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Abstract. In this paper, I am concerned with making distinctions neces-
sary for an explicit theory of explanation generation, and analyzing how
a spectrum of architectural and structural ideas fit together to provide re-
quired functionality. Several information processing tasks involved in the
choice and organization of the content of an explanation are identified.
These are best modeled by distinct mechanisms; hence a particular class
of hybrid planning architectures most clearly reflects the nature of the
explanation task. I describe an implemented explanation planner to ex-
emplify such an architecture. Various implications of the architecture are
discussed, including a classification of structuring relations based on their
sources and roles in planning; the elimination of goal-posting preconditions

or satellites from plan operators; and the level at which nondeterminism
is handled.
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1 Introduction

The success of an explanation is primarily a function of choice and organization of
content, and of its realization in media such as text and graphics. A variety of mech-
anisms for selecting and organizing the content of explanations have been utilized.
This includes schema filling [McKeown 1985] and structure matching [Hovy 1988],
graph traversal algorithms [Paris & McKeown 1986], and top-down goal expansion
planning [Cawsey, 1989; Moore, 1989]. Yet, the literature lacks comparative analyses
of the roles and limitations of these mechanisms for modeling explanation, apart from
comments embedded in papers on other topics [e.g. Hovy 1990, Mooney et al. 1991,
Moore 1989, Paris & McKeown 1986, Wolz 1990]

The purpose of this paper is twofold: to sketch such an analysis; and to offer a
synthesis. The analysis of section 2 demonstrates that none of the above mechanisms
taken alone can model certain explanation phenomena of interest (summarized in
table 1 after the analysis). The task of choosing and organizing the content of an ex-
planation involves associative, exploitive, opportunistic, prescriptive, and restrictive
subtasks. Having distinct information processing requirements, these are best mod-
eled by distinct computational mechanisms. Hence, a hybrid planning architecture
that matches mechanisms to subtasks in a principled way most clearly reflects the
nature of the explanation task. I illustrate this synthesis with the design of an im-
plemented planner, presented in section 3. The architecture has implications for the
debate over which relations best capture the structure of explanations for the purpose
of generation. I make a distinction between intentional, pedagogical, conceptual, and
epistemological relations, motivated by their different roles in the planning process.

My primary research focus is on choice of content from multiple perspective knowl-
edge bases (those providing multiple models of a given phenomenon, using different
predicates at different granularities and /or ontologies); inclusion of supporting mate-
rial for pedagogical reasons; and organization of this content to facilitate the hearer’s
reconstruction [Suthers & Woolf 1990]. This aspect of my work is closest to that
of Lester & Porter [1991], White & Frederiksen [1990] and Zukerman [1990, 1991].
A major design consideration in development of this architecture has been to pro-
vide a context for expressing a theory of explanation that makes the basis for such
knowledge communication choices as explicit as possible. The hybrid architecture
is more appropriate not only because it acknowledges the nature of the task in the
mechanism, but also because it allows one to make explicit planning knowledge that
remains hidden in plan operators for a uniform top-down architecture. In section 4,
I propose elimination of preconditions and satellites from plan operators as part of
the solution. This raises the nondeterministic aspect of planning above the level of
selection between individual plan operators. The paper concludes with discussion of
some tradeoffs, and limitations of the proposed architecture.
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Q1: How does a capacitor store charge?

E1l: A capacitor can be thought of as

E2: two flat metallic plates

E3: situated close to each other and parallel to each other,
E4: with air in between.

E5: If you connect a capacitor to a battery,

E6: as follows:
I N
T

E7: then positive charge builds up on one plate and negative charge on the other,
E8: until the voltage across the capacitor is equal to the voltage of the battery.
E9: The charge stays there when you disconnect the battery.

Figure 1: Example Explanation
2 Roles and Limitations of Planning Mechanisms

To initiate the analysis, I examine the roles and limitations of various mechanisms
which have formed the basis for explanation planners. The analysis is not exhaustive,
but provides the major motivations of the hybrid architecture described in section 3.

2.1 Imposition of Structure

Methods for structural imposition match abstract descriptions of the structure of
explanations to a collection of propositions, the “relevant knowledge pool”, in order to
organize this material. This includes schema filling [McKeown 1985] and composition
of rhetorical units [Hovy 1988]. The strength of such methods is the clarity with which
they represent a descriptive theory of the structure of explanation, and their ability
to impose organizations found to be effective in naturally occurring explanations.

Structure imposing mechanisms generally leave choice of the relevant knowledge
pool to other mechanisms. This renders such methods inadequate for generating the
pedagogical structure of certain explanations. The clearest example of this involves
the background relation. Consider the explanation of Figure 1.3 The process de-
scription of E5-E9 provides the informative response to the question. However, the

3The explanation is an edited version of a human-human protocol from sessions where participants
communicated via pencil and paper. This medium better approximates human-computer interaction
than spoken dialogues or textbook explanations, because it is interactive yet allows brief deliberation
of responses, occurs in a nonvolatile physical medium, and allows both natural language and graphics.
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explanation begins with a structural description in E1-E4. This functions as back-
ground for understanding the process description, by providing the context in which
the process occurs and making terms such as “plate” meaningful. The background is
not automatically part of the relevant knowledge pool for this question: E1-E4 might
not be included if the interlocutor knew the basic structure of a capacitor. It is in-
cluded as background by virtue of relationships between the interlocutor’s assumed
knowledge state and the content of the previous attempt at a relevant knowledge
pool (initially, that chosen only for reasons of informativeness). Structurers that are
ignorant of such dynamic relationships and see only the composite pool cannot iden-
tify the part that plays the role of background, so cannot account for placement of
background before primary material.

Structure imposing techniques are inappropriate for exploiting existing structure
as well [Paris & McKeown 1986]. This requires a different sort of mechanism, to
which I turn.

