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Naive Mechanics Comprehension and Invention in EDISON

Michael G. Dyer
Flowers
Jack Hodges

Artificial Intelligence Lab.
Science

3532 Boelter Hall
UCLA, Los Angeles, CA 90024

\ Abstract
This paper briefly reports on the current architecture and status of EDISON, a
i to

ter model being desj (1) understand natural language descriptions of
::K:niuldevieumd generate novel device representations through heuristic
strategies of mutation and analogy. 'l‘hewmiomlmmuinEDISOwa
support both of these tasks and include: goal/pian information, tellﬁonslnpo
forces, motion, contact, regions, consninuon(mdpd:::rh
levels of abstraction, and naive mechanics dependencies

1. Introduction
The EDISON research project was created to explore processes of comprehension (Dyer,
ﬂm&mmm)umm Flo\vcn& 1986) in the naive
(Dyu&FMlm)Thucmh ma-chmmof
disambiguation, inference, solving and
tadonofknow Ounppm.chhsbonbbmlda mmodelmd

represen
to test the limitations of various comprehension and invention tics, along with the
representational constructs over which they operate.

2. EDISON Architecture

Thecumm!DlSON em:io(ehmelemshownmﬁmlbelow In
this th arrows i the flow of input/information through the system;
thin ( )Hmmﬁoﬂmhﬂhﬂmﬁcmmm structures;
Mhmmmupmmmwmaqm)mdmmnm
subsystems (squares with rounded corners).

* This research is supporeed in part by an ONR grant (NO0014-86-K-0615) 1 the first two suthors. Early

exploratory ressarch in this area was supported in part by sa IBM Faculty Development Award ©© the finst
suthor, and by a grant from the Hughes Al Center.

*¢ This paper will sppeer in Procesdings of the 10vh imsernational Joins Conference on Artificial Insslligence
(IJCAI-87). Milan, ltaly, August 1987.
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operation,
cmnm’cmsdmhﬁouhpcinvdvedmdevumfnncﬁon.mdopaaﬁm,a (c)a
goal specification, which requests the creation of a novel device, possibly satisfying one or
more constraints.

If a question is input o EDISON, it is passed to the conceptual anal ((1) in figure 1).

‘l'heeoncepmalmalyw(CA)uanﬁmochDYPAR.ademon—bquéAﬁmuwdmm

BORIS story understanding system (Dyer 1983). As each input word (or phrase) is

enconntued,theCAmmcmspondin;enuymthelwcon(Z) The lexicon

llxpmp betwesn words/phrases and fragments. Each fragment is

frame (Minksy 1977). Attached to each frame are zero or more demon

wmphm mﬂlmmppliedmdmedwmtemphmbyd\clemon Once

the parameters are s demon instances are ‘spawned’, ting delayed, active

rules/processes within EDISON. Active demons are maintained a demon agenda (3) and

c.:neepmal.gnm in mpm Mmg:c'hconcepm:lﬂh:&nm:uup

ts 1nto structures t or

devneefmy device region, %MEMEM ).
orce, ete. tic memory
Active conceptual fragments are stored and manipulated in a working memory (WM) (4).

Once a tation has been formed (c-REP), if it ts the
coucepoual content of 5 question () in figurs D), then & s pamed o de memory
management subsystem, retrieval heuristics (S) are An answer to the question

is then sought by accessing episodic/semantic memory (6). Semantic memory (SEM-MEM)
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holds genersl mechanics know while episodic memory (EP-MEM) holds knowledge of
instances of specific mechanical devices. These specific device exemplars may exist in EP-
MEM for any one of three reasons: (1) the handcoded the device into memory,
(2) EDISON read about the device, or (3) ice came about as the result of EDISON's
invention heuristics. A question may concern general mechanical relationships (in this case
SEM-MEM will be searched) or a specific device EDISON has just read t (then EP-
MEM will be searched). If a conceptual answer (c-ANS) is retrieved, then it is passed to a
conceptual generator ((7) in figure 1), which accesses lexical information to produce a
natural language answer.

