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1  Introduction 

An agent that is reasoning about the world often needs to draw (defeasible) 
conclusions that are not logically entailed by its (incomplete) knowledge about the 
world. Nonmonotonic reasoning systems can be used to model these reasoning 
patterns. Implementations of agents that can reason in a defeasible manner need to 
include an implemented nonmonotonic reasoning system. In different applications, 
agents may need different types of nonmonotonic reasoning. Therefore, it is useful to 
develop a generic reasoning system that covers different types of nonmonotonic 
reasoning (as opposed to implementations for one specific nonmonotonic formalism as 
in e.g., [Ni96], [RS94] or [CMT96]). Moreover, the development of such a generic 
reasoning system can be made in a transparent manner if a central role is played by an 
implementation-independent design specification based on current software 
engineering principles, such as compositionality and information hiding.  
 Reasoning can be seen as an activity of an agent taking place in time. The 
agent starts with a set of initial beliefs to which it applies some (nonmonotonic) rules 
to arrive at a new state, in which it has more knowledge. In this new state, the agent 
may again apply rules to arrive at a next state. Viewing the agent from the outside, we 
can look at the knowledge of the agent at all points in time. Thus, more formally, we 
can describe the behavior of this agent by a reasoning trace, or a temporal model that 
describes what the agent knows at the different points in time. Since (nonmonotonic) 
reasoning may be nondeterministic (the agent may have a choice of which rules to 
apply), we should allow multiple traces that start with the same set of initial beliefs. If 
we want to describe the reasoning of the agent exhaustively, we may incorporate 
traces starting with any set of initial beliefs. To specify such sets of temporal models 
(or traces), temporal logic can be used. This general temporal view of reasoning was 
put forth in [ET96], where we introduced a formal notion of temporal model, and a 
temporal specification language suited to specify sets of temporal models. In the 
current paper a design and specification of an executable nonmonotonic reasoning 
system to implement this generic approach to nonmonotonic reasoning is presented. 
For any specification of a theory of nonmonotonic reasoning, given as an input to the 
system, the possible reasoning traces are generated. 
 The system was developed using the compositional modelling environment 
DESIRE (framework for DEsign and Specification of Interacting REasoning 
components; see [LPT92], [BDJT97], [BTWW95]). This environment for the 



development of compositional reasoning systems and multi-agent systems has been 
successfully used to design various types of reasoning systems and multi-agent 
systems and applications in particular domains. The DESIRE software environment 
offers a graphical editor, an implementation generator and an execution environment 
to execute specifications automatically. In its use to build complex reasoning systems, 
DESIRE can be viewed as an advanced theorem proving environment in which both 
the knowledge and the control of the reasoning can be specified in an explicit, 
declarative and compositional manner.  
 In this paper, in Section 2 we briefly summarize the generic approach 
introduced in [ET96]. In Section 3 a very brief introduction to DESIRE is presented. 
In Section 4 the design of the nonmonotonic reasoning system is discussed. An 
example trace of the system is described in Section 5, and Section 6 gives conclusions 
and suggestions for further research. 

2  Temporal Specification of Nonmonotonic Reasoning 

In this section we will briefly review the main notions introduced in [ET96]. The basic 
language in which the agent expresses its beliefs will be propositional logic. 
Semantically, a state is a set of propositional models, representing the set of beliefs 
consisting of the formulas true in all models in the state. 

Definition 2.1 (Temporal Model) 
  i) An information state is a non-empty set of propositional models. A 
propositional formula  m  is true in an information state  M, denoted  M ��m,  if  m 
��m  for all  m ��M. For two information states  M, N, we say M  contains more 
information than  N, denoted  N ��M  if  M ��N. 
  i) A temporal model  is a sequence  (4�s)s � N  where each  4�s  is an information 
state. 
 ii) A temporal model  4  is conservative  if  4�s ��4�s+1  for all  s ��N. 
iii) The refinement ordering  �  on temporal models is defined by: 
 4���5  �²�� for all  s :   4�s���5�s  and  4�0 = 5�0. 