2.2 Exploitation of Structure

Expert system rule traces [Davis, Buchanan, & Shortliffe 1977] and process strategies
for object description [Paris & McKeown 1986, Paris 1987] exemplify graph traver-
sal mechanisms for explanation. These selectively follow links in a knowledge base,
with the path so traced out providing both the content and structure of the explana-
tion. Hence, unlike structure matching, graph traversal methods need not assume a
separate content selection mechanism.

Graph traversal mechanisms are appropriate for modeling how an explanation
exploits the relational structure of knowledge. They implicitly embody the heuristic
that it will be easier for the interlocutor to reconstruct a coherent model if each
unit is introduced in relation to previous units. For example, parts of an object are
introduced in relation to containing or adjacent parts, and process descriptions are
organized to follow temporal and causal chains.

Graph traversal is limited to modeling local organization, or global organization
that is a composite of local choices. Traversal methods don’t naturally extend to
global organization that occurs at a higher level of abstraction than the links followed,

e.g. the presentation of a coherent structural model before a process account begins
(as in Figure 1).

Lester & Porter [1991] use graph traversal to identify a relational network con-
necting target concepts to concepts believed to be known by the interlocutor. Their
hybrid architecture is not subject to these limitations, as other processes perform
initial content selection, editing and restructuring activities.
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2.3 Prescriptive Planning and Opportunism

Top-down expansion of a discourse goal [Moore 1989, Moore & Paris 1991] is a
stronger candidate for a uniform planning mechanism for explanation, integrating
content selection and structuring. Hovy [1990] calls this prescriptive planning, as
it handles goals that can be explicitly planned for, achieved by some act, and inacti-
vated (though not forgotten). Like schematic approaches, top-down planning is a way
of imposing structure (the difference between plan operators and schemata is a mat-
ter of degree). However, top-down planning records the intentional structure of the
explanation at a finer granularity. As Moore [1989] has shown, the resulting record of
discourse goals and of assumptions made in choosing between alternate strategies is
required for certain functionality, such as recovery from failure to communicate and
response to follow-up questions in context.

Cawsey [1989] handles the background problem with preconditions on plan op-
erators. Planning for the precondition is invoked only if the specified background
knowledge is not already understood (according to a user model). The planner knows
what material was included as background, because it performed the selection. The
example of Figure 1 is amenable to such treatment because a strategy for describing
how a device works can state that the structure of a device must be understood first.
For example, Cawsey’s precondition for the goal to:

Know(Hearer, How-it-works(?device))
is:
Know(Hearer, Structure(?device))

However, one can only handle inclusion of background with expansion of abstract
planning strategies if one can identify before-hand the kind of background knowl-
edge required. This cannot always be guaranteed. Since explanation strategies are
abstract, they don’t specify exactly what content they will select. The retrieved con-
tent may contain unanticipated concepts that need to be explained as background.
Hence, an opportunistic mechanism, such as data-driven “critics”, is necessary in
any computational model of explanation that plans with abstract strategies.

Various other functions require opportunistic mechanisms. Retrieved content must
be examined in relation to a user model to edit material that has already been selected
[Cohen & Jones 1987], and to prevent unintended false inferences [Zukerman 1990].
Independent expansion of multiple discourse goals to produce a single text may result
in redundant or even conflicting content, necessitating filtering or merging of proposed
content [Wolz 1990]. This is also an opportunistic task, as it can only proceed in
response to redundancy observed in material proposed by other mechanisms. Finally,
Mooney et al. [1991] show how extended explanations in certain domains exhibit
content-determined organizational frameworks (e.g., time, space, events, factors) and
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consequent segmentation criteria (e.g., temporal, spatial, and causal event clusters)
at the highest level of organization. They suggest using an opportunistic mechanism
operating on initial “kernel” content specifications before applying top-down methods
for selection and structuring of content within a segment.

2.4 Perspective: Associative and Restrictive Tasks

In many domains, explanations can differ on perspective, i.e., which properties and
relationships are emphasized, and what concepts function as primitives, providing
the basis for understanding the topic phenomenon [Suthers 1989]. Selection of an
appropriate perspective is an important aspect of content selection which impacts
on the interlocutor’s comprehension of the explanation and on its appropriateness
for his or her purposes [McCoy 1989, McKeown et al. 1985, White & Frederiksen
1990]. I examine this complex phenomenon only to the extent needed to introduce
two additional kinds of tasks.

In choosing perspective, an explainer strives for the (sometimes conflicting) desider-
ata of informative adequacy and comprehensibility [Suthers 1990]. Adequacy can be
achieved in part by sensitivity to the interlocutor’s goals [McKeown et al. 1985), as
well as by fully utilizing what the application or knowledge base has to offer in re-
sponse to the query. Comprehensibility is furthered in part by using concepts that are
familiar to the interlocutor. The familiarity of a given concept may be evaluated based
on its relations to concepts the interlocutor has used. For example, meaningful use of
“electric potential” suggests that “force field” might also be understood, an inference
one is less likely to make if the interlocutor never uses anything more specific than
“electricity”. This is an associative task, which could be handled by weighted links
between concepts. My example deliberately suggests that certain semantic relations
might mediate the association. McCoy [1989] provides an example of an associative
influence on perspective for the sake of adequacy: responses to misconceptions empha-
size attributes and objects associated with those mentioned in the previous dialogue.
She uses collections of attribute weights representing domain-specific perspectives as
filters when examining the user model and choosing possible responses.

Once chosen, the influence of perspective on content selection involves what Hovy
[1990] calls restrictive planning. Perspective “goals”, once generated, remain active
throughout a span of discourse, and operate as preferences applied to choice points in
content selection. Unlike prescriptive goals, such preferences are not necessarily sat-
isfied after a single application, so cannot be inactivated once used, though they may
change dynamically. The mechanism used for content retrieval should apply perspec-
tive preferences restrictively whenever a choice is available, and provide for conflict
resolution, which Hovy points out is not well handled by prescriptive mechanisms.



