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A Spreading Activation Theory of Memory

JOHN R. ANDERSON

Department of Psychology. Carnegie -Mellon University, Pittshurgh, Pennsylvania 15213

The ACT theory of factual memory is presented. According to this theory, information is
encoded in an all-or-none manner into cognitive units and the strength of these units in-
creases with practice and decays with delay. The essential process to memory performance
is the retrieval operation. 1t is proposed that the cognitive units form an interconnected net-

the network. Level

work and that retrieval is performed by sp

ding activation g

of activation in the network determines rate and probability of recall. With these assump-
tions in place. the ACT theory is shown to predict interference results in memory. judge-
ments of associalive relatedness, impact of extensive practice on memory, the differences
between recognition and recall, effects of elaborative processing, und effects of reconstruc-

tive recall.

A simple observation about human expe-
rience is that we encounter various facts
and retain them for varying periods of time.
There has probably been more research
in experimental psychology studying the
many aspects of retention than any other
topic. This research has indicated that there
are many variables relevant to understand-
ing this retention phenomenon besides the
obvious ones of amount of initial study and
passage of time. The purpose of this paper
is to discuss some of the more important
variables in terms of the ACT theory (An-
derson, 1976, 1983). This is a theory which
represents knowledge in a network and
which has its memory processes defined on
that network. It will be shown that many
memory phenomena can be understood in
terms of the network structures that encode
the to-be-recalled facts and the network
structures which surround these fact en-
codings. {t will also be shown that the mem-
ory process of spreading activation plays a
key role in explaining these phenomena.

Preparation of this paper and the research described
herein was supporied by NSF grant BNS78-1746). 1
am grateful to Matt Lewis. Lynne Reder, and M
Schustack for their comments on the manuscript and
W the members of the ACT research group (Gary
Bradshaw, Bill Jones, Matt Lewis, Peter Pirolli, and
leff Shrager) for their discussions relevant to the
paper.

This paper considers a wide variety of
memory phenomena, but only a fraction of
the phenomena that have been documented
in experimental research on memory. The
criterion in choosing phenomena has been
to find ones that nicely illustrate the explan-
atory power of the ACT spreading activa-
tion mechanism operating on a memory
network. (This is not to say that | have ig-
nored data that contradict ACT; rather, |
have ignored data that seemed irrelevant).
While the paper will detail other aspects of
the ACT memory theory, this will only be
to set the stage for discussion of spreading
activation.

The first part of this paper will set forth
the principles of the ACT theory of fact
memory (Anderson, 1983). This theory
has undergone some significant modifica-
tions since it was set forth by Anderson
(1976). Using the three-stage organization
proposed by Melton (1963), the ACT theory
can be divided into principles concerning
initial encoding, principles concerning stor-
age, and principles concemning retrieval.
The presentation of the ACT theory will be
divided according to this categorization.
With this theory in place 1 will apply it to
explain a number of memory phenomena.

The Cognitive Unit
Before we can specify the processes of
memory it is necessary to say something

about the units that these memory pro-
cesses operate on. In the ACT theory as de-
veloped by Anderson (1976), these units
were individual associative links where a
set of links made up a proposition. There
has beeri a considerable literature now ad-
dressed to the issue of whether whole prop-
ositions might better be considered the
units of memory (e.g., Anderson & Bower,
1973, 1980; Goetz, Anderson, & Schallert,
1981; Graesser, 1978; Jones, 1978; Kintsch,
1974). In the interest of getting on with the
major points of this paper, I wilknot review
the considerations but simply state that in
the current ACT theory the units of mem-
ory are larger structures like the proposi-
tion (but see Anderson, 1980, for a discus-
sion).

We use the term cognitive units to refer
to the units of memory in the current ACT
theory. A cognitive unit consists of a unit
node plus a set of elements. For instance, a
proposition is a cognitive unit where the
elements are the relation and arguments of
a proposition and the unit node is the prop-
osition itself. There are clear similarities
between my use of a "*unit node’” and Estes
(1972) use of control nodes, Mundler’s
(1967), Miller’s (1956), Simon’s (1974), and
Wickelgren's (1979) use of chunks, to name
just a few of the predecessors to this idea.
Cognitive units can be organized hierarchi-
cally as when one proposition occurs as a
subproposition of another. While proposi-
tions are cognitive units, | do not mean to
imply that they are the only type of cogni-
tive unit. | have argued elsewhere (Ander-
son, 1983) that images and temporal
strings (e.g.. of words) can also be cogni-
tive units. The points of this paper will not
depend critically on whether we assume
that this material is encoded as proposi-
tions, strings, images, or whatever. For
present purposes the encoding can be con-
sidered to be the “*generic’’ cognitive unit.
Whatever the character of the cognitive
unit, it can be represented in network form
with the unit node connected to the ele-
ments.

An essential feature of a cognitive unit is
that it is limited in the number of elements
that it can contain. Currently, I have been
working with a limitation set at five ele-
ments. This means that it is reasonable to
consider a paired associate or simple sen-
tence to be encoded by a cognitive unit but
that it is not reasonable to consider a para-
graph or 30-word list as encoded by a single
cognitive unit.

Cognitive units gather their functional

significance because they are the units of

encoding and retrieval. When part of a cog-
nitive unit is formed in long-term memory,
all of it is encoded. Similarly, when part of
a cognitive unit is retrieved from long-term
memory, all of it is. For instance, when a
proposition consisting of subject, verb, and
object is formed. all three elements will be
encoded in the unit, not just one or two,

Encoding

When a cognitive unit is created, either
to record some external event or the result
of some internal computation, a transient
copy of it is placed in working memory.
The basic encoding assumption of the ACT
theory is that there is a probability that a
transient working memory structure will be
turned into a permanent long-term memory
trace. This encoding assumption is spectac-
ularly simple. The probability is constant
over many manipulations. For instance, it
does not vary with intention or motivation
to learn, consistent with the ample research
indicating that intention and motivation are
irrelevant if processing is kept constant
(e.g., Nelson. 1976; Postman, 1964).

