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Abstract. This work addresses the generation of a personalized treatment plan from multiple clinical guidelines, for a patient with multiple
diseases (comorbid patient), as a multi-agent cooperative planning process that provides support to collaborative medical decision-making. The
proposal is based on a multi-agent planning architecture in which each
agent is capable of (1) planning a personalized treatment from a temporal Hierarchical Task Network (HTN) representation of a single-disease
guideline, and (2) coordinating with other planning agents by both sharing disease speciﬁc knowledge, and resolving the eventual conﬂicts that
may arise when conciliating diﬀerent guidelines by merging single-disease
treatment plans. The architecture follows a life cycle that starting from
a common speciﬁcation of the main high-level steps of a treatment for
a given comorbid patient, results in a detailed treatment plan without
harmful interactions among the single-disease personalized treatments.
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Introduction

The generation of personalized treatment plans for patients with a single disease
is a widely studied problem in the ﬁeld of AI in Medicine. Most of the proposed
approaches implement sophisticated problem solving processes that (1) take as
input a knowledge base containing a Computer Interpretable Guideline (CIG1 );
and (2) adapt the activities of the formal guideline, from patient-focused clinical data, in order to generate a personalized treatment to be performed at the
point of care. Although these approaches provide decision support in order for
the clinical staﬀ to eﬃciently follow the guidance provided by CPGs, they either have neglected or do not have deeply addressed the problem of planning
personalized treatments for comorbid patients (i.e., patients with multiple and
simultaneous diseases [3]). This is mainly due to the fact that a CPG gathers
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the clinical evidence for a concrete disease, and rarely considers patients with
multiple diseases in clinical trials [8].
However, the problem of tailoring a treatment plan for a comorbid patient requires to conciliate the activities recommended by several single-disease CPGs.
In this scenario, new problem solving capabilities are needed in order to detect
and resolve eventual interactions (or conﬂicts) between diﬀerent clinical knowledge sources. These interactions may be of diﬀerent types, like conﬂicts between recommended medications of diﬀerent diseases (drug-drug interactions),
adverse eﬀects on other diseases when treating the target disease (drug-disease
interactions), ineﬃcient scheduling of activities or even contradictory/redundant
recommendations [3]. Regarding this problem, diﬀerent perspectives have been
proposed as [7], [2] or [6]. However, the use of multi-agent techniques appears
to be a very suitable approach, since agents can encapsulate the expertise and
skills of a specialist (or team of specialists). The strength of these techniques has
been exploited in projects like GLINDA [1].
Some other features can be identiﬁed in this new scenario: (1) The medical
expertise is distributed among diﬀerent CPGs; (2) There is a common task that
consists of the design of a personalized treatment plan, without harmful interactions, for a comorbid patient; (3) It has to be accomplished by at least two
clinicians or by one clinician consulting at least two diﬀerent knowledge sources
and; (4) Each specialist has both disease-speciﬁc problem solving and cooperation capabilities that can exploit to carry out a collaborative medical decisionmaking process. These features fulﬁll the main requirements of a cooperative
distributed problem solving process. Moreover, the generation of a personalized
treatment plan from multiple CPGs, for a comorbid patient, can be addressed
as a multi-agent cooperative planning process. Concretely this work presents a
multi-agent planning architecture in which each agent is capable of (1) planning
a personalized treatment for a given patient, from a temporal Hierarchical Task
Network (HTN) representation of a single-disease guideline, and (2) coordinating
with other planning agents by both sharing their local, disease-speciﬁc recommendations, and resolving the eventual conﬂicts that may arise when conciliating
their single-disease plans. Thus, the architecture follows a life cycle that starting
from a common speciﬁcation of the main high-level steps of the treatment for a
given patient, it will result in a personalized plan without harmful interactions.

2

Multi-agent Planning Architecture

Figure 1(a) shows the proposed Multi-Agent Planning (MAP2 ) architecture that
is composed of an Initiator Agent and several Planning Agents. A planning agent
can be seen as the representation of a clinical specialist capable of (1) planning a
personalized, single-disease care plan (HTN planner module); (2) coordinating
with other specialists, by sharing its single-disease recommendations and experience (Coordinator module) and (3) detecting and resolving conﬂicts between
its recommendations and those of others (Conﬂict Solver module).
2
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(a) Architecture diagram











(b) Coordinator behaviour

Fig. 1. Multi-Agent Planning approach

The mission of the Initiator Agent is to send the global problem to the Planning Agents. A global problem may be deﬁned by a starting time point and
a list with the high-level steps of the care plan. For instance, the following
code shows a problem denoting that the phases of diagnosis, treatment and
follow-up have to be designed for the patient ?p starting from a speciﬁc date:
(($start == ”2012/12/21”)(Diagnosis ?p)(T reatment ?p)(F ollowU p ?p)).
Note that the process of designing a treatment plan for a comorbid patient
is a cooperative planning process that iterates over the high-level tasks of the
global problem and for each task a joint treatment plan is obtained. Such joint
plan is generated by a merging process developed by the Conﬂict Solver module
in which single-disease treatments (automatically generated by HTN planners)
are combined in order to detect and solve eventual interactions. Next subsections
brieﬂy describe the diﬀerent modules of a Planning Agent.
2.1

