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Abstract

Analogical comparisons are commonly used in the discussion and
teaching of scientific topics. This paper explores the
conceptual role of analogy. We compare two positions: (1) the

generative analogy hypothesis, that analogies are an important

determinant of the way people think about a domain. (2) the

surface terminology hypothesis, that analogies merely provide a

convenient vocabulary for describing concepts in the domain.

We present evidence from interviews and experimental studies in
the domain of éimple electronics that when using analogies,
people map conceptual structures from one domain to another.
This imported conceptual structure is shown to influence
inferences a person makes about the target domain. These results

support the generative analogy hypothesis.
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Flowing Waters or Teeming Crowds:
1

Mental Models of Electricity

Question: When you plug in a lamp and it lights up,
how does it happen?

Subject Delta: . . . basically there is a pool of
electricity that plug-in buys for you . . . the
electricity goes into the cord for the appliance, for
the lamp and flows up to - flows - I think of it as
flowing because of the negative to positive images I
have, and also because...a cord is a narrow contained

entity like a river.

Analogical comparisons with simple or familiar systems occur
often in people's descriptions of complex systems, sometimes as
explicit analogical models, and sometimes as implicit analogies,
in which the person seems to borrow structure from the base
domain without noticing it. Phrases like “"current béing routed

along a conductor,” or "stopping the flow"™ of electricity are

examples.

In this paper we want to explore the conceptual role of
analogy. When people discuss electricity (and other complex
phenomena) in analogical terms, are they thinking in terms of
analogies, or merely borrowing language from one domain as a
convenient way of talking about another domain? If analogies are
to be taken seriously as part of the apparatus used in peoples'
scientific reasoning, it must be shown that they have real

conceptual effects.
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. There are two lines of observational evidence (aside from
. the protocols cited) for the proposition that analoéies can have
genuine effects on a person's conception of a domain. First,
analogies are often used in teaching, as in the following

introduction to electricity (Koff, 1961, p. 73).

The idea that electricity flows as water does is a good

analogy. Picture the wires as pipes carrying water
(electrons). Your wall plug is a high-pressure source
which you can tap simply by inserting a plug . . . A

valve (switch) is used to start or stop flow.

Thus, educators appear to believe that students can import

conceptual relations and operations from one domain to another.

- A more direct 1line of evidence is that working scientists

[y

report that they use analogy in theory development. The dgreat

] ]
) l astronomer Johannes Kepler wrote: "And I cherish more than
| anything else the Analogies, my most trustworthy masters. They

know all the secrets of Nature, and they ought to be least
neglected in Geometry." (quoted in Polya, 1973). The Nobel
Prize 1lecture of nuclear physicist Sheldon Glashow (1980) makes
constant reference to the analogies used in developing the theory

of the unified weak and electromagnetic interactions:

It soon became clear that a more far-reaching analogy

might exist between electromagnetism and the other

. forces., . . .

|
|
{
|
|
I
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I was lead to the group SU(2) x U(l) by analogy with
the approximate isospin-hypercharge group which

-

characterizes strong interactions. . . .

Part of the motivation for introducing a fourth quark
was based on our mistaken notions of hadron
spectroscopy. But we also wished to enforce an analogy
between the weak leptonic current and the weak hadronic

current. « o o

These kinds of remarks are strongly suggestive of the
Conceptual reality of generative analogy. But people's
understanding of their own mental processes is not always
correct. It could be that, despite these introspections, the
underlying thought processes proceed independently of analogy and
that analogies merely provide a convenient terminology for the
results of the process. This hypothesis, the Surface Terminology
hypothesis, contrasts with the Generative Analogy hypothesis that

analogies are used in generating inferences.

Our goal is to test the Generative Analogy hypothesis: that
conceptual inferences in the target follow predictably from the
use of a given base domain as an analogical model. To confirm
this hypothesis, it must be shown that the inferences people make
in a topic domain vary according to the analogies they use.
Purther, it must be shown that these effects cannot be attributed

to shallow lexical associations; e.g., it is not enough to show

that the person who speaks of electricity as "flowing"™ also uses
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related terms such as "capacity”" or "pressure." Such usage could

. result from a generative analogy, but it could also occur under

the Surface Terminology hypothesis.

The plan of this paper is to (1) set forth a theoretical

framework for analogical processing, called structure-mapping;

| 4 (2) use this framework to explore the analogies people.use in the

domain of electronic circuitry, based on evidence from

introductory texts and from interviews; (3) present two

experimental studies that test the Generative Analogy hypothesis;
and finally, (4) discuss the implications of our findings for a

general treatment of analogy in science.

A Structure-mapping Theory of Analogical Thinking

Just what type of information does an analogy convey? The

prevailing psychological view rejects the notion that analogies

[T

are merely weak similarity statements, maintaining instead that

analogy can be characterized more precisely (Miller, 1979;

j Ortony, 1979; Rumelhart & Abrahamson, 1973; Sternberg, 1977;
Tourangeau & Sternberg, 198l; Verbrugge & McCarrell, 1977). We
argue in this section that analogies select certain aspects of

existing knowledge, and that this selected knowledge can be

structurally characterized.

i, An analogy such as Rutherford's comparison

l. The hydrogen atom is like the solar system. 1
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clearly does not convey that all of one's knowledge about the
solar system should be attributed to the atom. The inheritance
of characteristics 1is only partial. This might suggest that an
analogy is a kind of weak similarity statement, conveying that
only some of the characteristics of the solar system apply to the
hydrogen atom. But this characterization fails to capture the
distinction between literal similarity and analogical

relatedness. A comparable literal similarity statement is

2. There's a system in the Andromeda nebula that's like our

solar systemn.

et P =

The literal similarity statement (2) conveys that the target

object (The Andromeda system) is composed of a star and planets
much like those of our solar system, and further, that those
objects are arranged in similar spatial relationships and have
roughly the same kind of orbital motion, attractive forces,

relative masses, etc. as our system.

Like the literal comparison, the analogy (statement 1)

conveys considerable overlap between the relative spatial
locations, relative motions, internal forces, and relative masses
of atom and solar system; but it does not convey that the objects
in the two domains are similar. One could argue with the literal

statement (2) by saying "But the star in the Andromeda system

To argue with the analogical statement (1) by saying "But the
nucleus of the atom isn't yellow and hot." would be to miss the

!
isn't yellow and hot." if the star happened to be a white dwarf. li
point.” On the other hand, one could argue with the analogy by U

e -
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challenging the relational implications. For example, one might
object "But the electron can't revolve around the nucleus; if it

did, it would emit light and thereby lose energy and spiral into‘
the nucleus." To challenge the relation REVOLVE (electron,

nucleus) is to raise a legitimate problem with the analogy.2 The

analogy, in short, conveys overlap in relations among objects,

but no particular overlap in the characteristics of the objects

themselves. The 1literal similarity statement conveys overlap
both in relations among the objects and in the attributes of the

individual objects.3

The analogical models used in science can be characterized
as structure-mappings between complex systems. Such an analogy
conveys that 1like relational systems hold within two different
domains. The predicates of the base domain (the known domain) -
particularly the relations that hold among the objects - can be
applied in the target domain (the domain of inquiry). Thus, a
structure-mapping analogy asserts that identical operations and
relationships hold among nonidentical things. The relational
structure is preserved, but not the objects.

In such a structure-mapping, both domains are viewed as
systems of objects4 and predicates. Among the predicates, we
must distinguish between object attributes and relationships. 1In
a propositional representation, the distinction can be made

explicit in the predicate structure: attributes are predicates

taking one argument, gnd relations are predicates taking two or

- - [V
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more arguments. For example, COLLIDE (x,y) is a relation, while
RED (x) 1is an attribute. We will use a schema-theoretic
representation of knowledge as a propositional network of nodes
and predicates (cf. Miller, 1979; Rumelhart, 1979; Rumelhart &
Norman, 1975; Rumelhart & Ortony, 1977; Schank & Abelson, 1977).
The nodes represent concepts treated as wholes and the predicates
express propositions about the nodes. The predicates may convey
dynamic process information, constraint relations, and other
kinds of knowledge (e.g., de Kleer & Sussman, 1978; Forbus, 1982;
Rieger & Grinberg, 1977). Figure 1 shows the structure-mapping
conveyed by' the atom/solar system analogy. Starting with the
knowﬁ base domain of the solar system, the object nodes of the
base domain (the sun and planets) are mapped onto object nodes
(the nucleus and electrons) of the atom, Given this
correspondence of nodes, the analogy conveys that the
relationships that hold between the nodes in the solar system
also hold between the nodes of the atom: for example, that there
is a force attracting the peripheral objects to the central
object; that the peripheral objects revolve around the central
object; that the central object is more massive than the

per ipheral objects; and so on.

Structure-mapping: Interpretation Rules

Assume that the hearer has a particular propositional
representation of a known domain B (the base domain) in terms of
]

object nodes b , b ,...,b and predicates such as A, R, R .
' 1 2 n
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Assume also a (perhaps 1less specified) representation of the

domain of inquiry (the target domain) in terms of at least some

‘ object nodes t , t ,...,t . Then a structure-mapping analogy
1l 2 m
i maps the nodes of B into the nodes of T:

l M: b ==>¢
! i i

The hearer derives analogical predications by applying

predicates valid in the base domain B to the target domain T,

: using the node substitutions dictated by the mapping:
M: [R(b ,b )] -=> [R(t ,t )]
i 3 i ]

where R(b ,b ) is a relation that holds in the base domain
i

B. These analogical predications are subject to two implicit

structural rules:

1. Preservation of relationships. If a relation exists in the 3‘

base, then predicate the same relation between the o

corresponding objects in the target: .-

M: [R(b , b )] ==> [R(t , t )] {.
i i i

In contrast, attributes (one-place predicates) from B are

not strongly predicated in T: i
[A(b )] =-#-> [A(t)].
i i

2. Systematicity. Sets of interconstraining relations are

particularly important in explanatory analogy. Therefore, a
relation that 1is dominated by a potentially valid higher-

10
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order relation is more strongly predicated than an isolated
relation. For example, in the following expression,

relations R and R are each dominated by the higher-order
1 2

relation R that connects them. To the extent that any of
these relations can be validly imported into the target, the

strength of predication of the others is increased.

