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Abstract. A new model of agent for acting in processes of diagnosis
where more constraints are placed on the performance in real world do-
mains is presented. Preferences on actions and policies are used to induce
a preferred course of action by the diagnosis agent. Past experience, gath-
ered from controlled trials, enables the experience agent to offer counter-
arguments for improving the diagnosis process. The outcome of actions
are introduced in the scenario and agent models to allow argumentation
on actions, not just beliefs. We argue that the approach is general and
flexible, allowing the natural integration of new knowledgeable agents,
while, at the same time, offering human agents transparency of the de-
cision process.

1 Introduction

We have studied the problem of diagnosing the deep venous thrombosis (DVT) [11,
20] by argumentation using preference policies and ontology [13], as a new ap-
proach to attain evidence-based medicine with advice from controlled trials. We
argue that the approach is general and flexible, allowing the natural integration
of new knowledgeable agents, while, at the same time, offering human agents
transparency of the decision process.

Although sometimes it is possible to make decisions in diagnosis taking into
account just the information available [1], in the cases considered above several
roles are involved in the medical decision process, a choice having to be made
between the possible conflicting opinions of each role. Additional information
may be needed for making that choice, due to the multiple options available.

Automated monitoring of medical protocols has been already tackled with a
multi-agent system [2], using a negotiation process to mediate between multiple
medical protocols, where role refers to a particular service that can be played
by a staff person. A multi-agent environment to support training of diagnostic
reasoning and modeling of domains with complex and uncertain knowledge [19]
uses Bayesian networks to provide physicians probabilistic reasoning.

The framework described in this paper aims to help automate/model the
decision making between different roles that are involved in the medical care
process by making use of the knowledge base of each role and also by additional



knowledge needed to solve conflicts of opinion between roles [13]. The decision
making of agents is more refined than planning in the real world [16] since they
are supposed to act in a sensible manner. The contribution of this paper is:
(1) a new model of agent using bipolar outcomes in argumentation [3]; (2) an
embedding of an action theory in most preferred trajectories [18]; (3) a diagnosis
scenario, which is quite pervasive.

We present first the new model of agent with outcomes and action theory
embedded, acting by considering outcomes and using argumentation to filter
out situations that are not desirable, leaving only those that are preferred. The
diagnosis of deep venous thrombosis (DVT) is selected as a running example,
where committees of experts have developed rules for acting, and where there
are also available controlled trials that capture some experience in the field. The
scenario is then presented in a formal manner, which can be easily translated
in an implementation, but can also be checked by human agents having proper
knowledge. It is followed by a sample of what gradually intrusive acting can offer.
After some discussion of related work, a few conclusions are drawn.

2 Agent Model

The knowledge of the BAGO agent is represented by the tuple (B, A, G, O) with
B: beliefs about the world, A: actions the agent is capable to carry out, G: agent
goals, and O: outcomes of the actions of the agent and/or events, which are
bipolar, that is a tuple (O+,O—). The beliefs about the world are obtained in
the processes of diagnosis by sensing actions, some of which may have a quite
high cost and therefore might be acceptable only in exceptional situations.

The real world we consider is dynamic, in the sense that actions performed
change certain predicates describing the world. Some of these changes are ob-
servable immediately (that is in the next state) while others might have other
effects later in time. The real world is also quite often not completely determin-
istic and observability may itself be reduced in complex scenarios. However, we
need to describe the world if we want to have our agents act in it with a rea-
sonable chance of obtaining the desired outcomes. Fluents are used to express
aspects of the world captured in the agent’s model [15].

The fluents F' used in the model have two subsets inertial fluents F; and
non-inertial fluents Fy, with F = F; U Fy and Fr N Fy = () as in [18]. We
express dynamic causality by rules of the form

d
f<_a7pl7-~7pn (1)

with f € F,a € A, p; € F. They are used to describe the changes that take place
when action a is executed by the agent in the situation when certain predicates
p; are true.

The static causality rules

f<s_p17“‘7pn (2)



where f € Fr, a € A, p; € F express side-effects of actions, enabling us to cap-
ture in the action theory properties that are not intended, but which nevertheless
occur in the real world when predicates p; are true.

Executability conditions given by

aéplw'wpn (3)
with a € A, p; € F show that an action can be executed when predicates p;
are true. An action may be executed if the conditions are proper, including the
presence of resources and the status of equipment (e.g. not faulty).

2.1 Preferences

The diagnosis process takes place on a time line and can be visualized as in the
figure 1. In the state s; the agents know the history H of the diagnosis process
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Fig. 1. Course of action

and have to decide about the future F, the remaining course of actions so that
the proper conclusion is reached.

