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INTRODUCTION
There are at least two principal ways in which the interpresentation

interval (the number of items interpolated between any two presentations
of a given item) might affect a subject's performance on a particular
paired-associate item (see e.g. Bjork, 1966): (1) Retention of that item
at the end of the interval might vary inversely with the length of the
interval. (2) The effectiveness of the éecond reinforeement, a5 measured
by performance on.later trials, might vary as a function of the length
of the interval. The present study is concerned with the implications of
a.number of extant theories with regard to these effects and with empirical
tests of these implications.

| The first chapter of this paper”reiateé seversl interpfétations of
the ﬁeﬁbfy and learning process to the guestion of the effectiveness of
reinforcement as a function of interpresentation interval. Chapter IT is
a discussion of the method and design of two experiments which were designed
to get evidence on this quéstion. Chapter II] is a discussion of the enpir-
ical results of the expefiments. Chapter IV shows how a stochastlc process
which has often been used to represent pairedwaéSOCiate theories can be
modified to account for a wider range of data iﬁcluding.those presented
in the present paper. Chapter V is an analysis of the theories discussed
in Chapter I and of several othér theoretical apprbaches in 1ight of the

experimental results of Chapter III.




CHAFTER 1

PRELIMINARY DISCUSSION

Prompted by the results of studies of immediste memory (e.g. Murdock,
1961; Peterson and Peterson, 1959; Peterson, Saltzman, Hillner and Land,
1962), Crothers {196%) and Atkinson and Crothers (1964) incorporsted assump-
tions about immediate memory into all-or-none theories of paired-associate
learning. Later experimentefs (Bernbach, 1965; Calfee and Atkinson, 1965;
Greeno, 1966; Bjork, 1966) have suggested modifications of and alternative
rationales for a variety of such theories. All of these theories can be
congidered subcages of a class hereafter referred to as the general all-or-
none forgetting theory (GFT).

These theories assume that a subject can be in one of a small number
of states of knowledge (three or four) With‘regard t0 g paireduassociate
item. These states include: (1) a learned state, L, from which no
forgetting occurs and which is characterized by errorless responding; (2)
an immediate memory state, §J which also entails errorliess responding
‘but from which forgetting does oceur; (3) a forgotten state, F, from
which the subject responds by guessing randomly smong the responsge alter-
natives; and (&) an uncoded state, U, in which each item is assumed to
begin and in which the subject must guess randomly. In some applicztions,
it is assumed that the item is always encoded on the first trial. In this
case, the theories reduce to three states. The following transition mgt—”

rices define the transitions allowed in the general forgetting theory:.




L 8 F U  P(correct|state)

L | 1 0 o .0 I
s | v 1-b 0 0 1
M = ,
P Fla 1l-a 0 0 g
U dw (1-w)a © 1-d g
L 3 F U
B B
L 1 0 0 0
S o) 6 1-0 0
M_ = 2
P F | o 0 1 0
v Lo 0O o} 1

where MP is.fhe.transition matrix to be applied when a specified item

is preséhted and M is*the matrix applied'when‘another, possibly inter-
fering, item .is.przsen‘ted° The parameter E"is the'probability that the
1tem presented moves from the immediate memory state into the learned state;
a 1is the prdbability it goes from the forgottgn state into the learned
state; 4 is the probability of encoding the:item on any presentation
trial; w 1is the probability of learning given that the item was just
encoded; and finally, 'Q is the prdbability'that an interfering item
will not cause an item in 8 %o be forgotten and move to ¥. (It should
be noted that if the item presented is not yet learned, it goes into S.
It is not allowed to remain in E.) In most experimental applications,
the parameter g, +the probability of guessing correctly, is aésumed to
be constant and egual to 1/r, where r is the number of response

alternatives.




The folilowing sections will discuss, in turn, the major special cases
of the GFT and the psychological interpretations that have been given %o
the various states, particularly state 3.

Long-Short Models

Atkinson and Crothers (1964) suggested what they called the long-short
(LS) forgetting model. The most general case, denoted LS-3, is given by

the transition matrix below:

L S F u P(correctlstate)
L i 1 0 0 o“1 -1‘—
S a {l-a)(1-f) (l-a)f 0 1
T el e g (1e)e 0 e '
U L.ad (l-a)(l-f)d (l-a)fd. 1-d ] &

This matrix ig to apply between the th and the ,Eﬁlst presenta-
tion of an item rather than from the beginning to the end of a single:
presentation as Mp and M_ in the GFT. The state S of LS-3 is

P

interpreted as a short term memory state or a "

... temporarily stored
connection...between the encoded stimulus and the response...prior to.
establishment of the permanent association."” The L state is a long
term memory state in which the association is pérmanently stored. The
other states, T and U, are interpreted as irn the GFI.

To show that L3-3% is a subcase of the GFT, one must find the matrix
M(t) = M? % ME which gives the transitions between the states of the

b
. GFT following an interval of t interfering items.




L S F U P(correct]state)

L |2 0 0 0 B |
s v (16)8°  (1-b)(1-6%) 0 1
M(t) = 3
F|a (1-a)e®  (1-a)(1-6°) 0 &
U | aw a(1-w)e"  a(l-w){1-6")  1-a] L.g .

Thus, under the assumptions that t is consﬁant,that b=w=a, and that
etzlmf, the GFT réduces to the L5-3 model.

Atkinson and Crothers alsc discussed another version of the LS
theory in which they assuﬁed that the item was always encoded on its

first preséntatidna The transition matrix for this version, the LS-2, is

shown below:

L S F P{correct{state)
o . ' : 7] ™ -
L 1 o} _ 0 |1
{1.1) M= 8 a (1-a)(1-f) (1-a)f 1 :
Fl a (1-a)(1-%) (1-a)f | B .

~In order to show that the LS<2 model is also a sub-model of the CFT, one
must first specify the cénditions under which the CFT can be written as &
three state Markov chain. If w=a and d=1 in the CFT, the matrix M(t)

-can be written as follows: -

L 8 . F U P{correct|state)
L 1 o o} 0 1
s v (1)t (1w)(1-6%) o 1
M(t) = _ g : . S
F a (1-a)e (1-a){1-8") © g
U L a (1-=-a)efG (lma)(l~9t) 0 _ g




Since the transitions from U +to any of the other states are the same as
the transitions from F +to any of the other states, F and U can be
lumped into a single state F (Burke and Rosenblatt, 1958). Thus,

under the conditions that w=a and d=1, the fourwstate.GFT reduces to

the feollowing three -state model:

L S F P(correct |state)
A I 0 0 1
(1.2) M(t) = 8| b (108" (1-b)(1-8%) BT
Fle (1-a)6° (1-a)(1-687)} g

It -is now clear that under the further restrictions that T is constant
and a=b, equation 1.2 reduces to equation 1.1. Hence, the L5-2 model
. 15 a special case of GFT.

Atkinson and Crothers applied these two LS models successfully to
eight different paired-associate experiments. In five of the eight experi-
ments, the parameter & in the LS-3 model was estimated to be- equal to
1, for which value the model reduces to the LS-2 modelo‘ For these exper-
ments, then, the encoding state contributed little to the Tit of .the model.

Bernbach's Forgetting Model

Bernbach (1965) presented a forgetting model which reduces to a
model similar to the LS-2 of Atkinson and Crothers. Bernbach's interpre-
tation of the states I and 5, however, is different. He assumed that
there are but two states of-knowledge for the subject. Either the associa-
tion is known or it is not. But, according to Bernbach; the probebility
that a subject forgets an associatioﬁ, given that he knows it, decreases

with the number of reinforcements; Bernbach approximated this strength
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of association notion by means of s step function. He assumed that the
probability of forgetting is either some value, T, {in g) or Zero
(in L ). Furthermoré he assumed that to get into L the association
must first pass throuéh the state of '"partial learning", §S. These

agssumptions lead to the transition matrix given below:

L S F P(correct|state)
L 1 0 0 1
M = 3 ) (1-b)(1-f)  {(1-b)f 1
F |0 (1-£) £ &

It is important to notice that the transition from F to L, having
probability a in the GFT, is assumed by Bernbach to be zero. This
assumption stems from his notion of = single memory store which holds
associations with degrees of sirengbh rather than separate short-term
and'long-term memory stores as suggested by Atkinson and Crothers.

Trisl Dependent Forgetting Model

" Atkinson and Crothers (1964) and Calfee and Atkinson (1965) presented
a trial dependent forgetting model (TDF) to account for the effects of
the length of the list of paired associates on the learning of individual
items of the list. The ma jor assumption which differentiastes this theory
from the LS model is that the presentation of learned itéms (items in 1L}
does not interfere with the retention of items in S. The set of transi-

“tion matrices below gives the state-to-state transition probabilities.




L s i) P(correct |state)

i 1 0O 0 1
M = St b (1-b) 0 1
p i

F a (1-a) O g

and
L ) F

L 1 0 0
M = S 0 2 1-9
P

F 0 0 1

where Mﬁ is applied on each presentation of a specified item and M_
is applied on the occurrence of each interpolated intervening item whgch
is not in the learned state. This assumption isg im@ortant:in a list
learning experiment because the number of learned items intervening be-
tween two consgcutive presentations of & glven item increases with trials.
Hence, the proportion of items in the shortnterm gstate relative to the
proportion of items in the forgotten state increases over.trialsu This
fact has two important implications: (1)  The probability of an error

..on trial nt+tl given an error on trial n, P(e Ie ), decreases over
' - = n

n+l
- trials (as 1s often observed in date) and (2) . The learning rate, as
evidenced by P(en), increases as a function of trials. TFigure 1 shows

. the learning curves from a palred-associlate experiment by Calfee and_
Atkinson (1965) in which list length was the variable of primary interest.

The non-geometric form of these curves exemplifies the increase in learning

rate mentioned above.
When the TDF model was applied to Calfee and Atkinson's data, D,

the transition probability from S5 to L, was estimated to be nearly
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four times as large as a, the transition probability from F to L.
In other words, to account for the data shown in Figure 1, the TDF model
implies that the probability of learning from the shori-term memory state
is larger than that of learning from the forgotten state.

In order t§ show that the TDF model is aliso a special case cof the
genergl all;or-none forgetting theory, we must define the transition matrix
M{k) giving the state~to-state transitions following an interval which

contains k wunlearned items (items not in L) and eny number of learned

items.
L S F P(correct|state)
L | 1 0 : 1
K Lok ] -
(1.3) M(k) = S | b (1-b)8 (1-b) (1-6) 1 e
T a (lwa)Qk (1~a}(1fek) g

A comparison of_eQﬁation 1.3 with the matrix for the,three¥state version
of the GFT (equation 1.2) makes clear that undef the.assumption that
items in L are not interfering (i.e. T in equafion_IBE'is equal

to k 1in equation 1.3) the two models are identical.

Greeno's Coding Theory

Greeno (1966) presented a coding theory in which he assumed that
"...there is a set of codeéLavailable for each item...and that some of
the available codes are adequate to support retention of the item so
that it will meet the experimental criterion of mastery. Other codes
Will not be adequate to support retention up to the specified criterion,
though they will generélly support retention for a short time." He

further assumed "... that the subject does not select codes for items

L Greeno uses the term code and "a representation...of the studied item"
interchangeably.
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which are retained whey they are presented.” These assumptions, coupled
with the notion that the subject always selects a code when he sees an

item he does not know, are embodied in the Markov matrix given helow:

L S F P(correct|state)

L] o1 0 o | 1
M= 8 b (1-b)(1-£) (1-b)f 1 s
F| a (1-a) (1-f) (l=a)f g

- where the states are interpreted as follows: L 1is the state of knowledge
in which the subject has a code which will suppcrt retention of the item
up to the experimental criterion; § is the state in which the subject has
a code which will support retention but not up to the experimental crite -
riomy in F +the subject has no code. Further, Greeno's sssumption

that the "subject does not select codes for items which are retained when
they are presented," implies that the parameter b, the transition from
S to EJ should be equal to zero. Tt should be spparent from the pre-
vious discussion that this model is also a sub-case of GFT.

Greenoc (1966) showed that in the usual list learning experiments in
which the interpresentation intervals are not recorded, the relative values
of the parameters a and b cannot be determined. That is, they are
not separately identifiable. The non-identifiability arises from the
fact that the equations of any statistic of the model can be wriitten as
a function of the products (l-a)°f and (l-b).(l=f). The values of
these products can be estimated from the dats, but the relationships
between the parameters making up the preoducts cannot pe determined since

there are two equations but three unknowns. Greeno also ghowed that if
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a and b were constant, independent of the value of f, +the parameters
could be identified by use of experimental manipulationg which vary only
the value of I.

Greeno's primary assumption is that a >b = 0. This is contrary
to the assumption of Atkinson and Crothers LS models in which a was
assumed equal to b, contrary to Bernbach's forgetting model which
assumed that b > 3 = 0, and contrary to the parameter values found by
Calfee and Atkinson for the TDF model, which imply b > a. As evidence
for hie point, Greeno applied his model to several experimental situations
for which a and b were identifiable and found in each Instance that

-~ ~

a > Db. In only one of the six cases was the fit for the regtriction
a = Db Dbetter than for the restriction b = O.