Also, the probability of forming a long-
term memory trace does not vary with the
duration of residence in working memory.
This is consistent with research (e.g., Nel-
son. 1977; Woodward, Bjork & Jongeward,
1973: Horowitz & Newman, 1969) that fails
to find much effect of study time when the
information is not being actively processed
during study. However, probability of re-
call is found 10 increase with repetition
even if that repetition is back to back
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Fi6. 1. A schematic representation of the structure
of memory relevant 10 retricval dynamics. Several
units and their elements are active in working memory
and activation spreads from these elements through
the long-term memory network.

can spread from the elements of focused
units throughout the long-term memory
structure. These elements of focused work-
ing-memory units are referred to as sowrces
of activation. The amount of activation
they emit is a function of their strength.

A pattern of activation in long-term mem-
ory is set up in response to the input of acti-
vation from the focused units. The ele-
ments and units are the nodes in this
activation pattern. Basically, if a node n,
receives activation «,, to «;, from nodes n,
ts tevel of activation is 2a,,. The ac-
tivation that node n, sends to nodes n, to #;
is determined by the strength s, 10 5; of each
node and the activation level of node n,. If
its level of activation is «,, the amount of
activation it sends to node sy is la 5, /Zs;
where / is the loss in activation and s, /3s; is
the relative strength of node n, from n,.
Letf,; = Is/3s; for all nodes j connected to
n, and 0 otherwise. This means that the
level of activation of node y is

a, = M.\.:\:s + ¢y (6)
I

where ¢, is 0 unless v is a focused element,
in which case ¢, is the amount of activation
coming from this source. Thus, if we have

a network of m nodes, we have m simul-
taneous equations with variables a,-dan
which we can solve to find the pattern of
activation set up by a particular set of fo-
cused elements in working memory. While
it undoubtedly takes some time for the net-
work structure to reach this asymptotic pat-
tern of activation, I will assume that it is
relatively small compared to other pro-
cessing times and can be ignored. (See An-
derson, 1983, for a discussion of the cir-
cumstances under which a stable pattern of
activation will be achieved and the time to
achieve this pattern.) This is in keeping
with a suggestion by Wickelgren (1976b) for
rapid spread of activation. Recently, Rat-
cliff & McKoon (1981) have found evidence
to support this assumption.

Because of the loss factor [ in the above
equations, there is a bound on the to-
tal amount of activation that will be
**pumped’” into the network from a source.
This is part of what guarantees that the net-
work will move to a stable asymptotic pat-
tern. If the source nodes provide A units of
activation, the total activation of all nodes
in the asymptotic pattern will be A/(1 — 1).
This asymptotic amount of activation is dis-
tributed among the nodes in the network
with nodes getting more activation to the
degree they are closely and strongly con-
nected to sources of activation.

Note that this scheme also allows activa-
tion to reverberate back. That is, if node |
connects o node 2, activation from node |
will spread to node 2 and activation from
node 2 will spread back to node 1. Contrary
to many people's intuitions, these rever-
beratory possibilities do not change expec-
tations about a stable asymptotic pattern of
activation.

As a small example, consider the net-
work in Figure 2 where we denote the
strengths of the long-term memory nodes
by s, and their activation levels by a;. Let
us consider the activation level of element 1
which we denote by ;. It is part of the fo-
cused unit 1 and so will be a source of acti-
vation proportional to its strength. Since its
strength is 4. it will receive four units of ac-

Focyseo |
uNiTS | LONG-TERM MEMORY
|
|
LEMENT | UNITS
ST
umti “ T4 ————— —ELEMENTE
/ 1 v.N\uo.u
1
ELEMENT2 UNITS
$p03 Synt

FiG. 2. A simple schematic network structure for il-
lustrating the computation of asymptolic levels of acti-
vation.

tivation from itself (the ¢, in Eq. 6). Ele-
ment | is also connected to unit 3 and unit 4
and so will receive activation from them.
The relative strength of element 1 to ail the
elements out of unit 3 is */s. Similarly, its
relative strength from unit 4 is '/3. 1 assume
that the activation of unit 3 less a loss factor
{. is sent out to all the attached nodes “ac-
cording to their relauve strengths. The level
of activation of unit 3 is a;. Therefore,
element | receives 4/slay activation from
unit 3. Similarly, it receives Vi, activation
from unit 4. The activation of element a, is
the sum of its self-activation and the activa-
tion from units 3 and 4, that is, 4 + “/vla, +
Ysla,. Thus, we can express the activation
patterns in this network by the simuita-
neous equations

a, = 4 + 48lay + .33la,

ay =3 + .25lug + 38Blu,

ay = Slay + Alag

ay = Sluy + .61ay + 4lug
ag = 33ay + 2lug

g = SSlay + A2a, + .62lay.

"

()]

Supposing the loss factor / is .8, these equa-
tions can be solved as a, = 7.97, a, = 5.32,
ay = 5.6, ay = 199, as = 2.41, and ¢4 =
6.15. Given this pattern of activation, unit 4
should clearly be retrieved faster than
3 which should be retrieved faster than

One of the problems in using this model

is that one needs to specify all of the long-
term memory network connected at any
distance to the working memory elements
to derive precise predictions about activa-
tion patterns. However, the impact of dis-
tant structure is minimal and one’s deriva-
tions will be quite accurate assuming only

the proximal network structure (see Ander-’

son, 1983).

Another approximating assumption that
can be made in computation is to assume
that activation will only flow forward from
the working memory elements and not re-
verberate backwards. Under this assump-
tion, derivations become quite direct. Con-
sider the analysis of Figure 2 under these
assumptions. In the example, half of the
four measures of activation from element 1
go to unit 3 and the other half to unit 4. Sim-
ilarly, two thirds of the three measures of
activation from element 2 will go to unit 4
and one third to unit 5. This means that 2 {
measures of activation will go to unit 3, 4/
measures to unit 4, and 1 / measure to
unit 5. This clearly preserves the ordering
of the three unils as obtained from the more
exact derivation.

Basically, the view of activation is one in
which activation reverberates throughout
the network. setting up a stable pattern of
activation that reflects how closely con-
nected various nodes are to elements of fo-
cused units.