Note that when  N ��M, for all propositional formulas  m  we have  N ��m��¶�M ��m, so 
that indeed M  contains more information than  N. The conservativity of a temporal 
model means that the agent never forgets anything it has previously deduced. The 
temporal language we will introduce contains the operators   H0, F, G  and C  which 
refer respectively to knowledge at point 0, knowledge at some point in the future, at all 
points in the future, and to knowledge in the current time point. The formal semantics 
of these operators are as follows. 

Definition 2.2 (Temporal Interpretation) 
a) For a propositional formulae  §: 
 (4�, s) ��F§� ²� there exists  t ��N ,  t > s  such that  4 t � §�

 (4�, s) ��G§� ²� for all  t ��N  with   t > s: 4 t ��§�

 (4�, s) ��C§� ²� 4 s ��§�



� (4�, s) ��H0§� ²� 4 0 ��§�

b) For a temporal formula  m:�
� (4�, s) ��Å�m� ²� it is not the case that   (4�, s) ��m�

c) For a set  A  of temporal formula: 
 (4�, s) ��ªA ²� for all  §���A:  (4�, s) ��§  
d) A formula  §  is true in a model  4�, denoted  4���§, if for all  s ��N:  (4�, s) ��§�

e) A set of formulae  T  is true in a model  4�, denoted  4���T, if for all  §���T, 
4 � §. We call  4  a model of  T. 

In a specification, we allow only a certain format in the temporal formulas, which 
corresponds to the application of a rule by the agent: 

Definition 2.3 (Reasoning Theories) 
a) A formula is called a (nonmonotonic) reasoning formula if it is of the form 
 m�ª���ª�§�ª����µ�G�, where 
  m��= ª{ H0���| ����A }  for a set of propositional formulae  A. 

  ���= ª{ Å�H0��| ����B }  for a set of propositional formulae  B. 

  §��= ª{ Å�F°�| °���C }  for a set of propositional formulae  C. 

  ���= ª{ C��| ����D }  for a set of propositional formulae  D. 
  ����is a propositional formula. 
b) A set  Th  of reasoning formulae is called a theory of reasoning.  

In a temporal model of a theory of reasoning, all (nonmonotonic) rules which are 
applicable at some point in time, have actually been applied by the agent. But we also 
want to make sure that the agent knows nothing more than what it can deduce. So we 
will look at models of a theory (the rules have been applied) in which the knowledge 
of the agent over time is minimal (the agent knows nothing more). 

Definition 2.4 (Minimal Temporal Model) 
A temporal model  4  is called a minimal model of a theory  Th  if it is a model of  
Th  and for any model 5  of  Th, if  5 � 4  then  5��=��4�. 

The minimal models of a theory describe the reasoning process of an agent specified 
by this theory. The compositional reasoning system we will describe in Section 4 will 
find these minimal models by "executing" the theory. Our approach can therefore be 
seen as an executable modal (nonmonotonic) logic (see [FO95]).  
 We will give an example of such a theory. In [ET93] it was established that 
there exists a faithful translation of Reiter’s default logic into the temporal language 
introduced above. The minimal models of the translation correspond to extensions of 
the theory. We will not go into the details of the translation, but rather give an 
example. Let the following default theory  º W, D �  be given: W = { a, d, b µ�Å�c }  and 
D = { (a: b) / b, (d: c) / c, (b: Å c) / e }. The atoms  a  and  d  will be initial facts. 
Formally, the formula  b µ�Å�c  would also be a fact, but since the generic reasoning 
system to be described below does not perform general propositional reasoning (it 
uses a subset of natural deduction called chaining), we will translate it into the 
following two rules which describe the application of the formula: 



 (1)  Cb µ�GÅ��c,  
 (2)  Cc µ�GÅ�b,  
The default rules are translated as follows: 

