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Abstract. Diagnosis theory reasons about incomplete knowledge and only considers the past. It
distinguishes between violations and non-violations. Qualitative decision theory reasons about deci-
sion variables and considers the future. It distinguishes between fulfilled goals and unfulfilled goals.
In this paper we formalize normative diagnoses and decisions in the special purpose formalism
D|O(DE)2 as well as in extensions of the preference-based deontic kagic The biagnostic and
DEcision-theoretic framework fopeontic reasoningpiO(DE)? formalizes reasoning about viola-
tions and fulfillments, and is used to characterize the distinction between normative diagnosis theory
and (qualitative) decision theory. The extension of the preference-based deontiebagshows

how normative diagnostic and decision-theoretic reasoning — i.e. reasoning about violations and
fulfilments — can be formalized as an extension of deontic reasoning.

1. Introduction

In the Al and Law literature it is discussed whether deontic logic should be used to
formalize legal reasoning (and normative reasoning in general). Jones and Sergot
(Jones and Sergot, 1992, 1993) argue that deontic logic is a useful knowledge repre-
sentation language when the modeler wants to formalize reasoning about violations
and obligations that arise as a result of these violations, the so-called contrary-to-
duty obligations. McCarty (1994) observes that ‘one of the main features of deontic
logic is the fact that actors do not always obey the law. Indeed, it is precisely when
a forbidden act occurs, or an obligatory action does not occur, that we need the ma-
chinery of deontic logic, to detect a violation and to take appropriate action.’ These
claims are not undisputed. For example, Bench-Capon (1994) argues that in many
cases, including the widely discussed Imperial College Library Regulations, the
representation of regulations as norms is ‘at best unhelpful and at worst mislead-
ing.” In our opinion, this discussion on the use of deontic logic to formalize legal
reasoning should be extended to cover other theories of normative reasoning (von
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Wright, 1983). To this end, we discuss two formalizations of normative diagnosis
and decision theory.

1. We use the special purpose formalism©(DE)? to formalize the distinction
between normative diagnosis and decision théohglvantages of this for-
malization over the following one is that conceptually the distinction between
diagnosis and decision theory is much more clear and explicit, and it is compu-
tationally more efficient, because logical relations between norms do not have
to be taken into account.

2. We use the preference-based deontic legic with additional principles to
show that normative diagnosis and decision theory can be formalized as ex-
tensions of a suitable deontic logic. Advantages of this formalization over the
previous one is its ability to be embedded in more general forms of normative
reasoning such as for example normative conflict detection and resolution.

In this paper we use tl®agnostic anadEecision-theoretic framework faveontic
reasoningblO(DE)? to discuss the distinction between diagnostic reasoning and
decision-theoretic reasoning, represented in Figure 1. It illustrates that the two
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Figure 1. Reasoning with norms.

theories have different temporal perspectives. Diagnosis theory reasons about vio-
lations, and checks systems against given principles. In particular, it reasons about
the past with incomplete knowledge (if everything is known, then a diagnosis is

completely known). Diagnosis theory formalizes the hypothetical as-if reasoning

of a judge or public prosecutor when she checks legal systems against legal prin-
ciples. Qualitative decision theory describes how norms influence behavior and
is based on the concept of agent rationality. In contrast to diagnostic theories, a
(qualitative) decision theory reasons about the future. The main characteristic of

* See (van der Torre et al., 1997; van der Torre and Tan, 1997a) for the subtle distinctions between
the present framework and its predecessors, where we discuss ideas we previously proposed as well
as observations of other researchers on this work, and we show how these are incorporated in the
new version of the framework.
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gualitative decision theory is that it is goal oriented reasoning, for example in
planning. This reasoning is based on the application of strategies, which can be
considered as qualitative versions of the ‘maximum utility’ criterionO(DE)?
is built from first principles and contains two main ingredients. First, it contains
representations of violations to formalize the reasoning about violations of the
Dlagnostic framework fobeontic reasoning1ODE (Tan & van der Torre, 1994a,
1994c), Reiter’s theory of diagnosis (Reiter, 1987) applied to normative systems.
Second, it contains representations of fulfilled obligations, which make it possible
to formalize reasoning about goals.