M: R (R(b,b), R(b, b)] -->
1 i j 2 k 1

]
[R(R(t, t), R (t, t)]
1 i 3 2 k 1

Preservation of relationships. Assertion (1) states that

relational predicates, and not object attributes, carry over in
analogical mappings. This differentiates analogy from literal
similarity, in which there 1is also strong attribute overlap.
This follows from the central assertion that analogical mappings
convey that identical propositional systems apply in two domains
with dissimilar objects. For example, in the solar system model
of the atom, the ATTRACTS relation and the REVOLVES AROUND
relation between planet and sun are carried across to apply
between electron and nucleus, while the separable attributes of
the base objects, such as the color or temperature of the sun,

are left behind. Mass provides a éood illustration: The

relation "MORE MASSIVE THAN" between sun's mass and planet's mass

carries over, but not the absolute mass of the sun. We do not
30
expect the nucleus to have a mass of 10 kilograms, any more

o
than we expect it to have a temperature of 25,000,000 F.

11
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Systematicity. Assertion (2) states that predicates are

more likely to be imported into the target if they belong to a
system of coherent, mutually constraining relationships, the
others of which map into the target. These interconnections
among predicates are explicitly structurally represented by
higher-order relations between those predicates (e.g., Smith, in
preparation). One common higher-order relation is CAUSE; for
example, CAUSE (R , R ) expresses a causal chain between the
lower-order relationz R and R . PFocusing on such causal chains
can make an analogical m;tcher ;ore powerful (Winston, 1981).

Figure 2 shows the set of systematically interconnected
relations in the Rutherford model, a highly systematic analogy.
Notice that the lower-order relations--DISTANCE (sun, planet),
REVOLVES AROUND (planet, sun) ,A etc.--form a connected system,
together with the abstract relationship ATTRACTIVE FORCE (sun,
planet)., The relation MORE MASSIVE THAN (sun, planet) belongs to
this system. In combination with other higher-order relations,
it determines which object will revolve around the other. This
is why MORE MASSIVE THAN is preserved while HOTTER THAN is not,
even though the two relations are, by themselves, similar
comparisons. HOTTER THAN does not participate in this systematic
set of interrelated predicates. Thus, to the extent that people
recognize (however vaguely) that gravitational forces play a
central role in the analogy they will tend to import MORE MASSIVE
THAN, but not HOTTER THAN into the target.

12
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i Figure 2. More detailed representation of knowledge about (a)
the solar system and (b) the atom, showing partial
identity in the higher-order relational structures
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|

[}

Py Py

13




- — e e -

BBN Report No. 4981 Mental Models of Electricity

The systematicity rule aims to capture the intuition that
explanatory analogies are about systems of interconnected
relations. Sometimes these systems can be mathematically
formalized. Some of the interrelations within this solar system

5
are described in this equation:

2
(1) F = Gmm'/R
grav
This equation embodies a set of simultaneous constraints on the
parameters of the objects, where m is the mass of the sun, m' |is
the mass of the planet, G is the gravitational constant, and
F is the gravitational force. For example, if F
grav grav
decreases while the masses are constant, then the distance R
between the sun and the planet must increase. Equation (1)
summarizing the interrelations in the base maps into a
corresponding target equation:
2
(2) F = -qq' /R
elec

where q is the charge on the proton, q' the charge on the

electron, R the distance between the two objects, and F is
elec
6

the electromagnetic force.

All these analogical predications are attempted

predications, to wuse Ortony's (1979) term; they must be checked

against the person's existing knowledge of the target domain.
But the structural bias for relationality and systematicity

provides an implicit guide to which predications to check.
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Two Analogies for Electricity

The domain of simple electricity is ideal for investigating
the role of analogy. It is a familiar phenomenon; everyone in
our society knows at least a little about if. Further, it is
tractable: We can define ideal correct understanding. Yet
because its mechanisms are essentially invisible, electricity is
often explained by analogy. Moreover, because no single analogy
has all the correct properties, we can compare different
analogies for the same target domain. Finally, a great advantage
of electronics is that, using simple combinations of circuit
elements, it is easy to devise problems that require quantitative

inferences that cannot be mimicked by mere lexical connections.

The Water-Flow Analogy

The analogy most frequently used to explain electricity is
the water-flow analogy. We begin with this analogy, and later
discuss an alternative analogy for electricity. The following
passage is part of the instructions for a miniature lamp kit

(Illinois Hobbycraft Inc., 1976).
BElectricity and Water - An Analogy

An electrical system can be compared to a water system.
Water flows through the pipes of a water system.
Electricity can be considered as "flowing” through the

wires of an electrical system.

i
1
|
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Wire is the pipe that electricity "flows" through.
Volts is the term for electrical pressure.

Milliamperes is the term for electrical "volume."

Here the base domain 1is a plumbing system and the object
mappings are that a water pipe is mapped onto a wire, a pump or
reservoir is mapped onto a battery, a narrow constriction is
mapped onto a resistor, and flowing water is mapped onto electric
current. What predicates is this analogy supposed to convey?
Not that electricity shares object attributes with water, such as
being wet, transparent, or cold to the touch. This analogy is
meant to convey a system of relationships that can be imported
from hydraulics to electricity. In the next passages we discuss
this relational structure, first for hydraulics and then for
electricity. This will serve both to explicate the analogy and
to provide some insight into electricity for readers who are
unfamiliar with the domain. Then we compare the hydraulic
analogy with another common analogy for electricity, the moving-

crowd model.

Simple hydraulics. We begin with a reservoir with an outlet

at 1its base. The pressure of the water at the outlet is
proportional to the height of water in the reservoir. (See

Figure 3 and Figure 6 below.) The rate of flow through any point

in the system is the amount of water that passes that point per
unit time. Pressure and flow rate are Cclearly

distinguishable: Rate of flow is how much water is flowing,

16
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while pressure is the force per unit area exerted by the water.

] Yet there is a strong relation between pressure and flow: The
rate of flow through a section is proportional to the pressure
difference through that section. This means that the greater the
height of water in the reservoir, the greater the flow rate, all

else being equal.

A constrictiza in the pipe 1leads ﬁo a drop in pressure.
Water pressure, which is high when the water leaves the
reservoir, arops across the constriction. The narrower the
constrictien, te greater the pressure drop. A constriction also
affects flow rate: The greater the constriction in a section,

the lower the flow rate through that section. Figure 3b shows

the relations among flow rate, pressure and degree of

- constriction for a hydraulics system.

AET 25> Ao :
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The analogy with electricity. An electrical circuit is

analogous to the plumbing system just described. Table 1 shows
the object correspondences, as well as some of the predicates
that are imported from base to target. Notice that the
predicates that are shared are relational predicates: for

example, that increasing voltage causes an increase in current.

The first insight derivable from the analogy is the
distinction between the flow rate and pressure, which maps onto
an analogous distinction between current (the number of electrons
passing a given point per second) and voltage (the pressure
difference through which the current moves). This aspect of the
analogy is important because novices in electricity often fail to
differentiate current and voltage; they seem to merge the two of
them into a kind of generalized-strength notion. For example,

one subject, defining voltage, says:

o o o Volts is . . . the strength of the current
available to you in an outlet. And I don't know if it
means there are more of those little electrons running

around or if they're moving faster; . . . "

Besides the current-voltage distinction, the analogy conveys
the interrelation between current, voltage and resistance.
Pigure 3a shows the structural description of the circuit induced
by the mapping. The batteries, wire, and resistors of an

electrical circuit correspond to the reservoirs, pipes, and

constriction of a plumbing system. Note the parallel
18
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Pigure 3.

Figure 3a

Representation of knowledge about (a) simple electric
circuits and (b) simple hydraulic systems, showing
overlap in relational structures. The relation stands
for a higher-order qualitative division relation: The
output (e.g., current) varies monotonically with the
positive input (e.g., voltage) and negative--
monotonically with the negative input (e.qg.,
resistance).




SIMPLE CIRCUIT L

e+ ——— —

!
[
i Resistance
; of J
' td
| Battery Wire 1 Electricity Resistor Pt
{
‘ o)
Connectsd Connected Connected ‘
to to to 2
1
L)
WATER SYSTEM it
i
i i
{.
P
t

; Figure 3b
1 19b

{

f T TR Y e

- — e - e -




[

i
1
! 20
PP DRI U5 1Y~ LJ  naial RN B3
- i,

BBN Report No. 4981

Mental Models of Electricity

TABLE 1

MAPPINGS BETWEEN WATER FLOW AND ELECTRICITY

BASE - HYDRAULIC SYSTEM

OBJECT MAPPINGS:

pipe
pump
narrow pipe

PROPERTY MAPPINGS:

PRESSURE of water
NARROWNESS of pipe
FLOW RATE of water

RELATIONS IMPORTED:

CONNECT
(pipe, pump, narrow pipe)

INCREASE WITH
(flow rate, pressure)

DECREASE WITH
(flow rate, narrowness)

TARGET - CIRCUIT

wire
battery
resistor

VOLTAGE
RESISTANCE

CURRENT
(FLOW RATE of electricity)

CONNECT
(wire, battery, resistor)

INCREASE WITH
(current, voltage)

DECREASE WITH
(current, resistance)
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interdependency relations in the two systems (Figures 3a and
3b): e.qg., Electrons flow through the c¢ircuit because of a
voltage difference produced by the battery, just as water flows
through the plumbing system because of a pressure difference
produced by the reservoir. Thus, the analogy conveys the
.dependency relations that constitute Ohm's Law, V=IR. Of course,
naive users of the analogy may derive only simpler proporFional
relations such as "More force, more flow" and "More drag, less
flow."™ These qualitative-proportion relationships (see Forbus,
in preparation) may be phenomenological primitives, in the sense

discussed by diSessa (1982).

