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I. INTRODUCTION

How can we represent in a computer program the kind
of knowledge people manipulate easily and effectively?
One of the significant discoveries of artificial intelligence
has been how computationally difficult are the elementary
tasks of vision, language, and common sense reasoning
which we perform continually in the course of our everyday
activities. ‘The techmigues used by the artificially
intelligent programs of the past decade are simply not
powerful enough to approach human performance over any
wide range of tasks. MNew mechanisms have recently been
proposed by  which  the organization of  previously
accumulated hnowledge can  assist active perception and
pnderstanding.  Briefly, the idea iz that if there is tloo
little computation time when a problem comes up, do some
of the work in advance and keep the computed results
available. This in itself is not an astonishing insight,
though it does focus our attention ~on the relationship
among immediate perception, understanding, and long-term,
real=world knowledge. It obviously should be casier to see
something which has previously been seen, and the question
beeomes how to organize and use such previous experience.

Minsky (1975) proposed a theory of "frames” as a
mechanism for representing knowledge in the computer. A
frame is a structure which represents knowledge about a
very limited domain. A frame produces a description of
the ohject or action in question, starting with an invariant
structure common to all cases in its domain, and adding
eertain features according to particular observations. The
resulting description is stated in terms of a limited number
of descriptors. A ecritical peimt is that the frame, as the
‘unit of represented knowledge, is guite large. Rather than
being on the order of a single property or relation
attributed to an cbject, it is on the order of a description
of the objeet with additional information indicating
relations with other frames. Minsky's paper has evoked a
great deal of discussion and interest in exploring further
levals of detail. It presents plausible and provocative
examples of the application of frames to different problems
in artificial intelligence. Since then, Winograd (Chapter
7), Bobrow & Norman {Chapter 5), Fahlman {1973), Hubin
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{1975), and others have begun to distinguish the various
theoretical and  technical issues often grouped together in
discussions of Trames,

in discussions of frames, there 1z a t{endency for
supporters of the idea to have an intuitively satisfying
internal model of the theory which they have great
difficulty making precise and communicating to others. It
can be difficult to distinguish clearly between the concept
of frames and previous ideas, or even to state the concepts
precizely enough te evaluate them at all. In this chapter, I
attempt to provide an intuitive model which can serve as a
foundation for more precise statements,  With an intuitive
example in mind, I extract some of the properties which
are desirable in a frame representation. Next, I attempt
to distinguish those issues which are relevant to
recognition, that is, the problem of selecting one of a fixed
gat -of alternate interpretations for a collection of
observations. [ present an example of recognition (in -a
tiny world) for which actual technical decisions are made.
In the last section, I discuss the simplified model of
frame-based recognition used by the example, and outline
the limits of its applicability.

II. IMPORTANT PROPERTIES OF FRAMES

Seme of the important properties of frames as a
representation  for knowledge are listed below, to  be
discussed in more detail later.

Description. A frame provides an elaborate structure for
creating and maintaining a deseriptien. A - primitive
element of thiz description may be expanded to a frame
when itz internal description becomes of interast.

Instantiatiore. This is the process by which the frame
produces a description of the object being examined by
substituting observed for predicted values. Features whose
real properties have not been observed are represented by
default values.
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Prediction. The frame's predicted description can be wnsed
to guide the collection of obssrvations for instantiatienm, [t
also produces the defaultzs which substitute Tor unobserved
features.

Justification, Different features of the frame description
have different mmountis of confidence.  Some are cleap
observations, others are choices among few allermalives, and
others are default assignments.

Variation. The dimensions and ranges of possible
variation of each feature are limited and specified.

Correction. Anomalies may indicate that the current
frame is not correct, and that a different point of wview is
called for. The frame can analyze the anomaly to select a
more appropriate replacement.

Perturbation. For small changes in the observer or the
observed, perturbation procedures correct the description
without complate recomputation.

Transformation. In ecase of more significant changes,
transfermation procedures propose frames suitable for the
new situation.

A, Beenario

Consider for a moment an intuitive description of how a
frame system might work in the everyday vision process.
As you are walking through an unflamiliar house, you come
to & normal interior-type door, open it, and walk through.
At the mement that you open the door, your (entiraly
reasonahle) expectations have already brought a “room”
frame to mind. There is no delay in comprehending the
fact that you see four walls, floor, and ceiling, since you
already "knew” that they would be there, even without
having seen them. Indeed, if these expectations had not
been fulfilled, and you had been presented with, say, a
seashore instead, you would experience a  sense of
disorientation. You have found a room, however, and your
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(mostly unconscicus) analysis continues. The window on
the opposite wall 15 incorporated into the resm deseription
which is forming in your mind, very guickly because you
have available a number of prepackaged window
descriptions.  These descriptions are alse [rames in their
ewn right, but will only be used as stereotypes  uwnless you
direst vour attention to them. A bed in the room cawses
the general "room” frame to be replaced by a mors apecifie
"bedroom™ frame, in which a dizhwasher iz no longer a
serious possibility. The visunl information already collected
by the "room" frame, however, is still walid and is
incorporated into the description within the bedroom Tcame,

Your attention passes over a clock mnear the hed and
focuses on Lhe fireplace. The lact of 1ls existence and the
superficial properties of [ireplaces are recorded in the top-
level room frame, but ancther {rame 15 activated to record
the description of the firveplace in ‘detail. That information
i5 extransous in the room frame, and needs 8 context of iis
own. When guestioned later, wvou will be able to answer
detailed questionz about the fireplace (perhaps noticing a
subjective feeling of focussing attention on the [ireplace
and away from the rest of the room when answering), and
you will be unable to say more about the cleck than that it
was a clochk mounted on the wall. Quite possibly you will
recall it as having hands in spite of the fact that, being a
very modern clock, it had none,