(1)  Cb µ�GÅ�c,  
 (2)  Cc µ�GÅ�b,  
 (3)  Ca ª�Å�FÅ�b µ�Gb,  
 (4)  Cd ª�Å�FÅ�c µ�Gc,  
 (5)  Cb ª�Å�Fc µ�Ge 
The idea behind this translation is that we should add the conclusion of a default rule 
like  (b: Å�c) / e  when  b  has been derived, and  Å�c  remains consistent throughout 
our further reasoning, which means we should never derive  c  in the future. The 
minimal models of the resulting theory are described by the following picture: 
 

Figure 1. Minimal models 

In this picture, a  1  means the corresponding atoms has been derived, a 0  means its 
negation has been derived, and a  u  means that neither the atoms nor its negation have 
been derived. The model  M  corresponds to the extension  Cn({a, b , Å�c, d, e, 
b µ�Å�c}), and the model  N  corresponds to the extension  Cn({a, Å�b, c, d, b µ�Å�c}). 
The reader familiar with default logic may check that these are (the only) extensions 
of  º W, D �. We will use this example in Section 5, where an example trace of the 
generic reasoning system is given. In this same fashion one can translate a logic 
program to a temporal theory, yielding the stable semantics. 

3  A Specification Framework for Compositional Systems 

In the framework DESIRE knowledge of 

  (1)  a task hierarchy, 
  (2)  information exchange, 
  (3)  sequencing of tasks, 
  (4)  task delegation, 
  (5)  knowledge structures 

 
are explicitly modelled and specified. Each of these types of knowledge is discussed 
below. 
 
3.1  Task Composition 
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To model and specify  composition of tasks,  knowledge of the following types is 
required: 
 o  a task hierarchy, 
 o  information a task requires as input, 
 o  information a task produces as a result of task performance 
 o  meta-object relations between tasks 

Within a task hierarchy composed and primitive tasks are distinguished: in contrast to 
primitive tasks, composed tasks are tasks for which sub-tasks are identified. Sub-tasks, 
in turn, can be either composed or primitive. Tasks are directly related to components: 
composed tasks are specified as composed components and primitive tasks as 
primitive components. Primitive components are executed by a simple classical 
deduction system, based on the inference relation chaining (modus ponens and 
conjunction introduction). 
 Information required/produced by a task is defined by input and output signatures 
of a component. The signatures used to name the information are defined in a 
predicate logic with a hierarchically ordered sort structure (order-sorted predicate 
logic). Units of information are represented by the ground atoms defined in the 
signature. 
 The role information plays within reasoning is indicated by the level of an atom 
within a signature: different (meta)levels may be distinguished. In a two-level 
situation the lowest level is termed object level information, and the second level 
meta-level information. Meta-level information contains information about object 
level information and reasoning processes; for example, for which atoms the values 
are still unknown (epistemic information). Often more than two levels of information 
and reasoning occur, resulting in meta-meta-... information and reasoning. 
 
3.2  Information Exchange Between Tasks 
Information exchange between tasks is specified as information links between 
components. Each information link relates output of one component  A to input of 
another component B, by specifying which truth value of a specific output atom of A 
is linked with which truth value of a specific input atom of B. Atoms can be renamed: 
each component can be specified in its own language, independent of other 
components. The conditions for activation of information links are explicitly specified 
as task control knowledge: a kind of knowledge of the sequencing of tasks. 
 
3.3  Sequencing of Tasks 
Task sequencing is explicitly specified within components as task control knowledge. 
Task control knowledge includes not only knowledge of which tasks should be 
activated when and how, but also knowledge of the goals associated with task 
activation and the extent to which goals should be derived. These aspects are specified 
as component and link activation together with task control foci and  extent to define 
the component’s goals. Components are, in principle, black boxes to the task control of 
an encompassing component: task control is based purely on information about the 
success and/or failure of component reasoning. Reasoning of a component is 
considered to have been successful with respect to its task control focus if it has 
reached the goals specified by this task control focus to the extent specified (e.g., any 
or every). 



 
3.4  Delegation of Tasks 
During knowledge acquisition a task as a whole is modelled. In the course of the 
modelling process decisions are made as to which tasks are (to be) performed by 
which agent. This process results in the delegation of tasks to the parties involved in 
task execution. 
 