Moreover, in this paper we use the preference-based deonticHogito show
how deontic logic can be used as a component in normative diagnosis theory as
well as qualitative decision theotyNormative reasoning is more than deontic
logic, because deontic logic only tells which obligations can be derived from a
set of other obligations. In particular, it characterizes the logical relations between
obligations. For example, in most deontic logics the conjunctiong is obliged,
if both p andg are obliged. Logical relations between obligations can be used in
a formalism that explains the effect of norms on behavior. Diagnostic reasoning
and decision-theoretic reasoning is formalized by adding assumptiema_td-or
example, if you approach a green traffic light on a square, and another car ap-
proaches from the left where the light is red, then you assume that the other car
will stop. This assumption cannot be explained by a deontic logic. McCarty (1994)
observes that for purposes of planning, it is often useful to assume that dotors
obey the law. He calls this treausal assumptigtt since it enables us to predict the
actions thatvill occur by reasoning about the actions thiaghtto occur. McCarty
concludes that if we adopt the causal assumption, we can use the machinery of
deontic logic to reason about the physical world. We show that the formalization of
normative diagnoses and decisionsPinL is closely related to their formalization
in DIO(DE)?.*

* The diagnosis of a normative system can use a formalism to represent norms and additional
assumptions or principles to do the diagnosis. Similarly, normative planning can use a special
formalism to represent norms and additional principles to do the planning. For example, Reiter’'s
diagnosis (Reiter, 1987) is basically a minimization principle (called the principle of parsimony).
Similarly, qualitative decision theory has a formalism for representing norms (or goals) and additional
assumptions or principles to reason with them. This raises several interesting questions, which are
not addressed in this paper. Is such a special purpose formalism a deontic logic? How do they stand
the test against the Chisholm paradox, the paradox of the gentle murderer, the problem of how to
represent permissions, the problem of conflicting obligations? What are the structural similarities
and distinctions between the different formalisms?

** For example, many of the norms of social morality ‘codify’ behavior regularities that are spon-
taneously wanted by most members of the group. The norms sanction the ‘abnormal’ behavior of the
minority. Legal norms may be a further codification of such norms of social morality. They may also
be norms protecting the interest of certain groups, who again may have a spontaneous wish to abide
to these norms.

* Qualitative decision theory is based upon the concept of (internal) preference. This preference
is a kind of desire, i.e. it is an endogenously motivating mechanism (coming from the agent itself).
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DIO(DE)? andPDL with additional assumptions are useful for applications, be-
cause they can be used as the basis of a knowledge representation language in a
decision support system. However, the formalisms do not model the legal practice
like, for example, argumentation theory (Hage, 1996; Prakken & Sartor, 1996) or
debating systems (Gordon, 1995), because the formalisms do not formalize the
legal context. For example, one feature of actual normative diagnosis in law is
that it is usually a top-down process instead of a consistency check. The legal
context usually provides just a few (often even just one) potential diagnoses. In
criminal law the prosecutor’s indictment leaves just a few options open, while in
civil proceedings it is the parties who, through their claims, focus the debate on
just a few issues. To describe this type of reasoning it seems sufficient to have
a module thatgivenan obligation p ought to be the case,’ checks whethep
can be derived. The theory provided byO(DE)? seems overkill here. However,
the prosecutor may use a decision support system based(nE)? to select an
indictment, and in civil proceedings the parties may use a decision support system
to select the claims on which they thereafter focus the debate. For these decision
problems, the formalisms discussed in this paper are useful for applications.

2. DIO(DE)?

In this section we discuss tl®agnostic andEecision-theoretic framework for
DEontic reasoning10(DE)? and we illustrate it by several examples.

2.1. DIAGNOSIS THEORY

We first discuss diagnosis theory and how this theory can be used to formalize
normative reasoning. The model-based reasoning approach to diagnosis has been
studied for several years. Numerous applications have been built, most of all for
diagnosis of physical devices. The basic paradigm is the interaction of prediction
and observation. Predictions are expected outputs given the assumption that all
the components are working properly. If a discrepancy between the output of the
system (given a particular input) and the prediction is found, then the diagnosis
procedure will search for defects in the components of the systenniBgaostic
framework for DEONtic reasoningdIODE introduced in (Tan & van der Torre,
1994a, 1994c) formalizes deontic reasoning as a kind of diagnostic reasoning.
Notice thatbIODE is not a deontic logic (it does not describe which obligations
follow from a set of obligations) and it should not be considered as such. On the

Therefore, itis not a natural candidate for dealing with normative decision-making, since a normis by
definition exogenous, in the sense that it is something the agent would not spontaneously want (Lang,
1996). This again raises interesting questions, which are not discussed in this paper. How do agents
work out norms in terms of gains and losses? What are the gains of observing norms? How do they
learn the effects of norms and how do they reason about these effects? Which rules are implied, which
ingredients enable agents to make normative decisions? In which way does a normative decision
maker differ from an ordinary decision maker, if any?
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other hand, since diagnosis reasons about violations and deontic logic is useful to
model situations where violations are important (Jones & Sergot, 1992), it makes
sense to have a deontic framework for diagnosistikeDe. The framework treats
norms as components of a system to be diagnosed; hence the system description
becomes a norms description.