In general, it is preferable for the agents to come up with a course of actions
as short as possible. Another preference can be expressed in rules recommended
by experts in the field. Although the goal G is used as an end result of a course
of actions, the negative outcomes O— are to be avoided, if possible, or otherwise
be kept to a reasonable minimum, given the goal. With various actors in such
an environment we might also have different roles to accommodate [10] due to
the organization in the particular field.

2.2 Acting

We assume that the task of the agents is to maintain some goal G = {—0,,}
(the set could include several outcomes, not just one), e.g. to make sure that a
certain situation does not occur. In the medical scenarios the agents should not
endanger the health of the patient. To achieve this task the agents should find
out whether some known condition o, (or several ) is the case for the patient,
expressed in terms of the outcomes O+ = {—o0,, 0, }. Negative outcomes include
by default the negation of the goal, but also some other unwanted attributes like
invasive procedures (which may be avoided) O— = {04, 0n1}-



The agents have to make a decision about the selection of the most preferred
action a; when the patient is in the state s; considering its possible next state
s that might include an outcome o.

Si E Sk, Ok € Sk (4)

An acceptable action is one with most preferred positive outcomes and no
negative outcomes. Some of these outcomes are known from the causality rules
(1), (2), but in some applications these rules cannot cover all the situations
encountered in practice due to an incomplete description of the real world.

Controlled trials have been run in such domains to gather experience from the
real world. They can be used to make sure that exceptions to the rules produce
a reasonable and sensible treatment of the patients, even if they are not covered
by the set of rules. If the trials show a state s;; the same with the current state
s; with some negative outcome 0,,;

agj
Sti — Stk, Sti = Si,Oni € Stk (5)

then this fact can be exploited in the decision making process to avoid an
undesirable situation. We might also use a state sy; in the trial if it is included
in the current state.

llt]‘
Sti — Stk, Sti C Si,Oni € Stk (6)

2.3 Argumentation

The approaches of planning in the real-world [16] are not acceptable in diagno-
sis problems of the kind considered in this paper since they are not concerned
with preferences and a reduced intrusion. As we have both rules describing the
recommended actions in an approximate model of the world as well as some
experience gathered in the outcomes of trials we use an agent for each knowl-
edge base. The agents come to a preferred conclusion regarding the decision on
acting by argumentation in extended logic programming [17]. A proof is
a sub-process of acting in which proponents and opponents attack each others
arguments by undercuts (attack on argument’s premise) and rebuts (attack on
argument’s conclusion).

An z/y-dialog [14] is a finite nonempty sequence of moves move; = { Player;,
Arg;} (i>1) so that:

1. Player; = P (Proponent) if i is odd and Player; = O (Opponent) if 4 is even;

2. If Player; = Player; = P (i # j) then Arg; # Arg; ;

3. If Player; = P (i > 2) then (Arg;, Arg;—1) € y, and if Player; = O (i > 1)
then (Arg;, Arg;_1) € x.

This scheme has the advantage of covering a hierarchy of notions of justifiability,
which we aim to test.



The beliefs of the agents present in the state s; are obtained by sensing ac-
tions, in diagnosis the results of the tests performed on the patient. The conflicts
are resolved by the process of argumentation which may lead to several solutions
if more alternatives are available or to no solution, depending on the rules. As
our domain of application is a realistic one, we can envisage various uses of
the framework: checking the rules for real scenarios, checking if more recent tri-
als provide new results that might be incorporated in the rules, simulation for
training, etc.

3 Diagnosis of Deep Venous Thrombosis

Suspected deep venous thrombosis (DVT) is a common condition with lifetime
cumulative incidence of 2-5%, which untreated can result in a potentially fatal
outcome. Accurate diagnosis of DVT minimizes the risk of complications and
averts exposure of patients to the risk of anticoagulant therapy. An agent acting
to achieve such goals must find a course of actions that minimizes the risk for
the patient at each moment considering the equipment available for investiga-
tion, with its positive and negative predictive value. The clinical model for the
diagnosis of deep venous thrombosis has been extensively studied, although we
use here just the knowledge in [11, 20]. It is therefore a proper challenge problem
for realistic acting.

3.1 Rules for diagnosis
Findings that are diagnostic of DVT (quoted from [11]) include the following.

1. Venous ultrasonography: Noncompressibility of the common femoral
vein or popliteal vein (grade A). Noncompressibility that is confined to
the superficial femoral vein, the distal portion of the popliteal vein, or
the deep veins of the calf is associated with a lower predictive value
(approximately 80%) and should be evaluated with venography (grade
B).

2. Impedance plethysmography: Abnormal result and a high clinical
suspicion of deep venous thrombosis (grade A). An abnormal result of
impedance plethysmography combined with a moderate or low clinical
suspicion of deep venous thrombosis should be evaluated with venous
ultrasonography or venography (grade B).