Greeno (1964} earlier presented some striking qualitative evidence
for the idea that little or no learning occurs on trisls when the item
is in the shori-term memory state. In one condition of this experiment,
some items (repeated items) either appeared twice in succession or were
separated‘by a single item on each cycle through a 1iist. Other items
(the non-repeated items) appeared only once per cycle. The learning
curves for the two types of items are shown in Figure 2. Two presentations
within a cycle on the repeated items leads to no better performance on the
following cycle than does the single pregentation per cycle on the non-
repeated items. This indicates remarkably little learning on the second

presentation within the cyele for the repeated items.

Bjorkl's All-or-none Forgetting Mcdel

Bjork (1966) suggested and applied the general all-or-none forgetting

theory as outlined in the beginnling of this chapter. The model was applied
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to an experiment in which ail subjects received the same sequence of pre-
sentations of & list of paired associatéso The fact that all subjects
received the same presentation sequence provided control of the interpre-
sentation intervals, thus permitting estimates of the parameters a and
b. For the model to fit the learning curves in Bjork's experiment, the
following parameter values were estimated: E =0, é = .285, § = 245,

§ = .850, and § = .410. Two things are significant about the values

of the parameters: {1} that ‘E = 0 generally supports Greenc's conten-
tion that learning does not occur from the short-term state and (2) that
4 % 1 shows an increase in the learning rate across trials.

Another important aspect of Bjork's results was their strong support
of an all-or-none notion of forgetting. Bjork plotted the proportion of
correct responées as a functipn of the immediately preceding interpresen-
tation interval (number of items intervening since the previous presenta-
tion of that item) for presentations prior to the trial of last error.
(precriteribn data). Although the forgetting curve, shown in Figure 3,
is well above the chance level of responding for short interpreséntation
intervals, the probability of a correct response returns to the chance
level for intervals greater than about 20. This finding supports an all-
or-none conception of the léarning process. If learning were incremental
and strength had been built up by previous reinforcements, the curve
would be expected to become asymptotic at some percentage correct higher
than guessing. The fact that the curve does level off at guessing shows
that no strength has built up during the precriterion trials.

In summary, the same Markov process, designated here as the genefal

all-or-none forgetting theory, may be used to represent several different

1
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interpretations of short-term memory and learning. These theories differ
with regard to the number and interpretations of the memory states which
they assume. Atkinson and his co-workers supggest thal there are two memory
stores, a short-term store which temporarily holds an association, and a
long-term memory siore in which associations are stored in a relatively
permanent manner. Bernbach and Greeno, on the other hand, each assume

8 single memory store. Assgocistions reside in Bernbach's store with degrees
of strength._ If an association has enocugh strength that it will not be
forgotten during the experimental session, it is said to be in state L;
Af it has less strength, it is in state §; and if 1t is not stored

at all, it is in state F. Greeno's single store is of guite another

type. He assumes that codes (unspecified) are stored. Depending on

the guality of the code (iﬁs ability to support retention), the item

is said to be in state L or S. If the code is sufficient to support
retention for the duration of the experimental session, it is in state L;
if not, it is in state §3_ If no code is stored for a particular item,

it is said to be in gtate F. These differences in interpretations have
led to three distinct assumptions about the relative wvalue of the transi-
tions between S and L and between F and L. Greeno, with his assump-
tion that subjects go not select codes for items retained when presented,
argues that the £ to L transition should be zero. Bernbach, with

his assumptioﬁ that to get into the state of greater strenghth (&), an
association must pass through the state of lesser strength (8), argues
that the F to L +ransition should be zero. Atkinson and Crothers
(1964), since their two-store conception has no implications about the

relative values of these transitions, assumed that the 5 to L and the

F to L <ransitions were equal.
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The present investigation 1s concerned with which of these conceétions
of short-term memcry leads to the bétter predictions about paired;associate
learning tasks and more specifically with determining whether leérﬁing
does or does not occur from the short-term memory state within the context
of the general all-or-none forgetting theory. This investigatioﬁ is further
concerned with whether the increase in learning rate found in Calfee and
Atkinson's experiment or in Bjork's experiment ié g function of item
gspecific Improvement as the encoding ideas suggest or whether it is due
to non-specific improvement (learning to learn).

The remsining chapters of this paper are devoted to the design
(Chapter II), analysis {Chapters IIT and IV) and discussion {Chapter V)
of two experiments which were intended to elucidate the issues raised
in this chapter. The first experiment was designed to get a messure of
the relative values of the F to L and the S to L transition
probabilities of the GFT. The relevance of this question to the distinc-
tion between Greeno's (1966) and Bernbach's (1965) interpretations of the
S state bhas already been discussed. The technique employed was to com-
pare the performance following a series of reinforcements on a set of
items predominatliy in the short-term state with thaﬁ of a set predomi-
nantly in the forgoiten state. If the S to L transition is greater,
then that set of ltems which was predominantly in S when presented
ghould show more learning as tested at a long interval. Conversely,
if the F to L transition is greater, that set which was predominantly
in F when presented should show more learning. Presentation sequences
were designed so that some items had primarily short interpresentation

intervals thus providing items predominantly in S. Other items had

v



longer intervals to provide items predominatly in F. The amount of learn-
.ing was asgsessed by the proportion of errors on a final comparison trial,

the immediate memory com@onent being held constant for that trial by making
the final interpresentation interval the same for all presenfation sequences,
The.second experiment was designed to clarify some results of thé Tirst
experiment and to collect evidence for g modification of the GFT to account
:for the results of Peterson,.Hillner and Saltzman (1962) to be mentioned

later.
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CHAPTER II

DESIGN AND METHOD OF THE EXPERIMENTS

In both of the pregent experiments, a continuous paired-assocciaste
design was employed. The term continuous design refers to a procedure
in which a particular item may have its first presentation on any trial
of the expefiment, appear a few times, and then be discarded. In contrast,
the more conventional list learning procedure requires that all items have
their first presentation near the beginning of the experimental session
and continue to appear on each cycle of the list throughout the session.
Each presentaticn, or trial, in the pregent experiments was a single
anticipation trial; 1.e., the subject was first shown only the stimulus
member of the S-R pair and asked to give the response member and then
immediately following his response was shown the correct S-R pairing.
In what follows, the term lag (i} refers to the number of presentations
intervening between the i?h and the iflSt presentations of a particu-

lar 1tem.

Experiment I

The verious presentation sequences of Experiment I were designed
to lead to comparisons among items with widely varying lag histories.
To compare the amount of learning which occured for the various lag
sequences. with the immediate memory component equated. the lag pre-
ceding the final presentaﬁion was identical for all lag sequences.

In this experiment, 66 different items were each presented
exactly six times. to each subject. Rach item belonged to one of nine

classes depending on the sequence of five lags which characterized its

19



gix presentations. Table 1 shows the nine classes. 'If an item belonging
'Fto sequence 1, for example, were presented for the first time on trial
n of the experiment, it wou;d recelve its second presentation on trial
n+ll, its third on trialrh+22, its fourth on n+33, £ifth on n+il and its
safinal presentation on trial nt+55. Thus, exactly ten items intervene
between successive presentations of that item. "The term filler item
refers to any item which_ﬁoes belong to any of the other classes. Each
' lag seguence occurred six times for each subject and each subject received
18 filler items.
" All subjectis were given the séme'sequence of item types. That is,
if on the Eth presentétldﬁnéf%the experiment any subject received his
'éth reinforcement on an item from lag seguence Jds, ali subjects received
their gthl reinforcemert on an item from lag sequence J§ on that trial.
='--:__To avoid the confounding of item differences with the effects of the lag
ééquences, the particular stimuli to be associated with the various lag
éequences were assigned randomly to each subjéct from a set of 90
-,--consonant-vowel-consonant (cV¢) trigrams. The sequences of item types
 ﬁsed in this experiment are shown in Appendix A.
There were a total of 420 presentations for each subject, inéluding

_.the presentations described sbove (396) and 24 pre-training trials at the
‘jp;éiﬁning of each session. There was no break between the pretraining
 trials and the begirning of the experiment proper.

| The subjects in tﬁis experiment were 50 undergraduates at Stanford

: Unifersity who answered_ah advertisement offering money for participating
%?h learning experiments. They were paid $l°50 for their participation.

The experiment {including instructions) took about 50 minutes.

20




TABLE 1

LAG SEQUENCES USED IN EXPERIMENT I

Seq. No. lag{1) lag{2) | lag(3) lag(h) lag(5)
1 10 10 10 10 10
2 10 10 o1 1 10
3 6 6 6 6 10
L 6 6 1 1 10
5 5 3 3 3 10
6 1 1 10 10 10
7 1 1 6 6 10
8 1 1 1 1 10
Filler

21



Experiment IT

Owing to the results of Experiment I (discussed in Chapter III),
it became necessary to run a second experiment in which a wider range
of final lags was used. The design of Experiment IT was identical to
that of Experiment I except for the set of lag seguences used and the
elimingtion of the regtriction that each item appesr exactly six times.
Some i1tems appeared only four times. The sequences of lags used in
Experiment IT are shown in Table 2. Tach sequence 9 through 19 appesred
five times for each subject and there were 24 filler items.

There were a total of 424 presentations during each experimental
session, including 24 pretraining trials. The 18 subjects used in
Experiment IT were drawn from the same population as those in Experiment
I and each was paid $1.50. The experimental materials, the apparatus,
and the procedure were the same for both experiments and are expressed in
the following three sections.

Experimental Materials

The get of paired associates which each subject saw was constructed -
with CVC nonsense syllables as stimuli and the digits 3,5 an@ T ag re-
sponses. Each of the responses was paired with 1/% of the stimuli. The
asgignment of regponses to particular stimuli was randomized across
subjects.

As mentioned above, each subJject's stimuli were drawn randomly
from a set of 90 CVC’'s. The set of 90 was constructed using the initial
consonants B,C,¥,G,J,K,M,P,Q,T,V,W,X,Y, and Z six times each. No two

letter combination appeared more than twice in the entire set. All CVC's
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TABLE 2

LAG . SEQUENCES USED IN EXPERIMENT IT

Seq. No. lag(l)  lag(2)  lag(3)  lag(k)  lag(5)
9 10 10 10 10 32
10 1 1 1 1 32
11 10 10 10 - 10 16
1z . : i 1 1 1 16
13 - 10 .10 10 - 10 -2
1k | 1 L 1 1 2
15 : 10 10 6 _ —
% 6 6 10 _ _
17 10 10 32 _ N
18 6 6 32 . __
19 1 1 B2 . .

Filler -
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were drawn from those below .5 association value on Glaze's (1927) list of
CVC's. The set of 90 CVC's used are listed in Appendix B.

- Experimental Apparatus

The experiments were run on an sutomated verbal assoclative-learning
apparatus located at the Institute of Mathematical Studies in the Social
Sciences.

The subjects sat in a soundproofed, air-conditioned room. On a table
before him was a response panel with three 7/8 in. by 1 in. response keys.
The keys were placed 2 in. apart in a row in front of the subject and were
- marked with the digits. 3, 5, and 7. On another table in front of the
subject were two visual display units placed one on top of the other.

The stimulus was alwaye presented in the center of the top urit, and the
response member of the pairéd-associate appeared to the subject's right
on the bottom unit. The corect response became visible immediately after
the subject pushed one of the response buttons, and the stimulus and re-
sponse remained on the screen together for two seconds. Then both went
off., After a three second infer~trial interval, & new item appesared 6n
the upper unit.

The subject's response and latency on each of the 420 trials was
recorded on IBM cards by an IBM 526 keypunch and some specialized timing
equipment located in an adjoining room; A more complete description of
. the apparatus is given by Yellot: (1965).

. Experimental Procedure

The subject wae seated before the response panel and instructed as

follows:
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This is & simple assoclative learning experiment. Your
task in this experiment is simply to remember which of the num-
bers 3, 5, or 7 go with which nonsense words. The experiment
will proceed as follows: On each triel, a nonsense word like
this (A CVC appears on the screen) w1ll appear on the screen in
front of you. Faeh word is associated with exacﬁly cne-of the
nmbers 3, 5, or 7. If you remember which number goes with the
word on the screen, press the button corresponding with that num-
ber. IF not as in the case of this word which you have never
seen before, you will have to guess. For example, Suppose you
guess T. (The button marked 7 was pressed by the experimenter. )
As you gsee, in this case you were wrong. The correct response
for this nonsense word is 3. (The number 3 came on the screern,

"+ the CVC and 3 stayed on together for 2 seconds and then a hew CVC
appeared on the upper screen.) Now a new word eomes on the screen,
and since you have never seen this before, you will have to guess
again. Buppose you guess 3 this time. (Experlmenter Presses
button marked 3.) You would be wrong again. The asnswer is in
fact 5. (5 appears on lower screen and the same CVC reappears
on the next trial.) Now we see that we have just had this word
and remember that it is 5 s0 we push 5. (Trial proceeds. and
new word appears on screen.) ' e

The experiment is timed to take approximately 50 mlnuteso
During that time, you will see lois of new nonsense words.. Every
time you see a new word, try to remember which mmber goes with
that word, and the next time you see that word, press the appro-

“priate button. As I saild, the ‘experiment is timed to “take about
50 minutes. - I want you to respond as qulckly as- you can and
still be correct as often as you can.