The contribution of Reiter to diagnosis theory is widely accepted. His
consistency-based approa¢Reiter, 1987) is the first one to model the model-
based reasoning approach to diagnosis. The main goal is to eliminate system incon-
sistency by identifying the minimal set of abnormal components that is responsible
for the inconsistency, which are represented by the abnormality predidafehat
is, reasoning about diagnoses is based on the following assumption of diagnostic
reasoning.

Principle of parsimony is the conjecture that the set of faulty components is
minimal (with respect to set inclusion).

Related to a diagnosis is a set of measurements, the predictions given the assump-
tion that most components are working properly.

DEFINITION 1 (Diagnosis). Asystenis a pair CoOMP, SD) whereCcoMP, thesys-

tem componentss a finite set of constants denoting the components of the system,
andsb, thesystem descriptiqnis a set of first-order sentences. Abservationof

a system is a finite set of first-order sentences. A system to be diagnosed, written
as (CoOMP, SD, OBS), is a systemgomp, sD) with observationoes. A diagnosis

for (comp, sD, 0BS) is a minimal (with respect to set inclusion) setC comp

such that

CONTEXTA = SDUOBSU {Ab(c) | c € A} U {—Ab(c) | c € COMP— A}

is consistent. A diagnosia for (COMP, SD, OBS) predictsameasuremertt if and
only if CONTEXTA = I1.

We refer to the base logic afiIODE as Ly, and the fragment of£ with-
out violation constants a£. We write = for entailment in.Ly. The definition
of minimal violated-norm set is analogous to the definition of diagnosis. Just as
we can have multiple diagnoses with respect to the sarae1g, sSp, OBS), we
can have multiple minimal violated-norm sets with respect to {ORMS, ND,
FACTS). We can have more than one minimal violation state, which reflects that
we can have different situations that are optimal, i.e. as ideal as possible. Ramos
and Fiadeiro (1996) observe that in normative diagnostic reasoning Reiter’s theory
of diagnosis focuses on thminimal sets of violations. They argue that the under-
lying assumption ‘innocent until proven guilty’ is not always the right one. For
example, if constraints of a management process are modeled as obligations that
have to be fulfilled, then the assumption ‘guilty until proven innocent’ might be
more reasonable. In criminal proceedings, the defendant of the accused might want
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to argue for all possible violations of procedural norms by the prosecution. They
therefore distinguish between potential diagnoses (any subsetrfis such that
CONTEXT, is consistent) and minimal and maximal diagnoses (or violated-norm
sets, called benevolent and exigent diagnoses by Ramos & Fiadeiro).

DEFINITION 2. (DIODE). A normative systeris a tupleNs = (NORMS, ND) with
NORMS, a finite set of constant:,, ...,n;} denotingnorms andND, thenorms
description a set of first-ordetL sentences-V(n;) < (8 — «) denotingoblig-
ations A normative system to be diagnosed tupleNsb = (NORMS, ND, FACTS)
with NS = (NORMS, ND), a hormative system, arehCTsS, a set of first-ordetl
sentences that describe the factsp@tential diagnosisA of NSD is a subset of
NORMS such that

CONTEXTA = NDUFACTSU {V(n;) | n; € A}U{=V(n;) | n; € NORMS— A}

is consistent. Aminimal (maximal) diagnosig\ of NSD is a minimal (maximal)
(with respect to set inclusion) subsetNadRMS such thalCONTEXT, is consistent.
The set ofcontextual obligation®f a minimal diagnosig\ of a normative system
to be diagnosedisDis cop = {a | @ € &£, CONTEXTA = «}.

Again we emphasize thattODE does not formalize logical relations between
norms, and thus is not a deontic logic. In (van der Torre & Tan, 1997a) we discuss
the relation betweenIODE and Anderson’s reduction of Standard Deontic Logic
to alethic modal logic (Anderson, 1958). Moreover, we discuss the relation between
diagnostic reasoning and deontic logic later in this paper. Two aspects of the diag-
nostic approach are explicitly distinguishedomODE. The first aspect concerns
violation detection and looking backward perspective. The second aspect is the
principle of parsimony, a reasoning strategy to deal with incomplete information in
violation detection. This principle is formalized by the minimality condition, and
formalizes the ‘innocent until proven guilty’ assumption. This difference between
two aspects might correspond to the judge view and the lawyer view on a normative
system. In this perspective, the judge only checks whether norms are violated, and
it is the lawyer that argues forrainimal set of violations (arguing that the burden
of proof is with the prosecution). The following example adapted from (Smith,
1994) illustrate1ODE.

EXAMPLE 1 (Convention on contracts). Consider the following normative system
‘party A should deliver in time’{), ‘if the party does deliver in time, then it should
not give notice’ (n), ‘if the party does not deliver then it should give notice) (
and the party does not deliver in timed).

