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there is one (for infinite spaces the enumeration must be appropriately ordered
for this to be true). If each point of the search space is dissimilar this is the best
that can be achieved. However, for most tasks there is a great deal of
similarity among the points of the search space. As a consequence efficiency
can be gained by carrying results obtained in one region of the search space
into other regions. This is not an easy task. Unless the problem solver is
carefully designed, the increased efficiency is achieved at the cost of coherency
and exhaustivity.

Often the efficiency is gained by incorporating special case routines which
detect similarities for the particular task domain at hand. The resulting prob-
lem solver is incoherent as the presence of the special case routines confuse
content rules referring to the search space with control rules looking for
similarities. Even more devastating, the complexities of the resulting system
make it impossible to guarantee that a solution will be found in all the cases
where one exists (i.e., exhaustivity is lost).

These concerns helped prompt the development of truth maintenance sys-
tems [12] (also called belief revision or reason maintenance systems). These
systems forced a clean division within the problem solver between a component
solely concerned with the rules of the domain and a component solely con-
cerned with recording the current state of the search (i.e., the TMS). These
TMSs allow designers to increase the efficiency of problem solvers without
giving up coherency or exhaustivity. This paper presents a new assumption-
based TMS (ATMS) which, for many tasks, is more efficient than previous
TMSs and has a more coherent interface between the TMS and the problem
solver without giving up exhaustivity. In addition, the assumption-based TMS
avoids the usual restriction that only one point of the search space can be
examined at a time.

This introduction concludes with a discussion of the basic intuitions underly-
ing the ATMS. The following section analyzes search and the role a con-
ventional TMS can play. In particular, chronological backtracking is contrasted
with dependency-directed backtracking. Good as they are, all conventional
TMSs suffer, to some extent, from shortcomings which, for many problem-
solving tasks, are avoidable. The ATMS, which overcomes these shortcomings,
1s then presented in detail. The paper concludes with an overall discussion of
the ATMS algorithms plus implementation details which significantly affect
efficiency.

De Kleer shows in [7] how the basic ATMS framework supports a variety of
styles of default reasoning. It also extends the basic ATMS to correctly deal
with arbitrary propositional expressions. In [8], de Kleer presents a protocol for
problem-solver-TMS interaction which assures that the advantages of the TMS
are not accidentally lost. It includes an extensive comparison of the ATMS with

other TMSs.
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1.1. Basic results developed in this paper

Consider a conventional, justification-based, TMS such as presented in [12].
The basic architectural presupposition is that the overall reasoning system
consists of two components: A problem solver which draws inferences and a
TMS which records these inferences (called justifications). The TMS serves
three roles in this overall system. First, it functions as a cache for all the
inferences ever made. Thus inferences, once made, need not be repeated, and
contradictions, once discovered, are avoided in the future. Second, the TMS
allows the problem solver to make nonmonotonic inferences (e.g., “Unless
there is evidence to the contrary infer A’). The presence of nonmonotonic
justifications requires that the TMS use a constraint satisfaction procedure
(called truth maintenance) to determine what data is to be believed. Third, the
TMS ensures that the database is contradiction-free. Contradictions are
removed by identifying absent justification(s) whose addition to the database
would remove the contradiction. The added justifications are attached to the
antecedents of the nonmonotonic justifications. The procedure of identifying
and adding justifications to remove contradictions is called dependency-direc-
ted backtracking. The ATMS extends the cache idea, simplifies truth main-
tenance and avoids most dependency-directed backtracking. The ATMS can be
viewed as an intelligent cache, or a very primitive learning scheme.

In a justification-based TMS a status of in (believed) or out (not believed)' is
associated with every problem-solver datum. The entire set of in data define
the current context. Therefore, the contexts under which a particular datum is
believed are implicit. This requires that the database always be kept consistent,
makes it impossible to refer to problem-solving contexts explicitly and requires
truth maintenance and dependency-directed backtracking to move to a
different point in the search space.

On the other hand, in an ATMS each datum is labeled with the sets of
assumptions (representing the contexts) under which it holds. These assumption
sets are computed by the ATMS from the problem-solver-supplied justifications.
The idea is that the assumptions are the primitive data from which all other data are
derived. These assumption sets can be manipulated far more conveniently than the
datum sets they represent. There is no necessity that the overall database be
consistent; itis easy to refer to contexts and moving to a different pointin the search
space requires very little work.

The actions of the ATMS are best understood in terms of a spatial
metaphor. The assumptions are the dimensions of the search space. A solution
corresponds to a point in the space and a context, characterized by a set of
assumptions, depending on its generality, defines a point, line, plane, volume,

1t is important to distinguish lack of belief in a datum from belief in the negation of a datum.
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etc., in the space. When a derivation is made, the ATMS records it in the most
general way so that it covers as large a region of the space as possible.
Conversely when a contradiction is recorded the ATMS finds its most general
form in order to rule out as much of the search space as possible. Much of the
work of the ATMS is determining the most general and parsimonious ways to
record data and contradictions. All this is to facilitate' what must happen when
the problem solver shifts contexts. The problem is: how much of what was
believed in previous contexts can be believed in the new one. This is yet
another instance of the frame problem. The new context includes all
the derivations of the preceding contexts which depend solely on the assump-
tions of the current context. Determining the next context and its contents is
expensive in a justification-based TMS. Context membership is a simple subset
test in the ATMS.

We can carry over many of the data to the new context, but where should
the problem solver start working? This is not a simple task because the next
context is only partially filled out and we want to start the problem solver
precisely at this boundary. Certainly if there are pending problem-solving
inferences which remain applicable in the new context these should be done.
However, this is still not sufficient because there may have been rules which
were attempted and failed or only partially attempted in old contexts. In the
current context these rules may now succeed or run further. If we ignored these
rules, then the problem solver would miss solutions. If we were to rerun these
rules, then we would make redundant inferences. It is difficult to identify rules
that failed in this way, so most problem solvers using TMSs usually take the
conservative approach and rerun rules.

This problem is not intrinsic to the TMS but rather to the boundary between
the TMS and the problem solver. De Kleer, in [8], outlines an interface protocol
which solves the preceding problem. The difficulties arise when the
problem solver is permitted to make a control decision based on the statuses,
assumptions and justifications of nodes without informing the TMS. In this new
interface the problem solver may only refer to the content of the datum, and all
contrcl decisions must be communicated explicitly to the TMS. It is important
to note that this protocol is not intended to restrict the capabilities of the
problem solver, but rather to move the boundary between the problem solver
and the TMS to a more natural place in which each need only be concerned
with issues relevant to it. The result is a slightly more complex TMS and a far
simpler problem solver. Nevertheless, this protocol could be applied to any
TMS—it does not intrinsically depend on an assumption-based TMS.

This protocol views problem solving as a continuous process of compiling
rules. The problem solver compiles the rules and the TMS runs them to
determine the solutions. A rule examined by the problem solver, i.e. compiled,
need never be examined again on the same data because it 1s already compiled
within the TMS as a justification.