3. Venography: Intraluminal filling defect seen in more than one view
(grade A). Nonfilling of the deep veins despite repeated injection of con-
trast, although highly suggestive of deep venous thrombosis (grade C),
must be interpreted in the light of clinical presentation and other in-
vestigations (such as results of impedance plethysmography or venous
ultrasonography).

Similar rules express findings that exclude DVT (see [11]).



3.2 Controlled trials

An evaluation of D-dimer in the diagnosis of suspected DVT [20] has concluded
that DVT can be ruled out in a patient who is judged clinically unlikely to have
DVT and who has a negative D-dimer test, and therefore ultrasound testing can
be safely omitted in such patients.
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Fig. 2. Patient outcomes in the evaluation trial

The results of this controlled trial are shown in the figure 2 (see [20]). All
patients were first evaluated using a clinical model and divided into two groups
considered (clinically) unlikely or likely to have DVT. They were then randomly
assigned either to undergo ultrasound imaging alone (control group) or to un-
dergo D-dimer testing. Those in the later group then underwent ultrasound imag-
ing (Ultrason) if they had been judged clinically likely or clinically unlikely to
have DVT but the D-dimer test (!DD) was positive (+DD).

The primary outcome of this evaluation was the development of a venous
thrombo-embolic event (VTE) in patients in whom DVT had initially been ruled
out. They offer histories for re-evaluating the diagnosis model or, as we consider



here, knowledge for an evaluation agent that can also provide cues for argu-
mentation to the diagnosing agent. For example, we can see that there were
two patients judged clinically unlikely who, with a negative D-dimer test (-DD),
DVT was ruled out (-DVT) but still developed a venous thrombo-embolic event
(2 VTE). For the patients judged clinically likely a second ultrasound imaging
(Ultrason+) was performed after one week, which helped to reduce risk in the
group with the D-dimer test.

4 Scenario Model

The set of actions A = {¢, u, d, v} covers clinical, ultrasonography, D-dimer
and venography, with the results of these actions expressed as beliefs B = {cl(n),
cl(l), cl(m), cl(h), ul(dP), ul(dC), ul(n), ul(p), dd(p), dd(n), ve(n), ve(p), ve(s)}.
The effects of these actions are specified by dynamic causality

do : ve(X) Lo, venograph

Dl dy :ul(X) Ly , ultrasonograph
dy : pl(X) & p,plethysmograph
ds :cl(X) &

if the executability conditions are satisfied.

e . . . .
eg : U — suspicious, qualified
e .. . .
gl — ) €1t u < suspicious, quali fied

e ..
€2 I P < suspicious

e
es:c <

Venography (v) as action can produce a result (e.g. ve(p) — positive) if a veno-
graph is available, qualified personnel is available and the patient is clinically
SUSPLCLous.

A venous thrombo-embolic event (VTE) should be avoided at any time G =
{—wte}, by deciding whether the patient has DVT or not O+ = {—duvt, dvt},
while also avoiding an invasive procedure, if possible, O— = {invasive, vte}.
Preferences over the situation of the patient are then:

po : ~dvt < dut
PO = p1:dot < vte
P2 tnvasive < vte

with static causality expressing suspicion and invasiveness.

gl [so: invasive < ve(X)
| sy : suspicious & c(X), X #n

It is preferable for the patient not to have DVT, or to have the DVT diagnosed
rather than have a venous thrombo-embolic event (VTE), or to perform an
invasive test like venography rather than have a VTE.



4.1 Rules recommended by experts

For our AIM98 agent we show some rules recommending actions extracted from
[11] (and presented in the sub-section 2.1).

V ul(dP) V ul(dC)

(cl(m) v cl(1)
(cl(m) v cl(1)

ag : v «— ul(sF)
ay :u <« pl(a) A
R? =< az: v« pl(a) A
as : u — ve(s
ayg :p — ve(s

)
)

The rules for a diagnostic of DVT from [11] are

ro : dvt(a) «— ul(cF) V ul(p)
r1 2 dvt(b) «— ul(sF) V ul(dP) V ul(dC)
ro : dvt(a) « pl(a),cl(h)

t(

E

r3 : dvt(b) < pl(a), (cl(m) V (1))
rq : dvt(a) — ve(d)

r5 ¢ dut( (s)

and similarly for those that exclude DVT.
re : ~dvt(a) «— ve(n), cl(l)
R? =< 17 : ~dot(c) « dd(n)
rg : dvt(b) «— pl(n),dd(n)

We also need the strength of the diagnostic rules given by experts as class A,
B, C, expressed by preferences.

gro : dvt(a) < dvt(b)
gr1 @ duvt(a) < dvt(c)
)

1 ) gre:dut(b) < dvt(c)
IR = grs : ~dvt(a) < ~dut(b)
gra : ~dvt(a) < ~dvt(c)
grs : ~dvt(b) < —~dvt(c)

5 Gradually Intrusive Acting

Since reasoning about beliefs is different from reasoning about actions [5] we use
the outcome as the expected value of actions.

