
come to an agreement. In contrast to this approach we assign agents to in-
stances, not to variables. As soon as an agent has evaluated an instance, it
may resume its execution and check another instance (or it may be replaced
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by another newly created agent) and hence the number of agents remains con-
stant with respect to the number of instances. This is not the case in the
approach from [16] though, where the number of agents grows linearly with
the number of variables; however this is seldom an issue.

7. Conclusions and future work

An agent-based approach to parallel constraint verification is presented in
this paper. We use a dataset provided by CNRR and synthetic one.

The CNRR provided dataset contains highly noisy data and hence after
preprocessing it we obtain only a small fraction of the original instances. Our
agent-based approach is able to detect problematic instances corresponding
to patients that have not survived. Actually all the detected instances corre-
spond to patients that are either dead or any information regarding survival
is missing.

Our future work will focus on: extending our system with a rule inference
engine, fuzzifying the rules, improving the performance of our system.
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