When a device description is input to EDISON, the result of coucegtul analysis (c-REP) is
also passed to the memory management subsystem. The integrator (8) must determine where
in EP-MEM the device representation belongs. Integration into memory involves: (a)
determining if the device alreadly exists in memory (i.e. is not novel to EDISON), (b)
constructing an instantiation of the correct internal format for imglgn‘on into memory, and
(c) building the necessary indexing structures for future access. This last step may include
processes of generalization (so that the device is available at various levels of abstraction).

When a design goal specification is input, the c-REP is passed to the invention ment
sybsystem. If the goal is to create a novel device of a given type, then the c-REP is handed
directly to the brainstorming component (10). Brainstorming consists of heuristics which
attempt to create novel devices, by two general strategies: (1) musarion, where a given device
representation is altered or combined with other device components, or (2) analogy, where a
device representation is generalized and another mechanism is recalled (from a different
context) which shares features at an abstract level with the given device. The recalled device
is then adapted to the target context.

If the goal specification includes a number of constraints, the c-REP is first to the
problem-solving component of the invention management subsystem ((9) figure 1). The
problem-solver attempts to apply mechanics rules and principles to satisfy mechanics
constraints. When the problem solver cannot recall a solution from memory, it calls upon the
brainstorming heuristics to invent a device. For each device invented, constraint satisfaction
is applied.

All novel devices (whether from comprehension or invention) are placed in EP-MEM.
Although EDISON currently cannot generate natural language descriptions of arbitrary
devices, the graphics interface (11) does display a graphical representation of the semantic
relationships constructed to represent a device in memory.

3. Naive Mechanics Representation

A naive mechanics representation (NMR) must support comprehension, problem solving,
learning, and invention. The NMR used by EDISON is not finalized, but the general
approach is that of representing mechanical areas, forces, motions, objects, and relations in
terms of conceptual dependencies, along with associated inference rules.

3.1. NMR Requires Goals/Plans for Problem Solving

Consider the nail clipper in figure 2. Most people, after looking at this figure for a moment,
realize that this particular nail clipper simpl{ will not work. It then takes them a moment
longer to realize (in exact detail) why it will fail. This comprehension process often requires
that they re-examine, in their own minds, exactly how a bug-free nail clipper actually
functions.

....................................
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EDISON must be able (1) to receive a conc representation of a nail clipper, (2)

uunnnlclm either from a label, or by compaering the input representation
with knowledge in memory, and (3) realize that this representation a ‘bug’ and
understand how the bug interferes with the function of the device.

In order to spot device errors, EDISON must be able to analyze each component in terms of
the goals its use accomplishes. In story understanding and invention domains, the relevant
goals are those of the characters and include hunger, health preservation, achievement of
social status, finding an agent, etc. In the naive mechanics domain, goals involve physical
transformations, such as connection and separation. For instance, dnenulchpp«acmem
the goal of separating a nail into two objects: the remaining nail and the nail cli g n
story domains, goals are achieved the execution of and a number of p

exist which are able to achieve a single goal. Likewise, in the naive mechanics domain

goals are also achieved through abstract plans, but here realized thow, lhcopennonof

physical devices. For , the goal of separation can be reali e.g..bfyshearing,
slicing, ripping, or cutting. cutting performed by a nail cli involves forcing two

wedge-shaped objects against both sides of the object to be cut. are many problems to
be solved here, including: where separation is 10 occur and how the cutting edges are to be

attached (i.e. ahgnment), and how the cutting edges are to be removed after cutting has
occuned(amwnlenpring) Butdnmnhpobkmuhowmghmuwbemwd.
i.e. the issue of attaining mechanical advantage (Weiss 1983). The goal of attaining
mechanical advantage can be realized by a number of plans, involving the use of various
devices. In figure 2, a lever is selected. Here, however, the lever has been attached
uu'.:orlectly.s-ot.‘utforc:euImm{I only to part 1, rather than to both parts 1 and 2.
The solution of the modern nail ¢ pper(figm 3) is actually rather t, since it involves

