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There are many levels at which one can attempt to formulate a theory
of memory, ranging from theories of the biochemical and b10phys1cal
bases of memory, through anatomical and physiological bases of mem}
ory, and finally, through psychological theories of memory. There arg}
o also 1 many different sublevels within each of these three major categone
: of levels. By a theoretical level, I mean the degree of detail with whic]
the memory process is described. One is attempting to describe th
memory process in more detail at a molecular level than at a neurony
level than at a psychological (functional, behavioral) level.

Ultimately, we want adequate theories of memory at moleculy i
neuronal, and psychological levels. It may turn out to be possible t
derive the psychological theory from the neuronal theory and the neg
ronal theory from the molecular theory. Alternatively, one or both df
these derivations may be too complicated to be worth the effort. Th
is not our concern at present. ;

The concern of the present paper is to develop a possibly adequa
theory of memory at a psychological level. The theory, called multy
trace strength theory, is rather detailed in that it analyzes the memdg
trace into components and phases, but both the componential and pha
analyses are less detailed (mechanistic) than some might desire. HoW
ever, multitrace strength theory will attempt to achieve comple,
generality with respect to the basic functional properties of memory

The basic properties of multitrace strength theory are as follows
each event and each association between two events is characterize
by a vector of unidimensional strength measures for each of four po
sible time traces (very-short-term memory, VSTM: short-term memo )
e STM; intermediate-term memory, ITM; and long-term memory, LT
(I in each of an unknown number of modalities (visual, auditory, speec
g motor, abstract-verbal, etc.). E

Each trace in each modality passes through four phases (acqu1s1t10
- | consolidation, decay, and retrieval). The acquisition phase refers to i
oo period of presentation or active rehearsal of events during which » Qﬁteri(
- memory traces are initiated. However, acquisition is considered to ref gby Eg:
o to the establishment of potential traces, not usable (retrievable) trac jthe  di:

The conversion from potential traces to usable traces is accomphsh

o
s
e
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by the consolidation process, which may be a matter of hours or days
for LTM, but is on the order of tens of seconds or seconds for ITM and
tenths of seconds for STM. After a usable trace has consolidated, it
decays exponentially to zero at a rate that may depend on the experi-
mental conditions. .
In retrieval, the strengths of all traces in all modalities for an event
‘or association are combined into a single total strength. It is this (uni-
‘dimensional) total strength which is judged in the retrieval-decision
process. In recognition, only the total strength of the test event or as-
sociation is judged in relation to a criterion to determine the “yes-no”
response. In multiple-choice or recall, the total strengths of all alter-
. natives are compared, and the alternative with the maximum strength
is selected.
- An exponential approach to a limit is chosen as the general form of
the acquisition and retrieval functions, and a delayed unit step or ramp
‘function is chosen to represent consolidation. However, the choice of
these functional forms is rather arbitrary on the basis of present evidence.
Some consideration is given to the nature of the coding for events
and associations in different modalities by making provision for simi-
larity functions between pairs of events and pairs of associations. As
- an example of event similarity, the letter names “B” and “D” are more
" similar in phonetic STM than “B” and “S.” As an example of the po-
- sitional similarity of two associations, the similarity between a direct
“forward association and a direct backward association is greater than
‘the similarity between a direct forward association and a remote back-

ward association.

ere are .
egories .
1 which -
ibe the -

euronal

lecular,
sible to
ne neu-
both of .
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speech-

Comparison to Other Theories

Multitrace strength theory is an extension of the strength theory pro-
b posed by Wickelgren and Norman (1966) for item recognition memory.
- . The principal similarities are: (a) the characterization of memory traces
i by real-valued strengths, with noise added separately, similar to the
_ learning theories of Hull (1943, 1952) and Spence (1956, 1960), (b) the
~ criterion decision rule for recognition memory, first used for this purpose
by Egan (1958), (c) the provision for more than one memory trace, (d)
the distinction between acquisition, decay, and retrieval phases of
memory traces, (e) the additive combination of traces, (f) the provision

isition, -
s to the
iich the
to refer
) traces.

plished 3
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(g) exponenti

for strength generalization due to event similarity, and

decay.
The principal extensions

phase into acquisition of potential stre .
able strength, (b) the assumption of an ITM, distinct from STM and

LTM, with an approximate specification of its consolidation time and
decay rate, (c) the specification of many modalities of memory, (d) the
formulation of order memory and its generalization properties, which
isa modification of an earlier strength theory of order memory (Wickeld

ren, 1967a), (e) the specification of the maximum decision rule for
recall, which follows Green and Moses (1966), Norman (1966), Kintsc
(1968), Wickelgren (1968a), and Norman and Wickelgren (1969), and]
(f) the particular functions chosen for acquisition, consolidation, an

are: (a) the subdivision of the acquisitio
ngth and consolidation of retriev:]

retrieval.
Markov (finite state) models with STM and LTM states (Atkinson ang]

Crothers, 1964; Bernbach, 1965; Calfee and Atkinson, 1965; Waugh and mul
Norman, 1965; Greeno, 1967; Chapter 8) use a very different underlying
(state) representation of the memory trace than multitrace strengl
theory. However, they share the basic idea that there is more than ong
memory trace, with the different traces having different forgetting
(decay) properties. Of course, since no Markov model specifies statef
corresponding to the VSTM, STM, ITM, and LTM traces in multitracg
strength theory, there is far from complete agreement on the number (i€ in ¢
traces. Furthermore, Markov models necessarily restrict an event c trac

association to be in one state at a time, that is, an event or associatiol ture
could not be in both STM and LTM unless a new compound state if me)
defined. This is clumsy. Also, if one wants to get many gradations of racllE T
strength, this either requires a large increase in the number of states .1 pos

defining distributions associated with each state (Bernbach, 19678 mul
Kintsch, 1967; Murdock, Chapter 9). Neither alternative seems attraclle (cor

tive to me. i
Markov models of memory make essentially the same distinction bg

tween acquisition, decay, and retrieval phases of memory as multitrac] L
strength theory. However, when consolidation is discussed in the COr au
text of a Markov model of memory (Bower, 1967a; Greeno, 1967), co

- solidation means transfer from STM to LTM. The assumption that af ar

STM trace is “converted” into an LTM trace is not necessarily true, anill® hea
in fact, some physiological evidence suggests (though it does not provi
that LTM is consolidated independently from STM (or ITM) in raf




ential

sition
striev-
A and
e and
d) the
which
ickel-
le for
intsch

) and 4

1, and

ym and
th and
rlying
‘ength
\n one
retting
states
titrace
ber of
ent or
iation

tate is ]

f trace
ites or

1967,
attrac-

on be-

titrace .

e con-
), con-
hat an
e, and,
prove)
in rats
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(Albert, 1966b). Multitrace strength theory is formulated so as to be able
to accommodate either possibility, and, in any case, it is quite easy to
have a decaying ITM component at the same time as a consolidating
LTM component. This can be represented with a Markov model, but

" itis awkward.