3.5  Knowledge Structures 
During design an appropriate structure for domain knowledge must be devised. The 
meaning of the concepts used to describe a domain and the relations between concepts 
and groups of concepts, are determined. Concepts are required to identify objects 
distinguished in a domain (domain-oriented ontology) , but also to express the 
methods and strategies employed to perform a task (task-oriented ontology). Within 
primitive components concepts and relations between concepts are defined in 
hierarchies and rules (based on order-sorted predicate logic). In a specification 
references to appropriate knowledge structures (specified elsewhere) suffice; 
compositional knowledge structures are composed by reference to other knowledge 
structures. 

4   A Generic Compositional Nonmonotonic Reasoning System 

The nonmonotonic reasoning task of finding minimal models of a reasoning theory is 
modelled as a composition of two subtasks. the first subtask generates all possible 
continuations of the reasoning trace, and the second subtask selects a continuation. 
Within the first task, first it is determined which rules are applicable. Applicable rules 
are the rules 

� � m�ª���ª�§�ª����µ�G�,  
where 
  m��= ª{ H0���| ����A }  for a set of propositional formulae  A. 

  ���= ª{ Å�H0��| ����B }  for a set of propositional formulae  B. 

  §��= ª{ Å�F°�| °���C }  for a set of propositional formulae  C. 

  ���= ª{ C��| ����D }  for a set of propositional formulae  D. 
  ����is a propositional formula. 

 
for which the conditions that refer to the past and present (i.e.,  m�,���, �) are fulfilled. 
Next, for each of the applicable rules, for the future-directed conditions  §��two 
possibilities are generated:  
-  either  the conditions that refer to the future will be fulfilled in the reasoning trace 
that is generated, or  
-  these future-directed conditions will not be fulfilled.  
In the first case the rule will contribute its conclusion to the reasoning process and we 
have to make sure in the future that the future conditions were indeed fulfilled (we add 
constraints  to ensure this). In the second case no explicit contribution will be made by 
the rule. However, in this second case, by the subsequent generation of the reasoning 
trace it will have to be guaranteed that the future-directed conditions indeed will be 



violated (and we again add constraints to ensure this). In this sense an implicit effect 
on the reasoning trace occurs: all traces that do not contradict these conditions will be 
rejected (see [ET96b]). Note that we do not try to execute the future condition; we 
merely guess whether it will be fulfilled. In this respect these rules are not of the form 
"declarative past implies imperative future" of [Ga89]. 
 The design of the compositional nonmonotonic reasoning system has been 
specified in DESIRE, according to the five types of knowledge discussed in Section 3. 
Five levels of abstraction are distinguished in the task hierarchy (see Figure 2).  
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Figure 2 . Complete task hierarchy of the system 
 
 

4.1  Top Level of the System 
At the highest level the system consists of four components. During the reasoning 
process, in the component maintain_current_state the facts are represented that have 
been derived. The component maintain_history stores relevant aspects of the reasoning 
process in order to perform belief revision if required. The reasoning is performed by 
the component generate_possible_continuations, which generates the possible next 
steps of the reasoning trace and select_continuation which chooses one of these 
possibilities. By this selection the actual next step in the reasoning trace is determined. 
In Figure 3 the information exchange at the top level of the system is depicted. (In this 
picture and the following ones, we have left out some links which go from a 



component to itself. For instance, such links are sometimes needed to model a closed-
world assumption.) 
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Figure 3 . Information exchange at the top level of the system 
 
 
4.2  Generate Possible Continuations 
Within the component generate_possible_continuations two sub-components are 
distinguished: test_applicability_of_rules and determine_combinations; see Figure 4 
for the information flow at this level.  
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Figure 4. Information exchange within generate possible continuations 
 
 



The former component is primitive and determines the rules that are applicable in the 
current state of the reasoning process. Its knowledge base consists of rules, for 
example, of the form: 
 
if   posH0condition(L: Literals, R: Rules)          if  currentcondition(L: Literals, R: 
Rules) 

and not initial_fact(L: Literals)           and not current_fact(L: Literals) 
then not applicable(R: Rules)           then not applicable(R: Rules) 