Effects of node strength. Under  this
view, the critical factor determining re-
trieval dynamics is the strength of the indi-
vidual nodes. The strength of a node is a
function of its frequency of exposure. The
strength of the elements of focused units
determines the amount of activation they
can emit into the network. Also, more acti-
vation is sent down the paths leading to the
stronger nodes. Thus, more activation will
accumulate in those parts of the network
that have stronger units.

Note that frequency of exposure to facts
involving a concept will increase the con-
cept’s strength and so influence the amount
of activation it can emit. On the other hand,
learning additional facts about a concept
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ACT framework. This is the two-list para-
digm that contrasts A-B, A-D list with the
A-B, C-D control. Proactive interference
in this paradigm refers to the fact that a re-
test of the second list (at a delay) is worse if
it had been in an interfering relation to the
first list (ie., retention of A-D is worse than
C-D). This is true even though the second
lists (A-D or C~D) are brought to the same
level of recall before the retention interval.
I will assume that if the control and interfer-
ence conditions had the same level of recall
at the beginning of the retention interval,
they had the same level of activation. The
activation in the control (noninterference)
case is

Ax=A Sy _ 44 S
NT O K 4+ Sy “nS, + nSy
9
_ Sy , S
SAK TS, AT S,

where A, is the activation from the stimu;
lus, A, the activation from the context, Sy
the strength of the second list trace, §, the
strength of the first list trace, K the strength
of prior associations to the stimulus, and n
the number of items in a list. Al is A./n and
reflects the contextual contributions to
each list element. The activation in the in-
terference case is

M S

ARTS, 5 TAS S

A= 10

where the only differences are that the
strength of the second list trace, §,. must be
larger than Sy to compensate for the inter-
ference of the first list trace from the stimu-
lus. Note that it is assumed in both cases
that there is interference of the first fist
from the context. At a delay the activation
formulas become

. AdhSy AldySy
AN = K v dpSe T 4,5, + diSs up
o A S

K+ d,S; + dySy 4,8, + 4,5,

where it is assumed that the activations
(A,,A.) do not change with time and the
decay in prior strength (K) is also negligi-
ble. The decay (d,) in the first list strength
is smaller than the decay (d,) in the second
list strength, that is. d, > d,. These as-
sumplions about decay of strength are im-
plied by the power law retention functions.
Under a wide range of reasonable parame-
ter assumptions, although not under all pos-
sible parameter assumptions, it can be
shown that Ay = A, implies Ay < A;. To
take an example, suppose A, = 1, Al =
1, d,=.75, dy=5. K=1, 5 =1, and
Sy =1. Then Ay = 1:t0o get A, =1 it is
necessary to set §; = V2. Under these pa-
rameter assumptions, Ay = .733 and A} =
,773. That is, there is more activation at a
delay in the interference condition.

Thus, it can be shown that ACT predicts
just the opposite of proactive interference.
Interestingly, despite the traditional belief,
proactive inhibition has seldom been shown
in a contrast of ai A-B, A-D paradigm
with an A-B, C-D paradigm. Most experi-
ments that have brought the control and in-
terference conditions to the same learning
criterion have contrasted a one-list control
with a two-list interference (e.g.. Koppen-
aal, 1963; Ceraso & Henderson, 1965
Houston, 1969; Postman, Stark, & Fraser,
1968). In fact, in our own laboratory we
have confirmed ACT’s prediction of proac-
tive facilitation in the A-B, A-D versus
A-B, C-D contrast and have shown proac-
tive inhibition in the A-B, A-D versus
C-D contrast. For instance, in one experi-
ment each list in each condition involved 20
word—number pairs (a methodology similar
to Anderson, 1981a). We looked at retention
of the last list a week later after bringing it
to 90% initial learning in all conditions. The
retention of A-D in the A~B, A-D condi-
tion was 70%, the retention of C-D in the
A-B, C-D condition was 63%, and reten-
tion of C-D in the single-list paradigm was
81%. It should be emphasized that these re-
sults were obtained in an unpaced MMFR
test. The ACT predictions about the order-
ing of these paradigms only apply in this sit-

vation. List discrimination problems might
well produce poorer performance in a
A-B, A-D paradigm than a A-B. C-D
paradigm when a paced, nonMMFR test is
used.

Our history in this effort was that we
started from the traditional wisdom that
proactive interference could be obtained in
the contrast between A-B, A-D and A-B,
C-D paradigms. Starting with HAM (An-
derson & Bower, 1973) and then ACT (An-
derson, 1976), it was observed that these
theories could not predict proactive inter-
ference when the two lists were trained to
the same criterion. Our first response was
to try to explain proactive interference
away as an experimental artifact (e.g.. An-
derson & Bower, 1973), and we engaged in
a series of experiments to confirm these al-
tempted explanations. The outcome of
these experiments was the discovery of fail-
ure to confirm an interfering relationship.
Subsequently, a search of the literature in-
dicated that most demonstrations of proac-
tive interference involved contrasting a sin-
gle list with a“two-list paradigm. Indeed,
Postman, Stark, and Burns (1974) and Post-
man and Gray (1977) report failure to find
proactive interference comparing the two
two-list paradigms in an unpaced MMFR
test. The demonstrations of poorer second-
list retention in the A-B, C~-D paradigm
have involved paced nonMMFR tests
(Postman & Gray, 1977. Underwood &
Ekstrand, 1967).

Cumulative Proactive Interference

To restate the conclusion of the previous
section, proactive interference (Pl) seems
to be obtained only comparing two lists
with single lists. In this case, the contrast
seems a special case of the cumulative Pl
design (c.g.. Greenberg & Underwood,
1950: Keppel, Postman, & Zavortink, 1964;
Postman & Keppel, 1977. Underwood,
1957) where it is found that retention deteri-
orates for successive unrelated lists. The
typical design involves having subjects
learn one list one day, having them return

the next day to recall the previous day’s list
and then learn a second list, repeating this
pattern over days. The ACT analysis, with
certain assumptions about context, does
predict cumulative Pl. The following are
the equations for activation for the first and
second lists immediately and at delay.