Recently, a new class of models (Bower, 1967a; Atkinson and Shiffrin,
1965, 1968; Atkinson, Brelsford, and Shiffrin, 1967) has emerged out of
the Markov model tradition. These models, called “multiprocess
models” by Atkinson et al. (1967), postulate VSTM and add considerable
structural detail to STM, LTM, the transfer from STM to LTM, and the
maintenance of an STM trace by rehearsal. Perhaps the three most basic
features of the multiprocess models are: (a) the rehearsal buffer represen-
tation of STM, (b) the search representation of LTM, and (c) the distinc-
tion between memory structure and control processes such as rehearsal
and recoding that can operate on the memory structure. In special cases,
multiprocess models can be reduced to Markov models, but multiprocess
models have far more flexibility. In particular, traces for a single event
can be in both STM and LTM and can have different numbers of copies
or degrees of strength. Multiprocess models most often maintain a basi-
cally discrete characterization of memory traces, while strength models
use a continuous characterization. More important, multiprocess models
have been much more concerned with the control processes of rehearsal
in STM, and search processes in LTM, than has strength theory. Multi-
trace strength theory places much greater emphasis on memory struc-
ture: the number of traces, acquisition, consolidation, decay, and ele-
mentary retrieval-decision processes.

The multicomponent model of Bower (1967b) and the model pro-
posed in this volume by Norman and Rumelhart (Chapter 2) differ from
multitrace strength theory by analyzing an item into discrete attributes
(components, features) and assuming that memory traces are formed for
each attribute. Multitrace strength theory is currently designed to take
a continuous similarity-space approach to item analysis. N

Information processing models of memory such as EPAM (Feigen-
baum, 1963; Chapter 13; Simon and Feigenbaum, 1964) and the model of
Judith Reitman (Chapter 5) differ from multitrace strength theory pri-
marily in : (a) their greater emphasis on control processes such as re-
hearsal and search and (b) in their choice of programming languages as
the language for precise expression of the theory, rather than more con-
ventional axiomatic mathematics.
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Assumptions of Multitrace Strength Theory

Four Phases

The time course of a memory trace M under conditions K has 4 phas dditit
acquisition of potential strength, A(4), consolidation of actual strengtly
C(t), decay of strength, D(t), and retrieval of strength, R(tz). Events g
the rehearsal of prior events initiate acquisition, and each phase follo
after the other in the order: acquisition, consolidation, decay, and g 4 '
trieval, with overlap being possible between two adjacent phas wo riteric
]udged strength of a memory trace M = A(t,) C(t) D(t) R(tg) + X, whe "
X is a normally distributed random variable: X ~ N[O, o). The functig]
A, C, D, and R and the parameter o are functions of M and K; ¢, is | ’1
acquisition (presentation or rehearsal) time, t is the delay since the on ol
_or offset of the acquisition period, and tz is the time allowed for retnev i

Four Traces per Modality

A
In each modality of memory, there are as many as four traces with dj
ferent time courses: very-short-term memory (V), short-term memg

(S), intermediate-term memory (I), and long-term memory (L).

Many Modalities

Every sensory, motor, and cognitive modality of performancel
modality of memory.

Event Memory

" An occurring event i initiates all four memory traces in each relev |
modality for that event and for any other event j in proportion to 7
similarity to j in that modality.

Order Memory

A sequence of events, =1, . . ., n, initiates all four memory tfa
in relevant modalities for each direct forward association i = i + 1.&
for each other-association i = j(j % i + 1) in proportion to a weigh(
linear combination of m;4,; (event associative response generalizatig




3: MULTITRACE STRENGTH THEORY 71

ii (event associative stimulus generalization), and (positional simi-
ity to a direct forward association). For ungrouped coding, my is a
monotone decreasing function of |i —j|, and 74, > mii—s

sub]ect responds “yes” if the total strength of a test event or test
ociation exceeds a criterion. Confidence ratings are obtained by par-
ﬁonlng the total strength dimension by further criteria. Under condi-
n‘_‘K criteria ¢ are normally distributed random varlables Cik ~

0 fort<r
Ct)=[t—7)/(e—1)]° forrst=<ce
fort > e,

1 fort<rtore
D(t) = e~Pt ) fort = Tore,

h /3‘ depends on M and K.
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Bounded Exponential Retrieval

R(tg) = p(1 — V=),
where p and ¢ depend on M and K.

~ Restrictions in Testing Strength Theory

-

The foregoing theory is intended to be formulated with suﬂ'lcm
ﬂex1b1hty to be able to handle known behavioral and neurobehaviog
(ablation, stimulation, and pharmacological effects on behavior) phg
nomena of memory, with appropriate choices of the acquisition, c(
sohdatlon, decay, retrieval, and decision parameters for each trace)j
any set of conditions. As with any general scientific theory, the pre
tions of the theory will be very hard to derive for the vast majorityg
conditions and so only carefully ‘selected conditions are suitablely
testing the theory. For ease in testing multitrace strength theory
important restrictions on conditions are the following:

(a) The test event should be sufficiently simple that sub]ects han
it as a unit, making a single absolute or comparative judgment, nol
sequence of elementary decisions combined into an overall decxs1o i
means of complicated logical reasoning. In principle, when we hg
some understanding of the elementary syntactic and semantic uni‘
a phrase, sentence, or sequence of thoughts, stimuli, or responses, g
when we know more about the cognitive processes in logical reasonif
then strength theory should be applicable to memory for phrases, sg
tences, and complex thought, sensory, or motor sequences. Howey
at present, no application of strength theory to such complex eventg
possible.

(b) For the same purpose of encouraging single-stage decision
time for the “yes—no,” rating, multiple-choice, or recall response sho
be very limited, and rapid responding should be encouraged.

(c) Only a single response should be required in the retrieval- dec1 i
period in order to avoid delay and/or interference effects in the retne
decision period, though these effects need not be too difficult to analy
within strength theory. However, if the correctness of prev1ous
sponses influences later responses, one could get stochastic proceg
that would needlessly add to the complexity of strength theory. Sin]
test methods, especially probe methods (e.g., Murdock, 1961a, 1963
Waugh and Norman, 1965; Norman, 1966; Wickelgren and Nom
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re certainly to be preferred, and complete recall methods, with
&order of recall uncontrolled, are too messy to be quantitatively ana-
le- with strength theory. S ‘
Recognition tests are theoretically simpler to analyze with strength
/'than recall or multiple-choice tests, and so recognition teésts are
rable. However, much work must be done with recall to determine
the relationship between recall and recognition memory. Omissions
y complicate the strength-theory analysis of recall experiments.
hissions should not be allowed in recall (or recognition), at least
e understand recall without omissions much better than we do
ent. | o

Conscious rehearsal of events to be remembered must be strictly
rolled by telling the subject what to rehearse (think of) at every
ent. Any controlled method of rehearsal is analyzable by strength
"but it is easiest to analyze conditions in which the subjects are
g only of the current event or pair of events and never thinking
evious events. The reason for controlling rehearsal is that strength
ry requires that we know at all times what phase of the memory
cess each event-trace is in. Naturally, control of conscious rehearsal

1en.t,. not 3 1l be less than perfect, but conscientious subjects appear to be able to
lecision b ntrol rehearsal quite adequately. A small amount of rehearsal will not
n we ha\: ttec trength decay curves very much and part of the effect is handled
He units, ¢ e

random noise factor X in the four-phase assumption. The remain-

Onses, ang ‘effect of a small probability of uncontrolled rehearsal can be reduced
reasoningy er by increasing the number of events that have to be remembered,
[rases, Sellg the only time that rehearsal affects the strength decay curve is
Howeverg en a subject rehearses the event to be tested later. Thus, probe
x events thods are superior to presenting and testing a single item. In prin-

ne could model uncontrolled rehearsal within the context of
e  theory. However, this greatly increases the computational com-
plexity of strength theory, and I do not see what one would learn from
fihis that one would not learn much more easily from controlled tehearsal.