By application of a form of the Closed World Assumption, the applicable rules are 
derived. The second component determines for each of the applicable rules two 
possibilities: it is assumed that either (+)  the conditions of the rule that refer to the 
future will be fulfilled in the reasoning trace that is generated, or (-) these future-
directed conditions will not be fulfilled.  
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Figure 5. Information exchange within determine combinations 

 

The component determine_combinations is rather simple (see Figure 5). The 
applicable rules are treated one by one and combinations are constructed. Both 
subcomponents are primitive. The knowledge base of the first subcomponent just 
consists of one rule: 

if   applicable(R: Rules) 
and not covered(R: Rules) 
then infocus(R: Rules)  

The knowledge base of the second subcomponent consists of the following two rules: 

if   old_combination(C: combinations)  
and infocus(R: rules) 
and futuredependent(R: rules)  
then new_combination(app(C: 
         combinations, tup(R: rules, neg))); 

if  old_combination(C: combinations) 
and infocus(R: rules) 
then new_combination(app(C: 
              combinations, tup(R: rules, pos))); 

These rules build new combinations from old combinations and the rule in focus. The 
predicate app (for append) is used to build up a list, and the predicate tup (for tuple) is 



used to make tuples. Only rules with a part that refers to the future (futuredependent) 
are allowed not  to be applied (meaning that  tup(R: rules, neg) may occur in a 
combination). 
 
4.3  Select Continuation 
Within the component select_continuation, focus combinations are chosen one by one 
and processed (see Figure 6). 
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Figure 6.  Information exchange within select continuation 
 
 
Processing a combination is performed by first making an interpretation of the 
information represented by a combination, and subsequently checking on consistency 
against the current facts and checking the constraints (see Figures 7 and 8). 
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The knowledge base of the primitive component check_consistency consists of three 
rules, an example of which is: 



if   next(A: Atoms) 
and current(neg(A: Atoms)) 
then inconsistency  
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Figure 8. Information exchange within check combinations 

5  Example Trace 

In this section we will give an example of the execution of our generic reasoning 
system. The theory of reasoning is the translation of the example default theory of 
Section 2. When this theory is given to the generic reasoning system, the following 
will happen (in this list, on the left we will indicate the literals that are derived, on the 
right the component in which it is derived, in brackets; not everything derived in every 
component is listed and no information links are listed): 

- a, d (maintain_current_state) 

-  applicable(r3),  applicable(r4)  (test_applicability_of_rules) 

- new_combination(app(app(nil, tup(r3, pos)), tup(r4, pos))), 
new_combination(app(app(nil, tup(r3, neg)), tup(r4, pos))), 
new_combination(app(app(nil, tup(r3, pos)), tup(r4, neg))), 
new_combination(app(app(nil, tup(r3, neg)), tup(r4, neg))) (determine_combinations) 

- selectedcombination(app(app(nil, tup(r3, pos)), tup(r4, pos))) (choose_combination) 

- next(c), next(b) (interpret_combination) 

- c, b (maintain_current_state) 

- applicable(r1),  applicable(r2) (test_applicability_of_rules) 

- new_combination(app(app(nil, tup(r1, pos)), tup(r2, pos))) (determine_combinations) 

(since these rules do not refer to the future, only one combination will be generated, 
in which both rules are applied) 

- selectedcombination(app(app(nil, tup(r1, pos)), tup(r2, pos))) (choose_combination) 

- next(neg(b)), next(neg(c)) (interpret_combination) 

- inconsistency (check_consistency) 



(this uses the rule   if next(neg(A: atoms)) and current(A: atoms) then inconsistency  
with  next(neg(b))  and  current(b); now maintain_history  will be invoked with target 
set retrieve. Then  choose_combination  will fail, since there was only one 
combination at this point  - app(app(nil, tup(r1, pos)), tup(r2, pos)) - so another 
retrieve is performed.) 