The Moving-crowd Model

Besides the hydraulics model, the most frequent spontaneous
analogy for electricity is the moving-crowd analogy. 1In this
analogy, electric current is seen as masses of objects racing

through passageways, as in these passages from interviews:

(1) You can always trick the little devils to go around or
through . . . Because they have to do that. I mean,
they are driven to seek out the opposite pole. 1In
between their getting to their destination, you can
trick them into going into different sorts of

configurations, to make them work for you . . .

(2) If you increase resistance in the circuit, the current

slows down. Now that's 1like a highway, cars on a

21
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highway where . . . as you close down a lane . . . the

cars move slower through that narrow point.

~

The moving-crowd model can provide most of the relations
required to understand electrical circuits. In this model
current corresponds to the number of entities that pass a point
per unit time. Voltage corresponds to how powerfully they push.
Like the water analogy, the moving-crowd model establishes a
distinction getween current and voltage. Further, the moving-
crowd model allows a superior treatment of resistors. In this
model we can think of a resistor as analogous to a barrier
containing a narrow gate. ’This "gate" conception of resistors is
helpful in predicting how combinations of resistors will behave,

as we will describe in the following section. However, it is

hard to find a useful realization of batteries in this model.

Exper iments on Analogies for Eiactricity

Rationale and Overview

The language used in the protocols suggests that people base
their understanding of electronics at least in part on knowledge
imported from well-known base domains. But are these true
generative analogies or merely surface terminology? In order to
verify that the use of a particular model leads to predictable
inferences in the target domain, we performed two studies of
analogical models in electronics. In Experiment 1, we elicited

subjects' models of electronics and asked whether their models

22
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predict the types of inferences they make. In Experiment 2, we
taught subjects different analogical models of electronics and

compared their subsequent patterns of inference.

The Four Combinatorial Problems

We wished to test deep indirect inferences that could not be
mimicked by surface associations. At the same time, we needed to
keep our problems simple enough for novices to attempt. The
solution was to ask about different combinations of simple
components. There were four basic combination circuits, namely
the four circuits generated by series and parallel combinations
of pairs of batteries or resistors, as shown in Figure 4. For
example, we asked how the current in a simple circuit with one
battery and resistor compares . with that in a circuit with two

resistors in series, :r with two batteries in parallel.

The chief difficulty in these combination problems is
differentiating between serial and parallel combinations. The
serial combinations are straightforward: More batteries lead to
more current and more resistors to less current. This accords
with the first level of novice insight: the "More force, more
flow/more drag, 1less flow" model, in which current goes up with
the number of batteries and goes down with the number of
resistors. But the parallel combinations do not fit this naive
model: As Figure 4 shows, parallel batteries give the same
current as a single battery, and parallel resistors lead to more
current than a single resistor (always assuming identical
batteries and resistors).
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VOLTAGE
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[

Figure 4. Current and voltage for the four combination
circuits: serial and parallel pairs of batteries or

resistors. A simple battery-resistor circuit is shown
at top.
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Combinations of batteries. To gain some intuition for these

combinations, we return briefly to the water domain for a review
of serial and parallel reservoirs. Consider what happens when
two reservoirs are connected in series, one on top of the other.
Because the pressure produced by the reservoirs is determined by
the height of the water and the height has doubled, two
reservoirs in series produce twice the original pressure, and
thus twice the original flow rate. This conforms to the
intuition that doubling the number of sources doubles the flow
rate. However, if two reservoirs are connected in parallel, at
the same level, the height of the water will be the same as with
the single reservoir. Because pressure depends on height, not on
total amount of water, the pressure and flow rate will be the
same as that of the original one-reservoir system (although the

capacity and longevity of the system will be greater).

Figure 5 shows the higher-order relationships comparing flow
rate given parallel or serial reservoirs with flow rate in the
simple one-reservoir system. The same higher-order relationships
hold in the domain of electricity: The current in a circuit with
two serial batteries is greater than the current with a single

battery. Current given two parallel batteries is equal to that
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given a single battery.

Combinations of resistors.

These combinations are

understood most easily through the moving-crowd model, in which

resistors can be thought of as gates. In the serial case, all

the moving objects must pass through two gates, one after the

other, so the rate of £flow should be lower than for just one

gate. In the parallel case, the flow splits and moves through

two side-by-side gates. Since each gate passes the usual flow,

the overall flow rate should be twice the rate for a single gate.

3
Applying these relationships in the domain of electricity,

we
conclude that serial resgsistors lead to less current than a single

resistor; whereas parallel resistors lead to more current.

Predicted Differences in Patterns of Inference

The flowing-water and moving-crowd models should lead to

different patterns of performance on the four combination

circuits. Both models can yield the first-stage "More force,

more flow/more drag, less flow" law. Where the models should

differ is in the ease with which further distinctions can be

perceived. Subjects with the flowing-water model should be more

likely to see the difference between the two kinds of battery

combinations. Subjects with the moving-crowd model should be
more likely to see the difference between the two kinds of

registor combinations.

Plowing-fluid model. Subjects who use the flowing-fluid
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\ Figure 5. Representation of knowledge in the hydraulic domain,
showing higher-order comparison relations between rate
of water flow in systems with parallel reservoirs and
systems with serial reservoirs as compared with simple
one-reservoir systems.
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model should do well on the battery questions. This is because,

as described earlier, serial and parallel reservoirs combine in

the same manner as serial and parallel batteries; thus already-

familiar combinational distinctions can be imported from the

water domain. However, subjects with the fluid flow model should
do less well on resistor combinations. In the hydraulic model
resistors are viewed as impediments. This often leads people to

adopt the "More drag, less flow" view. Here people focus on the

idea that in both parallel and serial configurations the water is

subjected to two obstacles rather than one. They conclude that

two resistors lead to less current, regardless of the

configuration.

Moving-crowd model. For subjects with

the moving-crowd
model, the pattern should be quite different. In this model,

configurations of batteries should be relatively difficult to

differentiate, since it is hard to think of good analogs for

batteries with the correct serial-parallel behavior. In
contrast, resistors should be better understood, becausge they can
be seen as gates. This should lead to better differentiation
between the parallel and serial configurations, as described
earlier. Subjects using this model should correctly respond that

parallel resistors give more current than a single resistor; and

serial resistors, less current.

The following protocol excerpt illustrates the superijority

of the moving-crowd model for understanding parallel resistors.
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The subject began with the flowing-fluid model and incorrectly

predicted less current in a parallel-resistor circuit:

We started off as one pipe, but then we split into two
e o« + We have a different current in the split-off

section, and then we bring it back together. That's a

whole different thing. That just functions as one big
pipe of some obscure description. So you should not

get as much current.

The experimenter then suggested that the subject try using a
moving-crowd analogy. With this model, the subject rapidly

derived the correct answer of more current for parallel

resistors:

Again I have all these people coming along here., I
have this big area )here where people are milling
around. « « « I can model the two gate system by just
putting the two gates right into the arena Jjust 1like
that . . . There are two gates instead of one which
seems to imply that twice as many people can get
through. So that seems to imply that the resistance
would be half as great if there were only one gate for

all those people.

Figure 6 shows drawings of the analogs in the two systems,
similar to those drawn by the subject. (Drawings of simple and

serial-resistor systems are shown for comparison.)
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! SIPLE SysTEmS
R I
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ELECTRICAL WATER
CIRCUIT RACE TRACK SYSTEM

Figure 6. Diagrams of electrical circuits, moving-crowd tracks
and hydraulic systems, showing analogous systems for

simple circulits, parallel-resistors circuits and
serial-resistors circuits.

30




- — i o= -

BBN Report No. 4981 Mental Models of Electricity

These two sections of protocol suggest that models do affect
inferences. The subject who drew incorrect conclusions using the
water analogy later drew correct inferences using the moving-
crowd analogy. The following study tests this pattern on a
larger scale. If these models are truly generative analogies, we
should find that the fluid-flow people do better with batteries
than resistors, and the moving-crowd people do better with

resistors than with batteries.

EXPERIMENT 1

Sub jects

The subjects were 36 high school and college students,
screened to be fairly naive about physical science. They were
paid for their participation. Only subjects who used the same
model throughout the study, as determined from their
questionnaire responses, are included in the results discussed
below. Also, among subjects who used a fluid-flow model, only
those who correctly answered two later questions about the
behavior of water systems were included. There were Seven
subjects who consistently used fluid flow models and eight
subjects who consistently used moving object models. The
responses of subjects who were inconsistent in their use of

models were analyzed separately and are not reported here.
Me thod

Qualitative circuit comparisons. Subjects were given
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baoklets containing a series of questions and allowed ‘to work at
their own pace. The first page showed a simple circuit with a
battery and a resistor, like the simple circuit in Figure 4.
Succeeding pages showed the four series-and-parallel combination
circuits (see Figure 4). They were asked to circle whether the
current (and voltage) in each of the combination circuits would

be greater than, equal ¢to, or 1less than that of the simple

battery-resistor circuit.

Questions about models. After the subjects gave their

answers for all four combination circuits, they were asked on a
separate page to describe the way they thought about electricity.
In order not to prejudice their answers, they were simply given a
blank area to £ill in. On_the next page, they were given a more
specific choice: PFor each of the four circuit problems, they
were asked to circle whether they had thought about flowing
fluid, moving objects, or some other view of electricity while
working on the problem. On the final page of the booklet they

were asked questions about the behavior of reservoirs in the

water domain.