In constructing the description of the room, you would
have werified in passing that it was a clock, perhaps by
noticing the characteristic hour marks, and then allowed
the stereciype description of the clock feature to provide
the rest, This kind of self-deception by expectation iz a
result of the diligence of the frame mechanism attempting
to extract a maximally detailed deseription from & minimal
amount of input information. [ use an example where the
default assignment was incorrect because there iz less doubt
in such cases that the information was supplied by the
frame. In general, of course, such stercotypes are correct,
making it uncertain whether the information came from a
defanlt deseription or an actual observation.
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B. Description

A frame has a small domain of expertise and contains
the knowledge necessary to create a description of an object
in that domain. Some koowlaedge tzlls how to take a set
of observations and create a correspondence between those
ohsarvations and the deseriptive mechanism of the frame.
Other knowledge allows the frame to prediet some features
of the deseription after observing others. Transformation
knowledge maintains the description under small changes of
viewpoint, to avoid having to redezeribe the zeene, We can
begin to make a distinction between the knowledge in a
frame which is about the object heing described (the
expected features and the relations holding among them),
and that which manipulates the description in response to
new observations or changes in viewpoint. The latter kind
deals with the relations among descriptions and so could be
considered as describing the properties of the domain and
not of an individual object.

There 15 an important point to be made about the
relation between the local mature of observations and the
global nature of deseriptions. The glebal order imposed on
the sensory inputs must be learned: it is not intrinsically
present. in what is seen. Any theory of representation of
knowledge, and of recognition in particular, iz trying to
explain exactly how we impose the order we have learned
through experience onto  the extremely varied and
disordered sensory inputs we receive. The important point,
then, is that any global knowledge contained by a
deseription  must  have come from  the  internal
representation. It could not come from the chservations
alone. This helps to explain how prior knowledge is not
only helpful, but necessary for understanding and
parception.

The deseription of an object includes a number of
features of that ebject {which Wincgrad in Chapter 7 calls
IMPs, for IMPortant elements) and the relations which
hold ameng those features. The description also specifies a
limited set from which those features and relations are
chosen, It iz reasomable to ask about the stove when
thinking of & kitchen, but in an "office”™ frame the stove is
not mentioned, not even to say that there iz none. The
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description may also conlain information compuied from
observations, but which is certainly not in the SENSOTY
image=-for example, how many people can be served at the
dining room tabla,

C. Instantiation

Instantiation is the process by which a frame creates @
description from observations of an object in its domain.
Part of a frame is a description schema which males
building a description a matter of making & number of
simple decisions and cheosing frem among limited sets of
alternatives. Most ef the choices involved in constructing a
description have already been made by selecting that frame.
For example, we know that virtually all rooms are boundsd
by plane polygonal surfaces, and that almost all of those
consist of six rectangles: four walls, floor., and ceiling.
Thus the part of the descriptive process that describes the
walls ean use a quick, simple test for large deviationz from
the expected four-wall deseription. If no deviations are
noticed, the complex description of four perpandicular
rectangular walls can be used in the particular room
description.  This process, based on our experience with
typical rooms and the appearance of typical room-edges
from the usual perspective, makes it possible to verify a
complex portion of a description in much less time than
would be required to generate it from scratch.

Our actual experience with rooms comes mostly from
patticular kinds of rooms: rooms in homeas, offices, schools,
and other buildings. As we instantiate the general "room"
Frame we record characteristics which could belong to any
kind of -room, At the same time, however, the features we
gee specifly which particular kind of room is before us, and
bring in the frame corresponding to that kind of room,
This is the process of refinement: within a frame of
commen characteristies, making decisions which determine a
particular and more specialized frame in which to continue
the description.  For example, in the scenario, upon
noticing the bed, the room frame becomes a bedroom frame,
which affects some (not all) of the remaining alternatives
in the description.
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. Correction

In most common cases of recognition the identity of the
object heing described is not initially known, so selecting
the proper frame to instantiate is part of the problem.
The carrent “best guess” frame attempts o creaie a
correspondence between what it expects to see and the
observations  actually available. If it runs into an
observation which is incompatible with its domain, that
observation can often indicate a good replacement frame,
For example, in atiempting to recognize a large, four-legged
animal, a reasonable guess weould be that it is & horse,
Small horns, however, are incompatible with a "horse®
hypothesis, but strongly suggest & cow, A single large horn
would suggest a unicorn, MNotice, however, that much of
the previously gathered information, such as color amnd
location of various body parts, is valid in any of the three
petential frames, and need not be chserved anew within the
new frame. Fahlman (1873) is carrying on ressarch along
these lines, and I discuss these issues in mere detail in
Section 1LE,

E. Default Values

When some feature of a deseription has mnot been
obsarved, either because it is hidden or because it simply
has not yet been attended to, the frame can still make
quite an accurate prediction about that feature. This is
true even if the object has not been obzerved at all yet,
and the enly basis for prediction is personal, idiosyncratie
experience. For example, if I mention a beachball, I
immediately conjure up an image of a particular ball with
red and white stripes, These default values are very weakly
bound features of the deseription in my "beachball” Trama.
It would take very little sensory evidence to make me
replace them with better data for a particular deseription.
On the other hand, if I see a line drawing of a cube, I
have a very strong expectation of a hidden corner and three
more faces, and these expectations would be guite hard to
replace.

These - default wvalues have two gquite important uses.
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The first is in guiding the process of recognizing and
instantiating 2 particular description by suggesting what
featurez to loak for and where to expect them. The second
is to provide answers to questions for which observations
have not yet been made, In this way, the frame represents
our inductive knowledge ef the world as gained by provious
experience with that domain of objects. This use of default
values also allows a frame representation te gatisfy the
“principle of continually available output” (MNorman &
Bobrow, 1875), which says that a process should be abkle to
provide a result even when its analysis has not yet been
completed. A lack of data or processing resources should
produce a graceful degradation of the guality of the output,
but not prevent results from being produced at all.