(13)

(14)

(15)

+ oAb 16
ds v ds, 19

where §, is the strength of the first list
trace, S, the strength of the second list
trace, d, the decay after 24 hours, and d,
the decay after 48 hours. Assuming a power
law for decay, we have d, = 17" where t
will be the number of hours. Then we can
derive the expression for the nth list in a cu-
mulative Pl design.

A=A
"TNK+ S,
S,
+ A —— n
M Sin — )24) 1
=1
PR &S
A= AR,
+ A d\S, (18)

Y Sain — i + 124

The essential observation is that the num-
ber of interfering contextual associations
increases with number of lists. Therefore,
greater trace strength will be required to
achieve the same level of activation, that is,
Sa > Sap- It can also be shown under a
wide range of plausible parameter values
that if A, = A,_, then A, < A,_,. This is
because with each successive trial (1) a
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TABLE |
LOCATION-SURIECT-VERB EXPERIMENT (In the church the sailor sang)—MEAN REACTION
Times AND ERROR RATES (IN PARENTHESES)

Targets
L=1 L=2
V=1 V=2 Mcan V=1 V=2
P 1220 1183 1202 S=1 1207 1302 1350
.034) (K1)} (.026) (.046) (.086) (.066)
s=2 1232 142 1327 §=2 1358 1500 1429
(.069) (.080) (.075) (.046) (.082) 1.064)
M 1226 1302 1264 Mean 1328 1451 1390
can (.05) 1.049) (05N (.046) (.084) (.065)
Foils
L=1 L=2
V=1 V=2 Mean V=1 V=2 Mean
S 1323 1387 1355 P 1404 146y 1437
= 1.029) 1.035) .032) (.034) 1.013) (.029)
‘=2 1320 137 1346 §-2 1488 150 1500
i 1.028) .028) (.028) 023 1.063) (.043)
Mes 1322 1379 1351 Mean 1446 1490 1468
can (.029) 031 (.030) (.029) 1.043) (.036)

JUDGMENTS OF ASSOCIATIVE
RELATEDNESS

The discussion to date has assumed that
activation makes information available for
inspection by other procedures. Thus, acti-
vation determines the amount of cognitive
resources available to process information.
In addition to this role, level of activation
can also provide information in and of it-
self. The more active a particular part of the
network is, the more it must be related to
the current context. Level of activation
does not tell us how the network is related,
but it does provide information about de-

(o) (b} {c}
o (]
A
o [}

Fii. 5. (a) Schematic representation of a paired as-
sociate without interference: (b) represen
interfering and unintegrated paired associates; () rep-
resentation of two interfering but integrated paired as-
sociates.

gree of relation. There is evidence that in-
formation about level of activation is avail-
able relatively immediately and is used by
subjects to facilitate certain types of mem-
ory judgments.
Rejection of Foils

The experiment by Glucksberg and
McCloskey (1981) nicely illustrates the use
of information about associative related-
ness. They had subjects study affirmative
facts such as John has a pencil, negative
facts such as Bill doesn’t have a shovel and
“*don’t know'" facts such as [t is unknown
whether Fred has a chair. Then subjects
had to judge of various statements whether
they were true or false or whether their
truth was unknown. An interesting com-
parison involves the speed with which sub-
jects can judge that they do not know some-
thing when they have explicitly learned that
they do not know (e.g., Fred has a chair),
and their speed in cases where their lack of
knowledge is only implicit (e.g., Bill has a

pencil). Subjects are faster in the implicit
case. In this case, subjects can monitor for
an intersection of activation between sub-
ject and predicate at a trace. If no such
locus of high activation appears, subjects
can use this low level of activation as evi-
dence that subject and predicate are unre-
lated and so conclude that the sentence is
not known. In the explicit case, however,
the **don’t know™' fact creates a locus of
high activation which the subject must ex-
plicitly reject. Apparently it is easier to use
the low level of activation as a basis for a
response than it is to explicitly retrieve the
**don’t know"’ tag.

The experiment by Shoben, Wescourt,
and Smith (1978) is another example that il-
lustrates the importance of level of activa-
tion to rejection of foils in a sentence recog-
nition task. One type of foil involved
sentences that were true but not studied
(e.g., Tigers have stripes), and the other
type involved sentences that were false and
not studied (e.g., Tigers have fingers). Sub-
jects were siower and made many more
errors at rejecting the true foils, suggesting
that subjects were sometimes responding
just to the high activation created by inter-
section of subject and predicate.

Thematic Judgments

The experiments of Reder and Anderson
(1980) and Smith, Adams, and Schorr
(1978) are examples of situations where
subjects can use this strategy of activation
monitoring to make positive judgments.
These researchers had subjects study a set
of facts about a person that all fell under
some theme such as going to the circus. So
a subject might study

Marty laughed at the clown.

Marty ate cotton candy.
Muarty cheered the trapeze artist.

Subjects were transferred to a fact recogni-
tion situation where they had to recognize
these facts about the individual and reject
facts from different themes (e.g., Marty
waited for the train). The number of such
facts studied about a person was varied.

Based on the research on the fan effect one
might expect recognition time 1o increase
with the number of facts studied about the
individual. However, the material in the
typical fan experiment is not thematically
integrated as is this material. In these ex-
periments. recognition time did not depend
on how many facts a subject studied about
the individual.

Reder and Anderson postulated on the
basis of data from Reder (1979) that sub-
Jjects were actually judging whether a probe
fact came from the theme or not and that
subjects were not carefully inspecting to
see if the fact about the individual was stud-
ied. To test this idea, we examined what
happened when the foils were other predi-
cates consistent with the theme. So if the
subject has studied

Marty laughed at the clowns.
a foil might be
Maurty liked the animal trainer.

In this situation subjects took much longef
to muke their verifications and the fan ef-
fect reemerged.