Results

Figure 7 shows the results for subjects who reported using

either the flowing-fluid analogy or the moving-crowd analogy

consistently, on all four problems.

The patterns of inference are different depending on which
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Pigure 7. Results of Experiment 1l: Proportions correct, for
subjects with either a water-flow model or a moving-
crowd model of electricity, on serial and parallel
problems for batteries and resistors.
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model the subject had. As predicted, people who used the
flowing-fluid model performed better on batteries than on
resistors. The reverse is true for the moving-crowd
people: they performed better with resistors, particularly in
parallel, than with batteries. A Model X Component X Topology 2
X 2 X 2 analysis of variance was performed on the proportions of
correct answers. Here Model refers to whether the subject was
using a flowing-fluid or moving-crowd model of electricity;
Component refers to whether the combination was of batteries or
resistors; and Topology refers to whether the problem involved a
serial or parallel configuraticn. As predicted, the interaction
between Model and Component was significant; F(1,13) = 4.53;

p<.05. No other effects were significant.

Conclusions

The results of the study indicate that use of different
analogies leads to systematic differences in the patterns of
inferences in the target domain. Subjects with the flowing fluid
model did better with batteries, while moving objects subjects
did better with resistors. These combinatorial differences
cannot be attributed to shallow verbal associations. These
analogies seem to be truly generative for our sub jects;
structural relations from the base domain are reflected in

inferences in the target domain.
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Exper iment 2

In this study we taught subjects about electricity, varying
the base domain used in the explanation. We then compared their
responses to a series of questions about the target domain.
Three different models of electronic circuitry were used. The
first two models were versions of the hydraulic model, with fluid
flow mapping onto current, pumps or reservoirs mapping onto
batteries, pipes onto wires, and narrow pipes onto resistors.
The two versions of this model varied according to what maps onto
the battery: either a pump (Model P) or a reservoir (Model R).
The third model was a moving-crowd model (Model M), In this
model, current was seen as a moving crowd of mice and voltage was

the forward pressure or pushiness of the mice.

The basic method was to present different groups of subjects
with different models of electronics and then observe their
responses to circuit problems. As in Experiment 1, the dependent
measure is not merely percent correct but the pattern of
responses. Each model should cause particular incorrect
inferences as well as particular correct inferences. We also
presented problems in the base domains. It seemed possible that
sub jects might have misconceptions in the base domains (such as
hydraulics); in this case the knowledge available for importing

into the target would deviate from the ideal knowledge.
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Predicted Results

In the two hydraulics models, reservoirs (R) or pumps (P)
are sources of pressure (voltage), which results in a flow of
liquid (current) depending on the narrowness of the pipes
(resistance). In the moving-crowd model, M, the forward pressure
on the crowd (voltage), is generated by a loudspeaker shouting
encouragement. This pressure creates a certain number of mice
past a point per unit time (current) depending on the narrowness
of the gates (resistance). Table 2 shows the correspondences

among the three models.

Our major predictions were:
l. that the moving-crowd model (M) would lead ¢to better
understanding of resistors, particularly the effects of

parallel resistors on current, than the hydraulics models.

2. that the reservoir model (R) would lead to better
understanding of combinations of batteries than either the
moving-crowd model (M) or the pump model (P). With
reservoirs, the correct inferences for series versus parallel
can be derived by keeping track of the resulting height of
water, as discussed earlier. Neither the pump analog nor the

loudspeaker analog has as clear a combination pattern.
Me thod

Subjects. Eighteen people participated, all either advanced

high school or beginning college students from the Boston area.
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Subjects had 1little or no previous knowledge of electronics.

They were paid for their participation. Due to experimenter's
error, there were seven subjects in the M group, six in the P

g}oup and five in the R group.

Procedure. After filling out a questionnaire concerning

their general backgrounds, subjects were divided into three

, . e e s ——

groups, each receiving different models. The procedure was as

follows:

1. Model-teaching. Subjects were given a brief introduction to

electricity consisting of Ohm's Law (I=V/R) together with an :

explanation of one of the three models.

2. Simple test. All three groups were given an identical set of

five simple circuit problems to calculate. 1In each case the

circuit was a simple battery-plus-resistor circuit, and ;

sub jects solved for current, voltage or resistance by

applying Ohm's Law. We required that subjects solve at least i

four problems correctly to be included in the study. {

3. Qualitative comparisons. Subjects were next shown diagrams _. i
of the four complex circuits (SB, PB, SR, and PR, as shown in
Figure 4) along with a diagram of a simple battery-resistor
circuits. For each such complex circuit, we asked subjects

to compare current and voltage at several points in the 5

circuit with that of the corresponding point in a simple
circuit; e.qg., they were asked whether current just before

the resistors in a parallel-resistor circuit is greater than,

38
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equal to or less than the corresponding current in a simple

circuit.

Quantitative scaling. Each subject received each of the four

kinds of complex circuits (SB, SR, PB or PR) and filled out a
series of scales indicating current and voltage at the same

test points as in task (3).

Drawing base given target analog. Each subject received, for

each of the four complex circuits, a sheet containing a
simple base version of the standard simple system (analog of
battery plus resistor); and a circuit drawing of one of the
four complex circuits (SB, SR, PB or PR). They were told to

draw the base version of the complex circuit shown.

Base qualitative questions. To test knowledge of the base

system, subjects were given a picture of one of the four
comp lex systems in the base, and answered Qqualitative
questions about pressure and flow rate in the base system.
Each sheet showed a simple system (the analog of battery plus
resistor) plus a complex system (the analog of SB, SR, PB or
PR). The subjects made judgments at the same points as in

tasks (3) and (4).

Thought questions. Subjects were asked to write out answers

to questions such as "What will happen if there 1is no
resistor in the circuit?"; and "Do electrons go faster,
slower or the same speed through the resistor as through the

wire?®

39
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Results: Prediction 1

Results supported the first prediction, that the moving-
crowd model (M) would lead to better performance on parallel-

resistor problems than the water models (P and R).

Quantitative comparisons. In the M group, 93% of the

subjects answered that current given two parallel resistors would
be greater than or equal to current given a single resistor, as
compared with .63 for the combined P and R groups. This
difference between the M group and the P and R groups combined
was significant by a x2 test (p<.05). Table 3 shows the results
for current given parallel resistors both for the gqualitative

comparisons task and for the quantitative scaling task.

The pattern of M-superiority on parallel-resistor problems
also obtained for voltage. The proportions of questions in which
subjects (correctly) answered that the voltage in a circuit with
two parallel resistors is equal to the voltage in the simple
circuit with one resistor were, for the M group, .86; for the P
group, .42; and for the R group, .50. Again, the M group ig
significantly different from the combined P and R groups by a X
test (p<.025); M differs from P significantly as well (Fisher
test, p<.05).

Quantitative scaling. The differences, though

nonsignificant, were in the predicted direction, as shown in

Table 3. The proportions of times subjects answered that current
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Table 3

{
F ‘ Results of Experiment 2: Performance on Problems
§

Involving Current with Parallel Resistors

M P R

Qualitative
Comparisonsa .93 .58 .70

; . Quantitative
ScalingP .71 .50 .40

a. Proportions of responses that current in
parallel-resistor circuit is greater than
or equal to current 1in simple one-resistor

¢circuit.

(R

b. Proportions of responses that current 1in

parallel-resistor circuit 1is greater than

current in simple circuit.
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in a parallel-resistor circuit would exceed current given a
single resistor were .71 for M, .50 for P, and .40 for R. For
voltage, the proportions of times subjects answered that voltage
in a PR circuit equals that in a simple circuit were .86 for M,

.83 for P and .60 for R.

Results: Prediction 2

Our second prediction, that the R group would be superior to

the M and P groups on parallel-batteries problems, was not

supported.

Qualitative comparisons. The proportions of times subjects

correctly answered that the voltage given parallel batteries is
equal to the voltage given a single battery were .40 for the R
group, .64 for the M group, and .33 for the P group. None of

these differences was statistically significant.

For serial-battery problems, we expected 1less difference
between the groups. This is because the correct answer--that
voltage is greater in a circuit with two batteries in serial than
with 3just one battery--is derivable from several different
models, even from the naive "More force, more flow" view. The
results are that the proportion of correct responses was .60 for

R and .50 for P; for the M group, it was .57 (no significant

differences).

Quantitative scaling. Again we failed to---find - clear.

evidence that the R group understood parallel-battery problems
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better than the P group. The proportions of correct answers
(that voltage is the same for PB as for a simple circuit) were .2
for R and .33 for P. The R group did perform better on the serial
battery problems: .8 of the R answers indicated more voltage
with serial batteries, whereas only .33 of the P answers did so.
None of these differences is significant. (This lack of
significance may seem surprising; however, we had only one data
point per subject.) Rather surprisingly, the M group, with .86
correct, was significantly better than the other two groups on

2
parallel batteries (p<.025, X ).

Other Results in the Qualitative Comparison and Quantitative
—cr =20 = x
Scaling Tasks

There were two other significant differences. First, in the
qualitative comparisons task, the P group was superior to the R
group for current in a serial-resistor circuit. The proportion
of times subjects correctly answered that current is lower with
two serial resistors than with a single resistor was .58 for P
and .10 for R (p<.05). There were no other significant

differences on the qualitative comparison task.

The other reﬁaining significant result is that, in the
quantitative scaling problems, the R group performed better (at
.40 correct) than the M group (0 correct) or P group (0 correct)
on answering that current is constant everywhere in a purely
serial circuit (such as SB or SR). The difference between R and

P 1is significant (p<.05) as well as the difference between R and
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M (p<.025). This issue of constant study-state current flow

seems quite difficult for subjects, as discussed next.