0K? Then you can begin by pressing whichever number you
think goes with the Word on the screen, and the experlment Wlll
proceed. :
The subject then pressed one of the buttons and the experlmenter

left the room. The subject continued through thelremaining 21 pretrainw

ing items and without a break continued through the experimental items.
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CHAPTER III

EMPIRICAL ANALYSIS

Analysis of the learning curves

Experiment I

The data of primafy interest in this experiment are the learning
. curves for the sequehceé 1 through 8. Table 3 shows'the'proportion of

'.e?fbrs and the latencies of correct responses for each trial of the ex-

. 5perimént. The following discussion will refer to the'error curveg. The

- latencies will be discussed in detall later.
‘The strongest effect efident in these data is the dependence of
error.prdbability uﬁon the immedistely preceding lag. This effect can
be readily seen in any of trial columns 2 through 4, the longer lags
being_aséociated with the'éieater.error probabilitieg. Thege effects
. ~demonstrate the need for theories, like the general all-or-none forgetting
tﬁéofy, which take into account the length of the immedistely preceding lag.
A second observation is that in the trial 6 column there is no effect
:bf fhe.prQCEding seqﬁence of lags on the proportidn of errors. Thus,
on trial 6, where the immediately preceding lag is constant and equal to
'id for all sequenées, thé probability of an error is also néarly constant.
This is true despite striking differences in the number of errors as a
function of lag (4) on trial 5. These two results might be inferpreted
88 gvidence for a short-term memory system which depends only on the
-preceding lag length and an independent long-term memory or learning

system which depends only on the number of reinforcements.
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TABLE 3

IEARNING CURVES FOR EXPERIMENT I

A

PROPORTION COF ERRORS AND INTERPRESENTATION INTERVAL (LAG)

Trial No. L 2 3 4 .5 6
Seq. Ko. Obs - lag Obs lag Obs log  Obs  img  Ovs lag Obs
1 .680 10 .5#0 0 .213 10 .153 10 .127 ' | 0 .107
2 657 10 .297 0 .20 1 .087 1 .0%3 10 .13
3 627 6 267 6 L1900 6 .133 6 .080 10 .093
4 630 6 .30 6 .167 1 .083 1 .0857 10 .110
5 710 5 .207 3 137 3 .107 3,083 0 .1%0
6 667 1 .150 1 .093 10 .223 10 .50 10 .120
7 690 1 .207 1 .80 6 .60 6 .117 10 123
8 07 L .150 1 .83 1 .05 1 .27 10 .10

B

LATENCIES OF CORRECT RESPONSES

(in secs.)

Prial No. 1 2 . 3 L _ 5 . 6
Seq. To. Obs- lag Obs  lag Obs lag  Obs lag Obs  lag Obs
1 2,%2 10 2,38 .10 | 1.8 - 10 1.80. 10 1.6l ib 1.69
2 2,47 10 2.28 10 1.88 1 L.46 1 1.k 10 1.57
3 2.66 . 6 2.2 6 l.72 "6 1.58 _6 1.54 10 1.59
b 2.k 6 2.12 6 1.87 1 L4 .1 L.36 . . 10 1.55
5 2.45 3 1.88 3 .1.56 3 . 1.56 3 1.39 10 1.49
6 2.53 1 2.65 1 1.55 10 1.79 10 1.59 0 151
7 2.k5 1 1.79 1 1.48 6 1.70 - 6 1.61 10 1.64
'8 2.81 1 1.57 1 1.51 1 157 1. 1.35 . 10 1.65
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A third result, however, complicstes the igsue. From a comparison
of items with different wvalues of the-initial two lags but with the same
value of lag (3), it is clear that the values of the initial lags affect
the probability of an error on trial 4, TFor example, sequence 1 and
sequence 6 both have lag (3) equal to 10 but have their initial lags
equal to 10 and 1 respectively. There are more errors on trial 4 for ...
'sequeﬁce & than on trial & for seqﬁenbe 1. (The "z for the normal
épproximation to the binomial, based on sn n of 300 is equal to 2.19 with
P < .028.) A comparison between sequences 3 and f gives a éimilar picture.
-Seguence 3, the one with the longer initisl lags, has fewer errors than
sequence 7, the one with the ghorter initial lags, when compared on trial L
with lag (33Jequai to 6. The pictufe'is further éomplicatéd by a compari-
Léon between sequences 2 and &: on trial.h, follbwing a lag (3) equal to 1,
sequence 8, the one with the shorter initial lags, has the fewer errors
(z = 1.23, P~ .115). A comparison between sequences 4 and & shows the same
effect. Sequence 8, the one with tﬁe shorter intizl lags, has the lewer
errors. (5'= 2.615, P < .00%) . To generalize,.if iag (3} is long (equal
.fo 6 or 10); the items with the longer initlal 1ags have fewer errors on
ifrial L, put if lég (%) is short (eqﬁal to 1), the items with shorter
initial lags have fewer errors on trial 4.

A similar result was found by Peterson, Hillner and Saltzman (1962).
Théy used aIRRT (;einforcement_reinforcement~teet) procedure in which
.the subject waé given a study trial (reinforcement) on a paired-associate
and, following & lag of either O to L4 items, was given gz second reinforce~
ment. After a second lag of either 1,2,54 or 8 items a test was given in

which only the stimulus member of the palr was presented and the subject
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was asked to give the response member. The psir was never geen again.

The proportion correct on the test as a function of the test lag (R-T
interval) is shown in Figure 4. The crossing curves indicate the same kind
of interaction beiween the value of the initial lag and the value of the
test lag which is evident in the data dizcussed in the p;evious paragraph.

To summ;rizé, thfee important trends shown by the3leafning curves
have been discussed. (1) ‘The immediately preceding lag is a strong
determiner of the proability of an error on any given triala_ If the
lag is long, the probability of an error will be high; if it is short,
the probability of an error will be lown- (2) Other than thé immedigtely
preceding lag, the;e appears_ﬁo be no effect of the preceding seduence
of lags on the proportion of errors on trial 6. (3) If‘laé.(5) is long,
the items ﬁifh lﬁﬁgef iﬁiﬁiﬁl lags have fewer errors, but if‘lag (%) is
short, the items with the shorter initial lags have fewer errors on itrial
(h),:Thageneral all-or-none forgetting theory accounts readily for the
immediate effects of lag length, but, as will be shown.in Chapter IV, it
camot account for the interaction between the length of lag (%) and the
length of the initial lags which appears in fhe data.

Thére are at least two reasonable interprétations of the absence of
an effect ffom the pfeéeding sequenée of iags as measured bty the propor-
tion of errors on trial 6. (1) Perhaps an equal amount of learning has
occurred on all sequences. If this were true, no effect of the sequences
of lags would be observed, even if lag (5) (the test lag) were much
different from 10. (2) Alternatively, it is possible that an interaction
between the length of the test lag and the length of the intial lags,

analogous to that observed on trial 4, occurred on trial 6. If lag (5),
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Figure 4. Forgetting curves as a function of tﬁe
R-R interval in an BERT experiment. .
(Peterson, Hillner and Saltzman, 1962)
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'équal to 10, were near the cross-over point (i.e. that value of the test
interval for which items with short initial lagg have theISame number of
errors as items with long initial lags), the differences bhetween the lag
sequences on trial 6 would be expected to be small or absent. Furthermore,
if lag {5) were longer than 10, the items with the longer initial lags
would have fewer errors than thése_with_shorter initial lags. I lag (5),
were less than 10, items with the shoriter initisl lags should have the
fewer errors. Experiment II was run to distinguish between‘these tTwo

interpretztions.

Experiment IT

.The learning functions in terms of error proportions per trial
for Experiment II are shown in Tablefhu A coemparison ¢f the error prob-
abilities_on'trial 6 for sequencés 9 through 14 show_the results of pri-
mary interest. Items with initisl massed‘preseptatigns (i.e. With lags
1 through L equal to 1) have more errors on trial 6 than items‘%iﬁh ini-
tlal spaced presentations {i.e. with lags 1 throﬁgh L equal to 10) when
both are tested with lag (5) equal to 32 or 16,“_The_spaced items, however,
have more errors than the maséed When tested wifh lag:(B) equal to 2.
Thus, tThese data support ithe second interpretation of the resulfs of Exe
- periment T mentioned above. The %, calculated by use of the nofmal
approximation to the Binomial for the différence between the proportion
of errors on sequence 9 and 10 on trial 6, equals 2.02, P < 028 angd is
equal to 1.27, P =.097 for the difference between sequences 13 and 1h
on trial 6.

A comparison of the error prcbabilities on trial 4 for sequences

17 through 19, however, shows little difference among the points as a
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TARIE 4

"PROPORTTON OF ERRORS FOR LAG SEQUENCES G-1G

FPrial No. 1 2 3 4 5 6
Seq. No. Obs lag Obs lag Obs lag Obs lag Obs: lag Obs
9 622 10 .511 10 .%33% 10 .2%3 10 .100 32 200
10 600 1 .233 1 .133 1 .122 1 .056 32 .333
11 500 10 .367 10 .367 10 .256 10 .1k 16 122
12 656 1 .256 1 .133 1 .03% L1 .022 16 .267
13 722 10 .kl 1o .211 10 .211 10 .167 2 .122
1k 700 1 .200 1 .13% 1 .022 1 .03% 2  .067
15 LTHE 10 L8522 10 L3676 L167
16 600 6 .00 6 .255 10 .278
17 800 10 .378 10 .256 32 .378
18 700 6 L3116 .167 32,356
19 1 12232389

689

1 .133

,52



latencies do not vary at all with the length of the preceding iag. Table
5b shows the latencies of correct responses as s function of lag length
analyzed on a trial by trial basis. This shows that as the trial number
inereases {and hence the probability that a given correct item is learned
increases), the lag function becomes increasingly flatier.

Changes in Iearning Rate as a Function. of gime in the Experiment

Another important variable which can be investigated in the present
study is the general incresse in lesrning rate as a function of trials
which is often observed in standard paired-sssociate experiments (Bjork,
19665 Izaws, 1966). In these experiments it ig not possibie to éepafate
the item specific effects from those due to suéh things.as an increased
facility in creating codes or mnembnicso

This confounding cccurs because in these experimenﬁs, the presentstion
number of particular items co-varies with +the total amouﬁt of experience
of the subJect in the experimental situation. :In the présent experiment,
replications of the game lag sequence occurred at different pointes during .
the experimental session, thus allowing sepsration of the item specific
learning and the non-specific learning. Table 6 shows the two types of
improvements in Experiment I. The entrieg in the table show the propor-
tion of errors made on trials 2 through 6 on each of the gix replications
of the sequences. The Tirgt entry of the table, for exampie, is the gverage
proportion of errors made on the second trial of the first replication of
any sequence., Hence, the improvement from left to right is entirely item

specific improvement, and the improvement from top to bottom represents

non=-specific improvement.
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Replication
1
2

5

TABLE 6

PROPCRTION OF ERRORS AS A FUNCTION OF

PRESENTATION NUMBER AND REPLICATION NUMBER

TRTALS

36

2 3 b 5 6 mean
.520 l193_ :175 .158 160 197
273 .190 133 .088 .130 163
.213 .118 .090 078 .118 .123
245 150 .100 .065 .090 .130 .
.208 . 100 +110 068 .078 .113
210 185 .108 068 05 121



The substantigl degree of nonmébecific improvement, despite the 24
pre~training trials, leads to the éuépiéibn that much of the improvement
formerly attributed to item specific causes (Atkinson and Crothers, 196k,
 Bjork, 1966} might well be due to a general improvemenf of the_sdbject"s
ability either to make associations (move from Eﬂ_to S or § _ﬁo E)
~or to hold an item in short-term memory, or both.

To-use as_muph,of the dats as poésible, all six replications of eéch
lag sequence were gsed in the analyses in the remainder of the paper. At
wvarious points in the following chapters, some of_the effects of the in-
creasing. lesrning rate on the fit of the modelis will be mgntioned. Appendix
C_showsﬁthe_%S individual learning cur%es ard indicates that the general
patte:n discussed in this chapter tends to hqld_for each of tﬁe six rep-
...Aications of each of the eight seguences separatelyo .