We proposed that subjects set up a repre-
sentation such as that in Figure 6. We as-
sumed that thematically related predicates
ure already associated to a theme-node like
circus. We assume that subjects create a
subnode to represent same-theme facts
about a person. This subnode is associated
to the theme and to the individual theme
predicates. We have represented two such
theme nodes in the figure and two sub-
nodes. Reder and Anderson manipulated
whether subjects studied one or two themes
in that study and found evidence that sub-
jects organized knowledge by subnode ac-
cording to theme. Specifically, we found
that subjects were slowed in their judg-
ments of facts in one theme by the addition
of another theme but not affected by the
number of facts associated with that other
theme. Recently, Reder and Ross (1983)
extended this finding to the contrast be-
tween two and three themes. This is what
would be predicted on the basis of Figure 6.
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jects must retrieve the specific fact,
subjects can use level of activation of the
subnode to refocus their activation. They
select the most active subnode and make
that the source of activation rather than the
original node. This is a two stage process;
first the subnode is selected and then acti-
vation spreading from the subnode enables
identification of the target fact. Since acti-
vation spreads rapidly, the time for the sub-
node selection should be relatively brief.

This subnode-plus-refocusing model ex-
plains the low estimate of strength of prior
associations that we have obtained in some
previous experiments (e.g., Lewis & An-
derson, 1976, Anderson, 1981). As sug-
gested in Anderson (1976), subjects may
create an experimental subnode and use
contextual associations to focus on it. This
would protect them from the interference of
prior associations. This model also offers a
reason why we may be faster at retrieving
information about familiar concepts. Pre-
sumably such concepts have a well-devel-
oped and perhaps hierarchical subnode
structure which can be used to focus the re-
trieval process on a relatively small subset
of the facts known about that concept.

Summary

This section has reviewed how subjects
can use judgments of associative related-
ness to avoid direct retrieval. When such
judgments are implemented in the subnode-
plus-refocusing model they can eliminate
interfering fan effects and even produce
positive fan effects. This subnode focusing
strategy will only work when the subnode
can reliably be activated above the level of
other subnodes. This is presumably why it
is not to the advantage of the system to cre-
ate a subnode for each fact. There must be
enough facts converging on the subnode
with enough associative interconnections
to guarantee the subnode a high level of ac-
tivation in the presence of a related fact.

PRACTICE

People get better at remembering facts by
practicing them and it shonld come as no

surprise that ACT predicts this basic fact of
memory. However, the serious issue is
whether the ACT theory can predict the
shape of the improvement function and
how this varies with factors such as fan.

Accumulation of Strength with Practice

ACT makes some fairly interesting pre-
dictions about the cumulative effects of ex-
tensive but widely distributed practice. By
widely distributed 1 am referring to practice
at intervals on the order of 24 hours. The
reason for looking at such wide spacings is
to avoid complications due to diminished
effects of massed presentations. ACT does
not really have an analysis of spacing ef-
fects except to note that it can implement
the encoding variability explanation (see
Anderson, 1976, for how). However, an as-
sumption of the following analysis of prac-
tice is that each unit of practice is as effec-
tive as the next. By looking at widely
spaced units this assumption becomes plau-
sible. In the analyses to follow | will desig-
nate the cumulative impact of multiple
massed practices per day as one unit of
strength. Given this scaling of strength, |
will be concerned with the accumulation of
strength over the multiple days which are
spaced.

With spaced repetitions the strength of a
trace will just be a sum of the individual
strengthenings. However. because of the
delay between repetitions, it will not be
simply a linear function of number of repe-
titions. We can assume that the early
strengthenings have considerably decayed
by the time of the nth strengthening. As-
suming n spaced repetitions each ¢ time
units apart, the total strength of a trace
after the nth strengthening. and just before
the n + 1st, will be (by Eq. 2)

f =3 st (19)

i=l

assuming the power law function for decay
where s is the strength of each repetition
and h(-" 1) is the exponent of the power

function. It can be shown (Anderson, 1982)
that this sum is closely approximated as

S =dny —a (20)

where ¢ = 1 - b, d = st2/(1 — b), and
a = (1 + byt /2(1 — b). Thus, strength
approximately increases as a power func-
tion of practice. As we will see, this power
function prediction corresponds to a good
deal of data. However, before presenting
this data, it is necessary to consider the im-
pact of this strength accumulation on
spreading activation.

Effects of Extensive Practice

A set of experiments was conducted to
test the prediction giveii earlier about a
power law increase in the strength of a
trace with practice. In these experiments,
subjects were given extensive practice (i.e.,
hundreds of triais over many days). In one
experiment subjects studied subject—verb-
object sentences of the form The lawver
hated the doctor. After studying these sen-
tences they were transferred to a sentence
recognition paradigm in which they had to
discriminate these sentences from foil sen-
tences made of the same words as the target
sentence but in new combinations. There

180
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JUDGEMENT TIME {SEC.)
~
?

PR

were 25 days of tests. Each day subjects
were tested on each sentence 12 times in
one group or 24 times in the other group.
There was no difference between these two
groups (which is consistent with earlier re-
marks about massing of practice), so these
two groups will be treated as one in the
analysis.

There were two types of sentences—no
Sfun sentences made from words that ap-
peared in only one sentence and fun sen-
tences made from words that appeared in
two sentences. Figure 7 shows the change
in reaction time with practice (number of
days). The functions that are fit to the data
in Figure 7 are of the form T = K + AP
where K is an intercept not affected by
strengthening, K + A is the time on day 1,
P is the amount of practice (measured in
days), and the exponent b is the rate of im-
provement. It turns out that this data can be
fit assuming different values of A for the fan
and no fan and keeping K and b constant.
The equations are

T=.36+ .77(P - ) for no fan (21)
T=.36+ LIS(P - Y2)* forfan. (22)

The value P — Y2 appears in these equa-
tions as this is the average practice on a
day P.

mO—v
i

15 20 25

DAYS OF PRACTICE

Fii. 7. Recogaition times for fan and no fan sentences as a function of practice.
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practice. Reaction times decrease and fan
effects decrease for stronger nodes which
can emit greater activation. However, the
data reported here show that the basic pat-
tern of results do not change.