F. Variation

A frame represants a certain limited domain, and henee
a range of variation for objects which belong to that
domain. As we saw in the room scenarin, the features of a
frame may be frames in their own right, embodying ranges
of wvariation. On entering a room, you are prepared for
certain typical pieces of furniture. A park bench or a
diamond-encrusted throne would be outside the permiszible
range of variation in this frame. Such an anomaly may
indicate to the correction mechanism that another frame is
called for. When & number of features are near the
extremes of their ranges of wvariation, their collective
unlikeliness can east deubt on the applicability of this
frame and initiate a search for further evidence which may
result in a new frame being sélected. This is particularly
clear in medical diagnosis, where a set of symptoms may be
pessible within the frame for disease X, but so unlikaly
that the doctor orders further tests to search for a more
plausible hypothasis,

. Perturbation and Prediction

There are a number of different eireumstances when w
frame may be transformed or replaced by a different one.
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While sitting in a reom, il I turn my head, I bring a
previously invisible region into my field of vision and lose
a region from the other side, or I may move, changing the
vantage point from which I view certain features. These
are relatively small changes which cause perturhations of
the frame and the deseription it produces. | may
experience larger changes by walking inte another room,
requiring a prediction of what frame I may need next and
repeating the instantiation process. These phenomena are
not isclated, but lie on a spectrum which includes looking
from outside the deorway, or lying on the floor and lealking
up. These intermediate cases include  mere .common
information Irem the original frame than leaving the room
entirely, and involve a more drastic change to the frame
than a perturbation.

The common element to  extract from  these
transformations  is  the idea of partially changing a
description while saving those portions which are still valid
for the new version. A transformation in viewpoint does
not take place spontaneously. It oceurs as the result of
some action (perhaps mental) with which we may be quite
familiar; familiar enough, in fact, to be represented by a
seenmario  frame, An  action, like an objest, has a
description, which often takes the form of a scenario.
Frames may certainly be used to represent the kinds of
variability scenmrics are subject te, just. as vision frames
represent variability in visual descriptions. Part of the
frame for a given action will be a prediction of its effect
on commonly associated objects and environments. When I
am walking, the "walking" frame will predict the change in
- the wvisual peametry of the enclosing room. Conversely,
strong visual cues can be used. very effectively, in movies
for example, to evoke the sensation of motion.

When the action in gquestion forces wmest of the
description te be redone, as when [ walk from room to
room, then the transformation consists mostly of proposing
possible new frames. In a familiar house I may be able to
surnmen up a fairly complete and accurate description from
memory, but in an unfamiliar house [ need time to get my
bearings. For  small perturbations, heowever, such as
moving slightly within the same room, the visual geometry
of the outlines of the room may change slightly, but most
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of the features will remain the same, and appear in
carresponding places on the walls. I a piece of furniture
locks substantially different from the new angle, itz own
frame may reguice a transformation.

Ocelusion of objects in the background by theose in the
foreground ecan be explained by their relative positions
within the room deseription. 1 do not believe, however,
that people accurately prediet such occlusions [rom  their
mental descriptions. On looking at a seene, the deseription
I generate 15 not of the picture I sese, but of what I think
that =sceme actually is. 1 come lo conclusions aboot the
global nature of the seene from evidence I have, and fill in
with default values where I missed actusl perceptions.

H. Exireme Anomalics

An extremely unexpected observation, such as opening
that door and finding mysell at the seashore, is treated in
a mora seriouns way. My dumbfeundedness resulting from
this occurrence is not enly due to the time it takes to find
a “seashore” frame, but [ am also foced with evidence
suggesting that previeusly accurate notions of continuwity no
longer hold. I do have some knowledge of geography, and I
am filled with euriosity about how I was transported to
the sea without noticing. [ may decide. to reject the
evidence and the attack on continuity by concluding that I
am dreaming or have gone crazy. Alternatively, [ may
retreat back through the deor and leck it, or in the best
Kuhnian tradition, postpone dealing with such gquostions
while T explore and gather more observations. The point of
all this iz that an extremely unexpected occurence calls into
question not only the predicted frames that have proved to
be imaccurate, but also that knowledge which led the
prediction process so seriously astray. Such experiences are
saved and incorporated into newer versions of the faulty
frames when structural revisions become pozsible.
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III. AN EXAMFLE: BLOCKS WORLD HRECOCNITION

Frames, then, have an intuitive appeal as a metaphor to
explain how people organize and represent their knowledge.
An obvious guestion is, of course, whether this ides is of
any help te ws in representing such hknowledge in computer
programs. The next example solves a wvery easy problem,
one for which the machinery developed iz quite superfluons,
The hope, however, iz that the way such preblems are
solved will provide wvaluable technigues to be used in
solving larger, more realistic probleme.

parallelepiped wedge wedge
with three with three with two
visible faces vizible faces vigible Taces

Fig. 1. The domain.

The domain shown in Fig. 1 consists of line drawings of a
single, wnoccluded  block, which can  be either a
parallelepiped with three visible faces, a wedge with three
visible faces, or a wedge with two faces visible. The blocks -
world has been used as a domain by a number of
researchers in different contexts (Winston, 1975 Winograd,
1972), and is rightly eriticized as & "toy" world, lacking
many of the important and complex problems found in the
real world. Much of the difficulty of real world domains
comes from our inability to express in a computer program
descriptions and distinctions which are obvious (though
hard to verbalize) to a human being. The blocks world,
however, has very clear descriptive mechanisms, and it is
easy to find precise distinctions between two line drawings.
In this _.domain we can  focus on  the nature of the
recognition process, and how the use of frames in
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manipulaling and representing descriplions can aid that
process.  The hope is that a simple "toy® example will
clarify phenomena whieh would be obscured by other
important (bul separate) issues in a more complex domaimn.

Five. of the phenomena mentioned in  the Previous
section will be addressed by the example of the block
recognition program: description, instantiation, prediction,
correction, and transformation. The recognizer instantiates
a description  of the object it recognizes, using its
predictions te guide the recognition. When a  eonflict
occurs between prediction and data, a complaint department
associated with the Irame sclects an appropriate course of
action, often a transformation te a new frame.