Subjects' knowledge of the base. We were puzzled by the

failure of Prediction 2: the findihg that the R group did not
excel at combinations of batteries, in spite of the seeming
transparency of the corresponding combinations in the reservoir
domain. One possible explanation is that, contrary to our
intuitions, our subjects did not understand serial and parallel
reservoirs any better than they understood serial and parallel
pumps or loudspeakers. To check this possibility, we examined

the subjects' answers in the base domains.

The results of the Base Qualitative Comparisons task
revealed that subjects indeed failed to grasp the distinction
between parallel and serial pressure sources in the base domains.
Scores on the qualitative comparison problems concerning rate of
flow of water or animals (analogous to current) was .35 for R,
.42 for P and .32 for M. It is not surprising, then, that the R

subjects failed to make correct inferences in the target domain

of electricity.

Subsequent interviews have borne out the suspicion that even
college-educated people fail to understand the way water behaves.
They have difficulties not only with series versus parallel

combinations of reservoirs or pumps, but also with the notion of
steady~-state flow. Current is seen not as a steady flow,

constant throughout the system, but rather as a
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progression: Flow is strong and rapid at the source and

s ) gradually weakens as it goes through the pipes, with a drastic

_cut-back as it goes through the constriction. Moreover, people

physical variables. Many people seem to have a generalized

{

I often fail to make the distinction between flow rate and related
3

!

|

strength~attribute which is a composite of velocity, pressure,

' force of water, and rate of flow. This strength is thought to be
very high at the outset, just after the reservoir, to diminish as
the water travels around the water system, and to decrease

sharply at the constriction.

Similar misconceptions show up in electronics. People in

interviews do appear to have a kind of composite strength

attribute that 1is interchangeably referred to as current,
voltage, velocity of the electrons, power, pressure, or force of
the electrons. This strength attribute fails to obey steady-

{ state: It decreases as the stuff flows around the circuit, with

' the sharpest diminution occurring at the resistor.

The subjects' misconceptions in electronics are strikingly
s analogous to those in hydraulics. Therefore, subjects' failure

i to import veridical differentiations from the base domain does

not constitute evidence against the Generative Analogies

! hypothesis. Even a fully generative, rigorous structure-mapping

process cannot produce correct distinctions in the target domain
unless subjects have grasped these differentiations in the base

' domain. Our investigations bring home the point that an analogy
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is only wuseful ¢to the extent that the desired relational

structure is present in the person's representation of the base

domain.

DISCUSSION

It is an appealing notion that analogies function as tools
of thought (Clement, 1981; Darden, 1980; Dreistadt, 1968; Hesse,
1966; Hoffman, 1980; Jones, in preparation; Oppenheimer, 1955).

In this research we have sought to bring psychological evidence

to bear on this claim.

We first noted that we find analogical references in
people's spontaneous discussions of natural phenomena; for
example, when a person discusses electric current in terms of
traffic or in terms of flow of water. Our protocols suggest that
people use analogies to help structure unfamiliar domains. The
pervasiveness and generative quality of people's analogical
language suggests that the analogies are used in thinking (Lakoff
& Johnson, 1980; Quinn, 1981; Reddy, 1979; Schon, 1979). But to
make this conclusion it must be demonstrated that the thinking
truly depends on the analogy: that the analogy is more than a
convenient vocabulary in which to discuss the results of

independent inferential processes.

Bvidence for the conceptual role of analogy comes from the
introspections of <creative scientists. The journals and self-

descriptions of scientists from Johannes Kepler (1969; see also
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Roestler, 1963) to Sheldon Glashow (1980) seem to lean heavily on
analogical comparisons in discovering scientific laws. Glashow's
account of his use of generative analogies in nuclear physics was
quoted earlier. Kepler's journals show several signs of
generative analogy use. First, Kepler makes reference to the
analogy in stating his theory. Second, he appears to derive
further insights from the analogy over time. Finally, as quoted
earlier in this chapter, Kepler himself states that he uses
analogy to further his thinking. The tempting conclusion is
that, for scientists 1like Kepler and Glashow, analogies are

genuine conceptual tools.

However, self-reports concerning psychological processes are
not conclusive evidence, as Nisbett and Wilson (1977) have
argued. In this research we tested the Generative Analogy
hypothesis that analogy is an important source of insight by
asking whether truly different inferences in a given target
domain are engendered by different analogies. We chose as our
target domain simple electricity, partly because it has the right
degree of familiarity, and partly because there are two good,
readily available base domains--flowing water and moving crowds--

that support different inferences in the target domain.

To test this hypothesis, we needed to find problems for
which the inferences required in the target could not be mimicked
by verbal patterns, but would reflect structural relations

imported from these different base domains. We chose the four
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combinatorial problems described earlier: serial and parallel
combinations of resistors and batteries. These problems are
simple enough to be posed even to a novice, yet are
nontransparent enough that they require some sustained thought.
We predicted that the parallel-serial distinction for batteries
should be clearer using flowing fluid as the base. This is
because the pressure difference between serial and parallel
reservoirs can be understood in terms of height of fluid, a
relatively accessible distinction. Therefore, use of the water
system as a base domain should improve understanding of
batteries. In contrast, the parallel-serial distinction for
resistors should be more obvious using the moving-crowd base
domain. In the moving-crowd model, resistors can be thought of
as gates (inferior passages) rather than as obstructions.
Subjects who use that model should see that parallel resistors,
analogous to gates side by side, will allow more flow than a
single resistor. The opportunity is there to find effects of

thinking in different analogical models.

In Experiment 1, we divided subjects according to which
analogy they reported using for electricity and compared their
inferences about the current in our four combination problems.
We found, as predicted, that subjects using the water model
(given that they understood the way water behaves) differentiated
batteries more correctly than resistors, and that subjects who

used the moving-crowd model were more accurate for resistors than

for Dbatteries. These results support the generative analogies

Mental Models of Electricity
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claim of a true conceptual role for analogical models. The
pattern of inferences a subject made in the target domain did
indeed match the pattern that should have been imported from the

base domain.

Experiment 1 provided evidence for the Generative Analogies
hypothesis for people's preexisting spontaneous analogies.
Exper iment 2 examined the effects of analogical models that were
taught to subjects. 1In Experiment 2, we taught people to use one
of three models and compared their subsequent patterns of
inference. If people's inferential patterns varied according to
the model they were taught, this would provide a second line of

evidence for analogical reasoning. We found some of the

predicted effects in Experiment 2. Subjects who were taught the
! ’ moving-crowd analogy could differentiate parallel versus serial

resistor configurations more accurately than subjects who had

4 learned either of the water models. However, we did not find the
predicted differences in ability to differentiate the two types

* of battery combinations.

[P

We suspect that there are two main reasons that the results

of Experiment 2 were weaker than those of Experiment 1. The

iV )

first problem was that we did not screen people for knowledge of

] the water domain in Experiment 2. In many cases people simply

did not understand that serial reservoirs and parallel reservoirs
' yield different pressure in the domain of water. Because we had
' information concerning subjects' knowledge of the respective base
' 49
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domains, we were able to demonstrate that in many cases the
failure of the analogical inference was due to the lack of the

corresponding inference in the original base domain.

The phenomenon of mapping erroneous knowledge may be fairly
widespread. Several independent researchers have reported that
mental representations of physical phenomena - even among college
populations -~ often contain profound errors. Yet, although these
initial models may be fragmentary, inaccurate, and even
internally inconsistent, nonetheless they strongly affect a
person's construal of new information in the domain (Brown &
Burton, 1975; Brown, Collins, & Harris, 1978; Clement, 1981,
1982; diSessa, 1982; Eylon & Reif, 1979; Gentner, 1980, 1982;
Hayes, 1978; Hollan, Williams, & Stevens, 1982; Larkin, 1982;
McCloskey, 1982; Sayeki, 1981; Stevens & Collins, 1980; Stevens,
Collins, & Goldin, 1979; Wiser & Carey, 1982), Our research, and
that of other investigators, suggests that these domain models,
whether correct or incorrect, are carried over in analogical
inferencing in other domains (Collins & Gentner, in preparation;
Darden, 1980; Gentner, 11979; Johnson-Laird, 1980; Riley, 1981;
VanLehn & Brown, 1980; Winston, 1978, 1980, 1981; Wiser & Carey,

1982).

Aside from the subjects' lack of insight in the base domain,
the second problem with Experiment 2 is that the teaching
sessions may have been inadequate to convince all the subjects to

use the models. People simply read a one-page description of the

o . - L M
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Mental Models of Electricity

model that they were to 1learn, and then began answering
questions. Accepting a new model often requires considerable
time and practice. The problem of convincing subjects to use a
particular model did not exist in Experiment 1l; subjects were
sorted according to the model they reported using a priori. This
possible pattern of conservatism in use of new models accords
with that found in experimental studies of analogical transfer by
Gick and Holyoak (1980), and Schustack and Anderson (1979). Both
these studies found that although subjects are demonstrably able
to import relational structure from one domain to another, they
often fail to notice and use a potential analogy. We suspect
that one reason subjects may be slow to begin using a new analogy
for an area is that they normally enter a study with existing

models of the domain.

However, although Experiment 1 produced stronger results
than Experiment 2, the results of the two experiments taken
together provide clear evidence for the Generative Analogies
hypothesis. People who think of electricity as though it were
water import significant physical relationships from the domain
of flowing fluids when they reason about electricity; and
gsimilarly for people who think of electricity in terms of crowds
of moving objects. Generative analogies can indeed serve as

inferential frameworks.
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Footnotes

1
This research was supported by the Department of the Navy,
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We would like to thank Allan Collins and A~ Stevens, who
collaborated on the development of these ideas, and Susan Carey,
Ken Forbus, David Rumelhart, Billy Salter and Ed Smith for
helpful comments on earlier versions of this paper. We also
thank Molly Brewer, Judith Block, Phil Kohn, Brenda Starr and Ben
Teitelbaum for their help with the research and Cindv Hunt for
preparing the manuscript.