In the following chapter, the genersl allzormnong.forgettingrtheory
is modified in keeping with the intersction interpretation of the resﬁlts.
of Experiment I which were borne out in_ExperimEnt II. This is done to
account.for_the_major features of the.frequency data for the.two expefimentsa

. The modification is then further extended to sccount for the latency features.
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CHAPTER IV

THEORETICAL ANALYSIS

For a theory to account for the data of the previous chapter, it
must have at least the following two properties: (1) Tt must allow for
a transient short-term state into which the item may enter when it is
presented and from which it may move into a forgotten state as the number
of items interpolated since the last presentation increases. (2) Tt must
account for an interaction between the length of the immediately preced-
ing lag and the earlier lags. That is, if two items are tested on trial
ifl, that item with the shorter preceding iags will have the fewer errors
if lag (i} is short, but the item with the longer preceding lags will have
the fewer errors if lag (i) is long. All of the sub-models of the general
- all~or-none forgetting theory preéented in Chapter T have the first prop-
erty, but none of them have the second. The following section demonstrates
the later assertion.

The General All-or-none Forgetting Theory

To show that the GFT cannot prediet the intersction mentioned above,
one need only calculate the difference hetween the probability of an error
on trial 3 for twoitems with lag sequences of the following two types:

(1) a sequence for which lag (1) equals t, and lag (2) equals T, and

1
(2) a sequence for which lag (1) equals t2 > tl’ and lag (2) equals T.

In Peterson et al; (1962), for example, tl = 0, tg =4, and T=1, 2,

4, or 8. In order for s theory to predict an interaction of the appropriate
type, the difference

P(e3[lag(l) = ty, lag(2) = T) - P(e3|lag(1) = t,, lag(2) = T,
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where P(ei ) is the probability of an error on trial i; must go from
negative to positive as T dncreases. To show that this cannot be true
for any set of parameters of the GFT, we need only observe that

N ,
P(e,|1ag(1) = 4, lag(2) = 4,) = (1-g)[(1-2)" + (1-a)(1-w)(1-6 *)a
2 o 2

o+ a(1-w)(1-6 ) {(1-a)(1-9 1) + (1-p) 11T .

and thus,

2.’

P(e5[1ag(1) tl; iég(e) = T) - P(eBIlag(l) =t,, lag(2) = T)
_ . : LT _

(1-8)d(1-w)(1-67)(6 T-6 Z)(a-D) .

If

t t,
Since tl < tg,r_which_implies 8 L 6 ° > 0, the sign of the difference

depends only on the gquantity (amb), independent. of T. Hence, the GPFI,
as it is formulated here, is not able to account for this aspect of the

data.

The Modified GFT

A simple modification of the GFT which will account for.the inter-
action is preééntéd belbﬁ°

In the three-state version of the GFT (equation 1.2) it was assumed
that on each presentation of an item in F it moved either into L or
8. Suppose we now relax this assumption to zllow for the pgssibility
that with some probability 1l-¥, +the subject falls to ettend to the
item presentedl (ioea, he falls to attempt to change its state).

The following tree diagram represents the learning process.

L This failure is assumed to be due to such variablies as difficulty in

finding suitable mnemonics, insufficient study time, or beecause the
subject is attempting to learn an item previously presented.
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In the diagram A is the state of the subject attending to the item
end E_ ig the state in which the'éubject does not attend to the item.

The following set of transition matrices characterizes the model

Just suggested.

L .8 F
L 1 0 0
M = 3 by. 1-%b. . C
L, =
o F | ay 7(l-a) (1-7)
(4.1)
‘ ' L s F
L 1 0 0
M = S| 0 8 16
T o 0 1

- Where. Mp is the transition matrix to be applied when the item is pre-
sented and M_ .1s the. transition ﬁétrix to be apﬁiied when an inte?ﬁén-
iﬁg item is piesenteda

To demonstirate that this modified GFT will allow for the interaction
digcussea ab&ve,_the.éaﬁe difference'calculafed for the general all=-oOr-

none forgetting theory must be calculated.

| | | | )
Pleg]1ag(1) = £, lag(2) = £,) =-(l~-g)((l~='_)’)2 + 7(1-7)(1-a)(1-6 °)
. A g y/
# 7(17)(L-a)(1-8 2) + 72(1-2)2(1-6 T)}(1-6 °) -

, _:*",?’-(l_'_"a)(l-—.b’)f)e-_,l(l”8 S .
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Hence,

Ple,|106(1) = t,, 126(2) = 1) - P(e;[1ag(1) = t,, 1eg(2) = T)

2

t t t +
(1-g) (7 (L-7)(1-a)(8 2-0 T} + »7(1-a)%(1-6)(6 %o 1)

t t
+ 7(1-a)(1-by )(1-07)6 10 ©))

t t
(1-g)7(1-a)(8 2-6 T)}[(1-7) - (1-6T)[(1-7) + 7(a-D)]1].

t t ,
Since 06 2—9 1 is negative, this difference is negative for T =0 and

becomes positive as T gets large if y(a-b) > 0. Thus, if a > b,
fhe modified GFT can, qualitatively at least, account for the inter-
action found by Peterson et al. and.found in the present experiments.
The next step is to estimate parameters for the modified GFT to
see 1f it can account in a quantitetive way for the data of the present
experiments. The parameter estimation wag accomplished by means of the
xﬁinimum %° method of estimation (Holland, 1965). This method entailed
the Joint minimization of the following function over the parameters

- a, b, 6, and 7:

48 [P(e;;a,b,6,7)n ~ N(e,)]
xe(a,b,e,y) = X = ‘ L
i=1 P(ei;a,b,e,y)n i=1 P(ci;a,b,e,y)n

48 [P(Ciia:b:917)n - .N(Ci)]e

2

where 1 indexes the U8 points of the eight learning curves (six trials on
each gf eight sequences), P(ei;a,b,e,y) represents the predicted proba-
bilify of an error in the ;th learning curve point, P(ci;a,b,e,y) is
the analogous prediction for a correct response, N(ei) and N(ci) are

the observed frequencies of error and correct responses, respectively, for

the ith learning curve point, and n 1is the total number of observations
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per point (300 for this experiment). A computer minimization procedure
.developed for Atkinson and Crothers (1964) was used to numericélly minimize
the ﬁe function. |
Readers acgquainted with the minimum XE parameter estimation procedure

"will recognize the close gimilarity between it and_the minimuﬁ ﬁz method.

. The mejor difference between tﬁe two procedures is that the X2 function

~is the sum of independént XE components whereas the  Xe components
:summed into the ﬁe afe not neéessarily independent. Since the consecu-
tive points on a. lesrning curve are not independent, the minimum ﬁ2
procedure is appropriate for the present task. Because of the close gimi-
larity_betweéh the minimum ﬂe and the minimum 'X2 procedures, they have
~-many of the same desirable properties {(e.g. consistency and asympiotic
normality of the estimates). Although no tablesg of ﬁg exist, a cfude
:_approximafion to the levels of significance can be made by use of the
X2 table with the degreés of freedom (d.f.) equsl to the number of points
" in the sum (48 in the pfesent experiment) minus the number of parameters
being estimated (4 in the case of the modified GFT).

The values of parameters which minimized the ﬁg!function for Experi-

ment T were & = .450, b = .135, ¥ = .750, and 6 = .90l with a minimdm
_ﬂg value of 43.3. The corresponding X% contains 44.a.f, Since a X2
“with 44 d.f. has an expectation of 44, it is clear that a value of L48.3
is ﬁell Withiﬁ the acceptable range. Figures 5 and 6 show the predicted
and cbserved values for all eight learning curves wnere each data point
is‘based on 300 bbservationsm -There are no consistent disérepanciéSa-
between the predicted and cobserved probebilities,and the predicted values

are very close to those observed.

b3



T T T T

- 9 sEQ.1 4

60 - ——set——ws PREDICTED  +
~— O~ ~= OBSERVED

45 |- +
- 1
30 !

(7
|

PROPORTION ERRORS
(@]

60 |- 4 -
45 (- + —

| 'TL ]
30 [— .T.. ‘____

L TI— ——
15 T —
ol—1 t 4 44

0] I 2 3 4 L) 6 0

TRIALS

Figure 5. .‘Predicfed and obgserved learning curves for lag sequences
- 1 +through 4. o L ' : :

Ly



- PROPORTION ERRORS

75

'.50__.

30 -

SEQ.5

——o—— PREDICTED | -
— —O— — OBSERVED

a5 |-

Figure

6_:

Predicted and observed learning

5 through 8.

0
TRIA

s

LS

curves for lag sequences




We may ask how much the modification of the GFT (the addition of the
attention parameter, Z) actually affected the fit of the model. Perhaps
the fit wéuld heve been nearly as good without the incorporation of the
attention parameter. BSecondly, it is important to know how to regard the
non-zero but small estimete of the probability of learning from the short-
term state. Perhaps the non-zero feature of the eéstimate is due only to
noise in the data, and the true value of the parameter is zero as Greeno
(1966) suggests. To answer these and similar questions, minimﬁm. x° esti-
mates of the parameters were made under several restrictions of the modi-
lfied GFT. Teble 7 shows a comparison of the parameter estimates and the
minimum n2 values obtained for the various restrictions on the model.
:The result most cobvious from the table is the important role played by
‘the parsmeter 7. The restriction 7 = 1 increases the minimum ﬁg
.value by at least three times. Hence, 1t can'be concluded that the modi-
;fication made in the three-state version of the GFT was very impqrtant,
?The restrictions b =0 and a'=D have a much smaller effect on the
.fit of the model. These restrictions increaSe:the minimum ﬂ2 by about
.20 and 40 per cent, respectively. The fact tha£ the model fits better
;under the restriction b = 0 than under the restriction a =b might he
“construed as evidence for Greeno's contention that b = 0. The evidence,
however, is weak. The high value of the parameter g in all cases makes
Bernbach's assumption that learning occurs only from S (i.e., & = 0)
~very teaucus in this context.

Since the modified GFT successfully accounts for the learning curves
of Experiment I, a next step is to see if it might not alsc account for
the learning curves of Experiment II. The learning curves, predicted
and observed, are shown in Figures 7 and 8. There is obviously a great
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TABLE 7

PARAVETER ESTIMATES AND MINIMUM n° VALUES

FOR SEVERAL RESTRICTIONS OF THE MODIFIED GFT

Restrictions ; B ;] ? %

‘none A5 L1k .90 76 48155
=0 .51 .00 .91 .7k 57.62
a=b .30 .30 .93 .76 69. il
=1 37 .21 .74 1.00 150. 41
.b=0, y=1 .41 00 .70 1.00 205.13
a=b, 7=1 .29 .29 .80 1,00  197.20

TABLE 8

A COMPARISON BETWEEN PARAMETER ESTIMATES

OF EXPERIMENTS T AND ITI

g B 8 ¥ Mean %2 ;’n:2

component
Experiment I A5 .1 90 76 1.0 18,3
Experiment IT .39 .09 .89 .69 1.5 85.5
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deal more variability in this data than in Experiment I. (There are only
90_observations rer point in Experiment II as compared to 300 in Experiment T.)

Table 8 shows the parameter estimates, mini_]_:;um"ﬂ2 values, and the mean
X2_ components per point for both experiments. The fact that this mean is
somevhat lower for Experiment I than for Experiment IT indicates.that the
f;rst experiment is better fit than the second. If the initial guessing
trial is ignored, the mean X2 component for Experiment I is .97 and 1.22
for Experiment II. Hence, the first triasl, on which it is assumed that the
- subjects guess randomly, contributes substantially to the value of ﬂg,
particularly for Experiment IT.

In the discussion of Ex;perinient II in the previous chapter (III, p. 33),
éhance fluctuations were suggested to account for the diSCrepancj between
the expected and observed ordering of probabilities of an error on trial b4
'of:sequénces 17, 18, énd 19. It was expected that seguence 17 would have
iﬁhe fewest errors and sequence 19 would have the most. This expectation
was based on observations of triasl 4 in Experiment I. On that trial, those
items with longer initial lags following a long lag had fewer errors than
i‘ﬁems with shorter initial iags. Since the modified GFT has the same ex-
pected ordering it 1s relevant to note that its mean X2 component for
trial 4 of these sequences (from the parameters iﬁ Table 8) is .96. This
is much less than the X2 component éveraged over the whole experiment.
Therefore, the contention that chance fluctuations account for the lack of
appropriate ordering is not unreasonable.

Additionsl statisties which are often useful in evaluating fits of
Markov mcdels to frequency data are derived from the distribution of the
.trial of the last error. For the data of Experiment I, the parameters
estimated from the learning curves were used to generate the predicted
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values of this distribution. It should be noted that since only six
trials were run on each item in this experiment, the fact that a subject
made his last error on trial X does not mean that if more trials had
been run he might not have made more errors, but rather, that the subject

- made no more errors in the six trials presented. Thus, the theoretical
probebility of a last error on trial 6, for example, is simply the prob-

- ability of an error on trial 6. Figure 9 shows the predicted and observed
proporticns of subject-item protocols which had their last error on each
of the six trials for each of the eight sequences. A last error on trial
0 1indicates that the subject made no errors on that item. The priwary
discrepancy between the predicted and observed distributions is too fre-
guent occurrence of last errors on trials O and 1, and too few on later
trials. This discrepancy'would be expected if the assumptions concerning
_ item dr subject homogeneity were viblated, or if, as suggested iﬁ Chapter
' I1I, there were a variation of parameters within subjects during the course
of the experiment. In any case, the discrepancies are not large, and some
subject and item differences nc doubt exist.