6 Task-Appropriate Hybrid Architectures for Explanation

Phenomena Task Type | Candidate Mechanisms
Providing requested informa- | Prescriptive Top-down Goal Expansion
tion; Follow-up/recovery readdressing with strategic operators; com-
previous goal; Recurrence of strategies position of Schemata (limited
across situations and speakers. follow-up/recovery).
Impairment invalidation; Inclusion of | Opportunistic | Data-driven Plan Critics for
background, illustrations, etc.; Omis- adding, removing, and reorga-
sion of familiar material; Coordination nizing plan elements.

of independently prescribed material,
Content-based segmentation.*
Ordering based on reconstruction gra- | Exploitive Graph Traversal (existing rela-
dients, including: Causal, Spatial, and tions treated as constraints).
Temporal organization of object and
event descriptions; Background before
foreground; Genus before differentia.

Influence of previous dialogue and user | Associative Weighted links,
model on perspective and choice of Perspective frames, Mediating
terminology. abstractions.
Restrictive Filtering to satisfice
Preferences.

Table 1: Matching Mechanisms to Phenomena via Task Types

2.5 Summary of Analysis

Explanation involves a diversity of tasks with distinct information processing require-
ments, as shown in Table 1. A complete computational model of explanation will need
to perform associative, exploitive, opportunistic, prescriptive, and restrictive tasks.
Attempts to handle them with a single mechanism often resort to hiding mechanisms
for the other task types in special purpose operators, resulting in inexplicit planning
knowledge; and may result in an inelegant model due to theoretically irrelevant con-
trol operators that attempt to get the mechanism to handle tasks it is not well suited
for. A uniform mechanism incorrectly implies that all information is equally available
during each point of the planning process [McDonald & Pustejovsky 1985). A prin-
cipled match of computational mechanisms to each subtask of explanation planning
provides a clearer expression of one’s theory of what kind of process explanation is,
and facilitates explicit representation of planning knowledge.

4The opportunistic aspect is choice of an organizational framework for segmentation. Ordering
segments and their contents based on the chosen framework is Exploitive.



Task Group Task Type Mechanism
Query —|dentify Associative (unimplemented)
—» Refine Prescriptive Top-Down Goal
l Expansion
Arrows
are KS Retrieve Restrictive Epistemic
event Functi
triggers unctions,
Preferences
— Modify Opportunistic  Critics
Realize -=—Order Exploitative Graph Traversal

Figure 2: A Hybrid Architecture

3 A Hybrid Architecture

To provide a more concrete example of my architectural thesis, and to lead to fur-
ther implications and conclusions, I describe the design of an implemented hybrid
architecture. Bear in mind that the preceding analysis leaves open a variety of de-
sign choices, such as selection between candidate mechanisms and organization into
modules. Hence I offer this particular design and implementation as an example and
evidence of feasibility rather than as a necessity. Examples of other ways to modu-
larize a hybrid architecture may be found in Lemaire [1991], Lester & Porter [1991],

and (to a lesser extent due to lack of discussion of the top-down component) Mooney
et al. [1991].

The intended application is an on-line educational resource which explains ba-
sic concepts in the physical sciences in response to user queries. Explanations are
generated in a multimedia environment (a prototype is illustrated in figure 11) [Cor-
nell et al. 1991]. Functional requirements include informativeness with respect to
user queries; selection of perspective and simplifications and inclusion of prerequisite
explanations based on evidence of user familiarity with the material; and handling

of follow-up explanations. There is no need to plan extended explanations, as the
dialogue is interactive and user controlled.

Figure 2 illustrates the architecture. Each task group is a collection of opera-
tors implemented in the indicated mechanism. The arrows indicate how the events
generated by operators in one task group may invoke operators of another group.
Operators from several task groups may be executing simultaneously, coordinated
by an agenda mechanism and a common workspace, as in Nirenburg et al. [1989].
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I(account (storage capacitor-1 charge-5)) |

I
refinement

I(descrlbe (enabled-by (storage capacitor-1 charge-5))) l

in all rigures, boldface shows material added by the active operator.

Figure 3: Prescriptive Refinement of Example Query

A representation of the explanation that makes all theoretically motivated structure
explicit is constructed in this workspace (an example will be given in figures 3-10).

3.1 Goal Identification

The initial prescriptive goal — which I call an explanatory intention — comes
from interpretation of an interface event, such as a typed question, or menu selec-
tion applied to a previously displayed and mouse-selected object.® An explanatory
intention is represented as an explanatory illocution (including Account, Define,
Describe, Compare, and Illustrate) applied to one or more topics (atomic term, func-
tional expression, or proposition).

Identification of restrictive perspective goals is under exploratory development at
this writing. I am attempting to avoid weighted links or domain perspective frames, as
there exists a potentially combinatorial number of associations between concepts, and
hand encoded associations do not make much of a theoretical statement. Instead, I am
investigating the use of abstractions of domain relations to mediate the association
between concepts. In this approach, a concept will be considered to be familiar if
it is associated with concepts the interlocutor has used via such abstractions. The
corresponding restrictive goal is to prefer retrieval of material that minimizes the
number of unfamiliar concepts used. If the approach succeeds, the associations will
come “for free”, without additional knowledge engineering, as it will be based on
domain relations that need to be encoded anyway.

3.2 Prescriptive Refinement and Informativeness

Initial content selection is accomplished by a top-down goal expansion mechanism
for refinement of explanatory intentions. The contents of the refinement operators

®I am using an expectation-based semantic parser, implemented by Keith Newstadt, which tol-

erates ungrammatical queries and can interpret a mixture of newly typed strings and references to
previously displayed objects.
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I(descrlbe (enabled-by (storage capacitor-1 charge-5))) I

l
satisfaction

(assert (referents (enabled-by (storage capacitor-1 charge-5))))

Only plan structure visible to the active operator is shown in figures.

Figure 4: Further Refinement to a Communication

are similar to those of Cawsey’s [1989] content plans, but without preconditions.
Some refinement operators say how a given explanatory illocution applied to a given
topic can be fulfilled by application of another illocution to another topic related
in a specified way. For example, one such operator says that one can account for
something by describing what enables it:®

Account (?phenomenon) => Describe(enabled-by(?phenomenon)) .