—
U
.’

attaching the lever to a post that is sunk through the center of part 1 attached to part 2.
lovr
™ i
in_,,
Pt 2
ey il Clisper Todern il Clipper
Figure 2 Figure 3

In addition, in the modem nail clipper solves one other ‘bug’ (i.e. that the lever must be
pulled upward in the buggy case) by modifying the lever to have a protrusion on the same
side.

Notice that one can understand the function of the modern nail clipper and detect mistakes
within the buggy nail clipper, all without having to understand the principle behind the
mechanical advantage of the lever. One need only know that levers realize mechanical
advantage. The principle behind this advantage, simply stated, is that one moves a greater
distance with a constant force F to produce a greater force F’ over a shorter distance (i.c. the
same principle of the inclined plane). Although the principle behind a device may not be
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necessary to understand the device's operation, it can be important during invention. Thus,
a compiete representation of a nail clipper must include the following information:

o e ot
device: wedges forced opposite against object
goal: mechanical advaniage

plan: lever
device: post w/ one-sided lever

3.2. NMR Requires Spatial ‘Gestalt’ Structures for Comprehension

In addition to the functional relations described above, a NMR must include the spatial
orientation of each component in the device and its connectivity and orieatation (Lehnert
1978) with respect to other components. Consider the following piece of text:

One tums the screw to apply force and deform the object.

When mechanical engineers read this text, they tend to form a mental image of the spatial
relation of the object 10 the screw. Furthermore, they fill in missing information in the text
to make the text coherent. As a result, they can answer questions about information not
directly supplied in the text:

Q: Where is the object in relation to the screw?
Q: What holds the screw?
Q: What holds the object so it doesn’t move as the screw moves?

The supplied information comes from their general knowledge of what a screw looks like
and how it is used to apply force or form a connection. In the case of applying force, one
spatial gestalt is depicted in figure 4,

Notice that the object is placed at one end of the screw (instead, say, along a side of the
screw). In addition, there is a framework for holding both the object and the screw, along the
direction the screw will move if turned clockwise.

o=

Figure 4

For the nail clipper, this spatial/configurational information consists of the parts of the nail
clipper, their relative orientations, regions of parts where connectivity or other constraints
hold, and the nature of those constraints.

3.3. NMR Requires Process Information for Prediction




Mechanical devices move and their components move. The movement of each component is
a function of the connection of one component to another, the nature of the component
materials/shapes, and the nature of the forces between them (Forbus 1983). For example, if a
string S is attached to a free object O and the string is pulled, then O will move in the
direction of the pull once the string is taut; however, one cannot push on a string and expect
O to move. In contrast, if a rigid rod is connected to O, then pushing on the rod will
transmit motion to O.

In the nail cli case, process information consists of a sequence of the motions performed
by the nail clipper, as a result of the connectivity of the parts of the nail clipper and forces
applied to those parts.

3.4. Limits of NMR in EDISON

Currendy EDISON does not have any capability of examining visual or iconic
representations of devices. Thus, any spatial or connectivity information is hand-coded into
memory. Probably the most difficult representational and reasoning tasks in mechanics
involve kinematics (Forbus 1986), especially the interrelations among forces and the 3-
dimensional shapes of objects. In general, we are avoiding this extremely difficult class of
problems. We want to see what comprehension and invention tasks EDISON is capable of
performing without a serious theory of kinematics. We believe the remaining, more simple
world of basic connectors and motions is still extremely challenging.