s we learn more about the properties of different traces in
different modalities (particularly the decay rates and what they depend
‘p'dn), we should try to set up conditions so as to study one trace in one
ality at a time. In some cases, it may be possible to study one trace
tnder.conditions where the other traces are lower in their contribution
o the total strength by a factor of 100 or more yielding simple exponen-
ftial decay functions (e.g., Wickelgren and Norman, 1966). In other cases,
Ip,ay‘have to settle for factors of around 10 (e.g., Wickelgren, 1969).

xisions,
nse sho
L
al-decisiog
ie retrievals
t to analyzgj
revious ré%
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However, every effort should be made to secure strength decay curyg
that are very close to simple exponential decay functions, because thej
precise analysis requires far fewer different delay conditions than de
curves that must be fit by the sum of two exponentials. i3
Note that, with the exception of (f), all the other restrictions on teg
of multitrace strength theory are concerned with controlling the “strgl

egy” or “control process” of the subject in acquisition, rehearsal durij

the storage interval, and retrieval. Experiments on human or aning

learning or memory, which have not carefully controlled these acquig
tion, storage, and retrieval strategies may provide qualitative testy
multitrace strength theory, but quantitative evaluation is generally difg
cult in these cases. Since verbal instructional control of human strategig
is,probably much easier to achieve than control of animal strategie}s“i
pretraining, all quantitative behavioral tests of strength theory tQ”
mentioned in this chapter will be on human beings, though some qug
tative .neurobehavioral findings with animals will also be mentiongd
However, there is no reason why strength theory could not be app}
to animal learning and memory, at some future time. R

R*

i
Completeness of Multitrace Strength Theory ]
Although multitrace strength theory applies to all memory situatil
it requires the estimation of many, possibly different, ,parametét‘
every situation to which it is applied. Obviously, there must be s
parameter invariance over different situations and, failing this, ;.‘.
simple functions for predicting parameters in one situation from
eters in other situations. Efforts to determine parameter invarianc
other simple parameter functions, within the context of multi
strength theory, have not proceeded far enough to justify including &
such assumptions in the foregoing statement of the general assumptig
of multitrace strength theory. However, the available findings on par;
eter functions will be discussed later, along with some indicationg
how multitrace strength theory might be completed to include the
functions. 3

- :
o
.

Predictions and Empirical Adequacy of Multitrace Strength Theory

i

One of the features of a mathematical theory that gives it great }x.
ality with a small number of axioms is the combining power of the axig

;ithf the
Reneral,
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th themselves and with the more general axioms of mathematics. In

al, the predictions of the theory are theorems derived from several
BT ms. While this is a desirable feature of a theory, it does make testing
heory somewhat more complicated. Ideally, it would be desirable to
each assumption independently of the others, but this is rarely poss
However, one can attempt to approach this ideal as closely as
sible. The present section discusses some of the predictions of multi-
strength theory that have been tested to date, pointing out which
\ptions are being tested by each prediction.

Y b

N

resent evidence does not require one to postulate four separate traces
different memory properties. But present evidence does require at
wo memory traces, and there is suggestive evidence for four traces.
4 } :éYidence that compels the assumption of at least two memory
fraces is that human beings with bilateral mesial temporal ablations can
thave completely normal short-term memory (STM) with very little abil-
txﬂtg;_form.new long-term memories (LTM) (Scoville and Milner, 1957;
Milner, 1966; Wickelgren, 1968b). In terms of the present four-trace
“ Ip, the cut is probably between STM (delays of 1-20 sec) and inter-
Aafeftenn memory, ITM (delays of 20 sec to minutes or hours), but
s not completely clear. A huge mass of neurobehavioral data on the
ts of various drugs, spreading depression, and dc potentials applied
e brain also strongly supports the hypothesis that there are at least
two memory traces, though some of these data are more complex to in-
4 rp,fet ‘than the neurological data. (See Agranoff and Davis, 1968;,
EAlbert, 1966a, 1966b, 1966¢; Barondes and Cohen, 1968; Deutsch, Ham-
rg', and Dahl, 1966; Flexner and Flexner, 1968; for recent represen-
é)‘grt‘icles.) Finally, trace strength decay curves for normal subjects
 have two components, a rapidly decaying component and a more
ly decaying component (Waugh and Norman, 1965; Wickelgren,
g Th gument for distinguishing ITM from STM is that human beings
sial temporal lesions show pronounced deficits in the level of
[ .compared to normal subjects. These deficits appear for delays
r than about 4 sec in those tasks where normal subjects show
ry slowly decaying (ITM) component of the trace lasting for minutes,
%:to{;r}riinutes, or more (Milner, 1966).
he argument for distinguishing this ITM from LTM is that many of
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the neurobehavioral studies indicate that LTM requires a consolidatigg
period on the order of hours or days to be, established. (Agranoff ag
‘Davis, 1968; Albert, 19664, 1966b, 1966¢; Deutsch et al., 1966; pron,
some recent examples.) The ITM which is severely impaired in tig
subjects with mesial temporal lesions must be established in secon
so this ITM could not be the same trace as LTM. : pr
The argument for distinguishing between STM and ITM is strongg
than the argument for distinguishing between ITM and LTM becaug
the latter argument requires generalizing from various species i
animals to humans. However, there is a factor of about 107 betwe
the strength decay rates of the fastest decaying STM and the sloweg
decaying LTM, according to a rough calculation, and only part of th§
seems to be explainable on the basis of variation in the STM and LN
decay rates. Thus, there appears to be a hole which ITM could fill'
normal retention curves. The evidence for three traces, STM, ITM, anj
LTM is not as definitive as that for distinguishing at least two tra
STM and ITM-LTM, but the three trace theory does seem more “:
sible than the two trace theory. 4
‘The evidence for the very-short-term memory (VSTM) trace is scal
indeed, but it seems safest to consider the memory for visual or auditg]
material that has not been attended-to (e.g., Sperling, 1960, 1963; Av
bach and Sperling, 1961; Broadbent, 1958) to be a different kind 3
memory until and unless it is proven otherwise.

~

1

Exponential Decay

A

One of the most important successes of strength theory is that, so?
+ strength decay functions have turned out to be either simple expo
tials (Wickelgren and Norman, 1966; Wickelgren, 1967a, 1968b, _I:

and much unpublished data) or the sum of two exponentials\(Wiék oy

gren, 1969), For example, Wickelgren and Norman (1966) found simpee. -
exponential decay of the strength of the STM trace in a probe studyZiERIRe two str
items (three-digit numbers) in all serial positions of lists from tot
seven items long. The probe was a single item from the préviou%j )
presented immediately after the end of the list. Thus, the tempq] erm
delay between presentation and test is the number of subsequy d apy
items times the presentation time for each item (1 second in this studJE o
Semilogarithmic plots of these strength decay curves are shown] vrobél;i
Fig. 1. Consistent with the assumption of exponential decay, thel éﬁsing

strength decay curves are well fit by straight lines on semilog .ﬂ; all me
5 . . i -, e
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1¢.'1. The d(k, L) values for each serial position (k), in lists of length L = 2-7, as a
on of the number of subsequent items (L-k). L+k is also equal to the delay in seconds.
[he two straight lines in each plot are the least-squares fits to the data. The upper line
fit to the first items (k = 1) and the lower line is the fit for all the other items (k > 1).

j'ennore, while the first item established a stronger trace in STM,
d:approximately the same rate of decay as subsequent items in the

robability decay curves are usually S-shaped with rate of decay first
teasing and then decreasing. Strength theory may be able to account
Jorall memory decay curves using one or two component traces at any

~
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given delay, though there are three different possible combination
two traces, VSTM and STM, STM and ITM, ITM, and LTM.