Enabled-by is a predefined abstract function for accessing domain-specific proposi-
tions. All references in plan operators to domain predicates, functions, and object
classes are done via such abstract classes, which collectively constitute a nascent
“upper model” [Bateman 1990] for explanation planning. As shown in figure 3, ap-
plication of the above operator is the first refinement step taken in response to the
query of Figure 1, which was represented as

Account (storage capacitor-1 charge-5).

Other operators take the final step, from an intention applied to a topic, to a speech
act applied to a collection of propositions called a view. For example, if an intention
to

Describe (structure(capacitor-1))
has been posted, then an act to
Assert (Referents(structure(capacitor-1)))
is set up, using the operator:”
Describe(?function(?object)) => Assert(Referents(?function(?object))).

Assert is a speech-act, and Referents is an “epistemic function”, a device for re-
ferring to unretrieved content, discussed in section 3.3. Figure 4 illustrates a similar

6The notation of this and subsequent examples has been simplified for this paper, leaving out
type specifiers, quantification, etc.

T?Function matches to any function in the notational sense regardless of whether the notational
object has to do with purpose or functionality.
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refinement of the derived informative goal of figure 3 to an intention to assert whatever
enables a capacitor to store charge.

In addition to the refinement operators just described, there are currently opera-
tors embodying strategies for:

e Comparing, likening, and contrasting concepts, in a manner sensitive to whether
or not the concepts are siblings or near cousins in the concept subsumption

hierarchy.

¢ Defining terms by Aristotelian definition (genus and differentia), in terms of
their definitional relationships to other concepts (see discussion of Skolem terms
in section 3.4), or through description and illustration (below).

o Describing the structure of physical objects and the function and behavior of
devices.

o Describing objects which have internal structure or behavior by drawing analo-
gies. (Currently, the analogical mappings are stored as part of the domain
knowledge, though a “structure mapping engine” [Falkenhainer et al. 1987]
could be used without modifying the planner.)

o INlustrating class concepts by finding an example instance.

o Refining a generic intention to “explain” something, in a manner sensitive to
its classification, to intentions that the above strategies can operate on.

Many other operators could be added by translating those of Cawsey [1989] and
Moore [1989].

Informative Satisfaction. Refinement results in hierarchical dominance and satis-
faction relations between explanatory intentions and communicative acts. This consti-
tutes the intentional structure of the explanation [Grosz & Sidner 1986]. Creation
of intentional structure requires examining unsatisfied goals, and posting subgoals or
selecting content according to some theory of what it means to satisfy these goals. I
maintain that this should be a theory that specifies, for any given explanatory inten-
tion, content that is informative with respect to that intention, in the sense that, if
the intention is expressed in content-question form [Achinstein 1983, p. 49], the
content answers the question. For example, a content-question form of the intention

(Account (storage capacitor-i charge-5))
is

By what process does a capacitor store a charge?
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G0
(account (storage capacitor-1 charge-5)) I

dominates
refinement
62 Gl

r4— background
l(descr")e (structure capacitor-l))l 8 I (describe (enabled-by (storage capacitor-1 charge-S)))—I

Figure 5: Refinement and Dominance

A content-giving sentence which answers this question is of the form:

This is the process by which a capacitor stores a charge: description of
an appropriate process.®

In order for an operator to specify content that satisfies the intention in the informa-
tive sense, it must select content which can be placed in the italicized position.

I further maintain that it is desirable to write refinement rules such that they
express just the aspect of one’s theory of explanation having to do with informative
satisfaction, and nothing more. (One need not accept either of these positions to use
the architecture.) In section 4.2, I will return to this point to explain why material
included for other reasons (e.g., pedagogical augmentation) should not be selected
by refinement operators. To preview, the appropriateness of such material is based
on properties of the content selected to satisfy the intention, a condition which is
best determined in a content-driven manner. The most we can prescribe in the form
of refinement operators is that a given kind of question, by virtue of its intrinsic
meaning, can be satisfied in the informative sense by a given kind of content. In
summary, refinement is responsible only for intentional structure according to a theory
of informative satisfaction.

Dominance Relations. The intentional hierarchy controls how perspective prefer-
ences and ordering constraints expressed at the granularity of intentions are inherited
down the plan structure. Because of this, I have found it necessary to discriminate
two variants of the dominance relation of Grosz & Sidner [1986]. My refinement
and satisfaction relations (which differ from each other only in that the latter points
to a communication object) have their semantics of dominance: hierarchical subordi-
nation plus informative satisfaction. However, a relation for inheritance of ordering
constraints and preferences that does not imply satisfaction is also needed. Consider

81 use Achinstein’s this-is equivalent of p. 36 rather than his content-giving form of p. 33
because the former is grammatical even when the inserted content can only be expressed as multiple
sentences.
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the case where a goal G2 is generated to provide Background for material selected
by another goal G1 (figure 5). G2 does not satisfy G1 in the informative sense, so it
would be wrong to install a Refinement relation between G1 and G2. The planner
needs to know whether G1 has been refined into material that is informative respect
to that goal. However, as an adjunct to G1, G2 needs to inherit the same perspective
and ordering constraints. The solution, shown in figure 10, is to install the (more
restricted) dominance relation between G1’s dominator® G0 and G2, this relation
allowing the inheritance of constraints without implying that GO is satisfied by G2 in
an informative sense.

3.3 Retrieval and Epistemic Functions

Epistemic functions may be thought of as abstract knowledge patterns. An expression
such as

Referents(structure(capacitor-1)),

constructed with an epistemic function such as Referents, refers to certain subsets
of the knowledge base that instantiate the abstract pattern. Epistemic functions
serve two purposes: they are the means by which the planner refers to unretrieved
content, and they are the prescriptive component of a retrieval specification. When
implemented, perspective preferences inherited from the current context will provide
the restrictive component.