What, then, does the recognizer take as its input and
produce as its output? The "sensory® werld of this system
consists of & body of data about the line drawing which can
be interrogated by asking it guestions which ars very local,
in the sense that a particular part of the viswal scens can
be reached only by searching aleng a known edge from a
vertex which has already been observed. An attractive
metaphor is that of walking over a snowy field attempting
te interpret a line drawing laid in pipes hidden under the
snow, More precisely, the sensory world consists of edges
and wverticea, which can perform the following operations
upon receipt of the appropriate message.

A wvertex will deliver its type, the edges which
terminate at it, and the sizes of the angles
between pairs of edges. This corresponds to the
result of a "circular search” in the neighborhood
of a wvertox. The type of a vertex is L, fork, or
arrow. The size of an angle can be deseribed as
either scute, right, or ohtuse.

An edge will deliver its “"other wvertex” upon

being  presented  with  one  vertex This
corresponds to scanning an edge from one vertex
to the other.

With this limited szensory world, and even more
impoverished . deseriptive system, the recognizer will attempt
to recognize what it sees and provide a global deseription
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of that object, [t is important te recogmize the difference
between the sensory world whieh is awvailable, and the
descriptive  mechanism  which - creates &n  internal
representation to be remembered.  Even if the sensory
world provided precise angle measurements, the recognizer
could  only describe them as acute, right, or obiuse,
Srmilarly, people dizscard or blur many distinctions which
are physiologically aveilable to their ssnszes,

What 15 the description of a line drawing? A
deseription  imposes &  level eof organization on  the
observational data which is not locally apparent in the
scene itself.  Simply by stating that an ohject is, say, &
cwhe, the description asserts that a certain collection of
features appears in the scene and that many othere do ned,
a fact which could  be determined directly only by
exhaustively searching the scene. The description also
provides a global structure to the features which is not
apparent in the local relations of the scene. Thus, lecking
at one corner of a cube, one may ask of the description,
"Where is the opposite corner?” The zcene cannob answer
such a question, for it cannot define "oppesite™ in a way
that is meaningful to the ecube. A third function of the
description is to includs properties of the objest which are
inferred from the observed featurss along with the
knowledge of its identity, such as the wvolume of a cube or
wedge, The description produced by this recognizer will
fill only the first two functions, noting collections of
features and providing a glebal relational structure, A line
drawing will be classified according to type, and its parts
will be accessible according to the gl:}hal structure of the
object it represents,

The recognition problem in this blocks world domain is
to select and instamtiate the eorrect frame for the drawing.
Since, however, instantiation must begin before selection
can take place, the recognizer must also evaluate observed
evidence, predict subsequent observations, select a new
frame when necessary, and save previously collected
observations,

Having defined the problem, we can now begin to look
at what the recognizer is. The recognizer consists af three
frames, one for each type of.object in the domain. BEach
frame is a program for examining the input data and
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consiructing a description of its type of block from that
data. A frame has many of the properties of a deseription,
in that it imposes its own global organization on  the
observed data  and makes predictions Thased on  its
abservations along with its assumplions ahout the type of
object being obsarved. An important similarity between a
frame ahd the corresponding deseription iz that a frame
will be able to answer guestions about as yet unobserved
portions of the seene based on itz predictions. Thus a
frame functions as & complete (though possibly erroneous)
description even before its processing is complete.

A frame, however, has additional capabilities which are
not present {or necessary) in oa deseription, It contains
strategy  knowledge which can advize it on the Thest
observations to consider as it builds its description. It also
has the ahility to evaluate the observations for consistency
with the deseription it is attempting to instantiate, and to
turn the process over to a more appropriate frame when a
fatal inconszistency appears. During the recognition process
this description serves as a hypothesiz about the scene
which the frame iz attempting to confirm or refute. When
the hypothesis is refuted, however, it is not only the.
description which is replaced by & better alternative. The
new frame also contains new knowledge about strategy,
evaluation, and the handling of inconsistencies in ways that
are more appropriate to the new hypothesis,

There are two distinet kinds of knowledge about the
features of these line drawings which are embedded in the
frame and which guide the econstruction of the description.-
The first is local knowledge about the types of vertices
which appear in the [figure, and how each wvertex is
connected te its immediate neighbor. The second is
knowledge of the global relations which hold ameng the
angles in different parts of the drawing (see Fig. 3). These
global relations allow an observed angle measurement in one
part of the drawing to predict an ohservation in another
part. Both kinds of knowledge serve the same role of
predicting observations and guiding the recognition process,
but they interact with observations in different weys, and
the details of their representation in the frame are
somewhat differant. '
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A. Recognition Scenario

Let us follow a scenario of the recognition of a block
drawing, in this case the three-face view of a wedge.
Figure 2 shows the stages of the recognition process, with
observed data indicated in =solid lines and hypothetical
knowledge in dotted lines. The first drawing is the actual
sceng, with the wertices numbered in the order in which
they will ba explored.

Vartex 11 We start the recognition process by giving
the program an initial wvertex, which in this case happens .
to be an L-vertex., The initial hypothesis is that the figure
is a pacallelepiped, indicatad by the dotted lines in the
ligure, The single angle measurement, along with the
parallelepiped h.:rpul_hnslﬁ predicts the 3i:u:ﬁ. of the four
additional angles indicated.