The importance of this cannot be overemphasized. When the dect
(forgetting) rate is not constant as a function of delay (under conditiop}
which are homogeneous during all delays), it is extremely difficult{]
make meaningful comparisons among decay rates as a function of di
ferent conditions. When one has an analysis of the total memory tracg
into one or two components with each component having a constag
decay rate at every delay, one has a general framework for memory ang
can ‘hope for some success in determining the more specific laws
‘acquisition, consolidation, decay, and retrieval for each memory trag
in each modality. Without such a framework, one is just stumbling
the dark. :

STM and ITM

Since both STM and ITM are consolidated in seconds or tenths of
second, they are both potentially present whether the number of pre
sentations is one or many. The basic idea that many studies have sij
stantial amounts of both STM and ITM was first expressed in tj
Markov-model framework by Atkinson and Grothers (1964) and Waug
and Norman (1965). Using this theory, Waugh and Norman (1963
analyzed the decay curves for many tasks into two components. Mulg
trace strength also yields such an analysis, although it is somewhj
different from a Markov analysis.

Besides being able to analyze a composite trace decay curve into co
ponents, it is also very desirable to design experiments so that o

'STM or ITM is being studied in an experiment. How can this be dog}
according to multitrace strength theory?

Studying ITM independently of STM is simple: just make use of ff
fact that ITM decays much more slowly than STM. Do not use j
mediate retention tests. Do use a variety of longer retention int v
on the order of minutes and hours. At least the first 20 sec of the')
tention interval should be filled with rehearsal preventing activity}
eliminate the STM traces, but it is also highly desirable to do all one’d
to yminimize rehearsal throughout the entire span of any retent}
interval. Finally, although some kinds of material and tasks give sy
stantial levels of ITM with a single presentation of a few seconds]
item, ITM often requires numerous presentations to build up to a
stantial level. According to the present theory, all verbal learning tag
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ns th ﬁlled (rehearsal-preventing) retention intervals of minutes or hours

studymg verbal ITM.

B Studying STM independently of ITM also makes use of the fact that
ITM decays much more slowly than STM, but it makes use of this fact
in' omewhat subtler way. If one uses a small population of items, say
s, letters, or a small set of words, over and over again on closely

decay;
itions}
ult
of dif]

trace dpaced trials, the ITM traces for all items and perhaps also all asso-
nstany ‘ "'nf"s’between items will be approximately equal. Only the STM trace
7y andj diﬂ'erentiate the items or associations on the last trial from those on
\Ws Of Te ous trials. Thus, since ITM traces are equal for correct and in-

" tracéy rrect events, one is studying only the STM traces on all trials after
ing inj e first few.

- ¥ Another potential way to study STM independently of ITM is to
Present material to be remembered so rapidly that the ITM trace does

ifiree Z‘{"éball. The present theory of STM and ITM explains many phe-
mena. First, it explains the two-component decay curves for free
N sub eeall (e.g., Deese and Kaufman, 1957; Murdock, 1962b; Waugh, 1962)

‘n th 1 4 manner very similar to the analysis done with a different theory
)Vaug W ugh and Norman (1965)
(1965
Multi ntinuous Recognition Memory. Second, it explains the large
.ewha wly decaying component in continuous (steady-state) verbal recog-
n'memory studies (Shepard and Teghtsoonian, 1961; Shepard and
0 com g, 1963; Donaldson and Murdock, 1968). In a s1mple yes-no con-
t onl s recognition memory study that I have done, items (words or a
doné mplex pattern composed of three consonants followed by three digits
eviated CCC-DDD) were presented at a rate of 3.5 sec per item.
of thi pubjects indicated whether or not they had seen an item previously,
se im} '}delays between presentation and test ranging from immediate
tervals] i about 12 minutes. The strength decay curves (log strength vs de-
he red 43y) for one subject in this experiment are shown in Fig. 2. The straight
vity 0 ‘are the theoretical, exponentially decaying, STM and ITM traces.
ne ca ! rved theoretical lines represent the total memory strength (sum

enno~
e sub
ds peq
a subj
4 taskg

‘and ITM strengths). The component traces were derived under
umptlons that (a) STM decay rates are identical for words and
DDD complexes, (b) ITM decay rates are identical for words
CCC-DDD complexes, (¢) STM consolidates essentially imme-
Iy for both kinds of items, and (d) ITM consolidates hnearly over
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FIG. 2. Strength-decay curves for one subject in a continuous recognition memo
for words or CCC-DDD complexes. The dashed lines represent the best-fitting'§
and ITM components of the trace, with the ITM component assumed to be consoli
over the period from 10 to 30 sec after presentation. The solid lines represent the §
memory strength, the sum of the STM and ITM strengths. / ke

the period from 10 to 30 sec following presentatlon for both k
items.

EXAS

Note that depending on the form and rate of the consolidation fJ
tion for ITM .in relation to the rate of decay for STM, one can ofj
short sections of the decay curve for total strength which are mcreg
in strength (reminiscence), though this need not occur and wouldg
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Kerally occur over a very long period of time. The fit of multitrace
tngth theory to these data is quite good with the exception of a few
Moints at delays between 1 and 2 minutes. These modest deviations’
thétween theory and data could be due to averaging over items with
ery different STM or ITM decay curves, and work is in progress to
Jetermine if this is happening.

6_Wever, it is clear that, at least within the context of strength theory,
data in Fig. 1 and the continuous recognition data of Shepard and
[eghtsoonian (1961) cannot possibly be fit by a single exponentially
éia/)':{ir}g trace. Rather, what seems to be required is to assume that
Performance is mediated by two traces, one with a decay rate similar
o (though somewhat slower than) that found in probe studies of STM
E(Wickelgren and Norman, 1966; Wickelgren, 1970) and one with a
y rate slower by a factor of 10%.

study in progress on a subject with a bilateral mesial temporal
n indicates that he has a normal or slightly reduced STM com-
fbonent in continuous recognition memory tasks, but has a much reduced
ITM component in these tasks. This provides further support for the
h ‘(‘)Tthesis that continuous recognition memory studies are studying
both STM and ITM, and these studies should not be lumped together,
twilly-nilly, with pure STM studies that use a small population of items
ver and over again in rapid proximity. : |

Most continuous recognition memory studies using a large population
fof items have employed very slow presentation rates (around 5 seconds
)rﬁitem) though Howe (1967) got a moderate amount of ITM for pictures
resented at 1.5 sec per picture. It is possible that acquisition of the

LA RAEEAR

2 ITM trace, while very rapid, is nevertheless on the order of a second

3 t more (possibly varying with the type of material and the conditions
nory t; Séntation). On the other hand, the STM trace clearly can be ac-
inl_gdsg » lired:in tenths of a second, since good STM is obtained for lists of
olidatn

s presented at four items per second. Thus, presenting one three-
it number per second, as in Wickelgren and Norman (1966) or four
ords per second in an unpublished study of mine appears to produce
litle or no ITM. This permits study of STM with larger populations

rthermore, use of a small population of events does not guarantee
Wyuncomplicated study of STM, if the rate of presentation is slow
gh' to- permit use of complicated coding or rehearsal strategies.
[his{4ppears to have occurred in a continuous recognition memory

dy:by Katz (1966) which employed a rather small population of

]
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associations (20 letter-number pairs), but used a very slow rate of prg
sentation (8 seconds for each test plus new presentation of a paif)

Katz (1966) instructed his subjects not to rehearse prior pairs, but thi

was not sufficient to eliminate the more slowly decaying compon
of the memory trace in his situation.