A statistlc which has often been used t0 ‘discriminate between the
incremental and all-or-none guality of freguency data is the probability
of an error on trial n, given an error on some trial greater than n.
Table S shows a comparison between the predicted and observed values of
this probability for each of the eight lag-sequences in Experiment I.

' The most striking discrepancy bétween the predicted and observed values

is the conéistent tendency for the oﬁserved probabilities to fall above
those predicted by the model. This discrepancy, too, may be a function of
subject or item inhomogeneity. For example, when a statistic is con-
ditionalized on an error occurring, the subject item protocols included
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1
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TRTAL O

PROBABILITY OF AN ERROR ON TRIAL E- GIVEN

AN ERROR OCCURRED ON A TRIAL GREATER THAN n.

2 3 4 5.

Pred lag Obs: Pred Iag Obs Pred Lag Obs Pred  Lag Obs Pred
69 .67 10 .55 .48 10 .52 b6 10 .50 .46 10 .ﬁ? iy
6T .67 10 .51 .49 10 .51 .49 1 .23 .21 1 17 0 .11
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in that statistic might well be from.subjects with a lower than average
value of _g. The effect of this would be a higher over-all forgetiing
rate and consequentiy more errors evidenced in thésé stétistics. It is
interesting that there is almost no tendency for the predicted and observed
_ values to cross. Instead, the observed curves have much the same shape as
those predicted by the model. This is important with regard to the incre-
mental versus all-or-none interpretation of the data. If learning were
incfemental, that is if strength were being built up on éach successive
reinforcement, the observed values would be expected to decrease relative
to those predicted from the model. The intuition behind_this assertion
can be understood from the fact that for the modified GFT an item which

is not yet learned is either in S or F. Hence, the probability of an
error on guch items is diffefent-from chance only bhecause of short-term
effects. An incremental model, on the other hand, must aillow for an im-
oprovement over and above that attributable to short-term effects, even on
items not yet fully learned. Thus, despite the fact that the actual pre-
dicted values are somewhat low, these data still support the basic all-or-

none assumption of the modified GFT.

Theoretical Tatency Analysis

The close relationship between the latenclies and error frequencies
discussed in the preceding chapter strongly suggests that the latencies
and error probabilities ﬁere generatéd by similar processes. It therefore
is natural to append latency assumptions to the modified GFT, which already
gives an account of the error frequency data, to attempt to account simil-

taneously for the error frequencies and, at least, the mean latencies.
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It seems reasonable that, even after an item is learned, responses
following a.short lag would he faster than those following a ionger lag.
To incoporate this idea into the modified GFT, it is necessary to separate
the learned state, L, into two states, one from which the subjects respond
guickly, denoted L&, and one from which they respond more slowly, L.

It is further assumed that in '§ as well as &§m_the correct response is
is immediately available so that subjects respond quickly to items in
either of these states. The following tree diagram, analogous to that
for the modified GFT'shown in Chapter IV, page 40 indicates the relation-
ships assumed among the various states. The diagram indicates that any
trial on which an item ig attended to, the response to that item becomes
immediately available {moves into S or LS depending on whether or not
the item.is learnéd). If it is not attended to, it is assumed not to
change states. FEach intervening item has probability 1-8 of causing

an item in an:available state to move to an'unavailable state. If the
item is in LS, it returns to L; if it is in S, it returns to F.

The set of transition matrices given below describe the extension to

the GFT just discussed:

LS L S F P(c|state) E(latlsté.te)
s [ 1 o o o R X
. L y 1.y 0 0 1 El(ri)
" S by 0 1l-by O 1 g
F a7 0 ()7 17| | & zp(n)
s 1 s O F - |
Is | 8 1-8 0 0
E Ty 0 1 0 0
M
v 8 0 0 0 1s0
T 0 0 o 1
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where ES represents the mean response time to an item whose response is
readily available (it is in L8 or B8), El(n) represents the mean ree
sponée time on the th presentation, to items in L, and Ef(n) repre=
sentg the mean'response time, on.the th rresentation, to an item in 'E.
Since it seemed likely that subjects might become faster at retrieving
non-available learned responses, it was assumed that the reaction time
from L might, iﬁ general, depend on n. Specifically, it was assumed

that El(n) -was given by the following difference eguations:

xl(n+l) =c - xl(n) f (1-e) - x, - ng2

where Ei is the asymptotic value of ;i(n). Also, since the error
laﬁencies changed slightly over trials, the reaction time from F .was
asspmed-to depend on the presentation number of the item. .

In applying the model, the.follqwing techniques were used to estimate
the parameters: (1) values of pérameters a, b, 6, and 7 were carried
over from the frequency data. (2) Ef(n) was estimated from the error
latencies., Since the error lateﬁcies declined sllghtly over presenta~
tions, from a mean of é°57 sec. on trisl 1, to a mean of 2.33 sec.'on
trial 6, a geometric decay function starting at 2.57 see. on trial 1,
and leveling off ét 2.33 sec. on trial 6, was used to generate the pre-
dicfed values of Ef(n), (3) The values of Eg, Ei, c, and Ei(a)

(the initial value of Sc"l(n)) were estimated by minimizing the follow-
'_ing function:

48

- _ - - 2 - - .
f(xs,xl,c,xl(E)) = iéi [L(ei) - L(ej;xs,xl,c,xl(Q))] P(ei;xs,xl,c,xl(z))
48 o _ 5 o _ :
+ 2:[L(Ci) - L(ci;xs!lechl(g))] P(cigxsgxl,C,xl(E))-,
i=1 ‘
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~where 1 indexes the 48 points (six trials for each of eight lag-sequences),
L(ei) and L(ci) represent the cobserved latency on the EFh "point for

error and correct responses, respectively, and L(ei; Xy5 §1(2), C, Es)
- and L(ci; El’ §1(2), Cy ;S) represent the predicted latencies for error
and correct responses, respectively. The parameter values which minimized
this function are El = 1.59 sec., 21(2) = 3,53 sec., ES = 1.39 sec., and
¢ = .331. Table 310 shows the predicted and observed values of latencies
for both error and correct responses. The closeness of the predictions
to the observed data further demonstrates the remarkable similarity between
the latency and frequency data.

Before conclusions can be drawn concerning the implications of the
fite of the modified general all-or-none forgetting theory to the frequency

and latency data, some theoretical approaches outside of the realm of the

GFT must be investigated. The following chapter deals with this issue.
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PREDICTED AND OBSERVED LATENCIES “FOR

TARLE 10

CORRECT RESPONSES -

EXPERIMENT T

Trial No. 2 5 b 5 6
Seg. No. Obs Pred Lag Obs Pred Lag Obs Pred Lag Obs Pred Lag Obs Pred Lag Obs Pred
1 2.32 2.57 10 2.38 2.39 16 1.8 1.94 0 1.80 1.72 10 1.61 - 1.é2 10 1.69 1.58
2 2.47 2.57 10 2.28 2.39 10 1.88 1.9+« - 1 ‘1.46 1.49 1 1.h40 1.43% 10 1.57 1.57
3 2.66 2.57 6 2.20 2.09 6 1.72 1.78 6 1.58 1.6g 6 1.54% 1.56 10 1.59 1.58
i 2.h1 2.57 & 2.12 2.09 6 1.87 1.78 1 1.43 1.48 1 1.3 1.43 10 1.55 1.58
5 2.k5 2.57 3 1.88 1.81 3 1.56 1.61 3 1.56 1.53 3 1.3G 1.49 10 1.h9 1.58
6 2.53 2.57 1 1.65 1.60 1 1.55 1.48 0 1.79 1.70 10 1.59 1.63 10 1.51 1.59
'7 245 2,57 1 1.79 1.60 1 1.48 1.48 6 1.70 1.60 6 1.61 1.%6 '10 1.64 1.59
8 2,81 2.57 1 1.57 1.60 1 1.51 1.48 i 1.37 1.4k 1 1.35 1.h43 10 1.65 1.59

' INCORRECT RESPONSES

Trial No. 2 3 i 5 6
" Seq. No. Obs  Pred Lag Obs Pred Lag - Obs Pred - Leg Obs Pred Lag Obs Pred Iag Obs  Pred
1 2.53% 2.57 10 2.52 2.48 1c 2.60 2.2 10 2.55 2.39 10 2.25 2.57. 10 2.04 2.36
2 2.55 2,57 10 2.45 2.48 107 2.40 2.42 1 2.47 2.39 1 2.62 2.37 10 2.3 2.36
3 2.53 2.57 6 2.5 242 6 2.56 2;42 6 247 2.39 6 2.27 2.5?’ 10 2.47 2.38
4 2.50 2.57 £ 2.55 2.48 é. 2.19 2.he R =t 2.39 1 2.92 2.37 10 é;28 2.36
5 2.65 2.57 3 2.26 2.48 3 0,07 2.42 0 3 2.09 2.%9 3 1,66 2.37 10 2.09 2.3
[ 2.53 2.57 1 2.41 2.48 1 2.34 2,42 10 2.0k 2.39 W0 2.21 2.37 10 2.48 2,36
2,56 2.57 1 2.45 2.418 1 p.26 242 6 2.2h 2.3 6 2.1h 2.37 10 2.68 2.36
8 2.69 2.57 1 2.50 2..48 1 2.45 2.42 1 1.4 2.39 1 2.62 2,37 0 2.42 2.36



CHAPTER V

CONCLUDING DISCUSSION

In the empirical results discussed in Chapter III, four strong effects
are evidentﬁ (L) The shortef the lag between two presentations of the
same item, the greater the probability of a correct response on the sec-
ond presentation. (2) If two items have the same value of lag(n), more
errors will be made on trial ntl for that item which had shorter preceding
lags if lag (n) is long, but more errors will be made on the item with
longer preceding lags if lag(n) is short. (5) There is some non-specific
improvement or learning to learn, that occuré during the experiment which
cannot be associated with the learning of a particular item. (L) The
learning curves, for latencies of correct responses show éhe sdme effects
Tfound in the frequency data.

Chapter IV showed that results 1,2, and 4 were consistent with a

. modification of the general all-or-none forgetting theory which assumed

that the subject did not attend on every pre:se:r;tation° It further showed
that the deviations of the theory from the data were, in large part,
attributable to the parameter inhomogeneity implied by result 3 above.
Chapter IV further showed that, in this experiment, the probability, b,
of learning from the short-term state is much smaller than the probability
'E, of learning from the forgotten state. In fact, the over-all fit of the
model to the date is not much affected by the assumption that b = O.
Before we can conclude, however, that the probability of learning from

. the short-term state is zero, or even that it is smaller than the prob-
ability of learning from the forgotten state, as Greeno (1966) suggests,
we must investigate alternative models which fall cutside the class

represgsented by the GFT. o



To clarify the relationships among the various conceptions of the
memory and léarning process describéd in Chapter I as well as those about
to be discusséd, the following classificatioh.scheme will prdve useful.
The models differ és to (l) whether or not there are éepa?ate long~: and
short-term memory stores and (2) whether or not rehearsall (the transfer
of an item from §. to L while another inﬁerfering item is being pre-
sented) plays an important role in the learning of paired assoclates.
Using these criteria, four classes of models can be distinguished:

(1) multi-storage non-rehearsal modeis, (2} multi-storage, rehearsal mod-
els, (3) single storage, non-rehesrsal models and (4) single storage,
rehearsal models. In the remaining sections, each of these classes will
be dealt with in tﬁrn and spécific mddels within the classes will be com-
pared with data.

.'Muiti-stdrage an—rehearsal Models

Two types of models which fall into this class have already been
discussed (the long~shoft (L8} models developed by Atkinson and Crothers
(136h), and the trial-dependent forgetting models (TDF} discussed by
Calfee and Atkinson (1965)). o

The transition matrices for thé modified GFT can be readily inter-
preted in the language of the long-short models. States L and S
can be interrreted as long~ and short-term memory stores. The parameters

8 and b can be interpreted as the probability of transferring an item .

lThe term rehearsal is intended to refer to any transition from a tem-
porary memory state to a more permanent one which occcurs while interven-
ing items are being presented. It refers tc such apparently different
psychological processes as subvocal self-presentation of items other
than the one being presented and the consolidation of memory traces.
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te long-term memory from the short-term and forgotten states respectively.

- The parameter 1-8 can be interpreted as the probability that an inter-

vening item causes any given item to be lost from short-term memory.
Firally, the paramter 7Y can be interpreted as the probability that a
subject attempts to transfer a presented item to another memory store.
With these interpretations the modified GFT is c¢learly consistent with
the psychological assumptions of the long-short models.