RECOGNITION VERSUS RECALL

The basic difference between the recall
and the recognition paradigm is quite
straightforward under the ACT analysis. In
the recognition paradigm, parts of a trace
are presented and the subject is asked
whether he recognizes their combination.
In the recall paradigm the subject is also
asked to retrieve other components of the
trace. In ACT, activation converges on the
trace from all presented components. If
there is sufficient activation the trace be-
comes available. In a recognition task the
subject simply says that he recognizes the
test probe. In a recall task the subject re-
trieves part of the trace according to task
specifications. It is typical to present more
of the trace in a recognition paradigm. For
instance, in paired-associate learning both
stimulus and response are typically pre-
sented in a recognition test but only the
stimulus is presented in a recall test. How-
ever, it is possible to do a recognition test
by simply presenting a stimulus. One would
expect a high conditional probability be-
tween success at recognizing the stimulus
and success at recalling the response, and
indeed there is (Martin, 1967). Under the
ACT analysis, recognition is typically
better than recall because more of the trace
is typically presented, not because of any
inherent superiority of recall over recogni-
tion.

Puaired-Associate Recognition

One of the interesting analyses of recog-
nition versus recall is that of Wolford
(1971). He showed that, correcting for
guessing, recognition of a paired associate
could be predicted by the probabilities of
forward and backward recall. His model
was basically that a paired associate could
be recognized if the subject could retrieve
the response from the stimulus or the stim-

ulus from the response. Let P, and P, be
these two probabilities of recall. On the as-
sumption that the two directions of recall
are independent, Wolford derived, for cor-
rected recognition P,, the equation

P, = P+ (1 - P)Py. (28)

Under the ACT theory, the subject is not
viewed as performing two independent re-
trievals in recognition but rather converg-
ing activation from the two sources. This is
an important way in which the current ACT
differs from the earlier ACT (Anderson,
1976) and its predecessor, HAM (Anderson
& Bower, 1973). Nonetheless, ACT pre-
dicts the relationship documented by Wol-
ford. We may assume that an amount of ac-
tivation A, comes from the stimulus and an
amount A, from the response. This means
that we have the following equations for
forward recall, backward recall, and recog-
nition

Pi=1~e " 29
Py=1—¢ " (30
P =

—e("" ) (e ™) (31b)
~(l ~P)l -P) Qlc)
P+ (1 = P)P,. 31d)

!
|
] — e 44w (31a)
!
!

it

]

The above analysis assumes that the
probability of forming the trace is one and
all failures of recall derive from failures of
retrieval. If there is some probability of fail-
ing to encode the trace, the ACT analysis
would predict that probabilities of forward
and backward recall would overpredict
probability of recognition. This is because
forward and backward recall would no
longer be independent. While Wolford
found no evidence at all for nonindepen-
dence, other researchers (e.g.. Wollen, Al-
lison, & Lowry, 1969) have found evidence
for a weak nonindependence.

Word Recognition

Another major domain where recall and
recognition have been contrasted is mem-
ory for single words. A subject is presented

with a list of such words and then must ¢i-
ther recall (typically free recall) or recog-
nize them. Recognition performance can be
much higher than recall performance in
such experiments. According to the frame-
work set forth by Anderson (1972) and An-
derson and Bower (1974), it is assumed that
the subject forms traces linking the words
to the various contextual elements. Al-
though the contextual elements are un-
doubtedly more complex, the contextual
factor is often represented as an association
between the word and a single context ele-
ment. This simplified situation is illustrated
in Figure 9 where each line corresponds to
a trace. Under this model, recognition in-
volves retrieving the context from the word
and verifying that it is indeed a list context.
Direct recall involves retrieving list words
from the list context. However, because of
the high fan out of the context, the subject
will have limited success at this. Thus, an
auxiliary process involves using various
strategies to generate words which can then
be recognized. Because of this feature, this
has been called the generate-recognize
model of recall. For a review of relevant
positive evidence see Anderson and Bower
(1973) or Kintsch (1970). The major chal-
lenge to this analysis has come from vari-
ous experiments showing contextual ef-
fects. These results will be reviewed in the
next subsections.

The basic assumptions of the generate-
recognize model are consistent with the
current framework. The current framework
makes it clear that recognition is better than
recall because of the difference in fan out of
the context node versus word nodes. If the
same word appeared in multiple contexts
we might expect this situation to be re-
versed and, indeed, Anderson and Bower
(1972a, 1974) present evidence that recogni-
tion performance degrades as a word ap-
pears in multiple contexts.

Effects of Encoding Context

A large number of studies have been per-
formed that display an effect of encoding

CONTEXT Word i

Word n

Fi1G. 9. Network represenlation of the word-context
ons for a single list.

context on both recognition and recall (e.g.,
Flexser & Tulving, 1978; Tulving & Thom-
son, 1971: Watkins & Tulving, 1975). These
experiments are said to illustrate the encod-
ing specificity principle that memory for an
item is specific to the context in which it
was studied. The experiment by Tulving
and Thomson (1971) is a useful one to con-
sider. They had subjects study items (e.g.,
black) either in isolation, in the presence of
a strongly associated encoding cue (e.g.,
white), or in the presence of a weakly asso-
iated encoding cue (c.g., train). The strong
and weak cues were selected from associa-
tion norms. Orthogonal with this variable,
subjects were tested for recognition of the
word in one of these same three contexts.
Recognition was best when study context
matched test context.

We have explained these results in terms
of selection of word senses (Reder, Ander-
son, & Bjork, 1974; Anderson & Bower;
1974) or in terms of elaborative encodings
(Anderson. 1976). These explanations still
hold in the current ACT framework. Figure
10 illustrates the network structure as-
sumed in this explanation for the case of
study with a weak encoding cue. The basic
idea is that a to-be-recalled word like black
has multiple senses. In this case we have
black illustrated with two senses, blackl
and black2. Attached to blackl is a weak
associate train and attached to hlack2 is a
strong associate white. The oval nodes in
Figure 10 are the traces encoding these as-
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nected to the trace while whire and black2
are not. This analysis is consistent with the
research and ideas of Rabinowitz, Mandler,
and Barsalou (1977) and of Bartling and
Thompson (1977) who showed that a con-
siderable asymmetry existed between the
forward recall of the target in response to
the weak associate cue versus the opposite
backward recall of the weak associate in re-
sponse to the target cue with backward re-
call much lower. Rabinowitz et al. also
noted a much reduced incidence of recogni-
tion failure when recognition was condi-
tionalized on backward rather than forward
recall.