Recognition Memory for Pitch. Third, the present theory of STM:
ITM explains the two-component trace-strength decay curves, invariablj
found for normal subjects in short-term recognition memory for™pitctg
using the delayéd comparison procedure (Wickelgren, 1966a, 1969
The only subject who has not shown some ITM in this situation ig]
neurological subject with a bilateral mesial temporal lesion (Wickel
gren, 1968b). The.level of the ITM trace for normal subjects in t
situation is generally fairly low, but given the frequency of presentif
each tone from the rather small population of tones (usually 10 or’d
tones), this is probably reasonable. Here again, we find that some IT}§
can be formed for each item from a small population of items, whl
the rate of presenting new items to be learned is slow enough (on’t
order of one new item ever 10-40 sec in my pitch-memory exi){_
ments). Since the rate of decay of ITM for different kinds of materig
under different conditions is not well established, it is not yet possit§
to make a definitive quantitative check on whether the level of IT§
found in these pitch-memory studies is reasonable or not. On the bay
of the estimated rate of decay for the ITM trace obtained from ‘o
experiment in Wickelgren (1969) and other unpublished studies?’
level of ITM found in the pitch-memory studies appears to be of ab(]

the right order of magnitude, but further studies are necessary to clf
the point. §

Three-Phase Studies. Fourth, multitrace strength theory explains§
frequent (but not invariable) presence. of a more slowly decaying cqf
ponent of the verbal memory trace in the “three-phase” or “distracig
(Murdock, 1967) design originated by Brown (1958) and Peterson:g
Peterson (1959). In this design, a single item or short list of itemg
presented followed by rehearsal-preventing activity followed by ajj

_ of some or all of the items in the short list. '
In the three-phase design, acquisition (perhaps including some:
of the consolidation), storage (decay, perhaps preceded by som
solidation), and retrieval-decision phases are all distinguished togi
subject and independently manipulable by the experimenter. Thig
the advantage of the three-phase method over the probe (two-ph

3

i ijgt the
Of about
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Hod, which confounds acquisition and storage, and the continuous
“phase) method, which confounds all three. Probe and continuous
¥ithods have compensating advantages for certain purposes, and, as
e apparent from the present discussion, the three-phase design
8 some disadvantages, so no one should conclude that one of these
fethods is always to be preferred.

fust as in the delayed comparison of pitch studies (which use the
fiYet:phase design), the frequency with which each item is presented
&-learned has generally been much lower than in probe studies.
{'according to the present theory, it is not surprising that strength
»fkcurves for three-phase recall studies (Peterson and Peterson,
Murdock, 1961b; Hellyer, 1962; Melton, 1963) frequently require
‘an STM and an ITM component to achieve a good fit. In Figs. 3
4, strength decay curves have been plotted for the three-phase
: ill',.Study of Hellyer (1962) and the vocal rehearsal condition of the
Pete si,;o‘n and Peterson (1959) study. The parameter is the number of
fepetitions or amount of rehearsal time prior to beginning the back-
ounting that filled the delay interval. These strength-decay
were derived from the probability decay curves by assuming
- the consonant trigrams to be remembered came from a population
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FIG. 4. Strength-decay curves for three-phase recall of consonant trigrams, as a funbp
of rehearsal time (from Peterson and Peterson, 1959).
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¢ The same deviation from simple exponential decay is found in recog-
ition memory, where it is not necessary to make assumptlons about
population size or equivalence of incorrect strength distributions. See

€ Fig. 5 for the strength decay curves of three subjects in an unpublished
: study of mine where single letters were presented and tested for recog-

nition memory after delays filled with rapid backward counting.

“{For a variety of reasons (the main one being the absence of really
long delays with the three-phase method), it is not yet possible to draw
quantitative conclusions regarding the rates of decay for verbal STM
and ITM in three-phase situations. However, there is every reason to
hope ‘that the strength decay ratés for STM and ITM in three-phase
stidies will be consistent with the STM decay rates found in probe
fdles and the STM and ITM decay rates found in continuous studies.

‘:Proactive Interference in STM . Fifth, multitrace strength theory ex-
plains why the decay of the memory trace for once presented material
much slower on the first few trials of an STM experiment (Keppel
and Underwood, 1962) or on the first few trials after the type of material
is. changed (Wickens, Born, and Allen, 1963; Loess, 1968). According
to'the present theory, this “proactive interference” effect is due to the
first few trials having substantial levels of ITM, in addition to STM.
On later trials, the ITM for items on previous trials has not decayed
very much, and competition from these items in a recall test substantially
reduces the value of the ITM component of the trace for items on later
als, since the cues for each trial are not very distinct. According to
ultitrace strength theory, the contribution of the ITM trace to the
diseriminability of correct and incorrect items on the previous trial
decreases rapidly over the first few trials of an experiment to an asymp-
tote that depends on the average time between successive presentations
lthe same item. Many factors affect the average time between suc-
ssive presentations of the same item: the number of items presented
pér trial, the size of the item population, and the intertrial interval.
fiaccord with the prediction of multitrace strength theory, longer
tertrial intervals are known to produce less “proactive interference”
om previous trials (better memory) in “STM” experiments where few
ms are presented to be learned on each trial (Peterson and Gentile,
65). According to the theory, intrusions from items in the same po-
on on previous trials should decrease with increasing distance from
the present trial, measuring distance in either time or trials, and this
ediction is also known to be valid (Melton and Von Lackum, 1941;
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Conrad, 1959, 1960; Peterson and Gentile, 1965; Peterson and ]ames
1967). '

The one possibly discrepant finding is that Conrad (1960) found ,nA
net improvement in memory performance with longer intertrial ing
tervals, though he did find intrusions from items in the same positior ]
on the previous trial to decrease with intertrial interval. The reasong
for this discrepant finding are not clear. However, it is likely that Con ,
rad’s (1960) experiment involved very little ITM compared to the ‘ ace. The
periment of Peterson and Gentile (1965), since Conrad presented. ]
much longer list to be remembered and presented it at a fairly rap;
rate (two items per second).’ i

Finally, it should be noted that all of the STM proact;ve interferencel
studies have used recall to test retention. It should be possxblef
analyze the “proactive interference” effect much more precisely wit}
recognition, carefully controlling the similarity of incorrect test 1tem
to items correct for previous trials. 3

VSTM and STM S that it is e

If there is an auditory or visual VSTM that should be distinguisheg

from STM, then probably the last item or two in a list, when testeg

- immediately, should not be considered in fitting an STM trace to
strength decay curve. :

ITM and LTM

Besides the neurobehavioral evidence for distinguishing IT™ ang
LTM, strength decay curves for visual memory (Shepard, 1967; Nickeg
son, 1968) show a much more rapid decay in the first week or two thy
from two weeks to one year. Until more is known concerning the ral
of decay of the ITM trace and the rate of consolidation of the LT} X ow, 1951
trace for different types of materials and conditions, one must be c e s
tious in interpreting retention data at delays of two hours to two weg

At some delays in this interval, one either gets substantial overlap > Wit

ITM and useful LTM or else it should be possible to show reminiscerng recogm

between carefully selected delays. ’ }(ers in ve
Incidentally, if one does get reminiscence here, it suggests that {j

LTM trace consolidates independently of the ITM trace, at leastg m memory

some extent. is to det
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our Phases

he distinction between the acquisition, decay (storage), and retrieval-

d i , gcxsmn phases of memory seems to be necessarily valid for any device
sition 1th,‘ memory. In the present formulation of multitrace strength theory,
isons cqu1s1t10n refers to establishing a potential, but not yet usable, memory
Con- ace..Consolidation converts this potential trace into an actual (usable)

e ex- E trace. The distinction between acquisition and consolidation is some-
ted a £ what questionable for VSTM and STM, and the evidence is not yet con-
lusive for distinguishing acquisition and consolidation in ITM. How-
r, the neurobehavioral evidence just cited seems to indicate a
elatively substantial consolidation phase for LTM.