The second example of a multi-storage non-rehearsal model is the
trial-dependent forgetting model of Calfee and Atkinson (1965). It will
be recalled from the discussion of the TDF model in Chapter I that the

only difference between the TDF and LS models is that, where the LS model
.éssumes that every intervening item is interfering, the TDF assumes that
items which are in the learned_state are not interfering. Because of
the continuous nature of the task in the present experiment, the propor-
tion of learned items intervening between consecutive presentations of a
© given item is relatively ccnstant over trials. This property is in con-
frast to the more typical list learning experiments where the number of
'intervening learned.items increases with trials. An expected operator
approximationlto the TDF theory can be readily mzde by assuming that
some fixed proporiion, 4, of the intervening items are uniearned, and
that exactly t.g intérfering items occur with a lag of t. Then the
.fransition matrix to be applied hetween two presentations separated by

a lag of %, M(%) equals Mp X Mi'tc
P

lThe term Yexpected operator approximation' refers to the fact that
it is assumed that exactly the expecied number of unlearned 1tems {in
-this case t.q.) occur in each lag of length t. '
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Thus

L S F P{correct| state)
L 1 0 0 1
t.qQ t.q,
M(t) = S b (1=b)8&" (1-b){1-6" % | 1
F a  (L-a)e™%  (1-a)(1-6°9% g

—

If the attention parameter 7 is added to this model in the same way
that it was added to the GFT, the two models have the same transition
matriceg with the parameter ‘f in the modified GFT equal to ¢ 1in the
modified IDF. Hence; no distinctioﬁ can be made between the two models
solely on the basis of the distribution of seguences of errors and suc-
ceSsésa One method which can be used to distingush the twe models is

to conditicnalize on the presentation number of the intervening items.
Since the higher the presentation_number of an intervening item the
greater the probability that it iz learned, the TDF model predicts fewer
errors following items with high presentation numbers. Table 11 shows
the proporiion of errors on trials 2 and 3 for items with lag(l)= lag(2)=1
(sequences 6, T, and 8) as a function of the trial number of the single
intervening item. There is little evidence here that items with smaller
trial numbers tend to interfere less than. items with larger trial numbers.
A Xe measure of independence, under the assumption that the proportion
of errors 1is due only to the trial number of the item presented, and not
that of the intervening item, yielded a %2 - 8.57 with 10 degrees of
freedom, clearly a non-significant value (P > .50). Though these data
are not strong enough to reject thé TDF assumption that learned items are
not interfering, they certainly lend no supﬁort to it.

In summary, the modified forgetting model can be readily interpreted

as a long-short model, and the fact that it fits the data of Experiments I
. 53



Table 11
Proportion of errors on trials 1 and 2 for sequences 6, 7 and 8

as a function of the trial number of the intervening item.

Trial number of the intervening item

12 3 i 5 6

. 212 135 .147 <170 140 160
Trial L (p50)  (200)  (150)  (200)  (50)  (50)
. Opigl 2 .060 093 .100 .080 .080 070

(50) (300) (200) (50) (100) (200)

(Barentheses give the number of ¢bservations in each case.)
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and IT might be construed as indirect evidence for the multi-storage non-
rehearsal assumptions which underiie the LS models. The following sections,
however, weaken such an argument.

In addition, the lack of support for the TDF assumption concerning
the non-interference of interpolated items in L makes the general assump-
tion that all the items are equally interfering, independent of their
learning state, more palatable.

Multi-storage Rehearsal Models

Atkinson and Shiffrin {1967) have recently outlined in great detail
a conception of short-term memory and the lLearning process which differs
mgrkedly from those discussed in Chapter I. Atkinson and Shiffrin assume
that there are two distinct memory stores, a long-term store from which
“little forgetting occurs, and a short-term store from which forgetting
readily occurs. They further assume that so long as an item is held in
the short-term store there is memory transfer from the short- to the
long-term store. Thus, where for Greeno, the primary learning occurs
when as item is in the forgotten state, for Atkinson and Shiffrin much
of the learning takes place from the short-term state. Furthermore,
Atkinson and Shiffrin place emphasis on the rehearsal process, which they
postulate to be the mechanism whereby legrning occurs between, as well
as during, the presentations of that given item. In order to capture
much of the flavor of the ideas of Atkinson and Shiffrin, the author
has developed a simple Markov model, which allows for learning to occur
from the short-term state so long as an item remains in that state.

The transition matrices below describe the process.
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L S F P(correct|state)

L 0 o ] 1

MP = S Ip (1-b) 0 1 s
Fiby  (1-b)y  (1-7) | e

L 8 F

L {1 0 0 ]

M = S |a (1-a)e {1-8){1-a)

P

F |0 0 1

The parameter 7 represents the probablility of entering the short-term
‘store if an item is presehted while it'is in the forgotten state; b is
the probability of learning if an item is in the shoft—term store or
enters the short-term store on a trial when the item is presented; a is
 the probebility of rehearsing and leérning the item when ancother item 1s
pfesented, and, finally, € 1is the probability that an inter#ening item
wlll not remove an item from the short-term memory store. In order o

obtain the probability that an item is in each of the states aflter <

'interpolated items, we need cnly calculste 'M(ﬁ) = Mp X ME o
. : b
L 5 F P(correct|state)
L 1 0 0 _ 1
M(t) = & | bta(t) (1-v)[ (1-a)8]" X(+t) 1
t .
Fojrlota(e)]  7(1-0)[(1-a)e]”  (L-7)#rX(t)| 8

66




where

(1-b)a(1-[(1-a)8]")

a(t) = T-(1-2)6 ,

and

-
X(t) = (l-b)(l-agg%iﬁigéf[(lua)e1_)ﬂ

To see precisely the effect of adding the rehearsal parameter tc the
*
theory, it might be well to lock at the compareble matrix, M (t), for

the modified GFT, viz.,

L S T P(correct|state)
L | 1 0 0 ] [ 1]
M(t)= 8 | 2  (1-ob)e’ (1-7b)(1-0") 1 .
Fly  (1ahe®  (1)4(1-a)(1-6") | e

Although there are several differences between the matrices, for example
that the F to L transition depends on + for the rehearsal model and
is independent of t for the modified GFT, the differences in predictions
about the data space are less obvious. In fact, a theorem by Atkinson
and Crothers (1964) can be easily generalized to show that these two
theories predict exactly the same distribution of probabi;ities over the
data spece of errors and successes.

Atkinson and Crothers show that for any two models described by the
transition matrices,

P(correct|state)

1 0 G 1

= 1
A _aal a22 a25 s

8 a52 a55 g

o7




and

P(correct|state)

1 0 o 7] 1
B Py P Bosy * ’
by by, B33 g

they will predict the same distribution of error success protocols if

the following three equations hold:

a = b

33 33
o5 = by
gnd a52.° a =D = b

23 32 23

The analogous conditions for the models described by the transition

matrices
P(correct|state)
1 0 0 1
Alt) =la,,(t) () ays(t) 1 ;
aaz(t)_ a52(t) a55(t) g
and

P(correct|state)

1 0 0] 1]
Do (6) o (t) Dbu.lt
s (8) Danlt) bas(t) &
is simply that for any tl and t2 the following three eguations must hold:

a55(tl) = b35(tl)
axp(t) = Poslty)
and a58(tl) . a25(t2) = big(tl) . baj(tz) .
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*
These equations in terms of M{t) and M (t) above require that

(1) () + 2E0-2)06) (1 110301 Y) - (1) # p(1-a)(1ee Y)

1-(1-2)8

+ t
(2) (-b)[(1-a)el * = (1-7b)o -,

t

t
(3) 7(1-0)l(1-a)o] * - BRLE=elL8) (3 11 q)0) 2
% t
= y(1-a)e T+ (1-7p)[1-0 °],
which is true if
M(t) M*(t)

: ry=7 ,
\ b=79b,

(1-a)e =6 ,

and

(1-0)(1-a)(1-8)
l-{1-2)8

1- =8

Hence, this rehearsal model, which assumes that nearly all of the learn-
ing occurs from the short-term state, predicis exactly the same curves
as the ones attributed to the modified GFT in Chapter IV under the con-

ditions that 7 = .7625, b = 1047, a = .0381, and 8 = .9379. It is

also of interest that the best fitting three-parameter model can be ob-
‘tained by the restriction that a =b 1in the rehearsal model which

yields a o = 5L.8 {comparsbly to a X? d.f. = 45) with é = E = .Oli,

¥ = .7500, and 9 = .9469.
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Before leaving this multi-storage rehearsal model, 1t dught to be
mentioned that it_predicts the same probability distribution over the
-data Space even if the _f to _E .tranéition in the rehearsal model is
zero. That is, the following set of matrices leads to the same predic-

tions as the modified GFT:

I ) T P correct| state)
L 1 0 0 1
M =8 b 1-h o] .
P
F ] Y 1=y g
and
L 1 0 0
M =8 a (1-a)@ (1~a){1-8)
P

eS|
O

0 1

This non-identifiablility result is somewhat discouraging to those who
want to argﬁe, as Greeno (1966), that since b 1s small or zero in the
ﬁodified GFT model, we can therefore.conclude.that the probability of
learning from the "short-term state" is zero, or at least smalip In
fact, 1f one invokes a rehearéal process, no such conclusion can be
made, even though the parameters of the modified GFT are identifiable.
More @léborata expefiments aimed gpecifically at the fehearsal—nonm

" rehearsal question must be done before such a conclusion can be made.

Three general types of models falling into this clase will be dis-
gussed: (1)} Greeno's coding medel (1966), (2) Bernbach's forgetting model

(1965) and (3) Estes' fluctuation model (1955 a,b; Izawa, 1965).
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The states and parameters of the modified GFT can be readily inter-
preted in a way consistent with Greeno's representation of the learning -
process (Chapter _‘I). The learned state, L, and the short-term state,

5, are interpreted as statesrin which the subject has a code stored in
memory which will lead to the correct response. If the code will support
retention for the duration of the experimental session, the item is gaid .
to be in L. TIf not, the item is said to be in 8. The forgotten state,
', 1s one in which the subject has no code stored. The attention para-
meter, 7Y, can be interpreted as the probability that the subject creates
a code on any given trial on which he does not have one stored. The para-
meter a 1s the probability that the #ubject creates a good code (one which
Will support.retention through the experiment) given that he creates a code
at all. Since subjects do not creatg_a‘new code when they have one stored
which yields correct responses, the S5 to L transition should be zero,
~and hence, b must be zero. Thus, if b 1is assumed to be zero, the
modified GFT is consistent with Greeno's coding interpretation of the
legrning procesgs.

The second model, Berrbach®s forgetting model (1965), which assumes
that learning occurs only on preééntation trials and that all learning
occurs from the short-term state, is not.consistent with the findings of
this investigation. In~order to account for these data and have all

.learning o¢cur from the shortmterm state, one must_allow for the poseibility

of rehearsal.
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The other important model in this class which has not yet been
discussed is Estes' Fluctuation Model (1955 a,b; Izawa, 1965). This
model derived from Stimulus Sampling Theory, has a different flavor than
the other modelsdiscussed thus far. The fluctuation model, asg applied
here, can be characterized by the following set of assumptlons:

(1) The stimulus member of each item, together with thelcontext in
which it 5ccufs, comprises a set of stimulus elements, or cues,
N¥* in number.

.(2) At ény time, some of these cues are in an active state (i.e.
can be:sampled by the subject if the item is presented), while
the remainder are inactive.

(3) Transitions between the active and inactive states occur ran-
domly ovér.time, there being some constant probability of a
transition during any short interval of time At.

(4) At any time, any given cue may be associated with ("conditionéd
to").fhe correct rééponse,‘somé specific incorrect response, or
neither.

(5) On each anticipation trial, there is some fixed ﬁrobability,

a, that all of the cues in the sample will be conditioned to
the cofrect:response°

(6) The probability of a correct response ié equal to the propor-
tion of cues in the sample that are conditioned to the correct
response.

By further assuming that N¥* i1s very large, that initially all elements
‘are randomly conditioned to one of the three responses alternatives, that

the proportion of active elements is constant over the experiment, and
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that during each intervening ftrial each active element has probability

16,

of becoming unavailable and esach unavailable element has prob-

ability 1—92 of becoming available, the following set of transition

matrices can be written to describe any given element.

AC

uc

U
(5.1)

Al

1

AC A
O 0

1 C

0 1-¢x

0 G
uc AU
i-Gl 0
92 0
1-6

G 1-6

In state ég_ the element gg is both available and conditicned to the

correct response, in UC unavailable and conditioned , in AU available

and conditioned to & wrong response alternative and in UU wrongly

conditioned and unavailable. The matrix, M{t}, which shows transitions

between any two presentations of a given item separated by t

items is given by
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AC _ uc _ AU uu
N b t _

AC | p+(1-a)w (1-p){(1-w") 0 0

Uc P(l—wt) (1-p)+pwt - 0 0

AU a(pH(L1-p)v")  a(l-p)(1-w") (1-a)(p+(1-p)w’) (1-a)(1-p)(1-w")

t %
U L. 0 0 p(l-w "} (1-p)+pw

W = 8 +9 -

and the proportion of available elements p = —— .