One of the phenomena that has captured
considerable attention (e.g., Flexser &
Tulving, 1978; Wiseman & Tulving, 1975) is
the relationship that occurs across experi-
ments between probability of recognition
conditional on recall P(Rn/Rc) and uncon-
ditional recognition P(Rn).

ptR/Rc) = p(Ra) + ¢[p(Rn) — p(Rn)?]
32)

where ¢ has been estimated to be .5. This
indicates that the probability of recognition
conditional on recall is only marginally su-
perior to the unconditional probability of
recognition. Under the current framework
we would predict that, if the trace has been
formed, the probability of retrieving the
trace from the cue is independent of the
probability of retrieving it from the target.
The reason there is not complete indepen-
dence is that if there was no trace formed.
there will be failure of recall in both cases.
This is substantially the explanation of the
function offered by Flexser and Tulving
(1978).

Summary

According to the current ACT analysis.
the difference between recognition and re-
call is one of the number and directness of
the sources of activation. Context affects
recall and recognition by providing sources
of activation. Recognition will only be pre-

dictive of recall in the same context. It
makes no more sense to talk about recogni-
tion conditional on recall when the contexts
are different than it does to talk about con-
ditional measure when the targets are
changed. In different contexts different ac-
tivation patterns will be set up just, as dif-
ferent patterns will be set up when the sub-
jectis asked to recognize different words. It
is an interesting question to what extent dif-
ferences in activation patterms instantiate
what Tulving means by encoding speci-
ficity.

ELABORATIVE PROCESSING

One of the most potent manipulations
that can be performed in terms of increas-
ing a subject’'s memory for material is to
have the subject elaborate on the to-be-
remembered material (see Anderson &
Reder, 1979; Anderson, 1980b for reviews).
As Anderson and Reder argue, much of the
research under the rubric of **depth of pro-
cessing’” (see Craik & Lockhart, 1972; Cer-
mak & Craik, 1979, for a current survey)
can be understood in terms of elaborative
processing. That is, instructions which are
said to promote *“deeper processing’* of the
input can often be viewed as encouraging
the subject to engage in more elaborative
processing of the input. The phrase elab-
orative processing, though, is not much
more technically precise than is the much
lamented term depth of processing (Nel-
son. 1977). What [ would like to do is speli
out some of the ways elaboration can occur
within this ACT framework. There are
three basic ways that elaborations can im-
prove recall. The first, and weakest, occurs
when study elaborations serve to redirect
activation away from interfering paths and
towards the target path. (This is related to
the concept of network integration dis-
cussed earlier.) The second occurs when
subjects spread activation at test from addi-
tional concepts which were not in the probe
but were part of the elaboration at study.
Basically, this involves elaborating on the
probe at test to try to generate additional

concepts from which to spread activation.
The third method involves using inferential
methods to reconstruct from the elabora-
tions that can be retrieved at test what the
target trace must have been. 1 will go
through each of these uses of elaboration in
turn.
Redirecting Activation

To illustrate the first possibility, let us
consider an example of elaboration given in
Anderson (1976). One subject who was

asked to memorize the paired associate dog
—chair generated the following elaboration.

The dog loved his masters. He also loved to sit
on the chairs. His masters had a beautiful black
velvel chair. One day he climbed on it. He left
his white hairs all over the chair. His masters
were upset by this. They scolded him.

Figure 12 illustrates this elaboration in ap-
proximate network form proposed in An-
derson (1976). Note that the impact of this
elaboration is to introduce multiple paths
between dog and chair. There are two ef-
fects of this structure. First, it redirects ac-
tivation that would go directly from dog to
chair to other parts of the elaborative struc-
ture and this activation will only arrive at
chair in a less direct and dissipated form.
On the other hand, this activation is also
being taken away from the prior facts. For
example, activation is taken away from the
prior associates to spread to master and
some of the activation arriving at master
spreads on to dog. Thus, the experimental
fan out of dog somewhat dissipates direct
activation of chair but somewhat redirects
activation toward chair. We used the net-

WHITE

AR e (LEAVE)
(Poss) MASTER
PRIOR
ASSOCIATES DOG
’»nx
cHaR 2o

(Love)

work in Figure 12 to see what the overal] ¢f.
fect would be. Again we solved for asymp-
totic patterns of activation using equations
such as (7). We assumed the total strength
of the prior nodes attached to dog was nine
and the strength of all experimental nodes
was one. In this case, inputting one unit of
activation at dog, .19 units arrived at chair,
In contrast, when there was a single experi-
mental path from dog to chair, only .12
units arrived at chair. Clearly, whether the
elaborated structure will be better will de-
pend on the specifics of the elaboration, but
this example at least illustrates that it is
possible that an elaborated structure can re-
sult in greater activation of the target trace.

A question that naturally arises about
such elaborations is how the subject dis-
criminates between target traces and elabo-
rations. For instance, how is it that the sub-
ject knows it was the dog-chair that he
studied and not dog ~master? 1t is assumed
that part of a trace is a tag indicating
whether it is an encoding of a study event
or part of a subject elaboration. Reder (per-
sonal communication), who had subjects
explicitly generate elaborations of text,
found her subjects very good at discrimi-
nating what they explicitly studied from
what they generated as elaboration. How-
ever, to whatever extent subjects do lose
these tags and to whatever extent they are
willing to venture guesses in the absence of
such tags, we would see inferential and se-
mantic intrusions and false alarms.

In some experiments (e.g., Bransford,
Barclay & Franks, 1972; Owens, Bower, &
Black, 1979: Sulin & Dooling, 1974; Thorn-

<n—.<m<

Fii. 12. Network representation of the elaborative structure generited to connect the pair dog —

chair.
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son and Bower (1972b) or the sense selection
explanation proposed by Anderson (1976)
where it is assumed that elaboration selects
a particular word sense. Anderson and
Bower (1973) showed heightened object re-
call conditional on a subject’s ability to re-
generate the old continuation and Anderson
(1976) showed heightened object recall con-
ditional on ability to recognize the sense of
the subject or verb.