— NORMS = {nq, ny, ns},
— ND ={(=V(n1) < d), (=V(n2) < (d - —n)), (=V(n3) < (—=d — n))},
— FACTS = {—d}.
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It is easily checked thatONTEXT, implies{—d, V(n1), =V (ny), =V (n3) <> n}.
There are two potential diagnosi&; = {n,} andA, = {n1, n3}, whereA, is the
minimal violated-norm set and., the maximal one. The context &; implies

n and the context oA, implies —n. Hence, the minimal violated-norm saf;
implies that it is assumed that the party gives notice (innocent: the third norm is not
violated) and the maximal violated-norm s®&} assumes that it does not (guilty:
the third norm is violated).

2.2. QUALITATIVE DECISION THEORY

In the usual approaches to planning in Al, a planning agent like a robot is provided
with a description of some state of affairgy@al state and charged with the task of
discovering (or performing) some sequence of actions to achieve thaGgprabxt-
sensitivegoals are used to formalize objectives faced by the robot which reflect
graded criteria, such as time taken to fill a tank or amount of fluid spilled. In realis-
tic planning situations the robot’s objectives can be satisfied to varying degrees, and
an agent will frequently encounter goals that it cannot achieve. Context-sensitive
goals are formalized with basic concepts provided by decision theory (Dean &
Wellman, 1991; Doyle & Wellman, 1991; Boutilier, 1994).

Reasoning about goals is formalizediirO(DE)?, the biagnostic anaEcision-
theoretic framework fobeontic reasoning that extendsODE.* The crucial aspect
of goals formalized irDIODE is that goals can be fulfilled. The formal language
of DIO(DE)? contains a fulfilled-norm predicateF] to formalize these fulfilled
goals. The norma should be (done) i8 is (done)’ is formalized by-V (n) «
(B — a) and F(n) < (B A a). The formalization shows that fulfillment of a
context-sensitive goal is different from non-violation of such a goal. As a conse-
guence, knowledge referring to fulfilled goals cannot be expressedOpe. A
theory of diagnosis lik@1O(DE)? is based on the distinction between violated and
non-violated, whereas a (qualitative) decision theory is based on the distinction
between fulfilled and non-fulfilledbiO(DE)? combines reasoning about violated
and fulfilled norms. Hence, it combines reasoning about the past (violated ver-
sus non-violated) with reasoning about the future (already fulfilled versus not yet
fulfilled). As illustrated in Figure 1pI1O(DE)? combines the diagnostic reasoning
of a judge with the planning reasoning of a rational agent. For a comparison be-
tweenDIO(DE)? and Ramos and Fiadeira’sbb (Ramos & Fiadeiro, 1996, 1998)
see (van der Torre et al., 1997).

* Goals serve a dual role in most planning systems, capturing aspects ointmttionsand
desiregDoyle, 1980). Besides expressing the desirability of a state, adopting a goal represents some
commitment to pursuing that state. For example, accepting a proposition as an achievement task com-
mits the agent to finding some way to accomplish this objective, even if this requires adopting some
subtasks that may not corresponds to desirable propositions themselves (Dean & Wellman, 1991).
In our semantical interpretation, we concentrate exclusively on the role of expressing desirability,
recognizing that the result is only a partial account of the use of goals in planning systems.
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In the following Definition 3 there are two orderings on pairs of norms. The
first orderingC gives the potential diagnoses by determining the active norms, i.e.
the norms which are in force (which are the minimal elements in the orderjng
The second ordering: gives the minimal and maximal diagnoses by comparing
the pairs of norms in a similar way as diagnoses are comparmeDE.

DEFINITION 3 (pIO(DE)?). A normative systeris a tupleNs = (NORMS, ND)
whereNDx, thenorms descriptionis a set oconditional obligations

(=V(n) < (B = a) A(Fn) < (BAa))

Let NSD = (NORMS, NDy, FACTS) be a normative system to be diagnosed. A
fulfilled-violated se{A s, A,) of NSD is a pair of subsets sforRMS such that

CONTEXTpA = NDp UFACTS
U{Fn;) |n; € Af} U{—=F(;) | n; € NORMS — Af}
U{Vn;) |n € AU {=V(n;)|n € NORMS— A,}

is consistent. Le be the ordering on fulfilled-violated sets defined by the relation
(Ap,Ay) E (A}, A)ifandonlyif Ay € A’ andA, € A} . A potential diagnosis
(Ag, Ay) of NSD is a fulfilled-violated set that is mlnlmal in the orderiag Let <

be the ordering on potential diagnoses such thgt, A,) < (A, A)) if and only

if A’ € ApandA, © A} A minimal (maximal) dlagn03|(sAf, A,) of NSDis a
potential dlagn05|s that is minimal (maximal) in the ordering

The following example is adapted from Example 1 and illustratéDE)?.
EXAMPLE 2 (Transitivity). Consider the following normative system of the two
obligations ‘partyA has to deliver the goodsi) and * if party A delivers the
goods, then it has to give notice of the expected arrival date to pairtyadvance
(n), together with the fact that party did not give notice.