The knowledge patterns retrieved by an epistemic function are defined entirely
in terms of epistemological level relations, i.e. primitive relations required to struc-
ture concepts in a knowledge representation system [Brachman 1979]. Currently the
relations used to define the patterns are:

o Structured inheritance between predicates, and between functions. This in-
cludes IS-A links between them, and role specialization links between their
roles (figure 6).

o Specification of which function accesses propositions of a given predicate from
fillers of a given role (figure 6).

e Subsumption relations between class concepts, and instantiation relations be-
tween class concepts and atomic terms. (I distinguish the subsumption predi-
cate, which is used to make statements about domain concepts, from the rep-
resentation system’s IS-A, used to define predicates and functions.)

9The dominator of the top-level intention is a frame representing the dialogue context, not shown
in the figure.
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l Predicates | | Functions l

Y

Y
&mc@-—«wenﬁty»—-—ol?%l

\ <wh':o Ie>_,,;v[E‘Jleronymlc-l-las-Part
| Structural-Meronymy . .
: <part> ~~—4~] Meronymic-Part-Of |

Y 4

| Components I-wg-;:«bj'ecb-—w[ Has-Component]

<component> 4

\‘“-&I Component-of I

l IS-A Link Role Specialization

---<role>=#- Function for accessing propositions from fillers of indicated role

Figure 6: Definitional Relations between Predicates and Functions

¢ A Differentia relation which links a subsumption proposition to other propo-
sitions specifying what distinguishes the subclass from its siblings under the
given superclass.

Because of this sole reliance on epistemological relations, refinement of explanatory
intentions over domain concepts to speech acts over epistemic functions of those
concepts constitutes a reductionistic step in the theory, from lesser-understood to
better-understood entities. In contrast, “rhetorical predicates” [McKeown 1985] or
“views” defined at the conceptual level [Suthers 1988, Souther et al. 1989] transfer
the content selection problem to retrieval code without the theoretical commitment
that reduction to a fixed set of epistemological patterns requires one to make.

The epistemic function genus-and-differentia is given one or more concepts,
and returns a set of propositions, one identifying a common superconcept, and others
differentiating the concepts from each other with respect to that superconcept. Wher-
ever alternate propositions are found, perspective preferences apply. The epistemic
function referents is given an ordinary functional expression, such as

structure(capacitor-1),

and returns a set of propositions providing the information those expressions refer to,
such as

(components capacitor-1 (set plate-1 plate-2)).
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(assert (referents (enabled-by (storage capacitor-1 charge-5))))

(process-enablement-and-termination
(connected-in-circuit capacitor-1 battery-2)
(stuff-accumulates-at-site charge-S (set plate-1 plate-2))
(equal voltage-1 voltage-2))

Retrieved “view" In box is areferent of the enabled-by expression.

Figure 7: Retrieval of Initial View

This relies on the definitional relations between an N-ary predicate (e.g. components)
and an N —1-ary function that refers to the filler of the missing role (e.g. has-component,
a specialization of structure), as shown in figure 6. The inner box of figure 7 illus-
trates the retrieved referent of

(enabled-by (storage capacitor-1 charge-5)).

Enablement is the predicate corresponding to enabled-by: in this case, the pred-
icate process-enablement-and-termination, which specializes both enablement
and termination, is found. There are currently four other epistemic functions: for
finding an instance of a class concept, for finding matches and mismatches be-
tween the attributes of two concepts, and for finding association paths between two
concepts using any specified relation class (e.g. causality).

3.4 Opportunistic Modification and Pedagogical Structure

Once a knowledge pool is available, data driven activities begin. Critics compare the
knowledge pool and user model, filtering particular propositions likely to be familiar
to the interlocutor, or augmenting the explanation by posting new intentions to
illustrate abstract statements with examples or include background explanations.

Representations and Reasoning for Posting a Background Goal. For exam-
ple, the background goal in figure 8 is posted as follows. An augmentation operator
responds to the appearance of plate-1 and plate-2 by first examining internal ev-
idence concerning whether the concepts are likely to be familiar to the interlocutor.
These terms have not been used yet, and are not among the topics of active planning.
The class concept plate is marked as a “common concept”, normally assumed to be
familiar. However, plate-1 and plate-2 are quantified with a Skolem function!® of

10Skolem functions are used in standard logic to eliminate existential quantifiers in the scope of
a universal, by rewriting ¥(z)(3(y) P(z, y)) as ¥(z)P(z, f(z)). That is, if the y picked out depends
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Figure 8: Opportunistic Posting of a Background Goal

capacitor-1, a situation that indicates an exception to the common concept rule,
as the plates are dependent on a concept the interlocutor is not familiar with. The
user is then asked (in a pop-up dialogue) whether she is familiar with “the plates of
a capacitor”, this expression being generated from the Skolem function. If the user
responds “no”, the augmentation operator must then construct and post an intention
which provides the necessary background.

An intention to simply define plate-1 and plate-2 would be underconstrained, as
we are interested in the plates in the context of the capacitor. The plates are Skolem
of capacitor-1 only because there is some relationship of interest between them. The
planner needs this relationship to construct a more appropriate background intention.
Hence, I require that the Skolem function be declared as part of the quantification. In
this case, the function is component-of. This enables the planner to determine, via
the function, the predicate that states the relevant relationship: that the plates are
components of the capacitor (figure 6). Noting via is-a links that this relationship
is a structural one, the augmentation operator can now post a background intention
to describe the structure of capacitor-1. This last step, of abstracting to a high
level predicate, allows the planner to access a complete model of the structure of a
capacitor, shown in the collection of boxes in the left side of figure 9.

When other structural models of & capacitor are added to the knowledge base, I
will need to ensure that the retrieved model includes the plates for whose sake the
background explanation is being provided. To address this, I am experimenting with
a version of the planner which does not take the last step of generalizing the predicates
requested. Instead, it posts an intention to describe how the plates are associated

on which z is picked out, then y is a function of z. The f is usually left unspecified. As discussed
below, I need to know f.
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with the capacitor via component-of. There is a cost: if additional descriptions of
the composition of the plates, the insulator which is between them, etc. is desired,
it must be planned for explicitly. I am currently examining heuristics for doing so.
Further work is required to determine the best granularity at which to trade off
explicit planning with pre-stored models.