Vertex 2 The second vertex observed HET‘E‘EE completely
with the hypothesis, which expected an arrow wvertex and
had a particular measurement anticipated for the left side
angle of the arrow. The twe other angle measurements
provided by the arrow allow the frame to predict every
angle expected in the parallelepiped. Figure 3 shows the
global angle relations which support this  extensive
prediction,

Wertex &: This is an arrow vertex, which iz the vertex-
type predicted by the current hypothesis. At this point we
can sea that the angle iz too small, and that the figure
cannot be a parallelepiped. If the program had been given
better angle resolution, the angle specializst would also hawve
noticed the error in angle and would have complained to
the frame. We are assuming, however that the system
cannot discriminate well enough, #o the angle specialist
accepts the information as consistent, and the recognizar
continues with a mistaken hypothesis

Vertax 4: The fork-vertex at the center of the [Lgure
also  corresponds  completely with the  parallelepiped
hypothesis. One complete face has now been obzerved and
confirmed.
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Vertex 5:  With this observation, the parallelepiped
hypothesis finally breaks down, The L-vertex specialist
observes an unexpected 1ype of vertex and complains io the
frame: "I expected an L, but got an  arrow.” The
parallelepiped [rame knows that this particular problem
indicates a transition to the three-face view of the wedge.
It then’ analyzes the complaining vertex and the data
already collected 1o discover the correspondence betwsen the
cube and wedge frames which will allow previously collected
data to be retained. Finally, it executes the aelected
transformation.

Motice some faney stepping here. The unexpected arrow
vertex was an anomaly to the parallelepiped frame, and the
information  contained in it could not be completely
processed by the Levertex specialist. Thus it was ignored,
and the transition to the wedge frame tock place with only
the previously known data. Once the new frame was in
coniral, it could deal with the arrow wertex. The arrow
vaertex, in effect, caused the recognizer toe do a “double
take”.

Vertax 6: At this point, with the thres-face wedpge
frame directing the exploration, there is only one remaining
vertex, and it completely conflirms this bhypothesis. The
frame 1% now fully instantiated,

B. Representation

A frame is built around a hypothetical description. The
elements of that description are represented by active
program cobjects (called ‘“specizlisis") which interact by
sending messages  to each other. Each wertex in the
drawing is represented by a spacialist in ons of the vertex
types: L, fork, or arrow. The properties of that type af
veriex are represented by the partievlar behavior of that
specialist. A wvertex specialist has pointers to each of the
ecdges terminating at it. An edge is also represented by a
specialist with pointers to its ftwo wvertices. This network
of specialists connected with pointers  represents the
topological connectivity of the line drawing., 7The network
makes implicit predictions by stating that if a wvertex
specialist is satisfied with the real (observed) wvertex
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corresponding to it, then a scan along one of the edges
should encountar another real wertex which will satisfy that
corresponding Verlex specialist. Onee an imitial
correspondence has been established between observation
and hypothesis, this constitutes a prediction of all the
vertex types and their connections throughout the figure.
This prediction is embedded in the structure of the frame,
and cannot be changed by incoming data, except by refuting
the hypothesis and replacing the frame with another one,
New angle predictions, on the other hand, ean be freely
sent among angle specialists througheut the ligure. The
relations among the angles in  the line drawing (Fig. 3) are
representad by angle and  relation  specialists, who
communicate predictions and chservations among themselves,
By this communication, an angle observation in one part of
the figure can aflect the prediction in a remote part of the
ligure. The edges, the faces, and the block as a whale are
alse represented by specialists, sending messages 1o each
other, whose behavior directs the recognition and
instantiation process,

Er;ﬁ

\‘E
C
BlC
2 C
\
e
Ne—

Fig. 3. Global angle relations in the parallelepiped frame.



170 Benjamin J. Kuipers

C. The Basic Loop

The  basic operation of the recognition process is to
solect an ohservation and evaluate it with respect to the
predictions made by the current frame hypothesiz, The
flow of control described here includes the decisions about
search strategy, sending observations to  cerresponding
specialists Tor evaluation, end communicating predictions
and additional data between specialists, It is important to
notice  that these design decisions ean  be changed
independently, For example, the seleclion of the next
ohservation can be made in a different way without
changing the rest of the flew of control. The range of
flexibility of these design decisions will be the topie of the
last section of this chapter. Since the frame consists of a
number of specialists, each with its own behavior, the
description of the normal flow of contrel will also describe
much of the behavior of those spacialists,

{1) When instantiation beging, an initial observed vertex
is sent {o the recognizer. Sinee the initial “cube”
hypothesis  is_ symmetrical, the c¢orrespondence  between
hypothesis and data iz set up by sonding the observed
vartex to an arbitrary vertex specialist of the same type,
After this, the specialist for the entire block directs the
instantiation.

(2} When the block specialist is told to select an
observation, it eycles through its faces, telling each in turn
to zelect the ahservation,

(8) When a face specialist iz teld te select an
observation, it eycles through its edges, telling each in turn
to select an observation. If they all refuse, the face passes
the refusal back to the block specialist.

(4} When an edge specialist is told to selsct an
observation, it checks te see if it i5 in a very partieular
state, It can make an observation only if: a real edge has
been observed corresponding to it and  exactly one of the
vertex specialists at its ends has observed a corresponding
real wvertex. II this state of aifairs obtains, the edge
specialist performs the scan from one end of the real edge
to the other, and sends the newly chserved real vertex to
its eorresponding vertex specialist; otherwise, a refusal goes
back to the face specialist.
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(8) When a vertex specialist receives an cbserved vertex,
it evaluates the observation against its prediction, by
checking to see if the observed type 13 the same as what it
expected. If not, a complaint goes to the complaint
department {more on this in the next seclion). If the type
1 acceptable, the vertex specialist obtains the real edges
and angle measurements which are available from the
observed wvertex., [t sends the ohserved edges to  the
corresponding  edge specialists, and the obssrved angle
measuraments to the angle specialists.

() When an adge specialist receives an observed edga
from one of its neighboring vertex specialists, it remombers
the real edge, and the real vertex at one end, so it can
respond differently to future requests for observations. :

(7} When an angle specialist receives an ohbserved angle
measurement, it compares the measurement against any
prediction it might have. A conflict, of course, results in a
complaint sent to the complaint department. If there was no
previous prediction, the measurement will be of interest to
the specialist (czalled a "relation") which represents the
relation among some collection of angles in the figure, so
the cbserved measurement is sent on, An example of such
a velation iz that holding between the four angles of a
parallelogram.