— NORMS = {ny, ny},

— NDp = (=V(ny) < d) A (F(ny) < d),
F (=V(n2) < (d = n)) A (F(ny) < (d An))
— FACTS = {—n}.

The potential diagnoses ara ¢, A,) = (4, {n1}) and(A¢, A,) = ({n1}, {n2}), and
their contexts imply respectivelfy~d, —n} and{d, —n}. Both potential diagnoses
are minimal.

In the first paragraph of this section we already observed that context-sensitive
goals have utilitarian or preference-based (i.e. decision-theoretic) semantics to for-
malize different degrees of goal violation (Dean & Wellman, 1991; Doyle & Well-
man, 1991; Boutilier, 1994). The obvious formalization of different degrees is to
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introduce a set of violation predicates, one for each degree of violation. Consider
for example the libel article, that discriminates between two types of violation,
insults in private and insults in public, see also (Tan and van der Torre, 1994b).
If we ignore the exception clause, then the libel article can be formalized in an
extension od10O(DE)? by the normative system of the obligation ‘it is forbidden

to insult’ and two ways to violate it: in privateand in public ¢r).

— NORMS={n}, and

— NDp ={(=V1(n) < (i = —r)) A (=Vo(n) < (i = 1) A (F(n) < —i)}.

However, this extension afiO(DE)? introduces additional complexity. The fol-
lowing example illustrates how we can formalize the libel articl®i®(DE)? by
introducing sub-norms for every way in which a norm can be violated.

EXAMPLE 3 (Degrees). Consider the following normative systerni@(DE)?.

— NORMS = {ny, ny},

 ND. = { (=V(n1) < =i) A (F(n1) < —i), }
P71l =V < (> ) A(Fp) < (i Ar) |

— FACTS = {i}.

The potential diagnosis afé ¢, A,) = ({nz}, {n1}) and(A s, Ay) = (9, {n1, na}),
where the first is minimal and the latter maximal. The context of the minimal
diagnosis implies that the insult occurred in privatg, @nd the context of the
maximal one implies that the insult occurred in pubtig].

The previous example illustrates thatO(DE)? can also formalize normative
diagnosis when the legal code refers to a non-deontic category (libel), i.e. a cat-
egory that does not contain deontic terms, by making explicit when behavior is
classified in this category (insults). Other examples of such non-deontic categories
are felony, misdemeanor, tort, and insufficient care. Prohibitions are often stated
as such non-deontic categories, to which certain legal consequences are attached
(e.g. punishability in criminal law, liability in civil law). IDIO(DE)? is to be ap-
plied to regulations that contain such concepts, then they all have to be (at least
partially) characterized by observable behavior (in other words, they have to be
translated into deontic terms). We leave it an open question whether this is feasible
in practice. Obviously, it will be much harder to characterize a case of insufficient
care than characterizing a case of libel as in Example 3, which is itself already a
simplification of the legal practice (because not all insults are a case of libel).



60 L.W.N. VAN DER TORRE AND Y.-H. TAN

3. Normative Diagnostic and Decision-Theoretic Reasoning as Extensions of
Deontic Reasoning

Ramos and Fiadeiro (1996, 1998; van der Torre et al., 1997) show that the diagnos-
tic reasoning can also be formalized as an extension of deontic reasoning by adding
principles to a suitable deontic logic. Deontic logic characterizes logical relations
between obligations. However, it does not explain how norms affect the behavior of
rational agents. Fror®p you cannot infer whether somebody will actually perform
p. This is no critique on deontic logic, it is just an observation. Deontic logic was
never intended to explain this effect of norms on behavior. However, if we want
to explain all the different aspects of normative reasoning, then we need more for-
malisms than just deontic logic (von Wright, 1983). This observation is commonly
accepted, and in Al and Law logic has been embedded (explicitly or implicitly) in
e.g. models of analogical reasoning, defeasible argumentation, procedural models
for dispute, spotting issues and heuristics for dispute. Moreover, it is also in general
Al widely accepted that reasoning is more than deductive logic.

The following formalization in our preference-based deontic lagic illus-
trates that normative diagnosis theory as well as qualitative decision theory can be
viewed as extensions of deontic logic. This formalization illustrates how logical
relations between obligations can be used in a formalism that explains the effect of
norms on behavior. In both cases the formalism contains extra principles that are
added to a deontic logic basis. For example, in the case of diagnosis theory one
of the principles that can be added to deontic logic is the parsimony principle, i.e.
the assumption that as few obligations as possible are violated. There is nothing
paradoxical in the claim that on the one hand these formalisms explain aspects
of normative behavior that deontic logic does not, whereas deontic logic is still
an essential component of these theories. In the same sense physics can explain
phenomena that mathematics cannot, whereas mathematics is still an essential
component of physics. Note that the two formalism©DE and DIO(DE)? are
not based on deontic logic, which shows that the normative diagnosis and decision
theory do not have to be formalized as extensions of deontic logic.