2
Indeed, this problem was a chief reason that Bohr was

forced to modify the solar system model, adding the notion of
fixed orbital shells and allowable quanta of energy. Still
later, this shell model was superseded by the idea that the
position of the electron is best described by a probability
distribution.

3
An adequate discussion of literal similarity within this

fremework would require including a negative dependency on the
number of nonshared features as well as the positive dependency
on the number of shared features (Tversky, 1977). However, for
our purposes, the key point is that, in analogy, a structural
distinction must be made between different types of predicates.
In Tversky's valuable characterization of literal similarity, the
relation-attribute distinction is not utilized; all predicates

are considered together, as "features". This suggests that
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literal similarity (at least in the initial stages of study) does
not require as elabcrate a computational semantics as metaphor
and analogy.

4
The "objects" in terms of which a person conceptualizes a

system need not be concrete tangible objects; they may be simply
relatively coherent, separable component parts of a complex
object, or they may be idealized or even fictional objects.
Moreover, often a target system can be parsed in various ways by
different individuals, or even by the same individual for
different purposes. [See Greeno, Vesonder, and Majetic (1982)
and Larkin (1982).]) The important point is, once the objects are
determined they will be treated as objects in the mapping.

5
Mathematical models represent an extreme of systematicity.

The set of mappable relations is strongly constrained, and the
rules for concatenating relationships are well-specified. Once
we choose a given mathematical system - say, a ring or a group -~
as base, we know thereby which combinatorial rules and which
higher-order relations apply in the base. This clarifies the
process of deriving new predictions to test in the target. We
know, for example, that if the base relations are addition (R)
and multiplication (Rz) in a field (e.g., the real numbers) th:n

we can expect distributivity to hold: c(a+b) = ca + cb, or
R [(c, R (a,b)] =R [R (c,a) , R (c,b)]
2 1 1 2 2

A mathematical model predicts a small number of relations which
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are well-specified enough and systematic enough to be

concatenated into long chains of prediction.

6
Notice that the analogy shown in Figure 2 actually involves

two different systems of mappings that do not completely overlap.
Each system is dominated by a different higher-order relation.
Although the object mappings are the same in both cases, the
attribute mappings are different. (Recall that object
attributes, like ob jects themselves, can be mapped onto
arbitrarily different elements of the target, according to the
structure-mapping theory; only the resulting relations need be

preserved.)

The first system is dominated by the attractive force

relation
2
(F=Gm m / R).
1 2

In this system, the mass of objects in the solar system is mapped
onto the charge of objects in the atom, and gravitational force
maps on£o electromagnetic force. This system includes the
higher-order relation that attractive force decreases with

distance.

The other system is dominated by the inertial relation (F =
ma); in this system, the mass of objects in the solar system maps
into the mass of objects in the atom. This system includes the

inference (expressed as a higher-order relation in Figure 2) that

the less massive object moves more than the more massive object.
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7
In combinations of resistors, the key principle is that the

voltage changes significantly only when current encounters a

resistance. When the circuit contains two identical resistors in

a row, the total voltage drop gets divided between the

resistors.

two
Thus the voltage drop across each resistor is only

half as great. Since the current is proportional to the voltage

drop, the current through each resistor is only half the original

current. By conservation of charge, this reduced current is

constant throughout the system,

63




PRI/GEVTHER

“areh 7 1002

L

Mavy

Dr. Ed Aiken
tlavy Personnel EiD Center
fan Diego, CA €2182

Veryl 8. Raker
NPRIV

Code P2NC

fan Piego, €2 Q2152

Pr, Rorert Freavv
Code N=711
MAYTRACQUTPALY
Orl:ndo, FL 27717

CDR Yike Currqn
“ffice of 'rved
gne i, Cuiney Tt
CoZ:- 2710
frlington, V¢ 22217

Fecgaarch

DE. P*T FEDSE™ZN
MEVY SERSCMKEL R&™ CENTER

SpM DIESD, CA C2182

Pr. Jotn Ford
N~vy Persennel FRD Center
S2n Diege, CA 02160

LT Stever D, ¥orris, Yoo, URM
Corte [Saiel ]

Meve? tir Pevelopmant Center
erminster, Pomnsylvznis 17070

r. Jim loll=n

Cocle 0L

¥avy Personnel P % D Cropter
fan NMege, Cr 021052

C~. Normen J. Verr

Crief of Mavel Tectniesl Trr-inine
Mavel Alr Stztion amphis (70
“illington, TV ~"Fnrn

Dr. Yilliam L. M:-loy
Principel Civilian Advisor for
Fducation and Tr:ining

Hav¢3 *raininh Cormend, Colo LA
ik

CopY

pormit fully 1 ectb“ 1P

. uumﬁﬁﬁiiiﬁiashﬂw.

- -—-

Page 1

Pavy

-

CAPT Richrre L. Martin, USN

Prospective Commonding Of ficer

Hes car' Vinson (CVN-T()

Vevuport Mews Shipbuilding 2nd Drydoci: On
Mewport Mews, V&L 27607

1 Pr, Jenes Pelride
Mavy Personnsl PLD Center
fan Tiege, Cp OR1€672

1 Dr ilYjam
Navy Parconne! F2T Cen‘e
San Diegeo, Ch €217D

Yonteoue

1 Ted V. T, Yellen
Techninsl "nform:tion 7ffice,
MIVY PUREmrEl RAD CLPTER

SAY DIEG™, CA C71RD

Cotis 201

1 Librery, Code PPPIL
N~vy Personnel REP Ceonter
Son Diego, Cr CRIE2

1 Tachnic:1 Zirectoer
Nevy Persemnel P! Center
czr. NMegn, O 21772

Conmrending Office

Mavr] Rese-~reh Loborstery
Code 2727

'astirgten, NC 20507

1 Psycvologist.
CNE Pranch ffice
Pld4g 112, fection D
£6F Cymmear Strect
Poston, 't 022110

1 ~ffice of "2vil Frgerrch
Cocde 477
eCA M, Duincy SStreat
Mlircton, VA 20217

€ Personnel % Training Pesezrel
(Code NEY)

Cffice of MoviY) Resanreh

trlington, Vb 72217

Progr:ms

does not

piic
2 to od“cm

availzd

PRepE—

——




EIH/GEHTNFP Marap 24, 1082
! Novy
Psychologist

CER Pranch Cffice
1070 East Green Street
Posadena, C* 1101

' Specirl Asst. for Educrtion =nd
Trzining (0P<T1E)

Fm. 270% frling*on fnnex

Waskington, DC 20°70

Fffice of tle Crief of Mavnl Cpirstions

Rzeazreh Developmert € Stucdies Franet
("P-117)

Wrstington, DC 20050

1 LT Fr-nl. C. Patbo, M&C, NSH (Pn ®)
Caleretion =nd Trzoining Peserrch Divicion
Huymen Performeonce Soienars Dept.

Nave® Aerospoae 'ediesl Pesanrel Laberst
Peng-~z20l:, FL =2&r°

! Dr. G-ry Poncl
Nperzticns Resezrch Depzrtment
Co?c RPN
Nzw2l Postgrodurte Sclool
Yonterey, C2 COQNC

. foger V. Remingzteon, F-.P
Tede L72

: ES R

! Pponszeola, FL 30607

Cr. Bernars Rimland (N3P)
I'~vy Persornsl P9 Conter
“rr Diege, CF €152

s
»

i M, Unrtk Seenland, Dir~ctor

i Rree=~rak, Navelopment, Tast & Evalu~*tion
it

H "aval Fduc~ticn »n¢ Training Commend

: Pre, Pensacolr, FL =05p°

T Dr. Pobert G. Tmith

! Cffice of Chief of Maval Cperaticns

fP-N237H
W=erington, NC 2rI€EN

Nevy

Nr. Mfred F, Snede

Tr-inirg An-lysis * Evrluation froup
(TAEG)

BDeopr, of the Mavy

Crlando, FL 7217

Pr. Ricksrd Screnser
Mavy Perconnel R&AD Zente-
S=n DNiego, Cd CH1E"

Roger Weissing-r-P-y’on

Dep-rtment of fdministriiive Sciapners
Mzvil Pestgrriunte Sato2?

Vonterey, Cf C©7CHC

Dr. Rotert ''isior

Coda 2nC

Mavy Parsonn:) PN Canter
Ssn Plego, € 02170

Ve Johre ', Wnlfe

Codr PT1NP

U, £, ¥Yavy Personnel Resarrnh ~nd
Nevelapment Canter

S#n Diege, CHr 02982




40

RBE/GENTYER Mareh 2r, 1072 Prg-~ 2

Army trmy

! 1 Trcvnical Director 1 Pr, Frederieclr Steirheiser
‘ U, &, Army Resczarct "ns*itut~ for *ha Dept, of Ilrvy

Behsvior:® ~nd focinl “cicnces Chief of M=vs) fperr-+tions
ErC1 Eiscnhowrr fvenus a2 B by
Alexendriq, Ve 027377 Vasrinpton, DC 2r7en

1 'r. Jomes Bziar : Or. Josep: Verd
Sfysteamg VYenplop Tacknaiact feos U.F, Army Pesesrer Tnstitute )
frey Reseoes Trgtite. 5071 Fisenhower fvenuc
ATy Figertouwer Ave, Alexepdri-, Ve 22227

‘lexandeis, ¥ D237

1 Br. Bartrice J, Fare-
U, T, vmy Frgc-=ab “nctieps -
RAPY Cigrakaysr prenye
Arex:r-dri-~, V2

P

! DR. FRAMY 2, uUpARPIR

-

", T, JRYY RESTIRCH TRETITUTE

ERAY FTeENUAER AyTUT
SLEYAMTPTY vy 27T

1 Or. tiekred Yop'on
.o, LRMY RECEATCH TNETTTITER
Encs EISCMHUNCR AVTENE

ELEYANRE™  va 20-77 o

1 Pre, Milton 8, KXotz
Trrining Terknical Pre-
1.7, ‘ray Pagecreol Tnstituss
57°7"1 Eigrnhover fFvenu-n
flexsndria, V. 27772