Configurally related sentence ciues. A
similar analysis can be made of the experi-
ment of Anderson and Ortony (1975) who
had subjects study sentences such as

A. Nurses are often beautiful.
B. Nurses have to be licensed.
C. Landscapes are often beautiful.

and cued subjects for recall with a term like
actress. They point out that nurses has two
interpretations, one as a.female person and
the other as a profession. Similarly, beauri-
ful has two interpretations, one appropriate
to women and one appropriate to land-
scapes. In the case of A, actress is appro-
priate to the selected senses of nurse and
beantiful, but it is not in the case of
B or C. They were interested in the rela-
tionships among the probability that actress
evokes recall of sentence A, the probability
of it evoking recall of sentence B, and the
probability of it evoking recall of sentence
C. Referring to these three probabilities as
1, s, and p, they observed the foliowing:
t > s + (l-s)p. This was interpreted as con-
trary to associative theory.

Figure 14 shows the network schematics
for situations A. B, and C. In each case, we
have assumed that concepts at the intersec-
tion of subject and predicate are chosen for
inclusion in the trace elaboration. As an ex-
ample, for case A we have chosen glamour
at the intersection of nurse and beantiful.
The word glamour is also closely asso-
ciated to actress and hence actress is
closely associated to the trace. In contrast,
the elaborations at the intersection of the
subject and predicate in B and C are not
closely associated to actress and hence ac-

NURSE BEAUTIFUL

o ﬁ:.»ﬂ\
-/

GLAMOR ACTRESS

8
GLAMOR — NUR! LICENSE

ﬂ J
ACTRESS TRACE k

OIPLOMA

) LANDSCAPES ﬂM)Cd.ﬁ
/;Rn\ GLAMOR

ACTRESS

Fi1G. 14. Network representation for the three con-
ditions of the Anderson and Ortony experiment.

tresys is not closely associated to the trace.
Thus, we would expect out of this associa-
tive analysis just what Anderson and Or-
tony found—much greater recall of the
sentence with the actress cue in case A.

Generation of Eluborations

An important issue about elaborations
concerns how they are generated. Ander-
son (1976) proposed that they could be gen-
erated by inferential productions. 1 still be-
lieve this to be plausible in some
circumstances, but a more important mech-
anism involves analogy to prior knowledge
structures and this is the mechanism that |
would like to develop here. With this mech-
anism it is possible to explain how memory
elaboration and memory reconstruction can
be combined to yield enhanced memory
performance. The mechanism provides an
explanation for Bartlett's (1932) observa-
tion that memory often depends critically
on a match between the interpretive activi-
ties at study and the interpretive activities
at test.

The details of this elaborative mechanism
are described in Anderson (1983), but the
basic idea is that the subject has stored in
long-term memory sets of events which can

serve as analogs for elaborating the current
event. I call these event sets schemara. For
instance, the chair story in Figure 12 may
have been based on one or more event sets
in the subject’s life. This elaboration notion
can be made more powerful if the elabora-
tion the subject generates is an interweav-
ing of more than one event set. To consider
a new example, suppose the subject is
given as a to-be-remembered sentence

The janitor chased the cat.
and has in memory the schemata

A. The janitor found the rat in the basement.
The janitor chased the rat.
He killed the ral.
B. The dog chased the cat.
He cornered the cat.
The cat scratched him.

These schemata can be actual events in the
subject’s life (indeed, they are events in
mine). Combined together we can construct
the elaboration

The janitor found the cat in the basement.
The janitor chased the cat.

The janitor cornered the cat.

The cat scratched him.

The janitor killed the cat.

This elaboration is generated from the origi-
nal memory by simple substitution of terms
to achieve compatibility with the target
trace. In the first case, car is substituted for
rat, and in the second case, junitor for dog.
The schemata do not have to be encodings
of specific events. They can also be more
general event characterizations as envi-
sioned in some of the current work on sche-
mata.

Inferential Reconstruction

So far we have a mechanism for generat-
ing elaborations at study. This can be useful
in numerous ways as already discussed.
However, these schemata become much
more powerful when we consider their po-
tential use at recail. Suppose the subject
was not able to remember the larget sen-
tence and was only able to remember two
of his elaborations.

The janitor cornered the cat.
The janitor killed the cat.

The subject can apply the same elaborative
process to these sentences as he applied 1o
the original studied sentence. Suppose that
the subject is able to reevoke the dog chas-,
ing cat schema from The janitor cornered
the cuat and generate an elaboration based
on it. Then he might infer that the study
sentence was one of the sentences he gen-
erated by elaborating with the schema, that
is, either The junitor chased the cat or The
car scratched the janitor. In this situation
the subject would have a fair probability of
an inferential intrusion but also a fair proba-
bility of a correct recall. If the subject were
also able to recall the rat-chasing schema
and elaborate with it he would be in a
stronger position. He could infer from these
elaborations that the studied sentence
might have been The janitor chased the cat
or The janitor found the cat in the base-
ment. Intersecting this with the elabora
tions from the other schema, the subject
would have strong circumstantial evidence
that what he had really seen was The janitor
chased the cat.

The above example illustrates the basic
processes underlying the phenomenon of
inferential redundancy. At recall, the sub-
Jject can use those study elaborations he can
recall to infer what schemata he must have
been using at study. He can then use these
schemata to elaborate on the study elabora-
tions and use the intersection of these test
elaborations to infer what the original sen-
tence had been. This is a very important
role for prior knowledge.

As we noted above, the subject may have
to select from a number of possible inferred
candidates for the target trace. This can
produce a high rate of false alarm and intru-
sion. However, the subject need not be at
chance in choosing among the alternatives.
He can try to recognize the alternative he
generates. That is, when he spreads activa-
tion from janitor it may not have been
enough to activate the trace. However,
when he elaborates The janitor chased the
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