Planning Pedagogical Structure. An explanation acquires pedagogical structure
as material is included to facilitate the comprehension, reconstruction, acceptance,
and retention of the material chosen for purposes of informative satisfaction. Planning
this type of structure requires comparing proposed content to something functionally
equivalent to a user model, and posting appropriate intentions to provide prereq-
uisites, impairment invalidations, etc. Only the opportunistic task group need be
responsible for this content-driven, context sensitive task. When augmentation oc-
curs, an explicit record of the pedagogical relation (currently, Background and
Nlustration) between matched and requested material is created, important for or-
dering and realizing the explanation. I intend to add operators for other pedagogical
augmentations based on Zukerman’s [1990, 1991] work on Creative, Indicative, and
Explanatory “rhetorical devices”.

The architecture allows one to “compile” complex strategies into Refinement op-
erators, e.g. to specify inclusion of Background and Illustrations prescriptively. (Ini-
tially, I modeled the inclusion of background in figure 8 with a precondition clause
in a prescriptive operator, as Cawsey does.) However, for reasons to be discussed
in section 4.2, I prefer a stricter division of responsibility between prescriptive and
opportunistic operators, modeling inclusion of situation-dependent enabling and im-
pairment invalidation material uniformly with situation-sensitive operators.

Granularity of Background Selection. Lester & Porter [1991] select background
material by searching the knowledge base to find “integrative connections” from the
target material as a whole to a user model, both being represented as a subgraph of
the knowledge base. A more local background operator, such as that described above,
should be able to select similar material by a form of backchaining in which the back-
ground operator is re-applied to material that was retrieved as background. The
recursion ends on concepts that the planner decides is familiar to the interlocutor,
possibly by asking her. Some tradeoffs are involved. A single search for integra-
tive content may be more efficient, and allows search strategies to specify non-local
constraints on the form the integrating content may take. On the other hand, finer
granularity selection of background allows content selection to be more sensitive to the
dialogue context, specifies why the content was included at a finer granularity, does
not require that the model of the interlocutor’s knowledge and beliefs be represented

as an overlay to the knowledge base, and is less vulnerable to lack of information in
this model.
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Figure 9: Exploitive Installation of Ordering

3.5 Exploitive Ordering and Epistemological Gradients

Ordering operators respond to the installation of pedagogical, conceptual, and epis-
temological relations, and annotate the knowledge pool with a partial ordering. The
ordering attempts to follow what I call epistemological gradients: the easiest ways
a hearer can reconstruct the communicated concepts and propositions, and integrate
it into her own knowledge [Goldstein 1979, Hewson 1981, Rissland 1978)]. Lester &
Porter’s [1991] “integrative content selection” applies this intuition to identification
of background and related knowledge.

Heuristics for Derivation of Ordering. Ordering annotations are at three granu-
larities: between intentions (figure 9a), between propositions (figure 9c), and between
roles of a proposition (figure 9b,d,e). Several types of relations installed by other
processes are exploited:

o Two operators order based on the pedagogical relations Background and II-
lustration (9a). The ability to identify the pedagogical role of prerequisite or
corequisite material independently of ordering decisions is an advantage over
using an undifferentiated prerequisite relation.
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e Some operators exploit domain relations: temporal and causal chains are fol-
lowed in the forward direction (9b), and parts of an object are introduced in
relation to other parts already mentioned.

e Another operator exploits the epistemological relation between a genus proposi-
tion and its differentia, introducing the genus first, as this provides the context
in which the differentia is meaningful.

o Ordering is also derived from focus of attention: in each view, propositions
involving the view’s topic concepts (arguments of the epistemic function) are
placed before other propositions, so the new content of a view is introduced via
the focal concept (9c, where capacitor-1 is the topic).

o Finally, propositions are expressed from the viewpoint of the role whose filler
contains a topic concept (9d), or a concept by which the proposition was reached
during the search that installs viewpoint markers (9¢), providing smoother tran-
sitions between propositions. For example, this enables the generator to pro-
duce “A capacitor has two plates with an insulator between them” (merging two
propositions by adjacent identical role fillers), rather than the more awkward
“A capacitor has two plates. An insulator is between the plates.”

Ordering Relations. I havefound it necessary to use two ordering relations at the
inter-propositional granularities, as well as the intra-propositional viewpoint annota-
tion. Prerequisite ordering indicates material that must occur sometime before a
given unit, and is used for Background and Illustration. Juxtaposition ordering,
used for placement of Genus before Differentia, orders units in a contiguous sequence.

Grosz & Sidner present their ordering relation (satisfaction-precedence) as an
intentional-level structure, albeit derived from domain-dependent considerations. While
my ordering relations are also derived from other relations, it is best classified as
pedagogical, as the derivation has strong pedagogical motivations and minimal im-
plications for informativeness per se.

3.6 Realization

Currently I am using a simple template-based text generator!! in an object-oriented,
direct manipulation multimedia interface.!? The screen dump of figure 11 shows one
text the generator produces from the plan of figure 10, as well as the graphic media
objects that were retrieved to support the explanation. While these components are
not central to the architectural thesis of this paper, I discuss a few of their features
for completeness.

1Modified from one initially developed by Bob Crites.
2Designed and implemented by Matthew Cornell.
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Figure 10: Resulting Plan for Example

Text Generation. Templates consist of a sequence of strings, role names, which
are replaced with text generated recursively for the role fillers, and “variant lexemes”,
which are realized differently depending on characteristics of specified roles, such as
plurality. Templates for active and passive sentences are indexed by the role which is
active, and are chosen according to the viewpoint specified by intra-propositional or-
dering. When multiple templates are indexed, a random choice is made. The genera-
tor merges templates both sequentially and recursively to produce complex sentences.
For example, the first sentence of figure 11 required three sequential merges, and the
second three recursive merges. Sequential merging is allowed to violate prerequi-
site ordering, but not juxtaposition ordering, within a sentence to attach adjectives.
Rhetorical transitions such as “however”, “to provide some background”, etc. are
generated based on the pedagogical relations in the plan.