3.1. PREFERENCEBASED DEONTIC LOGIC

In the modal preference semanticsrafL, the accessibility relation is interpreted

as a preference relation. For examplg, < w, has to be read as ‘world is

at least as good as world,.’ It is a well-known problem from preference logics
that we cannot define an obligatianp as a strict preference gf over —p, be-
cause two obligation®p; and Op, would conflict for py A =p, and—p1 A pa.
According to the first obligatior® p,, worlds satisfyingp; A —p, are preferred to
worlds satisfying—p1 A p,, and according to the obligatiofip, vice versa. The

two preference statements are contradictory. This motivates the following weaker
definition: an obligatiorp is the absence of a preference-gf over p, see (Tan &

van der Torre, 1996; van der Torre & Tan, 1997b).
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DEFINITION 4 (Preference-based obligations). A Kripke mosiel= (W, <, V)
consists oW, a set of worldss< a binary reflexive accessibility relation interpreted
as a preference relation, aid a valuation of the propositions at the worlds. We
haveM = O(« | B) if and only if
1. for all worldsw andw’ such thatM, w = a A B andM, w’' = —a A B, we
havew’ £ w, and
2. there are such worlds andw’.

In the preference-based logic of obligations in the previous Definition 4, con-
flicts like Op A O—p are consistent. In (Tan & van der Torre, 1996; van der Torre
& Tan, 1997b) we discuss how to use other operators which make conflicts incon-
sistent. For consistent sets of premises, these operators induce the same preference
orderings as the operators discussed in this paper, and for the purposes of this paper
the distinction is irrelevant. The following definition illustrates that the modal logic
PDL can be used as the basis of a normative diagnosis or decision theory. The
definition consists of two steps. First, the preference-based deontic logic is used
to determine the active obligation se§econd, the active obligations are used to
define minimal and maximal diagnosegs.

DEFINITION 5 (Normative diagnosis). An obligation system to be diagnosed is a
tupleosb = (OBL, FACTS) with:

1. oBL, a finite set of modal sentences denoting conditional obligatidfs 8),

2. FACTS, a finite set of propositional sentences.
Theactive obligation seho is the set of obligations:

A0 = {O(a|B) | OBLU FACTS k=ppL O(|B) A B}

A minimal active obligation setA0 is a subset ohoO such thatMAO =pp,. AO
and for all subsets of MAO we haveS (~pp. AO. A potential (minimal/maximal)
diagnosisA is a (minimal/maximal) subset of a minimal active obligationsed
such that

CONTEXT, = OBLUFACTSU {—a | O(a | B) € A} U {a | O(a| B) € MAO — A}

is consistent.

The set{—a | O(x | B) € A} of CONTEXT, is related to the set of violated
norms A, in DIO(DE)? and the sefa | O(x | B) € MAO — A} is related to

* The active obligation set can also be defined in the language of the deonticripgidn
particular, we can use the factual detachment derivaionO (« | 8) — Oy (a | B).

** In (van der Torre and Tan, 1997a), we defined a set of monadic obligations called the actual
obligation set, instead of dyadic obligations of the active obligation set. Unfortunately, that definition
is flawed because witbsbp = (0BL,FACTS)=({O(q | T)}, {p}) the active obligation set contains
Oqq as well asO, (p A q). The latter derivation is obviously undesirable.
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the set of fulfilled normsA ;. The following theorem states that if we consider
the corresponding obligation systensD of the normative systemisp, then the
preference ordering induced kgD on PDL worlds corresponds to the preference
ordering induced bysb on bIO(DE)? modelst

THEOREM 1. First we define a Kripke world representation of the ordering on
potential diagnoses imIO(DE)?, and then we define a mapping fronsp of
DIO(DE)? to osD of PDL. Let <), be a relation on models ofb U FACTS of NSD
such that M; <y, M, if and only if there are potential diagnosis

Ay = (Af, Ay) and Ay = (A’ A) such thatM; = CONTEXTa1, M2 =
CONTEXTa2, and(A¢, A,) < (A’ A’). Moreover, letM be the Kripke model
(W, <,, V) representation of thls orderlng on models, i.e. witend M identical
valuations and that preserves the orderng in <,,. Finally, lett be the mapping
of a normative system to be diagnosesb of DIO(DE)? to an obligation system to
be diagnosedsD such that for each normy € NORMSWhere the norm description
ND contains the formulaaV (n;) < (B; = a;) A F(n;) < (B; A «;) there is an
obligation O («; | B;) € OSD.