The start vector, s, for this model is given by

s = (pg, (1-p)g, p{1l-g), (1-p)}(1-g))
where g 1s the proportion of elements initlally conditioned to the cor-
rect response, and p is the proportion of available elements.,

A careful study of the equations for the learning curves ieads to
the initially surprising result that the learning curves for the fluctua-
tion model, for this situation, are algebraically eqﬁivalent to the
Learning curves for the modified general all-or-none forgetfing theory
with b = 0. The parameter equivalences which give this result are: a
. Tor the fluctuation model equal to » of the modified GFT, ¥ equal to
| 8, and p equal to a. |
| The proof of this:equivalence is somewhat tedious and is postéqned
until the appendix. The procedure is to firsi show that the probability
of an error on trials 1 and 2 is the same for both modéls and then that
for any trial n, the error probability depends, for both models, on the
same function of the error probabilities of trials n-1 and =n-2,

It should be noted, however, that the equivalence shown here is an

equivalence of leerning curves, rather than ar eguivalence of processes

7h

van =




- a8 shown in the preceding sections. In this case, other statistics of the

. data will diseriminate between the two models. Before turning to statis-

tics which will discriminate, it is interesting first to consider two
other versions of the fluctuation model which also lead to identiéai learn=-
ing curves, but which differ among themselves on other statistics. Thé
fact that the minimum ng estimate of p in the large §¥* fluctuation
'model was estimated to be .5 suggests the following itwo-parameter version
of the fluctuétion model.. Suppoese ﬁhat N* = 2, that at all times one
element is available and one is unavailable and that, on each intervening
trial, with probability 1-8 the two elements exchange places, and with
probability g they remain as they were. This version of the fluciua-

tion model can be characterized by the following set of transition matrices:

ce cu uc Uy
cc [ 1 0 0 o
cU 0 1 0 0
M =
2 U a 0 1-a 0
w0 & 0 1
cc |1 0 0 0
cu 0 9 1-6 0
.M_ =
D uc- 10 18 8 0
[ 0 0 o 1

where CC represents both elements conditioned, CU  the avaliable
conditioned correctly and the unavailable not, UC +the unavailable
.correctly conditioned and the available not, and UU neither correctly

conditioned. There are two distinct assumptions which can be made sbout

>



- the initial stgte of the elements and thus the start vector and the response-
given~state véctoro One can assume as in the large N¥* case, above,.
that all elemeﬁts begin conditioned to one of the responses. In that
case, tle sﬁartvvector would be
s = (g7, (1-g)e,e(1-8), (1-8)°).
1
: 1
The response-given-state vector would be R = .
A 0]
0
Alternatively, one could assume that all of the elements hegin in an

- unconditioned state, in which case the start vector would be

5 = (0} 0, 0, l)

=

and the response-given-state vector would be R = :

g

- Both models predict the same learning curves as the large N¥ fluctua-
tion model with p = .5 and thus the same as the modified GFT with

b =0 and a = .5. However, the models all differ among themselves on
the predictions for other statistics. For exampile, Table 12 shows a com-
parison of the obhserved and predicted means and variances of the distri-
. butions of the trial of the last error for all of the models. (The
predictions for the large N* fluctuation model were generated by 400
.stat-rat subjects with N¥ = 200. These for sll other ﬁodels Were gern-
:erated numerically by use of a 7090 compuber.) It should be recalled

that the learning curves for all of the models except the modified GFT

are the same. The predictions of all of the models are slightly too low
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TABLE 12

PREDICTED AND OBSERVED MEANS AND VARIANCES OF THE

DISTRIBUTION OF THE TRIAL OF THE LAST ERROR

Modified 2-el. Fluctuation 2«el. Fluctuation
Modified - GFT Large N*¥ 81l conditioned with initial

SEQUENCE 1 Observed GFT 1=0 Fluchtuation initially © guessing state

B(X) 2.177 2.4 2,199 ' 2,493 " 2.61k
VAR(X) 5,698 3,420 3.400 i 5.5h6 : 3,173
SEQUENCE 2

E(X) 1.896 2,054 2.066 2.167 2,265
VAR(X) %.333 3,182 B340 3.366 3.231
SEQUENCE 3

E(X) 1.963 C 2,197 2.228° ' 2.435 ' 2.550
VAR(X) - 5.669 3.616 .. 3139 ‘ 3.7TL 3.610
SEQUENCE 4

E(X) 1.86% 2,016 2.08% 2.153 . 2.2u8
VAR (X) 3,446 3,406 3.606 ' 4038 ' 3,624
SEQUENCE.S

E(X) 1.950 2,079 - 2.209 : 2.7302 ' 2.40%
VAR(X) 3.913 3.518 4,126 4,269 4,125
SEQUENCE 6 _

B(X) 2.150 2.295 2,445 : 2.675 _ 2.798
VAR(X) 4, hol k215 4.375 4489 4,300
SEQUENCE T

E(X) . © 2.007 ©. 2,190 2.366 ’ Z.511 2,623
VAR(X) k.ot9 L.189 L.hs9 4,639 b kT
SEQUENCE § _

E(X) 1.657 1.80k 2.116 2.%18 - 2,109 2,18¢

VAR(X) | - B.3%8 3.972 b.502 h.eo5 - - heTh - 536
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for the means but are very close for the variances. The two versiopns of
the modified forgetting models seem better than the cothers, particularly
for sequences 1 and 3, and the unrestricted version of the modified for-

getting model is clearly best on sequences 5 through 8.

Single Storage Rehearsal Models

A modél of this ¢lass which, qualitatively at least, accounts for
the empirical aspects of the data discussed at the beginhing of this
chapter is Bernbach’sl replica model. The primary primitive notion of
the model, the replica, is conceived of as an image of the paired-
assoclate item which is stored in memory. If a subject has a single
image or replica stored, he will be able to respond correctly. The fol-
lowing set of assumptions characterized the model:

(1) When an item is presented, the subject rehearses that item a
Poisson distributed number of times; one replica is added for each
rehearsal. The parameter of The Poisson is assumed to be dependent only
‘on whether or not the subject has any replicas at the time of presentation.

(2) When an intervening item is presented, some amount of storage
‘interference is assumed to occur, and some number of the replicas of items
similar to the intervening item are destroyed.

(5) During any time when the presented item is not being_rehearsed
any one of the unpresented items for which there is at least one remaining
replica can be rehearsed a Poisson number of times. Thus, with some prob-
ability any item with at least one remaining replica, can be rehearsed

and have a Poisson distributed number of replicas added to memory.

;Personal Communications 1567
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It is clear that the general replica model contains toc many param-
eters to be readily applied to the present data in its complete form,

‘and at the present time no simplification of fhe model whiéh accounts for
"~ the data of the preéent investigation, has been found.

In conclusion, this final chapter has shown a number of equivalences
between models with Widely‘varying‘assumptinns: (1) The unrestricted
modified forgetting theory is consistent with the LS and the TDF models
on the level of sequences of errors and successes. But if the TDF
assumption that items in E are not interfering ig igolated by condition-
alizing on the reinforcement number of the intervening items, the LS
assumption that items are equally interfering independent of their state
of learning is supported. (2) A rehearsal model, which allows transitions
frqm B8 to I while intervening items are being presented, was shown to
be isomorphic to the unrestricted modified forgetting model. This isomor-
phism holds even if all learning is assumed to occur from the short-term
stafe in the rehearsal model. (3) A modification of Greeno's coding model
and several versions of Estes' fluctuation model all predict learning
curves ldentical to those of the modified GFT under the restriction that
b = 0. Although the modified coding model is isomorhpic to the modified
GFT, b= 0, +the fluctuabtion models differ from the others with regard to
statistics other than the learning curves. In particular, the modified
coding medel b = 0 does slightly better than several versions of the
fluctuation model on the predictions of the distribution of the trisl of
last error.

These equivalences, particularly number 2 above, force a reconsiders

ation of the initial goal of this investigation. The fact that the
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inclusion of the possibility of rehearsal into the general all-or-none
_forget"ting framework makes the relative values of the probabilities of
learning from the forgotten state and from the short-term state indeter-
_ minable is both enlightening and disappoinmting. The question of whether
Jlearning occurs more readily from the short-term memory state or the
forgotten state _cannot be answered until the theoretical ideas involved
become sufficiently specific concerning the variables which affect the

amount of rehearsal and exactly how much interference occurs.
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APPENDIX A

PRESENTATTON SEQUENCE FOR EXPERIMENT I

[T TR
FoiRpHS

Exp lag Ttem Rep- Exp lag Item Rep- Exp leg  fter Rep-
pres sequence . pres lica- pres sequence pres llea- ‘pres  sequence pres llca-
Fo. " Ho. No. %lon No. No. No. tion No. Ko. .- No. tion
1 2 1 1 81 .6 6 2 101 5 -1 2
2 i 1 1 52 8 3 1 162 i [ 2
3 L 1 1 535 5 5 1 103 1 3 3
Lk T 1 i 54 8 Iy 1 10k 1 5 2
5 6 1 1 55 3 1 1 105 5 2 2
6 T 2 1 56 8 5 1 106 -2 3 3
T 6 2 1 57 1 6 i 107 Filler :
8 7 % 1 58 3 1 2 108 2 4 3
9 6 3 3 59 T 1 2 109 o5 3 2
10 b - 1 60 1 1 2 110 - 5 3
11 Filler 61 T 2 2 111 2 & 2
12 2 2 1 &2 3 2 i 112 3 1 3
.13 1 2 1 63 7 % 2 13 5 4 2
i .6 1 P 6l 5 [ 1 114 ! L 3
15 7 L 1 65 3 2 2 115 L8 2
16 6 2 2 €6 Filler . 116 8 1 2
17 i 3 i 67 8 & 1 -117 5 5 2
18 6 3 2 &8 Filler 118 8 2 2
19 Y 4 1 €9 3 3 i 119 "3 2 3
20 6 b 1 70 7 Y 2 120 8 -3 2
21 b 5 1 TL 1 2 2 121 2 6 3
22 T 5 1 72 3 3 2 122 B Tl 2
23 2 3 i T3 4 1 2 123 4 1 3
24 1 3 1 s 2 L 2 12l 8 5 2
25 2 L 1 75 Filler 125 1 5 3
26 Filler 76 3 L 1 - 126 3 3 3
27 2 5 1 T 7 5 2 127 7 "1 3
28 Filler T8 Filler = .. 5 6 2
29 6 N 2 9 3 H 2 e T 2 3
Filler 8o ok 2 2 30 0k 2 3
6 5 1 L 1 it 3 131 7 3 3
b -6 1 82 1 3 2 132 i 1 b
i 6 1 &3 3 5 1 153 3 . 3
Filler 84 2 1 z “134 Filler
35 1 I 1 85 2 2 2 135 .. 8 6 2
- 36 Filler 86 3 5 2 136 1 6 3
37 5 1 1 gg L 3 2 137 y -3 3
38 2 6 1 T 6. 2 138 Tk 3
39  Filler 89 h & 2 139 b 3
50 6 5 2 ) Filler _ 4o 3 .5 3
b1 5 2 1 91 i 5 ) 11 4 5 %
42 6 .6 1 ] 1 2 3 1h2 8 1 3
43 Filler 95 1 4 2 143 1. 2 4
W Filler o4 3 6 1 Ll 8 2 3
hg 5 3 1 95 2 2 3 1hs T 5 3
he o1 5 1 96 2 3 2 146 8 3 3
k7 PFliler o7 3 6 2 47 Filler
L8 8 1 i 98 2 b 2 148 B8 b 3
Lo 5 b 1 99 Filler 19 Filler
50 8 2 1 100 2 5 2 150 8 5 3
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PRESENTATION SEQUENCE FOR EXPERIMENT I (cont.)