Jle to ,Consolidation of VSTM and STM in all modalities may proceed si-
with ltaneously with acquisition or occur so rapidly after acquisition that
re is no need to recognize it as a separate phase of these memory
aces. However, this is easily handled by the present theory through
oice of a consolidation function that approaches asymptote so quickly
that it is essentially a step function for our purposes. If this is so, then
Ethe.only advantage of including a consolidation phase in VSTM and
§STM is to be able to handle all four traces in the same framework.
Alternatively, we may, one day, find phenomena that require STM
nsolidation times of seconds or tenths of a second. Multitrace. strength
ory can handle either eventuality.

L AEEER
dependence from Irrelevant Strengths

o recognition memory is the assumption of “independence from
e rat relevant strengths” (similar to .the analogously named notions of
Tow, 1951; Luce, 1959). The assumption is that in.a recognition test,

e ca rsubject judges only the strength of the test event (item or asso-

veek on), without considering the strength of other events. This as-

rlap umption' means that there is no retrieval interference (competition)

scenc recognition test, an assumption made without proof by many
rkers.in verbal learning. -

1at th have not been able to thmk of a good test of thlS assumption for

east fitem memory, but a powerful test is possible for order memory. The

to determine if the strength discriminability of a correct A-B
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association from an incorrect A~D association is affected by the presencg
or absence of a strong A-C association. According to strength theo 3
the difference in strength of A-B and A-D associations should be uf]
affected by the strength of an “irrelevant” A-C association. This stron}
prediction of strength theory appears to be valid, at least for STM
(Wickelgren, 1967a; Bower and Bostrom, 1968). Since the assumpho
of the independence from irrelevant strengths applies only to the rg
trieval-decision phase of recognition memory, proving it for STM ve y
strongly indicates that 1t holds when ITM or LTM traces are bem
Judged also.

However, a successful test, of the type discussed above, of the g
sumption of independence from irrelevant strengths in retrieval : r
quires that there also be no reduced acquisition or consolidation aig
and no increased decay of an A-B association when preceded or' l!
lowed by an A-C association, This equivalence of acquisition, cog
solidation and decay for A-B, A-C and A-B, C-D is known to be falg
for verbal ITM (e.g., McGovern, 1964; Postman, 1965) and LTM (Hot§
ton, 1967). In these verbal learning studies, the effect is usually calleg
“unlearning,” though “storage interference” might be a better termfj
recognition tests show that the effect holds when the “irrelevant” A§
association is presented before the A-B association. “Unleamning” ig
fine term for a retroactive interference effect, but not for an effectd
to proactive interference.

The report by Houston (1968) of an unlearning effect in STM d did
not use a recognition test and also employed a paradigm conducive§
the presence of large ITM traces, according to the classification sche
presented here. ,

Either no storage interference (unlearning) occurs in STM or, m
 likely, as stated by Wickelgren (1967a), the strength in STM of an
association is impaired as much by C-D pairs as by A-C pairs am
the prior and subsequent items. There is quite solid evidence that' ”“.
number of subsequent items plays an important role in decay in ST}
even when the temporal delay between presentation and test is: h
constant and rehearsal is presumed to be minimal (Waugh and Norm]
1965; Norman, 1966). The Waugh and Norman (1965) and Norm{
(1966) studies were recall studies, and so could be affected by retriei
interference. However, I have evidence showing that the number
intervening items also plays an important role, in addition to tempog
delay, using a recognition test of STM (chkelgren 1970).
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)resencey ; bariance of Decay Rates
theory} :
1 be un A though the decay rate for a single trace for a particular subject
is strong} Bbpears to be invariant with delay, it does not appear to be invariant
or STMj 'dery.other conditions. For example, in a probe recognition study, I
umptio have found decay in STM to be a function of both temporal delay and
» the ré% mber of intervening items, making the rate of decay in STM dif-
M veryg fetent for different rates of presenting the items to be learned (Wickel-
‘e bein en, 1970). Furthermore, the rate of temporal decay of the STM trace
. ‘ ree-phase or continuous memory tasks appears to be somewhat
f the a ower than the rate of temporal decay in probe memory tasks, though
.eval red ay be possible to account for this under the rubric of “rate of pre-
tion andj ntation of new material to be learned.”
d or fold ( alyzmg these tasks in terms of the number of intervening items,
on, cons i th\;l_than temporal delay, fails to produce invariance in STM decay

be falsd} and, in my opinion, item decay functions provide a far less satis-

A (Hou’? ffamework in which to analyze what STM decay rates depend
ly called) fhon than do temporal decay functions (one example of this is found
'term,”‘{ _1ckelgren 1970).

nt” A-Gj {Examples of the lack of invariance of strength decay rates for ITM

.LTM can undoubtedly also be found in verbal learning studies,
flect d fwhere a number of factors appear to affect decay rate, such as the amount

i81m1lar1ty of interpolated learning and the degree of learning of

sTM did3 e original list. However, virtually all of the relevant studies were
lucive t0] done using recall to measure retention, and permitting omissions. Such
1 scherff’ m1es are very difficult to analyze with strength theory. Furthermore,
husion frequencies are often not reported in enough detail to make

or, mor 1y, trength theory analysis possible. One exception is the set of rec-
fan A C 1t10n-match1ng studies on unlearning that were referred to already.
's among; 2 ‘Finally, there is an intuitive argument against invariance of the STM,
> that the; I'M, and LTM decay rates, which derives from the factor of 10’ between
in STM decay rates of the fastest decaying STM and the slowest decaying
t is held} M. Intuitively, it seems as if some memories last for seconds, others

Norma'ﬁ nutes, others for hours, others for days, others for weeks or months,
Normai thers for years. To make memories last for each of these different
retrieval 0ds of time, even with three traces, would require factors of €'® or
amber ofj 'in degree of acquisition above that required for perfect performance
tempora - an immediate retention test. This is undoubtedly a biophysical

5

biochemical impossibility for the nervous system. If such smooth
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variation in the duration of different memories is to be achieved by: thg
nervous system with three traces, it must be done by varying the decgj
rate for one or more traces, not the degree of acquisition. This variabilif
of decay rate is precisely what Melton (1963) claims for a smgle-tra
theory. i

_ e
Form of the Acquisition, Consolidation, and Retrieval Functions

-

- No deep significance is attached to the form I have chosen for thes
functions: (a) exponential approach to a positive limit, starting frof
zero for the acquisition and retrieval functions and (b) a delaye
‘bounded ramp function for consolidation. :

The assumption of zero starting value in acquisition and consohdatl
means that, in separated multiple-presentation situations, we are’s
ways focusing on the increment in trace strength contributed by‘
last presentation. At present, this seems to me to be the simplest wi
to handle multiple presentation. However, it should be noted that i
requires us to consider some aspects of the history of prior presen
tions as part of the conditions that determine .the parameters in the
acquisition and consolidation functions. This could be a mess.