Assume that we have amsD such that(A’;, A}) £ (Ay, A,) if and only if
there is a norm € NORMS such that: € A andn € A/,. Under this assumption,
the models(W, <,,, V) are models ovA0 of osD = r(NSD) and there are no
models(W, </, V) of MAO with <,,C</,.

Proof. If there is a normn € NORMS such thatn € Ay andn e A iff
(A A)) £ (Af, Ay), l.e. My £y Mo, then according to the mappingthere
is an obligationO(«a | B) € osD such that we havay; %, w,, whereMq, M,
andw1, w, have identical valuations. Hence, the theorem follows directlyofer
instead ofwAo from the assumption and the mappingWe have to proof that the
models ofMAO are exactly the models aBL, i.e. M =pp_ OBL if and only if
M EppL AO. This follows from the fact that the ordering,, is transitive, because
for any two worldsw;, w, we can find set®,; U W, = W with w; € Wy, wo € Wy,
and for allv; € Wy andv, € W, we havev; £ vs. O

The following example illustrates Theorem 1 in a non-trivial case. The obliga-
tion system contains an obligation whose antecedent is not a tautology (otherwise,
the theorem follows directly from the assumption and the mappjniloreover,
the example illustrates the use of logical derivationgin. It is a translation of
Example 2 based on the mapping in Theorem 1.

* The distinction between models and worlds explains the following distinction between
DIO(pE)2 andPbL. In DIO(DE)2 we have that ifv is implied by the facts, thea is also contextually
obliged. TherDL counterpart is thaD (« | 8) — O(x A B | B) is a theorem of the logieDL.
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EXAMPLE 4 (Transitivity,continued) Consider the obligation system of Example
2 of the two norms ‘partyd has to deliver the goodd) and ‘if party A delivers the
goods, then it has to give notice of the expected arrival date to @airtyadvance
(n)", together with the fact that ‘party did not give notice’.

— 0BL={0(d|T),0m|d)},
— FACTS={—n}.

In the logicPDL O(d A n | T) is derivable, which is the only derivable obligation
(except logical equivalences) with antecedéniThe set of active obligations con-
tains{O( | T), O(d A n | T)}, which is a minimal active set. The two potential
diagnosis ar¢O(d | T), O(d An | T)} and{O(d A n | T)} and the two contexts

of these diagnoses imply respectivétyd, —n} and{d, —n}. Finally, we compare
the analysis irPDL with the analysis irpIO(DE)? in Example 2. The diagnosis
{0(d|T),0(dAn|T)}corresponds toA ¢, A,) = (4, {n1}) and{O(d An | T)}
corresponds toA ¢, A,) = ({n1}, {n2}), in the sense that their contexts imply the
same factual fragment. FDL there is a minimal and a maximal diagnosis, whereas
in DIO(DE)? the two diagnoses are both minimal.

Theorem 1 is in general not valid when its assumption is not satisfied. The fol-
lowing example illustrates that the distinction is caused by the treatment of active
obligations.

EXAMPLE 5. Consider the following normative systemmiO(DE)?.

— NORMS = {nq, ny},

 ND. = { (=V () < (pVq) = p) A(F(n) < p), }
Tl =V < (pVv—g) = p) A (Flng) < p) |’

— FACTS= {T}

and its mapping t@sD.

—O0BL={O0(plpVvq),OplpV—q)},
— FACTS={T}.

The logicpDL derives the obligatio® (p | T), which is a minimal active obligation
set. Hence, the models efa0 only distinguish betweep and—p worlds. The
ordering on potential diagnosis 0iO(DE)? prefers the diagnosigna, n,}, ¥) to
the incomparablé?, {n.}) and (9, {n,}). Hence, the related ordering on models
distinguishes betweep, —p A ¢ and—p A —g worlds. Moreover, consider the
following normative system abiO(DE)?.

— NORMS = {nq, ny},
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 ND. = { (V1) < (g = p) A (Fn1) < (p Ag)), }
Tl (Vo) < (=g = p) A (F(n2) < (p A—q) |
— FACTS={T}.

and its mapping t@sD.

— 0BL={O0(p|q), O(p|—q)},
— FACTS=({T}.

The logicPDL does not derive any obligation with tautological antecedent, so the
minimal active obligation set is empty. Hence, the models1ad do not distin-
guish between worlds. However, there are four potential diagnosesd(DE)?:
({n1}, ), @, {n1}), (nz}, ¥) and (¥, {nz}).