Let us consider the case of a patient judged clinically low to which a plethys-
mography test revealed abnormality, while the ultrasonography has shown a
normal case as shown in the figure 3. The process of argumentation [14,17] is
shown in the figure 4 for a significant patient. The AIM98Agent proposes to the
NEJM03Agent the conclusion that state of the patient excludes DVT (-dvt),
but in return the later answers with four thrombo-embolic events in his history
(4 VTEs). Therefore the AIM98Agent proposes to perform venography but the
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Fig. 3. Sequence diagram illustrating argumentation

NEJMO03Agent disagrees on the account that it is invasive and proposes in return
D-dimer, for which the former agrees. The new state s, shows a normal D-dimer
test and again AIM98Agent is tempted to exclude DVT, but the other agent
returns cases of VI'Es and proposes ultrasonography after one week, which is
accepted. After the normal situation in a week’s time the conclusion reached by
both agents is no DVT.

Let us consider the case of a patient judged clinically low to which a plethys-
mography test revealed abnormality, while the ultrasonography has shown a
normal case. The AIM98Agent is tempted to decide no DVT, but to make sure
is requesting the NEJM03Agent’s opinion about it. The NEJM03Agent retrieves
from its controlled trial history four such cases that have later developed VTEs,
and therefore cannot accept this decision. The AIM98Agent proposes venogra-
phy, but then NEJM03Agent replies that it is invasive and proposes instead
d-dimer, to which AIM98Agent agrees.

Now in situation sz, the AIM98Agent decides no DVT, letting NEJMO03Agent
know about the new proposal. Again, NEJMO03 disagrees, this time mention-
ing two such cases in its historical representation of the controlled trial, and
proposing instead ultrasonography after one week. The AIM98Agent agrees and
requests the patient to come back after one week to have ultrasonography. On
the new state sy it decides that the patient does not have DVT.



AIM : [32]

—dvt dDimer
- venogr | dDimer

NEJM : [+dvt(4 VT Es)) NEJM : [invasive(venogr)] AIM : [s3]

Fig. 4. Sample argumentation tree between the AIM98Agent and the NEJM03Agent

6 Related Work

As can be seen from the above excerpt on reasoning in our scenario to attain
the goals and preferred outcomes we cannot use just causal reasoning and plan-
ning [6]. We also need a more refined model than the one acceptable in more
frequent cases of reaching agreement [12] since the connection between available
rules for acting and their outcome is not as clear in the diagnosis case we have
considered.

In the previous implementation [13] we used the Gorgias system [10] to per-
form the argumentation within the AIM98Agent. In the current version an argu-
mentation semantics for extended logic programming [17] with preferences [14]
is used. We have also improved the model by explicitly representing the outcome
of actions, which contributes to a more clear argumentation process.

Knowledge-base distributed search using teamwork [7] is indeed very conve-
nient when knowledge is distributed as in our case. However, just searching the
knowledge-base of the agents is not enough since there is a significant differ-
ence between argumentation over action and argumentation over beliefs [4]. Our
agents need a theory of action that enables them to act and also sensing actions,
otherwise a patient will be tested too many times, sometimes by invasive tests
that may endanger life.

Arguments for reasoning about actions and values [8,9] have been used to
capture the results obtained by acting agents in practical reasoning applied to
uncertain worlds. A theory of persuasion over action [4] also uses values to enable
argumentation between actors with several attacks on proposals for action. We
decided to enhance the agent model with preferences and an action theory in
order to keep the representation closer to the real world for better transparency
to human users.

Reasoning about actions and planning with preferences [18] covers prefer-
ences between actions and preferences between final states, but is not enough
for the constraints of minimal intrusion that we need in the diagnosis of pa-
tients. Although a very nice and powerful theory for other domains, diagnosis
with minimal intrusion is more restrictive.



7 Conclusions

The model proposed for both agents and the rules to be applied in practice
(recommended by experts) is quite pervasive in the diagnosis domain. Due to
uncertainty the link of outcomes to actions is not easy to express, but human
agents are still able to make proper decisions in such an environment (if qualified
enough). We can use this framework to build artificial agents, but also to evaluate
the recommended rules vis-a-vis to the controlled trials (experience).

Since one goal is advising human agents in their decisions on acting in the
real world our next step in this line of research will be on how argumentation
on the actions could be further refined to better capture their effects on agents’
objectives.
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