The upper bound on the degree of acquisition, consolidation, ag
retrieval is a completely reasonable constraint. The provision for son
delay before consolidation begins is probably absolutely necessary,ff
ITM and LTM, but slight delays may also be found in the onsets :
other processes.

The degree of empirical support for the chosen form of these fug]
tions is almost nonexistent. Some weak evidence that the form of tig
acquisition function is approximately an exponential approach g

limit was found in a study of STM for pitch (Wickelgren, 1969) '

Spacing of Multiple Presentation

The effects of the spacing of multiple presentations have bee
mirably reviewed by Bjork (Chapter 10), and this review will no
repeated here. I will content myself with three empirical generalizatig
that Bjork has derived from previcus experimental studies, citing g
representative study to support each generalization: (a) Massed pg
sentations lead to superior memory at delays of less than 4 sec (Peter
Hillner, and Saltzman, 1962); (b) Spaced presentations lead to supey
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y the ry at delays of 8 sec or more (Peterson et al., 1962); (c) As the delay
decayy en presentations increases from 0 to somewhere between 16 and
bility] ec, memory assessed 16 sec after the second presentation increases,
-traceg “the delay between presentations increases beyond this point
\ Bmory (still assessed 16 sec after the second presentation) decreases
grson, Wampler, Kirkpatrick, and Saltzman, 1963).
ese three effects are nicely explained by multitrace strength theory.
’ t,_\the beneficial effects of massed presentation are obtained at just
theid Isk-brief delays at which the STM component of the total memory
 froft g “most important. Since the STM trace consolidates and decays
| i y; one expects optimal STM from massed presentation. Second,
advantages of spaced presentation appear when ITM is beginning
lay a much larger role in memory performance. It is quite reasonable

wre ald B suppose that ITM requires a much longer consolidation time than
y the ~) M and that the optimal level of ITM would be obtained from two
st way sentatlons when the second presentation occurred after the first had
at thi me to consolidate. Third, one expects to find an optimal spacing
.sen Me at around the time consolidation of the first presentation is com-
the or almost complete, because the ITM trace does decay after it

lidates. Although it may be a complete coincidence, the improve-

ary fo "j A‘mory studies, there seemed to be some advantage in assuming that
; sohdatlon of ITM took place over the period from 10 to 30 sec fol-

jLhis. is. sort of a “catch- all” title under which to include a lot of
ally similar, but substantively different, properties (of an extended
ersmn of strength theory) about which little is known at present. As
9 rmulated in the present paper, multitrace strength theory, while
aklng many definite predictions, still has considerable flexibility in
ren agdg Hany other predictions because of the unstated dependencies of ac-

not b tion, consolidation, decay, retrieval, and noise parameters on the
zationg tions K. When one has not even specified the aspects of the ex-
ng ental conditions that influence each parameter, this leaves a lot
>d prégg flexibility. A completely extended version of multitrace strength

stersony must specify all of these parameter functions. When this is done,
upen y Bh important factor in evaluating the simplicity of strength theory will
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be the dégree to which the parameters for each phase depend only upor

the conditions during that phase, in addition to depending on the typ

For example, one would like the decay rate fora partlcular trace to;p8
independent of the degree of acquisition and consolidation. This. h
been found in STM for pitch (Wickelgren, 1969), where acqu1s1t1

was manipulated by varying either the duration of the standard to ‘

or the frequency difference between the standard tone and the cof
parison tone. In verbal STM, Wickelgren and Norman (1966) found

same decay rate for the first item in a list as for other items, even thoq
the first item had a higher degree of learning. Unpublished data of mig

in verbal ITM (1-12 minutes) and verbal LTM (weeks to years) j.\

show decay rate to be independent of degree of acquisition. :

Less is known concerning acquisition functions, but chkelgr
(1969) has found the acquisition function in STM for pitch to have'a
proximately the same form and rate of approach to a limit, 1rrespec o
of the delay time.

Relation between Event and Order Memory

Essentially nothing is known about the relation between event
order memory. If the same kinds of traces mediate both event and ord
memory, then there ought to be a considerable degree of functiopg
form and parameter invariance. Failing complete parameter invariang
there might be other simple relations between comparable paramet .
for item and order memory.

Relation between Recognition, Multiple-Choice, and Recall

It would also be very desirable if the functional form and pararriet
of acquisition, consolidation, decay, retrieval, and noise were invarig
over recognition, multiple-choice, and recall methods of testing mem
Failing complete invariance, there might still be some fairly simp
relations that would enable an extended version of multitrace stren
theory to predict performance on one test from performance on anotg}
test. Little is known about the relations between parameters for récd
multlple -choice, and recognition. However, for verbal STM, Nomj

(1966) obtained some support for the invariance of STM decay'
across recall and recognition. i

e l‘ 1965
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fWhen all the relations between two tests of memory are known for
phases of memory, it is then possible to predict performance on one
from performance on the other test. Even assuming that the basic
fiiory traces are identical for two methods of testing retention, there
ire'still a number of possible complications in making these predictions,
BWhich are discussed more extensively in Wickelgren (1968a) and
orman and Wickelgren (1969). First, there is the question of whether
‘retrieval noise is the same for two different methods of testing
tion, especially when the number of traces to be retrieved is dif-
ferent. Second, there is the question of whether there is a noise source
recall and multiple-choice comparable to the criterion noise in rec-
iition. Third, there is the question of whether there is increased time
i"decay when the number of traces to be retrieved is increased.
urth ‘there is the question of whether noise distributions for dlﬂ:erent
s are uncorrelated

\ ‘reeognition have been completely successful, in what was probably
bal ITM in one case (Green and Moses 1966) and a mlxture of verbal

|||||

‘, be phonehcally similar to the correct item (Conrad, 1964; Wickel-
31965a, 1965b, 1965c, 1966b 19660) Errors for more obv1ously

:meters fickelgren, 1966d) are also more frequent for compound 1tems that
varlan ve elements in common with the correct items. There appear to be
.emoryy basic approaches to a mathematical theory of this kind of data: the
sxmpl ‘ discrete component approach (such as the multicomponent theory of
trengtt ‘ ¢r, 1967b, or Norman and Rumelhart, Chapter 2) and the general-
mothe,_, : ion gradient (similarity space) approach taken by the present version
- recallf lultitrace strength theory.

Normatl ¢counting for systematic error data with multitrace strength theory
ay ratd] 'done at two levels. At the more superficial level, the similarity
eters, my, for all pairs of items can be estimated from the data,
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"

and a variety of predictions, such as invariances of decay rates and otlig oise anc
rate parameters, can be tested. At a deeper level, one could attempt (

extend multitrace strength theory to include a theory of the similar(g

parameters, deriving them from some underlying space charactens

of the modality of the memory trace. Ideally, there should be 'sog

relation between the memory similarity space for a modality and;fj

perceptual similarity space for the same modality. But since multitr
strength theory has been (successfully) tested against error data onj
at the more superficial level and only in the case of STM for pifs
(chkelgren 1969) this is all far in the future. g

Sys‘tei‘nati’c Errors in Order M embry

“In testing memory for the item that followed another item in ali{
errors tend to be from similar serial positions to that of the correct lte
and the similarity function m; can be one dimensional in ungroup
coding of a list (Norman, 1966) or two dimensional in grouped codj
of a list (Wickelgren, 1964, 1967b).