(8) When & relation receives such measurament, it
decides whether this measurement implies some wseful
prediction.  If se, it sends that predietion to the
appropriate angle specialists.

(8) When an angle specialist receives sueh a prediction,
C it simply remembers it for comparisonm  with futore
observations,

D. The Complaint Department

A frame has a complaint department which receives
complaints abeut violated expectations from the vertex and
angle specialists, The offended speecialist sends a
description of the problem from its own local point of wview,
and the complaint department, with it more global
knowledge, must select the proper course of action. In this
example, only the parallelepiped frame has & nentrivial
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complaint department. There are three distinct responses it
can  make. It ean decide that the cbsarved anomaly
indicates that the object being recognized is actually the
three-face view of the wedge, for example, and that it can
determine the correspondence between what has already
peen observed and the data expected by the three-face
wedge frame. The same can happen to indicate a transition
to the two-face wview of the wedge. The third alternative
(Fig. 4) is somewhat meore interesting. The complaint
department has enough information to decide conclusively
that the new frame should be the three-face wedge, but it
does not have sufficient data to select the correspondence
between the aold and the new frames. It cannet decide
which face will be. the triangle. The solution adopted in
this recegnizer is to continue the recognition process under
the old hypothesis (now known to be mistaken), under the
assumption that the next complaint will be able to settle
the question. This decision is based on knowledge of the
domain which assures the recognizer that no important data
will be lost while working under this mistehen hypothesis,
I do not address the guestion of how such knowledge can
be mutomatically aequired from experience.

-
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Fig. 4. The ambiguous transition: the frame cannot predict
which sida will be the iriangle.

Table 1 summarizes the process by which the complaint
department deals with anomalies and selects the new frame.
The alternative “"continue (three-face wedge)" is the case
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discussed immediately above. The complexity of the
complaint  departmest is a result of the number of
complaints which are meaningful, and hence of the number
of alternate frames known to this Trame. This tabkle does
not  show the fairly elaborate decision procedure for
determining the correspondence between the two frames
before the transition can actually be executed.

TABLE 1.
The Complaint Depariment

Vertexn specialist )
expected arrow, got L ==> two-face wedge
expected Ly got arrow  =2d  three-lace weldge

Angle larger than pxpected == thres-face wedpe

Angle amaller than expocted:
in L vertex == two-face wedge
in arrow vertex:
full angle == continue (three-face wedpe)
side angle:
shterved L vertex in that face == two-face wedge
elae ==} continue (three-face wedge)
in fork wertex ==} three-Tace wedge

E. The Transition

Once an  anomaly has refuted the parallelepiped
hypothesis, and a more appropriate wedge [rame has been
selected, the problem remains of actually performing the
transition. The simplest solution would be to start over,
ignoring previeusly collected data except to indicate a
different frame to start with. This form of recsgnition is
& blind, back-tracking search through a space of line
drawings. One goal of this example, however, iz to show
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hew Irame-based recognition can exploit the similarities
petween different line drawings to preserve observations
collected under a mistaken hypothesis, At the very least,
the actual ohservations of edges and vertices can be maopped
from the old deseription to the new one because the
definitions of adjacency and eonneclivity are shared by all
frames in this demain. In faverable cireurmnstances, higher-
level descriptive objects, such as a parallelogram faee, will
remain valid in the new frame without disturbing their
internal structlure,

The transition from the parallelepiped frame to the
three-face view of the wedge has these favorable properties,
The differences between the twe descriptions are confined
to changing one parallelogram face to a triangular face, and
adjusting the angle predictions. To accomplish  this
transition, the parallelepiped frame replaces the collection
of specialists whieh represent one parallelogram face with
another collection for a triamgle. It transfers whatever data
has already been observed to the corresponding  new
specialists, notifies all concerned neighbors of the change,
and the displaced parts of the old description disappear.
The internal structure of the neighboring Ffaces changes
only in accepting & new pointer. The angle predictions also
vanish, but new predictions are solicited from the angle
specialints,

The transition to the two-face wedge is guite different,
however. The change here involves much more extansive
changes to the structure of the description. Just as in the
other transition, thers iz a correspondence between - the
representing specialists in the two. frames, but in this case
specialists whe correspond may not have the same behavior,
Faces which had two neighbors now have only omne; wvertices
which expected to be arrows will now be Ls; and as befora,
the angle predictions become obsolete. In this casa, all
that can be salvaged from the old frame are the actual
observations, including the connoctions hetween them.
These observations are transferred to corresponding
specialists in the two-face -wedge frame, which incorporates
ita own higher-level descriptive structure.  There is still an
important saving in observations to be investigated, but not
as much program structure can be shared betwesn the two-
face wedge and the parallelepiped as was possible between
the parallelepiped and the three-face wadge, :
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F. The Implementation

This example was lirst programmed and hand-simulated
in ACTORS (Smith & Hewitt, 1974). As the ideas
continued to  evelve, a working implementation in
SMALLTALK (Kay, 1974) was written and debugged in less
than twa weeks, The sase with which the concepl gould be
translated ints a working pregram is primarily due to the
novel semantics of these two languages. Both ACTORS and
SMALLTALK evolved from the ideas in SIMULA {Dahl &
Hoare, 197Z}), and are what might be called actor languages,
as oppesed to fumction or procedure languages like LISP or
ALGOL. An actor is a procedure which can maintain an
internal state between invocations. Actors communicate by
sending messages to each other, and are not constrained to
send messages (or control) only wp or down a function-call
hierarchy, Allowing an actor to maintain an internal state
makes it possible for the variables which are intuitively
associated with a conceptual object to be  associated
directly with the corresponding program object.