4. Status of NL Comprehension in EDISON

Currently, the natural lan subsystem of EDISON can handle just a few, single-sentence
length texts. A sample text (Dyer, Flowers, Hodges in press) read by EDISON is:

TOY GUN

An object is pushed into a barrel, against a spring, compressing the spring until it
catches on a trigger.

The EDISON lexicon contains mappings from words, such as "push” and "pull”, to forces
with expectations (demons) for the direction and source of the force, along with the object to
be moved. Objects, such as "barrel” are represented in terms of containment and constraints
on motion. The term "against” is represented in terms of both spatial proximity (e.g. "the
painting against the wall") and force (e.g. X PROPEL O "against" Y). Some objects, such as
"spring”, are represented as primitive devices, with attached inference rules. For instance, if
one pushes on a spring, the spring will push back. "Trigger" serves as an enabling/disabling
device for release of a force. Note that "it" in TOY GUN could refer to the spring, barrel,
object, or entire gun. However, syntactic constraints prefer "spring” while semantic
constraints disallow both the barrel and the entire device as the referent of "it". In some toy
guns the trigger catches on the spring; in others, on the object (especially in the case where
the object is a plastic dart with a notch at the end).

The ability for EDISON to build a complete representation of the text depends on (1) what
EDISON already knows in memory about toy guns, (2) what EDISON already knows about
barrels, springs, triggers and objects in general and (3) what EDISON already knows the top-
level goal of the device to be (in this case, gﬂpropel the object in a given direction). In
general, mechanical device descriptions are difficult for people to read unless they already
know something about the device under discussion, or know how to read (and have access
to) a visual drawing containing the gestalt configuration of known iconic elements making
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up the device. In EDISON’s case, the drawing is represented as a hand-coded conceptual
representation already present in memory.

§. Status of Invention in EDISON

Currently, EDISON is capable of (re)inventing the swinging bar room door (figure 5A)
through the process of applying operations to, and altering features of, a standard door. In
this case, one way of arriving at a bar room door is to apply the CUT operation to the door
slab to alter the number of slabs and then apply problem solving to attach the free-standing .
slab via hinges to the other side of the door fpnpnu

hinge

sl

A: Svinging Bar Room Door B: Possible onts ts produce 2 slabs

Figure §

Even in this simple invention scenario the possibility space is rather large, since, for
example, the slab can be cut in numerous ways and the position of a hinge can conceivably
be anywhere on the surface of the slab (figure 5B). However, hinge constraints reduce this
space to positions along the edge of the slab. Still, various strange bar room doors result if
the hinges are placed at the top or bottom of the free-standing slab (figure 6).

In addition, an ‘accordian’ door can result if hinges are used to attach the free-standing slab
to the other slab (figure 7: left).

R R

(e G

Asymetrically Svinging Bar Roan Dosrs

Figure 6

At this point EDISON is incapable of making use of this serendipitous invention to realize
that (1) the cut operation can be used several times to reduce the size of each slab while
increasing the number of slabs, and thus cover the same open area while reducing the width

t




of the door when open (figure 7: right) and (2) the slabs can be attached to a runner so that
the door effectively becomes one that slides open rather than one that swings open.

T e, N
closed Mclﬂ
o o

5.1. Ingenuity, Problem Solving and Experience

Two issues of importance for invention are (1) recognition of ingenuity in a vast search space
of uninteresting and/or useless devices and (2) tradeoffs between ei%:mn t problem solving
through effective use of memory and role of experience in ‘brainstorming’ for novel (or
possibly overlooked) patterns.

Change in the fundamental motion of an object is one heuristic in EDISON for recognizing
that a truly novel design has been discovered. Thus, the invention of a sliding door through
mutation of a swinging door should be recognized by EDISON as an event of significance.

EDISON maintains devices in episodic memory. If the problem solver solves each new
problem by simply recalling a past solution, then inventiveness will diminish as the number
of devices . However, with human inventors, such as Thomas Edison, the acquisition
of a novel device serves as a platform for coming up with more devices. Such inventors use
processes of analogy and adaptation to apply knowledge in one domain to create a device in
another domain. this way, growth in episodic memory increases the potential of
inventiveness rather than diminishes it.