In this paper, we proposed two ways to formalize normative diagnosis and de-
cisions: the special purpose formalismO (DE)? and the deontic logiepL with
additional principles. We end with a small comparison of both approaches, from
the perspective of knowledge representation. First, an advantage of the formaliza-
tion in PDL is its potential to be embedded in more general accounts of normative
reasoning. DIO(DE)? is a special purpose formalism, which can only be used for
determining normative diagnoses and decisions and not for other aspects of nor-
mative problem solving, like classification, detection and resolution of normative
conflicts, etc.pDL, on the other hand, is a full-fledged deontic logic in which for
example permissions can be expressed, and conflicts of obligations can be detected
and resolved. An application that goes beyond normative diagnosis requires a full
representation of a legal text, including all its deontic features, and is better formal-
ized in the latter. On the other hand, an advantagei©f{DE)? over a full-fledged
deontic logic likeppL is thatDIO(DE)? only needs a a fragment of deontic logic,

i.e. no permissions, negated obligations, disjunctions of obligations, nested oblig-
ations. This makes the formal system computationally less complex. For example,
for 0l100E? there are simple and efficient algorithms based on so-called conflict
sets, see (Reiter, 1987). Finally, we think that a formalizationi@(DE)? with its

V andF predicates is often conceptually more clear than deontic logic, because itis
built from first principles. For example, consider the different degrees of violation
in Example 3. InpIO(DE)?, different violation predicates or different sub-norms
can easily and intuitively formalize them. In deontic logic, however, they give rise
to so-called contrary-to-duty obligations, see (Forrester, 1984). They can also be
formalized in preference-based semantics, but their reading is counterintuitive. For

* The previous examples illustrate that we cannot take any deontic logic and add additional prin-
ciples to it, because the logic has to derive a reasonable set of actual obligations. For example, in
so-called Standard Deontic Logic SDL there is a theor@m — O(« Vv 8), which introduces an
infinite set of obligations from a single premise. With such a base logic, it is difficulty to see how
diagnoses can be defined. For a further discussion on this issue, see (Ramos & Fiadeiro, 1996, 1998;
van der Torre et al., 1997).
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example, in the libel article of Example 3 the two sub-norms are formalized by
‘you should not insult someone,” and ‘if you insult someone, then you should do it
in private’ (Tan & van der Torre, 1994b).

3.2. RELATED RESEARCH

The relation between qualitative decision theory and deontic logic has been ob-
served by several researchers, see e.g. (Pearl, 1993; Boutilier, 1994; Lang, 1996).
Pearl investigates a decision-theoretic account of conditional ought statements. He
argues that the resulting account forms a sound basis for qualitative decision theory,
thus providing a framework for qualitative planning under uncertainty. Boutilier
develops alogic of qualitative decision theory in which the basic concept of interest
is the notion ofconditional preferenceBoutilier writesI (« | 8), read ‘ideallya

given 8, to indicate that the truth of is preferred, giverg. This holds exactly
whenq is true at the most preferred of those worlds satisfyfngoutilier observes

that from a practical point of view, (« | 8) means that if the agent (only) knows

B, and the truth oB is fixed (beyond his control), then the agent ought to engure
Otherwise, shoula« occur, the agent will end up in a less than desirgbigorld.
Boutilier also observes that the statement carobghlyinterpreted as ‘if3, doo'.
Moreover, Boutilier observes that the conditional logic of preferences he proposed
is similar to the (purely semantic) deontic logic put forth by Hansson (1971).
He concludes that one may simply think bfo | 8) as expressing a conditional
obligation to see to it that holds if 8 does. Thomason and Horty (1996) and Lang
(1996) also observe the relation between qualitative decision theory and deontic
logic when they develop the foundations for qualitative decision theory.

It has also been observed in qualitative decision theory that decision-theoretic
reasoning can be considered as an extension of deontic reasoning. The simplest
definition of goals is in accordance with the general maxim ‘do the best thing pos-
sible consistent with your knowledge’. This maximum can be viewed as a strategy
for rational agent behavior that is determined by norms. This maximum is an extra
principle on top of deontic logic that explains how norms could influence behavior.
Boutilier (1994) dubbed such goals CK goals, because they seem correct when an
agent haomplete Knowledgef the world (or at least of uncontrollable atoms).

4. Conclusions

In this paper we discussedO (DE)?, theplagnostic anadEecision-theoretic frame-

work for DEontic reasoning. We used the framework to illustrate the distinction
between diagnosis theory and (qualitative) decision theory. A crucial distinction
between the two theories is their perspective on time. Diagnosis theory reasons
about incomplete knowledge and only considers the past. It distinguishes between
violations and non-violations. Qualitative decision theory reasons about decision
variables and considers the future. It distinguishes between fulfilled obligations and
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unfulfilled obligations. Moreover, in this paper we used our preference-based de-
ontic logicpbDL to show how deontic logic can be used as a component in normative
diagnosis theory as well as qualitative decision theory.
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