A cartain amount of confusion iz possible between the
different types of instantiation in this example. A
specialist representing a featurs of the line drawing (for
example, an arrow-vertex specialist) is writlen as an actor
whicth maintains a eertain amount of internal state, and has
a certain behavior in response to particular messages. The
parallelepiped frame contains three copies of the arrow-
vertex specialist, each of which is an instance of the actor
mentioned above., These three instances are not identical,
but ean be distinguished by which other specialists they
have as neighbors. The parallelepiped frame, then, is a
program which consists of several parts, some of which
share program text but have different intermal states. This

frame_ iz then provided with a source of observational data. -

Instantiation of the description is the process by which the
various parts of the frame establish a correspondence with
observational data. To add further to the confusion, we
can imagine @ scene containing twoe unoccluded blocks, for
which we make two copies (instances) of the entire
recognizer, so that separate frames can be instantiated,
resulting in two independent descriptions. This third case
seems 1o have no theoretical interest.
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IV. WHAT DOES THIS ALL MEAN?

Let us step back now and see what significance this
example has in the larger enterprise of representing
knowladge for recognitien. The overall struciure of the
recognizer has some applieability to other domains in which
greater expressive power is required of the descriptive
mechanism. In the fellowing sections, I discuss the general
conclusions which can he drawn about the deseriptive
mechanisms used, and about the interacting modules which
supervise the recogmition and instantiation processes. Other
domains which have been investigated in some depth, and
from which I draw examples, are medical diagnosis (Rubin,
1975}, and electronic circuits (Sussman, 1973). These other
domains can show features which fit into the framewark I
have developed, but which do not appear in the blocks
world.  Where possible, I point out the range of
applicability of thiz framework for recognition, and give
examples where it does not apply.

A, Representing the Hypothesis

The block recognizer uwses three methods to represent
hypothesss about line drawings, They are:

* the vertex-specialists, which know about a particular
type of vertex to which they expect to correspond;

* the mnetwork of neighbor pointers, which links the
edge- and vertex-specialists, and homomorphically represents
the connectivity of the edges and vertices in the drawing;

* the angle specialists, which represent the global
relations among the angle measurements, and activaly
communicate predictions about particular angles.

This division of representational effort works in the blocks
domain because a clear distinction ean be made between the
different. properties to he represented. There are strictly
locel features (the vertex types), fixed global relations {the
cennectivity between  vertices and edges), and predictive
global relations (the angle relations).
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Certain other domains fit into the same descriptive
framework se that this distinction betwesn local and glahal
features can be clearly made. A good example of this is
the domain of electronic cirewits, where the connectivity
and local properties of components must alse be representod,
and  global relationships among  current  and voltage
meagurcments al different points can be predicted. A less
geometric example with the same logieal structure might be
representing the time course of certain diseazes, where local
specialists are able to recognize particular symploms, the
network of connections is a partial time ordering of events,
and the global relations may be ameng the different
measurements of a varying guantity, such as blood Pressure
or white blood ¢ell count.

There are, of course, many domains where the
representational structure described in this example does
not eclearly apply. This is particularly true when features
are not as discretely separable as they are in the blocks
world.  For example, in medicine it can be important to
deseribe the onset of a certain symptom as “insidious", or
otherwise specify an indefinite time interval which ean
everlap with other events. Notice that we are not simply
specifying an interval whose endpoints are discrete {though
currently unknewn), but rather an interval which fails to
possess  delinite endpoints, The network repressntation
deseribed above lacks the expressive power to  deal
adequately with this phenomenon.

B. Manipulating the Hypotheses

In the previous section, we saw what kind of expressive
power is available [or representing hypotheses to this kind
of recognizer. Now let us consider the strueture provided
to manipulate those hypotheses. It consists of four parts:

* a module to select the next observation to consider:

* a module to evaluate the chservation, comparing it
with what was predictad;

* a module to serve as a complaint department, deciding
what te de in response to an ohserved anomaly;
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* a module to perform the transition to a new framea,

preserving as much as possible of the old information.

These "modules” de not correspond to segregated pieces of
program in the block recognizer, but are design units whose
implementation  is likely te be distributed amang the
specialists which comprise the frame.

In the following sections, we will examine these modules
individually and see what range of behavior can be expecied
of them. The important guestions to ask of each one ape:
What is it asked to do? What konowledpa can it conzider?
What answers can it give? This modularized view of the
recognitien process also has its limitations, again because of
the diserete structure of frames linked by explicit
transitions. This simplified view of recognition is based on
the assumption that recognition proceeds by adopting a
single "hest guess" hypothesis, and modifying it te a better
one in response to an unexpected observation. There is no
provision for entertaining soveral dilferent hypatheses at
once, or for leaping to an unrelated frame where no explicit
link exists, There are alsoc important guestions abhout
sharing knowledge among distinet frames which are not
addressed in this domain,

C. Belecting the Next Observation

This module decides which potential ohservation would
be most useful at each peint in the recognition process.
Onee it has selected one, it sends the observed data to the
appropriate  specialist to  begin the evaluation, The
interesting thing about this medule is the range of
information it can consider, and where it obtains that.
information, In the block recogniticn example a particular
set of considerations is designed into the selector, so il
does not answer the questions below each time it makes an
observation. Doctors, on the other hand, are trained to ask
these questions explicitly in the course of a medical
axamination.

* Given what has already been observed, which alternate
hypotheses are the most likely? (i.e. for differential
dirgnosis) :
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® The frame uses observed data to refine its predictions
and the description it is producing. Which observations
would be most productive at this time?

¥ The pragmatic context of this recognition act makes

cerfain parts of the description more useful than others
Which are thesa?
®

What costs (e.g. pain, risk, money, doctor's time) are
associated with potential ebservations?

There are, of course, =some cases where the eslative
importance of these faciors may be decided once and for all
and designed into the selection procedurs, and athers whers
the situation must be actively and freguently reevaluated.
Differemtial diagnosis information may be requested by the
complaint department in cases where an anomaly has been
obscrved, but a unigue replacement hypothesis cannot be
selected.