- selectedcombination(app(app(nil, tup(r3, neg)), tup(r4, neg))) (choose_combination) 

- sometimes_true(neg(c), r4)), (sometimes_true(neg(b)) (interpret_combination) 

(after maintain_current_state, test_applicability_of_rules will find no more applicable 
rules). 

- incorrect(r4) (check_constraints) 

(this is derived from the constraint  sometimes_true(neg(c), r4))  and  
not(current(neg(c))); a retrieve will occur) 

- selectedcombination(app(app(nil, tup(r3, pos)), tup(r4, neg))) (choose_combination) 

- sometimes_true(neg(c), r4), next(b), never_true(neg(b)) (interpret_combination) 

- b (maintain_current_state) 

- applicable(r1), applicable(r5) (test_applicability_of_rules) 

- new_combination(app(app(nil, tup(r5, pos)), tup(r1, pos))), 
new_combination(app(app(nil, tup(r5, neg)), tup(r1, pos))) (determine_combinations) 

(r1 has to be applied (it does not refer to the future), but for r5 there is a choice) 

- selectedcombination(app(app(nil, tup(r5, pos)), tup(r1, pos))) (choose_combination) 

- next(neg(c)), next(e), never_true(c) (interpret_combination) 

- neg(c), e (maintain_current_state) 

(no more applicable rules are found by test_applicability_of_rules, so 
check_constraints is invoked, which finds no violated constraints) 

- at this point user_interaction will display the window of figure 9. 

 
The minimal model displayed corresponds to the extension based on the literals  
{a, b, Å c, d, e}. When the user clicks "no", the execution will stop. Otherwise a 
retrieve will be performed by maintain_history, after which choose_combination will 
choose the combination in which r5 is not applied (but r1 is). This will eventually lead 
to a violated constraint, so another retrieve will occur. Then choose_combination will 
take the last combination (for r3 and r4), in which r3 is not applied and r4 is. 
Ultimately, the second minimal model will be found and displayed (corresponding to 
the literals  {a, Å�b, c, d}). If the user wants to search for another minimal model, none 
will be found, and a message indicating this will be displayed, after which execution 
ends. 



 
 

Figure 9. User interaction 
 

6  Discussion 

In this paper the framework DESIRE for the design of compositional reasoning 
systems and multi-agent systems was applied to build a generic nonmonotonic 
reasoning system. The outcome is a general reasoning system that can be used to 
model different nonmonotonic reasoning formalisms (see for instance [ET94]), and 
that can be executed by a generic execution mechanism. The main advantages of using 
DESIRE (compared to a direct implementation in a programming language such as 
PROLOG) are: 
o the design is generic and has a transparent compositional structure; it is easily 

readable, modifiable and reusable. The generic nonmonotonic reasoning system is 
easily usable as a component in agents that are specified in DESIRE. For 
example, if an agent is designed that has default knowledge, then the generic 
reasoning system can be included as one of the agent’s components and the 



representation of the agent’s default knowledge can be translated to the temporal 
representation of the generic reasoning system. 

o explicit declarative specification of both the static and dynamic aspects of the 
nonmonotonic reasoning processes, including their control. The current system 
generates one or all reasoning traces that are possible without any specific 
guidance. However, a number of approaches to nonmonotonic reasoning have 
been developed that in addition use explicit knowledge about priorities between 
nonmonotonic rules (e.g., [Br94], [TT92]). This knowledge can easily be 
incorporated within the component select_continuation, in particular within its 
subcomponent choose_combination. 

Even though the efficiency of the reasoning system can be improved (by adding 
knowledge to prevent generating possible continuations that can easily be seen to 
violate constraints, by adding heuristic knowledge in the selection of continuations, 
etc.), implementations for specific nonmonotonic formalisms (e.g. for default logic, 
see [Ni95], [CMT96], or [RS94]) can often be made more efficient. In general they 
lack, however, the ability to handle different kinds of nonmonotonic reasoning, and 
the extendibility of our approach. Also, they cannot handle dynamic queries (e.g., has 
a literal been derived before time point 3). 
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