A simple example is that of inventing a new nut cracker by adapting the mechanism of the
nail clipper (figure 8A).

The issue of ingenuity is illustrated in figure 8B, where the nail clipper mechanism has been
pointlessly complicated. However, cascaded og::uom can result in novel and useful
devices. ComitB:r the rose clipper in figure 9B. Thi ign allows one to cut at a greater
distance without having to greatly increase the movement of the handles (figure 9C).
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Figure 8

At Clipper 8: Casonded Clipper C: Non-Cascaded Clipper
Figure 9

5.2. Failure, Serendipity and Abstraction in an Inventive Memory

What is the role of failure in memory? Schank (1982) has argued that failures are important
because learning occurs at failure points. Dyer (1983) has shown that plan failures
represented at an abstract level serve as an indexing structure to cross-contextual memories.
If every trivially bad design is stored in EDISON’s episodic memory, then problem-solving
efficiency may suffer, as a result of recall of bad designs. However, if failures are never
stored in memory, then EDISON will be doomed to repeat its mistakes. Therefore, along
with design successes EDISON must store design failures. This means that EDISON must
generalize specific failures wherever possible and store the abstracted negative design
experiences 1n episodic memory. However, sometimes it is incorrect (from a brainstorming
point of view) to avoid exploring a possibility space because of past failure. Why would an
area blocked by past failure be worth re-exploration? Often, new mechanical devices,
principles, materials, etc. become available since the time that design area or approach was
abandoned. So a robust invention system must know when to re-explore an area because of
new invention in potentially related area. These tradeoffs, between efficient problem solving
and invention, are topics of current research.

As we have seen in the case of the cascaded clippers, a mutation which fails to satisfy a goal

in current focus may end up serving another design goal. Consider the last cut shown in
figure SB. This cut produces a lopsided bar room door and appears to be a design of little
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value. However, such doors do exist. In refrigerators, the freezer door is often of less width
in comparison to the main refrigerator door. Thus, an invention may not achieve an active
design goal, but turn out to be of use for another design context (i.e. the case of the solution
in search of a problem). An inventor can only make use of serendipitous effects if a large
number of design goals are concurrently active in memory.

6. Relation to Work of Others

The overall approach toward naive physics in EDISON is inspired by Hayes,c.g. (Hayes
1985). The need and utility of an episodic memory of device exemplars is taken from
(Schank 1982) and (Kolodner 1984) and their general work on episodic memory
organization. The use of heuristics of invention and heuristics to assess interestingness o.
concepts (here, device ingenuity) are inspired from Lenat's work on invention in
mathematics and geometry (Lenat 1976, 1983).

The representation constructs in EDISON share features with those of Lehnert’s object
primitives for comprehension of stories involving the use of objects, described in (Lehnert
1978); Rieger’s CSA representational scheme to represent such objects as flush toillettes and
light bulbs (Rieger 1975) and the work of Forbus on qualitative processes (Forbus 1983,
1985). The natural language comprehension component shares representational similarities
with the representations of physical objects read by the patent abstract conceptual analyzer of
Wasserman and Lebowitz (1983).

7. Conclusions

Naive mechanics comprehension and invention can be modeled in terms of symbolic
manipulations on representational constructs. Device comprehension consists of accessing
conceptually dependent representations from memory and combining them to form larger
coherent representations. Device invention consists of altering device representations
through goal/plan analysis, constraint satisfaction, feature mutation, and processes of
abstracion and analogy. While the resulting approach lacks the detailed
numerical/simulation capabilities of the mathematical models typically used in mechanical
engineering, it provides the potential capability of modeling the engineer’s cognitive
processes of comprehension and invention at the symbolic reasoning level.
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