The generator is relatively fast, but is limited in several ways. The most serious
limitation occurs when templates are merged: the generator is currently unable to
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| How does A capacitor stores a charge. ]

To proyide some background, a capacitor is made of parallel metal plates with an
insulator in between (see figure “Capacitor's Plates”, below). Ifa battery and a
capacitor are connected in a circuit (see figure "Baltery/Capacitor Circuit
Schematic”, below), then a charge accumulates atthe plates until the voltage of the
battery and the voltage across the plates are equal.
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Figure 11: Resulting Explanation in Prototype Multimedia Environment

ensure grammatical consistency such as in verb tense. Templates are currently written
in the present perfect in an attempt to temporarily sidestep this problem.

“Live Information” Interface. The explanation is displayed in an interface in
which displayed information retains its underlying semantics and functionality [Cor-
nell et al. 1991]. In particular, all subsequences of the generated text that correspond
to an underlying semantic object (proposition, term, class concept) retain pointers
to the corresponding object, and can be mouse-selected to obtain a menu of ques-
tions, to reference the object in follow-up explanations, or for incorporation into a
user-authored document. For example, the boldface text in figure 11 resulted when
the previous response was dragged into the query box. This enables the explainer to
directly access the intended topic of the query, by using the pointer to the underlying
object rather than reparsing its string representation. I also use mouse selection to
track focus of attention without complex focus heuristics: when the user selects an
object, her focus is assumed to be on the dialogue context which encloses it. However,
the current planner does not yet make use of the resulting ordering of focal contexts.

The explainer is being ported to a new version of this interface that enables users
to pick up objects displayed in one way (e.g., as text or pictures) and drop them into
displayers for other media modes to obtain an alternate view on them. This supports
a “get it close and allow refinement” approach to multimedia presentation planning:
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the explainer need only plan a reasonable initial presentation, which the user may
then modify.

4 Discussion

I present several specific implications of the architecture for structural abstractions,
plan operators, and nondeterminism; and conclude with discussion of tradeoffs that
have been made, and limitations of the architecture.

4.1 Structural Abstractions for Generation

A number of research efforts emphasize rhetorical relations for the analysis of nat-
ural explanations and for expressing a generative theory of explanation [Hovy 1988,
Mann & Thompson 1986, Maybury 1988, McKeown 1985, Moore 1989]. Rhetorical
relations were an important development in explanation research, since they provided
abstractions for a general description of explanatory structure, and in bringing vari-
ous roles of the parts of explanation into the foreground, pointed out phenomena in
need of further study. However, because they were developed to describe tezt, i.e. the
end product of some explanation generation process, rhetorical relations conflate the
results of a variety of distinct knowledge sources operating on different levels of infor-
mation. For example, an examination of rhetorical relations (such as in [McKeown
1985] and [Mann & Thompson 1986]) reveals that some are based on the structure
of domain objects and processes (e.g. Constituency and Causality), some are derived
relations between concepts that vary according to context (Comparison), and others
are due to pedagogical considerations such as what the interlocutor knows and needs
to know to better grasp a point (Amplification, Background, Evidence, and Ilustra-
tion). A theory of explanation generation needs a vocabulary that makes distinctions
relevant for describing the generation process, not just the end product.

My strategy has been to factor rhetorical structure into classes of relations that
are derived from distinct knowledge sources. The foregoing task analysis and ar-
chitectural design demonstrated that different subtasks are responsible for handling
intentional, pedagogical, conceptual, and epistemological relations, and that they do
so based on different components of a theory of explanation. The architecture pro-
vides a straightforward correspondence between the theoretical basis for each type

of explanatory structure and the type of operator responsible for that structure, as
summarized in table 2.



22 Task-Appropriate Hybrid Architectures for Explanation

| Task Group | Mechanism [ Structure Provided | Based on Theory of

Refinement Prescriptive | Intentional Informative Satisfaction

Retrieval Restrictive Conceptual Application Domain
Epistemological Knowledge Representation

Modification | Opportunistic | Pedagogical Comprehension, Learning
Rhetorical Persuasion

Ordering Exploitive Sequential Reconstruction Gradients

Table 2: Correspondence: Operators, Structure, and Theories

4.2 Planning Without Preconditions

All the major explanation planners based on a goal-refinement paradigm use either
preconditions or satellites in their plan operators. These constructs specify how one
might need to augment the explanation with additional material, in effect turning
goal refinement operators into mini-schemata. The planning knowledge implicit in
preconditions and satellites is most often knowledge of how the success of an explana-
tory intention depends on the interlocutor’s knowledge or beliefs. Extra material is
included only if some condition does not obtain, such as presence of the prerequi-
site concept in the user model. Inclusion of such material is not based on intrinsic
properties of the primary intention. Rather, it is based on relationships between the
content used to satisfy the intention and a model of the interlocutor’s knowledge state.
Therefore, knowledge of how to plan supporting material is knowledge about how to
perform a context sensitive, data-driven task, best expressed as augmentation opera-
tors within an opportunistic mechanism rather than as preconditions on prescriptive
operators.

The choice is not just a matter of design aesthetics: the functionality of the
planner is also at stake. In a planner for explanation under multiple perspectives,
one is unable to predict the content that will be used to satisfy any given intention,
as choices are made during a given retrieval, not just in strategic refinement. When
writing refinement operators, one doesn’t know enough about what assumptions the
model accessed will make about hearer knowledge to fully predict the appropriate
auxiliary material. Hence, augmentation planning knowledge written as satellites
or preconditions on strategic operators must either rely on contextual assumptions,
sacrificing flexibility, or hide this planning knowledge in the interpreter.