In addition, there is evidence for systematic errors based on itenijg
item associations: (a) stimulus generalization (a similar item, or!}
same item in a different position, evoking the response appro
to the cue item, Wickelgren, 1965d, 1966e) and (b) response ge
ization (the cue item evoking response items that are similar t
response item, Conrad, 1964; Wickelgren, 1965a, 1965b, 1965c¢, 19608
These item-to-item associative effects should be handled by the
event similarity functions, 7y, as before. In the absence of any evider
on how positional similarity, stimulus generalization, and respo;
generalization are to be combined, 1 have just assumed a weigh
average.

Latency in Memory Judgments

- The present statement of multitrace strength theory does not. p
predictions about the latency distributions of responses in recognifl
multiple-choice, and recall. A beginning effort to handle latencies,
strength theory was made by Norman and Wickelgren (1969). At pre

of strength theory.
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ise and Operating Characteristics

or reasons of simplicity, multitrace strength theory is a real-variable
ry almost everywhere, with zero-mean random variables added at
two places: (a) in the four-trace assumption, to handle the sum of the
noise, in acquisition, consolidation, decay, and retrieval and (b) in the
criterion decision rule, to handle criterion noise. Both random variables
assumed to be normally distributed, but only the unimodality
roperty of the (normal) probability density functions is important at
the present level of precision in theories of memory.
B Strength theory follows Thurstonian scaling (Thurstone, 1927; Torger-
n} 1958) and signal detection theory (Tanner and Swets, 1954; Swets,
iTinner, and Birdsall, 1961; Green and Swets, 1966) in using the standard
deviation of the total noise in all phases of the process as the unit by
which strengths are measured. Assuming that only one trace is substan-
ftially above zero under the conditions K, this means that in recognition
unit of strength measurement is (oux® + ox?)*? and in recall or mul-
,giple-choice the unit of strength measurement is oyx. Since K is a sub-
bscript standing for all of the conditions of the memory task, there is no
Misurance that the unit of strength measurement remains constant across
different conditions. In particular, one cannot be sure that oux for rec-
pgnition equals oy for recall or multiple-choice, even when all other
Gspects of the conditions are identical. In addition, there is the o term
for recognition, which may have no analogue in the maximum decision
e for recall and multiple-choice (though a criterion-noise term can
e ncorporated into the maximum rule). When oyx is not invariant
ver different conditions, one must be careful to measure all strengths
yith the same unit. Sometimes it is necessary to estimate O ux,| O ux,
natios. Problems in using the standard deviation of the noise as the
it of psychological measurement are discussed at length in Wickel-
gren (1968a). / |
 Strength theory also follows Thurstonian scaling and signal-deteetion
theory in having no true zero strength. Only the difference in trace
ength between two conditions is meaningful, and this difference is
measured in units of the noise in one of the conditions, i.e., D(K;, K;) =
}(“'-,- My,) o ux,- Usually, one looks at the difference in strength be-
een a correct item or association and an incorrect item or association.
is difference can be thought of as the discriminability of correct and
incorrect events (items or associations), and this discriminability is
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formally identical to d' in signal detection theory and the analogo
concept in Thurstonian scaling.

Thus, strength is' measured on an interval scale. The criterion ang
maximum decision rules found in Thurstonian scaling, signal detectig]
theory, and strength theory both imply measurement on an inte
scale, and one which uses the standard deviation of the total noise”
the unit of measurement. _

Testing the assumption that the noise is normally (unimodally) dii}
tributed, determining the ratios of noise standard deviations under dif}
ferent conditions, and determining the strength discriminability value}
for pairs of conditions are all most easily accomplished with a special
plot called an operating characteristic (OC). Descriptions and proofs;
‘the properties of OC’s can be found in Green and Swets (1966) in- |
‘context of signal detection theory and in Wickelgren and Norman (19,_'
and Wickelgren (1968a) in the context of strength theory of memory

OC’s are only applicable to recognition, two-alternative multipl
choice, or two-alternative recall experiments, and are most efficient k
and accurately derived from experiments using confidence ratings{
addition to the “yes-no” or other two-choice response. Everyone gra
that ratings are the most efficient method of generating OC’s. S
people think that ratings are less accurate than other methods of ge
ating OC’s, but the reverse is more likely to be true (Wickelgren, 196
For these reasons, OC’s in memory experiments testing strength theoq
have always been derived from ratings. »

In almost all tests of strength theory to date, the assumptlon
normally distributed noise has been validated by the absence of ap]
systematic deviation of the OC’s from straight lines on normal-normy
plots. Systematic deviations of OC’s from that expected for overlappin
unimodal distributions have occurred in only two cases.

Once was in STM for pairs of digits from a serial list, where it appeared
that about half of the old (presented) pairs were not distinguishablej
trace strength from new pairs, leading to a bimodal distribution of trad
strength for old pairs (Norman and Wickelgren, 1965). This is presurg
ably due to the fact that the subjects coded the list into nonoverlapp
pairs, leading to an incremented trace for coded pairs and little or
increment for uncoded pairs. This two-state (nonnormal) acquisitiog
noise source can be eliminated by a variety of methods. Two methog
which are known to work are to use paired-associate presentation
that pairs are never tested unless they were in fact coded as p
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.(Murdock, 1965) or just to present a single pair to be remembered
(Wickelgren, 1966d).

he second case was in “higher-same-lower” judgments of recognition
emory for pitch, where the deviation of the OC from a straight line
as predicted by strength theory on the grounds that these judgments,
nder the conditions of that experiment, resulted from a multistage
ecision procedure, whose forced unidimensional representation led
bimodal distributions (Wickelgren, 1969). In tens of other experi-
ments on recognition memory for pitch, one obtains OC’s indicating no
departure from unimodality (normality) in the underlying distributions.
The point is that there is no reason to doubt that the uncontrollable
nternal noise in the memory system is approximately normally dis-
uted. When gross departures from normally distributed noise have
n detected by OC’s, it has been possible to determine the reasons.
ince the reasons have nothing to do with the intrinsic nature of the
emory system, but rather depend on the subjects’ strategies (acqui-
on or decision, in the two cases), it is possible to study the same
emory traces under conditions where the noise is normally distributed,
-required in the Thurstonian scaling used by strength theory. There
s no reason to think that this will not always be possible.

- Now that a maximum likelihood method of estimating the intercept
nd slope parameters and testing goodness-of-fit for single rating OC’s
as been developed for rating data (Dorfman and Alf, 1968), it will
fobably be possible to definitely reject the assumption of normally
istributed noise in many cases with a large enough sample. In my
pinion, little will be gained from this, since the normal distribution
§sumption is merely a computational convenience, not an essential
it of strength theory, and it is my guess that the accuracy of strength
theory in predicting trace strength differences can not be improved
ubstantially by assuming other noise distributions. Certainly, nothing
1 be gained from a mere rejection of the normal distribution as-
mption, without deriving a distribution that works better. ~

Conclusion

The present paper has demonstrated how multitrace strength theory
handles a variety of memory phenomena. Emphasis has been placed
on human studies of STM and ITM, because that is where the most
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appropriate experiments have been done to test strength theory. Ho¥
ever, the theory is applicable to all phenomena of learning and memoty}
and to my knowledge, there are no phenomena that contradict muly
trace strength theory. Nevertheless, much testing of the basic framg
work remains to be done, especially for VSTM, ITM, and LTM i
variety of modalities, and much theoretical work remains to be donef
complete the theory. It remains to be seen how simple and accuratg

the theory will be, when it is more complete and more extensivelj
tested.
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