HTN Planner : Single-Disease Treatment Planning

The HTN planner takes as inputs a planning domain (i.e., a hierarchy of tasks
representing compound and primitive activities) and a planning problem. A planning domain encodes a single-disease CPG based on HPDL, a temporal HTN
planning language as expressive as standard CIGs languages [5]. HPDL provides
support to represent time-annotated guidelines and it is capable of representing
decisions, diﬀerent execution ﬂows and iterative task decomposition schemas. A
planning problem represents the set of goals to be achieved during the planning process (e.g., (T reatment ?p)) as well as the initial state, which is encoded
in the block Local Data of Figure 1(a). Local Data contains information about
patients (e.g., demographic and clinical data), drug medication patterns (e.g.,
dose, frequency, administration mode) as well as interactions (e.g., drug-drug
interactions, drug-disease interactions). As result, the HTN planner3 generates
a TreeStub composed of a personalized, single-disease plan (with time-annotated
primitive actions) and the rules of the planning domain applied to generate it.
3
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2.2

Conflict Solver : Plan Merging Strategy

This module develops a plan merging process by combining the planning domains
of two TreeStubs. This means that every conﬂict solver uses two diﬀerent knowledge sources4 for generating a merged, conﬂict-free treatment plan. Interactions
are avoided by means of the preconditions and eﬀects (expressed in HPDL) of
the primitive actions of the planning domain. In this way, before including a new
action to the joint plan, the following requirements must be satisﬁed: (1) this action is not contraindicated for the patient, (2) this action does not generate any
drug-drug or drug-disease conﬂict. In planning time, such conditions are checked
by comparing the clinical data of the patient (e.g., list of prescribed drugs, diagnosed diseases and contraindicated actions) with the knowledge extracted from
CPGs (e.g., interactions between drug-drug and drug-disease). Note that this
data are encoded in the Local Data block. Moreover, after adding an action to
the plan, its eﬀects are applied updating the clinical data of the patient.
2.3

Coordinator : Multi-agent Planning Cooperation

Figure 1(b) shows a ﬁnite state machine model of the behaviour of the Coordinator module. There are two diﬀerent kind of states: (1) receive, where the
agent waits for an ACLMessage 5 . from other agents, and (2) send, where the
agent performs some actions and sends an ACLMessage to other agents.
In the ﬁrst state (Receive Problem), the coordinator receives the global problem. Then, after choosing a speciﬁc task-goal of the problem and sending it to
the other agent (Choose Goal ), it waits for the reception of the other agent’s goal
(Goal Agreement ). When both agents agree on the goal to solve, each one calls
to its HTN planner to generate a local plan (Make Plan), as explained before.
Then, the planner returns a TreeStub, which is send to the other agent. In the
next state (Receive Plan), the coordinator receives the TreeStub from the other
agent and then, a merging process is performed by the conﬂict solver in order
to combine the just received TreeStub with its local plan (Share Merge). Then,
agents share their merged treatments and select the best one as the ﬁnal global
plan. The coordinator also analyses if the planning process has ﬁnished (End ),
in which case it sends the ﬁnal global plan in an ACLMessage to the initiator
agent. Otherwise, it selects the next task-goal to achieve (Choose Goal ).
Finally, the best plan is selected according to an utility function that may incorporate diﬀerent clinical criteria: (1) Eﬃciency from the institutional point of
view, by optimizing the used resources (e.g., lower cost of drugs) or the temporal
cost (e.g., lower duration of treatment); (2) Complexity from the patient point
of view, by quantifying the complexity of the medication regimen (as proposed
in [3]) and selecting the easiest one. In fact, for elderly people, it is preferable a
medication regimen with few drugs and few diﬀerent dosage schedules.
4
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Conclusions and Future Work

The proposed multi-agent planning architecture provides support for the generation of treatment plans for comorbid patients by carrying out a cooperative
planning process that, starting from a high-level description of the main steps
of a care plan, results in an interaction-free, personalized treatment plan. Such
plan is generated and merged from multiple clinical guidelines (represented as
HTN domains), in a collaborative process based on both the sharing of local
treatments (obtained by diﬀerent temporal HTN planners) and the selection of
the best proposal according to some clinical criteria (eﬃciency or complexity).
By means of a previous experimental evaluation, some simulated CPGs were
represented and some preliminary results were obtained, which support this
work. We are presently engaged in a detailed experimentation with real CPGs
of the most prevalent diseases in comorbid patients, since our research group
has already experience in the representation of real clinical knowledge in HPDL
[4]. Furthermore, we intend to work on both a more collaborative plan merging
approach with clinicians and on argumentation techniques to reach agreements.
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