For example, Cawsey can prescribe structural knowledge as a precondition for an
account of how a device works (page 4) only because all her strategies for planning
such accounts select content which refer to the device’s structure. Inclusion of such
background would become inappropriate if strategies and device models were added
that gave the planner the option of accounting for a device’s function with abstract
equations, or by giving an analogy not involving structure. A planner that selects
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background using content-driven operators can generate the same prerequisites as
Cawsey’s operator when references to the device’s structure are noticed, yet would
not need to be modified when alternate strategies or process models were added.

When augmentation knowledge is made entirely explicit in opportunistic opera-
tors, top-down refinement operators are only responsible for prescribing which content
is informatively relevant to an explanatory intention. They require no preconditions
to do so, only applicability constraints. As a result, preconditionless operators can be
written more abstractly. For example, Cawsey needs an operator that is restricted to
intentions to account for how a device works, in order to write the structural precon-
dition (page 4). When I removed this precondition from my version of this operator, I
was able to abstract it to apply to intentions to account for any phenomenon (page 9).

4.3 Nondeterminism and Revision

Use of finer-grained, content prescribing refinement operators changes the nature of
nondeterminism in planning. Conventional refinement operators are correctly treated
as competitors for expansion of a given goal: as mini-schemata, they embody alter-
nate, prepackaged ways of dealing with the goal. On the other hand, preconditionless
informative operators for a given intention can be written to propose relatively disjoint
kinds of information relevant to the intention. They are no longer clear competitors
with each other. Hence, selection heuristics are not needed at the level of choosing one
out of several refinement operators that match an intention. Instead, the problem is

one of deciding which subset of expansions to allow, along with associated augmenting
material.

The current planner takes an inclusive and least-commitment approach. All ex-
pansions are allowed to proceed. When an expansion fails to result in retrieved
content (whether due to lack of an applicable plan operator or insufficient material
in the knowledge base), failure is propagated up the refinement hierarchy, resulting
in self-removal of the subtree and detachment of any pedagogical links involving that
subtree. All successful expansions are currently included, regardless of what other
expansions succeeded. As the size of my plan library and knowledge base grows, an
inclusive least-commitment approach will be inadequate. I will need to add revision
operators to the Modification task group for eliminating expansions based on global
and comparative criteria such as redundancy, verbosity and the need for excessive
supporting explanations [Lemaire & Safar 1991].

4.4 ‘Tradeoffs

Theoretical clarity and flexible generation of explanations are compatible design goals:
a theory that makes the basis for all decisions explicit is more likely to be imple-
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mentable in a planner that tailors its explanations for the characteristics of the dia-
logue context. However, there is a tradeoff between these goals and others.

Simplicity has been sacrificed for the sake of diverse operator types and mecha-
nisms. Acquisition of planning knowledge may be more difficult as a result; on the
other hand, this should be compensated for by the greater modularity of the oper-
ators. For example, to improve the strategy for inclusion of Background, one need
change only one or a few designated operators, rather than all refinement operators
having preconditions.

Efficiency is lost whenever decisions that were previously made when writing
schematic operators are made at runtime instead. The explanation of figure 11 re-
quired only several seconds on a stock Macintosh II, including question parsing and
text generation. However, further increases in the number of plan operators and size
of the knowledge base, and anticipated addition of inferences about the user [Zuker-
man 1990, 1991] and plan editing activities [Lester & Porter 1991, Lemaire & Safar
1991] will likely lead to less tolerable response times. Schematic plan operators (at
whatever granularity) still have the advantage of being more efficient in their execu-
tion than approaches that derive content and structure dynamically.

4.5 Limitations of the Architecture

In the current architecture, the structure of extended dialogue can only emerge from
the sensitivity of refinement and augmentation operators to the dialogue history.
There is no higher-level knowledge source for curriculum planning or generating goal-
oriented behavior, as in Cawsey [1991]. The architecture cannot model extended
monologues that exhibit high-level content-derived organization, as in Mooney et al.
[1991], because data driven operators operate only on the content of views proposed by
informative refinement operators. It may be possible to add a curriculum knowledge
source that affects refinement and modification choices via the preference inheritance
mechanism. High-level content-derived organization may require more substantial
changes to the architecture. However, generation of extended monologues is not
required in the intended application.

4.6 Representation: The Neglected Architecture?

A limitation of the current implementation rather than the architecture is the small
size of the knowledge base. The usual knowledge acquisition bottleneck has been
exacerbated by repeated changes in representational requirements arising as I en-
countered a variety of demands that detailed run-time choice of content places on
representation. Examples include classification of domain predicates into abstract
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classes; declaration of the relations between predicates and functions, and of role-
specialization relations between predicates; and declaration of the functional basis
for Skolem quantifications.

This brings up design of knowledge representation as an important aspect of archi-
tecture. The discrepancy between the large amount of my own time representational
issues have consumed and the lack of discussion in the recent explanation planning
literature has me concerned whether work on these issues within our community has
declined since Clancey [1983] and Swartout [1983] provided us with some impor-
tant insights. (Significant exceptions include Bateman [1990], Falkenhainer & Forbus
[1991]), and Neches et al. [1985].) I believe the community will need to determine
which interactions between representation and functionality are due to essential re-
quirements that explanation places on the knowledge base in order to support fully
flexible pedagogical explanations under multiple perspectives.

5 Conclusion

I am primarily committed to the conclusion that explanation involves subtasks that
are best modeled by distinct mechanisms, and hence that principled design of a hy-
brid planning architecture will most clearly reflect the nature of the explanation task,
and allow us to make planning knowledge explicit for more flexible run-time choice
and organization of content. The paper will have served its purpose if this has been
made clear, even if you do not accept my other conclusions, such as the breakdown
into associative, exploitive, opportunistic, prescriptive, and restrictive subtasks, with
its concomitant elimination of preconditions on refinement operators; or my argu-
ment that structural relations should be distinguished according to their intentional
(informative), pedagogical, conceptual, and epistemological sources.
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