Frwer = 0
e et O

Braar §
-

1 Dr. Hareld F. C'Meil, Jr,
tttn: PECRT-"H
Army Rereirch Tnstitute
5001 Eisentoirr fAvenun
Mexerdri=, YA 22°°° b

——y
[

1 Dr, Fobert fzsmor
I, &, Prriy Recsnrrch Tnstitu*e for the -
Pehavioral #nd focicl Scivne~s !i
5°C1 Eisentower pvenur
Alexandria, VA 22°°%

- e . -




l 1.8, 2ir Forece Office of Scientifice

| "NV Y

& Beany

& samatad

o & T L

Salnfest)  Shenssnnd 0 Smaie)  betbesd

Mereh 24, 1602

Resezr=ch :
Life Sciences DNirectorste, ML
Folling Air Force Fase
V'ashington, DC 2C=22

Dr. Gennvieve Haddsd
Program Manrger

Life~ Scisnces Dircetorct:
rENACR

Belling AFF, D 20772

crohg TCHTW/TTGY Step 7
Shepperd AR TY 764711

Page: 4

¥Yarines

He Willinm Gre~nup
Flunation 2dviseor (FP21)
Fducation Cantcr, VFCDEC
Cuan*ico, Vr 02170

Special ltssistent for Marine
Corps Vattrrs

Code 1201°

Officr of ‘laval FResgse-rch

£0C . Cuincy S+,

Arlingten, VL D02°7

DR. A.L. TLAFFNS¥Y

CCTENTTEFTC ADYTEOR (COTC RE-1)
PG, U.S, MAPTME €£NRPS
VASUTYGTCOY, DC ~nnen

)




APY/GENTNEFR arch 24, 1072

P:pn & !

i

CorstGuari Ceher Mol ‘

1 Chief, Psychologic-l Roserck Franeh 122 Defense Taclnicrz) Tnformatior Centor {

U. S. Cozst Gurrd (G=P-1/2/TPUZ) C:mcren St-tien, Plig § 5
‘YI=shington, Dr 2n5g° Alexendric, VP 20210

Attn: TC

1 M{litsry Essistant for Training ard

Personn~l Tectnolozy ¥
Dffice of tr= Under Secratary of Dafane-
for Pese~rch * Fngincering ]

Room 3D0129, The Pantigon
Washington, DC 2001

1

=

1 DAFPA :
1800 wilsen Plvd., ]
Arlington, VP 22007

ad

| o T voven NI woese |

o
¢ 6”‘,5;
gost °*’§§°b\ e [
0’ It g

s e G e G .




:]zr:/cr.r:rrfrn Marck i, 1002

l Civil Govt

Pr. Susan Chipmarn 1
Lezrrning and Development

Nationsal Tnstitufe of Fduc~tion

1200 1Ctk Street I

. ‘lzshington, DC 2C22°

or. John Meys

M=¢tional Institute of Fducstion
12017 19tk Street M

Vashington, PC 2C27°

1 Williem J. lielrurin 1
ﬂ"1P Howie Court
Camp Springs, ! 2007

1 Tr. “rthur Melned

Mztion=l Tn*itute of Educettion

120D 10th Streat M 1
Vcerington, DC 2Lone
Dr. Endrew R, Moln-r
Science Fiucrtion Dev,

and FReerrsreok 1
Y=tionzl Tcienae Fourqtationr
' shing*on, D sne~n

~

“r. Joseph Psotlb
- Faticnsl Tnstitute of Fdur-ticen
120N 104k Sy

baey

<sning%on,DC 2n2r° 1

Dot &g

I

Dr. Fr=n) Yithrow

Uy, ¢, 0ffice of Educrtion

nes Marylend Aye, SY

Vashing*on, NC 2C20° 1

Bolnamas §

Or. Joseph L., Young, DRirecctor

V'smory % Cognitive Prcocsses

"yt ione? Secienze Fouvndation

Vzshington, C Z0RRD 1

I"‘.ﬂl M

Py ey

———— T
Page £

Mon Gov+*

Dr. Jokn F, And~rson

Pepartment. of Psychology
Carnzgie M2llon University
Pittsburgh, PL 1£217

Anderson, Thomes Y., P4.D,
Centor for the Study of Fecling
17L Crildren's Fasc-roh Corter
R1 Gerty DMrive

Chenpirgr, TL £1°7°0

Pr. Jchn Mnrnct+
Pep:rtment of Psyrholeny
University of Varuicl
Coventry CVI' TAL

FNGLAMD

1 psychologics) rasen~rs! unit
Dapt. of DPefense (Arowy Cffic2)
Campbhell Pork Mffices

Canborr: ACT 280N Pyugtrelis

..4

Pr. Men Poddoley

re "hr* ggnrrek Coune:d
"pplied Psyebalecy Unit

17 Chrpecer Poed

Crmbricdas OR™ DEF

ErCLaT

Dr. Prtrinis Pappnes
Dep~rtment of Psy~kaleny
niversity of Calorecdo
Roulder, €O 20200

Yr fvrorn Firr

Nap:rtment of Computer Sefenae
Starford liniversity

““";nfov-ﬁ. A Ol':("’_‘

Lizison “aicntists
Office of Mnvel Resgazrch,

Prin~h ~ffice , London b
Fox =t FPN Mey York €°510 <
&
Pr. Lyle Fournc 6
Pepzrtmen! of Psychology €$‘49
University of folorzdo ) 0“0
Poulder, €N "°A=nc ~ 6,5'

B . g




~ . e
RBN/GEMTYNER March 2B, 1C32 Page 7
Mon Govt Nor Govt |
L
1 NDr. Jokr ¢, Brcwm 1 Dr, Yererdith P, Crrvford
XERCY P2io ARlto Resezrch Canter Americsn Psyclnalogierl BAssocistion L
272 Coyo*te Rozd 1200 17 Y Fereet, WY,
Palo Alto, CF Cu204 Washingon, DC 20r°F E
‘ 1 Dr. Pruce Puchanrn 1 Dr. Kenneth P, Cross
Department of Comput~r Rcience Anaceps Seiences, Tne. i
Stenford University P.C, Drrver © L
ftanford, CA CU3n€ Sznta Parbarp, CA 02102
k 1 RR. C. VILT™NR RUNDERSHY 1 LeAL J. €. Fggenberger £
] ! WYCAT TNC, . DIRFOTCPATE OF PRRSANMNEL EPPLTFT RECEACS L
; UM TVERSRITY PLAZr, TUITF 10 MATTANMAL DEFENMTCE BN
i 1140 &N, STATS 3T, 101 TCLONTEL PY NRIVE 3
! NREM, UT &nes? ATTAMR, CIMADA WA PRD L
i 1 Dr. P~% Carpen*er 1 Dr, F4 Frigenbaum j
: Dap-~rtment of Psycholony Department of Comput~r Srience [i
i Carnegic=lcllcn University Stonford liniversity
‘ ' Pittsburgh, PA 18212 et znford, Ct clu~ne |
1 Dr, Jorn P, Carroll 1 PDr, Fichard L., Forguson [#
Psychometric Lab The Maeriern College Tecting Progrem
UIniv. of YNo. Caroline P.0., Fox 14°
Navia H2YY A17A Tow= City, TA R22LP [
Chapa) HiY1, ¥ 27R1U
i Yr, Ual)rer Feurzaig
1 r, Willi~m Chrs2 Polt Persnel 2 lawmzn, Tne, b
Papar+ement of Psychoogy e Moulton T,
Carnegie ¥2'Jon University Crmbridge, Y 2122
Pittsburgh, PA 1€212
1 Dr. Victor Fields
1 Dr., Micheline Chi Nept., of Psyctclogy
Learning R &% D Center Montgomery Collegn
University of Pittsburgh Rocville, ND 20°EN
2C3T O'Vorn Ctreet
Pittsburcr, PA 18212 1 Univ, Prof. Dr., Gerhnrd Fischkor
Lirbiggnese 5/°
! r, Mlarn M, Coallins £ 171C Viernc
Folt Beranel: & llewm~n, 'nc. AUSTRTE
RN Mgulton Street
Cambridge, Ma 0213° 1 NP, JoMN D, FOLLFTY JR,
APPLTFD ICTENAFT ACSACTATES TNC
1 fr, Lynn A, Cooper VALEMCTA, PA  1£nRe
LRI
Infversity of Pittsburgh 1 Dr, John F, Frederiksen
207C N'"Hapyr Shrent Rolt Perasnel 2 Vaymzn
Pittsburgr, PA 17217 6N *oulton Strect

Cambridee, A N212F
, pric does 0

Copt. ‘ﬂq Jogible 1°¥*

g oo oy . . PO —_— -




B
]
1

I'/GEYTEER

March 24, 12°2

\Men Gov+t

Pr. Alinda Friedm~n
Dep=rtment of Psycholog
lniversity of Blbertr
Fdmonton, Alberta
CEMADA TEG 2EC

PR. ROBERT GLASER

LREC

!MTVERTSTTY OF PTTTRRNNGH
Q3¢ O'IARA STREET
PTTTSBUR(Y, P& 10210

Dr. U2rvin D, Glock
217 Stone Hal?
Cornel) !Iniversit*y
Ttlrnen, MY 107572

Pr. MNanicl Gopher

Tntustrisl & I'ar=gement Enginesring
Tettrion=Tsrrel Tnstitutz of Tecknolegy

bFaifa
TSRAEL

TR, JAVES G, GREFMD

LFNC

INTVERDTTY NF PTTTSRURGH
SeTA A'HARA CTREET
PTITTSRURGH, P2 6217

Ir. Foan Hambleton
Schoo' of Tduc:tior

University of Massechusrtts

Imbarst, MA 01002

Nr. Haro'd Pawkinc
Department. of Psyctology
University of Cregon
Fugers OR CTUN<=