. Evaluating the Observation

This evaluaiion i5 a point of close contact betwesn the
representation and the manipulation of the hypothesis, The
frame checks an observation againat its hypothesis, asking
whether that observation is consistent with the predicted
description. The discussion of representation above
illustrates the local mature of this evaluation in the block
recognizer. The appropriate vertex and angle specialists
each check the consistency of the new information with
their expectations. The complexity lies in the range of
potential  reselts  of  this  evaluation. In the block
recognizer, only the first two of the following possible
reaclions can occur,

* The observation iz consistent with the hypothesis, -
perhaps providing additional informatien to be absorbed by
the frame.

* It is inconsistent, refuting the hypothesis, and the
specialist sends a description of the problem to the
complaint department.
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* It 15 consistent with the current hypothesis, but

singles out a special case about which more knowledge is
avatlable.

* It, in isolation, 15 consistent with the current
hypothesis, though near the edge of the range of variatioh.
However, enough other ohservations are also near the edges
of their ranges of wvariation that dthe frame becomes
suspicious and complaing to the complaint department.

The thivd, or "Turther specification” link between frames
provides additional information which allows more detailed
predictions or better selection of observations. The fourth
possibility allows suspicion to be cast on a hypothesis as it
becomes more and more unlikely, even though it may never
be conclusively refuted. It may nonetheless be replaced by
‘a betier alternative,

E. Selecting & New Hypothesis

This module, the complaint department, is given a
description  of the current  complaint  (and  perhaps
remembers  past ones), and 15 asked to select a new
hypothesis, In the block recognizer, most of the possible
pnomalies simply specify uwnambiguously the frame which
should replace the current one. As we saw above, however,
there are cases in which further information is necessary to
saloct the correct orientation for the new frames., In sither
mode  the complaint department must possess knowledge
about which alternate hypotheses are available, In most
cases of practical recognition these decizions will be reduced
to simple tests of the observations, just as in the block
recognizer, rather than active problem-solving during the
recogmition process.  The speed of frame-based recognition
depends on the assumption that the number of potential
alternatives in a domain is manageable, and that most
anomalies clearly suggest alternate hypotheses.

The eventwal answer provided by the complaint
department should be a new frame to replace the
complaining one. Some of the potential courses of action
leading to thiz result are:
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the anomaly may simply specify a new hypothesis to
raplace the old;

* there may be previously callested information which
can  be reexamined in more detail toe  decide betwesn
potential new frames;

* the complaint department may request & particular
observation for differential diagnosis from the module
which selects the ohservations;

* il the anomaly is minor, or there are no good
alterpatives, the current frame may just remember the
problem and continuwe under the old hypothesis, hoping that
further observation will illuminate the situation,

The complaint department is alse involved in
representing the [rame’s range of variation. Each feature
of the [rame description has its own range of wvariation
which it will accept before complaining,. The complaint
department may then decide to disregard certain complaints
or accept excuses under some circumstances. A frame
system could believe that all dogs have tails, but admit the
possibility that a dog without a tail could still be a dog.

F. Translating Knowledge to the New Hypothesis

At this early, somewhat speculative stage of ressarch, it
iz considerably harder to  generalize about the transition
procedures than it is to talk sbout the other parts of the
recogrizer.  The other parts of the recognition process
depend largely on the properties of the domain: the
transition depends on the atructure of the description.
Since that structure is ome of the goals of our research,
any conclusions drawn from it are necessarily tentative.
Another caveat is that the blocks world domain - was
deliberately chosen to minimize the complexity of the
descriptive and expressive problems to be encountered.

As | mentioned previeusly, the hierarchical structure of
the description is important in determining how mueh ean
be saved in replacing one frame with another. When a
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large, self-contained substructure such as a parallalogram
face is essentially the same in the two deseriptions, it is
natural te preserve it as a wnit rather than reconstructing
it in the new frame. Even more than this is true in the
transition to the three-face wedge: only a few pasts of the
top-level description need to be changed. The rest of the
deseription remains the same,

In making the transition to the two-face wadga, the
higher structures of the two descriptiens are quite
different, so less of the old description can be preserved,
The interpretation of the observations remains the same,
however: if twe parts are eonsidered connected by the
parallelepiped frame, they are connected in  the wedge
frame, and the terms in whick they are deseribed are the
same. Thus when the recognizer realizes it is leoking at a
wedge, it can remember what it saw when it theught the
object was a parallelepiped. Ewen when the higher-lavel
descriptive structure must be replaced, the recognizer need
not look again at features it has already observed.

Here again we see an example whore we are helped out
by the good behavier of the domain, or at least of our view
of the domain. Ewven when the frame changes, the
interpretation of the observations remains much the same,
This need not be true in domains with sagmentalion
problems. For example, in speech recognition, changing the
interpretation of one segment may affect the boundaries of
the segment, requiring changes which ripple cuiward to
neighboring hypotheses. A different set of techniques is
required to state and evaluate hypotheses about domeing
where segmentation is an important problem.

V. SUMMARY

In this chapter we presented the idea of frames in a
very intuitive way, outlining a number of desirable
features of a representation for knowledge, and illustrating
them with a specific example from the blocks world, A
frame is a specialist in a small demain. It contains the
knowledge necessary te create a description of an element



A Frame for Frames 185

of its domain from observed data. The features of such a
description may be frames in their own right, representing
a range of variation permitted in that demain. The frame
for an object can have associated with it frames far actions
which commaonly affect that object, so that predictions ean
be made about required modifications to the deseription.
The frame iz capable of predicting unobserved features, and
of using previous observations to refine its prediclions,
These predictions can guide the recognition process, and
provide answers e questions before that process is
complete.  An observation which is inconsistent with the
frame's expectations can suggest a better feame as a
replacement. Much of the partially constructed description
can be incorporated into the new frame, which continues
the recognition process.

It is imporiant to recognize the wvalue of the intuitive
model presented above. In a sense it is a "wish list™ of
desirable properties for a representation, but it iz a list
cempiled with the preblems of effective computability in
mind, It will be many years before the technieal problems
implied by a frame theory can be precizely stated and
solvad, Such intuitiens are therefore all the more
important for providing a context in which current research
can be viewed.
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