Dr. Psrbdsr- Hryes-FRot*!
Tre Rend Corporz*ion
1700 Yain Straet

f~nt» Moniea, Ct OCLNF

Dr. Frederick Hayes-Roth
The Rznd Corpor-tion
1700 Voin Strant

Sants Monice, Cp  COROC

oy

'on Covt

Dr. Jarmes F, Hoffnmar
Depsrtmont of Psyctolosg
University of Delrware
Hevarl, PE 10711

Dr, Yristins Hoorer
Clorl Verr tH711
Mmiversity of Celifornic
Ssnts Cruz, Cr ogren

Glend: Creenwald, Fd,

"Fumsn Tntelligenne Mayslettap”

P. 0. Tex 11F°
Pirmingham, 1’7 07010

%r. Farl Hunt

Nept, of Psychelony
University of Wsstington
Sentsle, V'"A CRANR

Dr. Fd Futehkins
Mivy Personn-~l P Coanter
Sen Piego, £ 2162

DF. KAY TvADA
21110 VAFCUFY ST
CAVRGA PAFV, €A 01702

)r, Steven U, Kenln
Neart, of Psyclolony
Iniversity of Cregon
Fugrne, OR  co7ur2

r, V2lter "intsch
Nepartmert of Psyckelany
miversity of Colerade
Boulder, CO &020D

Pr. Navid Yierss
Dap-rtment of Psychology
University of BArizon=
Tusron, A2 5721

Pr, Stephen Kosslyn
Harvard University
Depzrtment of Psychologpy
2 Kirklend Fhrect
Combhridge, MA C212%

SRR

e p—

I T TP ST N AT T P STy



RRN/GENTIER March 74, 10°2

Non Govt.

1 Pr, Marcy Lansmsn
Pepartment. of Psychology, M7 2%
University of Washirgton
Feattle, WA 07105

1 Or. Jill Larkin
Pepariment of Psyshology
C~rnegie *cYlon University
Pittsburgh, PA 16217

1 Pr, Alen Lesgold
Lezrning R&D Centor
University of Pittshurghk
Pittshurgh, PA 150760

1 Dr. Yichazl Levine
Pepartment of Fducrtionnal Psyechology
210 Fduesticn Bldg,
Iniversity of Illinois
Crempaian, TL 1801

1 "r. Robert Linn
fo0¥legr of Fdunetion
University of T'1inois
Urbtins, TL F1971

* Nr, Friv retWilliems
Seioance Educa*ior Dev. ernd Ros=rrel
Nz¢jon~1 Scinnce Founirtion
Yughington, NC Preon

1 Dr. Vtork M1ler

TT Computar Secience L#b

C/n 2221 Wintearpleee Cirela

leno, TY T7ENTS

1 r, Allen Munro
Bohavioral Technology Leabor-tories
18125 Elen~ Ave,, Four*k Floor
Redondo Brzch, CA GN277

! Dr. Ponzld A 'orm-n
Crpt. of Psychclony C-0NC
Univ, of Californiz, S»n Diego
La Jolla, CP 0200

T oes not
v to D ¢ i :
Cop¥ VS |egible 1€P°

|
i “mdifd““e
|
|

Yon Govt

Comn‘ttec on Pumzn Factors
JH P11

2101 Consti*ution fve, MV
Hfaghington, NC 20810

Pr. Jess~ Orlinshy
Tnstitnte for Dofensn &n7lyses
LOe Army Mavy Drive
Arlinpton, VA 222172

Dr. Seynour A,
‘assachusatts Tnstituts of Tecknology
trtifiecic) Tntelligenzc Lab

Eh€ Tacknoleyy Squnre

Cambridge, Mr n7217c

Peper*

Pr. Jamers A, Prulson
Portlend S+nte Universisy
P.M., Pox 7n1

Pertland, NP oT2N7

Pr, Jemes V. Pel egrine
I~iversity of C='iforni-,
“anta Farbarz

Dopt. of Psyerolery
Srntrs Rarshrr:s, GF NTINE
VR, LUTAT PETRULLN

2131 M FDCEUCCY STREFT
FRLTNGTNI, VA ~=207

Dr. Mzr+ka Polson i,
Fap-rtment of Psychology
Campus Fox ~Hf
University of Colorrio
Poulger, " FNn290

DR, PETSR POLSAN

PEPT. OF PRYCHALNACY
UNTVERSTTY OF COLORANC
FAULDEE, 0 207pe

Nr. Steven F. Poltroct

Depnrtment. of Psyclology

University of Denver :
DenvA~r,CO £N200




40

?lw/ssn?rﬁn Parak U, 1eRD

l Non Covt

=

TMRAT M, L. PIUCH
P10
BUNDESMTNTSTERIU™ DEF VERTFTLIGUNC
PASTFACH 1220

D-G~ BOMN 1, GERMANY

"r. Fred Reif

SFaAE

n/0 Physics Department
"miversity of California
Parkely, Ch OU72"

! Pr.
Lenre
Univ-rsity of Pitisburgh
TORC M 'MEre frroct

Pifetsburgl, P2 15227

Lauren fesnicl

1 Very Filey
LERC
University of Pirtsburgl
TOIN A'Hars Streat
Pittsburgl , P2 18D1*7

Nr. Andrev M, Roco

Mraricen Tnelitutes for Reserreh
Jofferser <+, MU
t'agskington, DC 2"N07

1°8E Thonmss

Br. Frnst Z. Rothlopf
PelY Laborstorics

&r2 Mountzin Avenue
turrzy i1, NJ eeL

St sy

(SRS

: M, David Pumclh-rt
Center fcrr Humzn "™nfarm:*ion Preecscing
Univ, of Californi~, ©2n Diefo
Lr Joll:, C» 0N2neC-

s

( NR. WALTEF SCFUEINER

! PEPT. OF PSYCHCLNAGY
UNIVFREITY OF TLLTNCTS

. CHAMPATGN, TL 617020

" Pr, Alen Schoenfeld
Department of Mathemetices
I'amilton Coll.gc

Clinton, 1Yy 1772°

-

Y

P-"f’-_’, L Xal

lon Gov+

NP, ROEFRT SEITEL

TNSTRUCTTOYMAL TFCRMOLAGY GPOUP
U RRC

200 M, WASHTVATAN T,

ALEYAYDRTA VA 2271

Comnmi*+nr~ or
“ Dr. Lonanie P,
foci:? /erience Pasc-rch
€05 Third Mvenue

Ner Yor!:, MY 1P7IF

Cnanitive Pepnerwnlh
Shorrod
Cotmeil

Rober’ ¢,
Asscnir*te Professcr
Crrnegi-=M-llon Imjversity
Nepartment of Psychknlony
Snienr’ -~y Port

Pittsburgl, PA 172317

Ciegler

Pr, Fdiarad F,
Polit Rarpznel:
a0 Mayltan
Combridg~,

Smitt
Newnin
Stract

re 2100

e,

Pr. Fobert
Pepartment of Compuler Srienne
Futgers lUniversity

Maw Prynsvisl, Pg 727080

Smith

N, Picr-re Tnov

Scheoel eof Nducation
Stenford Miversity
< ~nford, CL CLINT

Dr, Pohert Sternherrs
Pept. eof Psychelogy
Y~1c¢ University

Pox 11f, Y~le Stotion
Mev Paven, CT poEon

PR, PLREPT STFVENS
ROLT PEPANE ¢ MEUMAN - ThC,
&N MAYLTAY STERFT S
CAMPRTINGE, A (2107 13

Drvid £, S*on-, Ph.D,
"'22el*in~ Corporr~tion < 9
T€°n Ol¢ fprinarouse Rord A
M~Lesn, VA 22102 s N

TR G T Y e g

e




v e m e —————

REY/GENTNER  March 2B, 1069

-a

Mon Govt

DR, PATRTCY SUPPEC 1
THSTTTUTE FOR MATHFMATTCEL STUNTESR TK
THE SOCTAL SCTRNCES
STAMFORD UNTVERETTY
STIMFORD, CA ohzne

Dr, Yikumi Tatsuola

Computer Rased Fduceticn Fesasreh
L-btoratory

257 Enginecring Resezrch Labor~tory

University of Tllincis

Urb:ns, L €180

Dy, Johr Thom-s

TPV Thonmes J. V'2tson Rescarch Center
p.~, Dox 21¢

Yorkteowum Heights, MV 1ncnd

B2, PCRRY THCRMIVVE

THE RAMP CPRPONATIAM
1702 MpTM STRIFT

SANTE "™MONTCY, CA onlna

Pr. Douglas Towne

niv, of o, Californie
P2l.rvieresl Technology Lsbe
1NN, Elena Ave,

Pecondo Fernh, €A GO0D7T

Or. J. Urlener
Parceptronics, Ine.

(271 Variel pPvenu~
toodland Pills, €A C1%€L

Dr. Prrton J, !Indoriood
Pap*. of Psychology
Yorthiastere tniversity
Ev-ne*ton, TL £700Y

Pr, David J, Veriss
MAAL T1viott HAYL
University of l'innrsot-
7¢ E. River Rond
Finneapolis, MM S§TicS

DR. GERSHCMN WELTUAM

Page 1

tor Tové

Dr. ¥eitkr T, leserourt
Tnformetior Cciences Dept.,
Tka R-nd Corporrtion

1700 tein T4,

fan*ts Menic-, CH CONNK

(S,

PERCEPTPONTCS ThF, o8 8%
€271 VAPTEL AVF, 03 & Cuom
HORCLAND HTLLE, C& €177 o b (apiod
Copt °”3“x 0@
gt
— T RTIRRVE & - o