Exp lag Item Rep- Exp lag Iitem Rep- -Exp lag Item Rep-
pres sequence pres llcaw- Pres seguence pres lica~- pres  speguence pres lieca-
o. No. No. $ion Ne. .. No. No. tion Ko. No. Ko. tion
151 % 6 3 201 Filler 251 T 5 5
152 L 6 5 202 Filler - : 252 5 2 L
153 3 o1 3 20% . Filler i 25% 4 [ 5
154 1 3 b 20k  Filler 25k 3 3 5
155 6 2 3 205 Filler 255 8 1 5
156. T 6 3 206 . 2 € h 256 3 3 b
157 6 .3 3 207  Filler 257 8 2 5
158 8 1 '8 208 3. L g - 258 2 1 &
159 5 1 3 209 Filler 259 8 % 5
160 8 2 L 210 TT &6 y 260 5 L i
161 8 6 3 211  Fillex 261 8 & 5
162 8 3 b 212 h 1 4 262 T 6 5
165 5 2 3 213 Filler . 263 8 5 5
16k 8 4 4 214 Filler 264 5 5 L
165 1 S L 215 3 2 Iy © 265 1 b 5
166 8 5 )y 216 Filler ‘ 266 6 1 -4
167 5 5 3 217 Filier 267 Filler
168 6 i 3 218  Filler 268 6 2 4
169 2 1 4 219 L 2 b 269 2 2 &
17¢  Filler 220 Filler 270 [ 3 L
L7L 5 LS 5 221 Filler : 271 Filler
172 Filler p22 3 3 s 272 3 1 5
173 Filler . a23 Filiexr . 273 Fiiler
T 17k Filler ' 22k 4 1 5 2T 8 6 5
175 5 .5 3 225 Tillex 275 5 6 L
176 1 5 4 226 ’ 3 b 276 o1 .5 5
177 a8 6 b 227 Filler aT7 1 1 6
178 Filler 228 4 b b 218 Filler
179 6 L5 3 229 3 i 4 279 - 37 2 5
180 2 2 b 230 I 5 y 280 2 3 6
181 7 1 L 231 L 2 5 281 6 L L
182 Fiiler 232 1 1. 5 T 282 .2 4 6
183 7 2 b 233 T 1 5 283 Filler
C18h Piller 234 Filler 284 2 5 6
185 7 5 4 235 7 2 5 285 Filler
. 186 5 ] 3 a36 ] 5 b - 286 5 -3 5
- 187 1 6 4 237 7 3 5 287 1 & 5
188 Filler . 258 4 3 5 288 L 2 &
1189 Filler 239 Filler : 289 Filler
190 6 6 3 240 4 b 5 290 5 i 5
191 2 3. 4 241 b 6 L agL Filler
192 . 7 L b 242 b 5 5 292 [ 5 4
195 - a b 4 243 1 2 5 293 3 I 5
194 Piller 24k T ) 5 - gy 5 2 5
195 2 5 lp 245 Fillex . - 295 2 [ 6
196  Filler - 2he Filler 296  Filler
197 Filler . i 2l7 3 6 L 297  Filler
188  Filler 248 5 . 1 4 298 5 3 5
199 7 .5 4 2hg Filler . 299 1 3 6
200 Filler . ) ) 250 - Filller . 300 3 5 5
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PRESENTATION SEQUENCE FOR EXPERIMENT I (cont.)

Exp lag Item " Rep- Bxp lag Ttem Rep-
pres gequence pres lica- pres sequence Pres lica~-
No. No. = No., +&iom No. No. Ho. tion
30L 3 1 [3 351 .6 2 &
302 5 b 5 - 352 7 6 6
303 6 6 h 355 6 3 6
3L  Filler - 35k 5 5 6
305 Filler 355 2 2 5
306 5 5 5 356 - Flller
307  Filler 357  Filler
308 3 2 6 358 & b 5
309 Filler 359 Filler -
310 1 Y [ 360 . Filler
31l 3 6 5 361 . Filler
312 8 1 6 362 Filler
313 Fliler 363 Fiiler
3% 8 2 6 36k 6 b 6
515 5 3 6 365 5 6 6
316 8 % 6 366 T2 3 5
317 5 6 -5 367 Fitler
318 8 4 & 368 2 4 5
319 L 1 6 369 6 5 5
320 8 5 & 370 2 5 5
bl 1 5 & 7L Filler
o] 3 k () 372 Filler
323 T 1 [ 373 Filler
%2k Pliler T ‘Filler
325 i 2 6 35 6 5 6
%26 L 2 .6 376  Filler .
327 7 3 6 377 Filler
328  Tiller 378 Filler
329 3 5 6 379  Filler
320  FPiller . 380 6 a6 5
3351 8 6- 6 AL 2 & 5
532 i [3 [ 382 Filler
533 L 3 & 385 - Filler
3L 7 i 6 38F  Piller
335 4 L 6 385 . Piller.
3%6  Filler 386 & 6 6
©BRT Sk 5 -6 387  Filler
338 5 1 6 ‘Filler
339 Filler . 389  Filler
340 3 6 6 360  Filler
U3kl T 5 6 391  Filler
3ha 5 2 -6 392 . Filler
343 6 3 5 393 Filier
3hl 2 i 5 gk Filler
35 [ 2 5 395 Filler
46 5 3 6 396 Filler
347 6 3 5
348 3 6. 6
3o 6 16

5 O

350
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SET OF CVC'S USED IN PRESENT EXPERIMENTS

BEH
EEX
BIP

" BOF

CcIW
- coT

o cod
FAJ

~FOH

¥oe,

g
10
GIV
60

JAT
JEY

JOM
Juc

ATPENDIX B

KAQ
KEB .
KEZ
KIF

KIG

MOJ

PAF

PEH

PID

- PIY

qQTH
QTY
QoM
Q0L

-y

TIW

TOT

8L

VAH
VEB
VEC

WAT

WLJ

WoG

WOoY

XAL

XEF

YAV
ich 3
YEQ

YOF
YOG
ZAV

ZER

zus




LEARNING CURVES FOR EACH REPLICATION IN EXPERIMENT I*

1st Replication

APPENDIX C

4th Replication

Trial No. 1 2 3. 4 5 [ Trial No. 1 2 % 4 5 6
Beg. Ro. 824, Ro.
1 .12 e .38 .28 .22 .14 1 .60 40 .20 .16 .12 .08
2 .6l .58 Al .08 LOb L1k 2 52 W2l L1k .02 o} .10
3 man =i Lk _.10 .10 ;16 3 62 W36 26 .16 Ol .02
b .52 46 .26 .20 L1k .20 b .76 36 .1h .0k Lok .08
5 50 .26 +2h .08 L1 o1 5 64 .26 .18 12 Ok .16
6 . 66 .20 .10 +30 .20 .16 6 .68 .08 .10 L1h .16 Nl
7 76 W46 .10 .30 2N 22 T Th .16 .08 L1k .08 1
8 70 .1b -08 +08 Q20 L1k | 8 .66 .10 L0 .02 .0k <10
2nd Repliestion Sth Replication
Trial No. 1 2 3 3 5 3 Trigl No. 1 2 3 i 5 6
Se%' NO'__ L8 ..5_2_ _‘ 118 .16 ' 12 '._10___ ; Se% N-o‘ .80 .30 .16 .06 .8 Ok
2 7L 36 .2k o .ok b 2 770 .28 b .08 .06 .06
3 .76 .26 .30 .18 .10 .1h 3 .68 .30 .1 08 .06 .08
i .50 .52 .22 .06 .08 .12 L LTh S5l .10 .12 .02 .08
5 .76 .18 .16 .18 ¢} .10 5 .70 .24 ) 0&1 .08 .10 .08
6 5k Bl ) .32 .- .18 & STh Nl .08 .28 .12 16
7 16 .26 L1k .12 .08 .12 7 .5k .12 .ok W1k .08 .06
'8 .70 .1k .10 o .ok 1k 8 .68 .12 .06 .0b .02 .06
3rd Replica;cion . 6th Repligation
Trisl No. 1 2 3 b 5 6 Trial No. - 1 2 3 L 5 €
Seq. Na. Seq, No.
1 .62 .35 .16 .1 .12 .1z 1 +66 .26 22 .12 .10 .16
2 .0 24 .22 <06 .02 Sl 2 -66 .28 A .06 LOb .10
3 A6 .20 .16 .12 08 10 3 600 .2 Lh .16 .10 .08
b .66 . .28 .10 .02 -0l .12 L G0, .28 18 .06 .02 .06
5 .78 .16 .08 .06 .08 12 5 ;1+8 .22 .16 .12 b 18
6 58 .12 .06 gk e 12 6 .80 a2 L0k 18 .08 .06
7 68 .16 Ok «16 Ik .12 7 -66 .08 .08 .10 08 .06
8 .90 .20 .12 .02 2 .o 8 60 .20 .0k .06 .02 .12

. % Egch proportion in the table. iz based on 50 polata.
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- 9g

DISTIRIBUTION OF TUPLES OF ERRORS AND SUCCESSES FOR EXPERIMENT I¥

Trialsg 1-6 Lag Sequences Trials 1-6 Lag Sequences

123456 1 2 3 y 5 6 T 8 123456 1 2 3 4 5 6 7 8
000000 5. 6L 70 68 57T 68 64 68 100000 10% 110 105 103 138 119 123 146
000001 0 2 % o 5 1 2 4 100001 1 6 3 ] é 5 7 1k
000010 1 0 3 o 2 L 2 1 100010 4 0o 2 0 0 6 3 a
000011 0 o 1 0 o] 1 0 0 100011 3 2 0 1 1 b 5 1
000100 o 2 3 1 3 7 3 0 100100 7 0 6 L 5 12 8 2
000101 0 o 0 0 1 1 0 0 100101 0 0 0 2 0 b 1 0
000110 1 o} o} 0 1 2 1 0 100110 0 o} 1 0 0 4 2 o
0COLLL 0 0 1 1 Q 2 0 0 100111 1 o 0 0 1 2 4 0
001000 i 6 4 4 2 0 2 2 101000 11 13 7T 10 3 s 6 12
001001 2 3 1 o 1 0 ¢ 0 101001 0 2 1 0 1 0 1 0
001010 2. 0 0 0 1 o 0 0 101010 0 o] 0 1 2 o o} 0
001011 . 0 0 o] 0 0 o} 0 101011 0 0 0 0 2 o 0 o
Q1100 a 0 2 0 0 0 1 0 101100 2 o 1 1 5 ¢ 1 2
001101 0 .1 0 0 1 0 0 C 101101 "1 1 o 0. 0 1 0 1
001110 0 0 0 0 0 1 0 0 101110 0 0 3 0 0 3 i o
001111 0 1 0 L o 1 0 0 1013111 2 1 1 1 0 3 1 o]
010000 6 12 10 17 7 2 7 5 110000 3L 34 21 35 18 7 21 18
010001 o} 2 o) i 0 0o 3 3 110001 3 5 3 6 3 2 0 5
010010 o 0 0 0 0 2 0 c 110010 i 0 1 o 1 3 2 i
010011 o 0 0 0 1 0 1 1 110011 0 o 2 0 2 1 2 1
010100 3 1 1 3 0 2 1 o 110100 1 2 3 3 2 Iy 6 1
010101 1 1 0 0 0 0 1 0 110101 3 1 1 1 3 2 3 1
010110 0 0 1 0. 1 1, 1 0 110110 0 0 2 0 0 1 2 1
010111 1 0 0 0 0 1 0 C 110111 1 0 0 1 0 2 1 0
011000 2 5 6 5 2 2 0 3 111000 9 13 10 8 6 2 0 1
011001 0 0 2 1 © 0 0 1 111001 2 6 2 2 3 o 0 1
011010 3 1 o] 1 0 0 0 0 111010 ") 1 0 1 3 0 0 0
011011 1 1 1 0 o] 0 0 0 111011 i 0 1 5 o 0 1 o
011100 1 2 2 0 1 1 i 0 111100 3 i by 2 0 6 2 2
011101 0 0 0 2 s 1 0 0 111101 3 0 L1 1 2 1 0
011110 % 1 1 3 0 0 1 0 111110 b 1 2 0 1 1 2 0
01111 2 1 o 0 1 0 2 0 111111 4 0 0 1 5 4] 1 0

* A O represents a correct response, a } an error
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APPENDIX E
PRESENTATION SEQUENCE FOR EXPERIMENT 1T

| Exp lag  Ttem Rep- Exp lag Item Rep- Exp lag Item Rep-

pres seguence pres llecaw pres sequence pres lics- pres gaguence 3yres lica-
No. No. No. tion No. Neo. No. tion No. No. No. tion
i 10 1 1 51 18 3 "1 101 19 2 %
2 9 1 1 52 9 -1 2 102 13 2 2
3 10 2 1 53 Filler . 103 19 3 3
b Fillex 5l Filler 104 ‘11 4 2
5 10 3 1 55 Filler 105 15 4 2
6 Filler ) 56 17 i 2 106 16 4 2
i 10 L 1 57 Filler : 107 Filler
8 Filler , 58 Filler 108 10 1 2
g 10 1 59 B L 1 109 Filler
10 Filler 60 11 5 i 110 10 2 2
11 15 1 1 61 13 % 1 11t 17 4 2
12 Filler 62 14 1 2 112 10 3 2
13 9 2 1 6% 9 2 a 113 13 3 2
1h 17 1 1 64 1h a 2 114 10 4 3
15 1 1 i3 €5 19 4 1 115 11 5 2
16 11 1 il &6 14 3 2 116 10 5 2
17 14 2 1 Y 17 2’ 2 117 12 1 1
18 Filler &8 14 b 2 118 Filler :
18 14 3 1 ’ 69 17 i 1 119 12 2 1
20 Filler T0 14 5 2 120 18 1 2
21 14 i 1 71 11 6 2 121 12 3 1
a2 15 2 1 e 13 4 1 122 11 1 3
23 1k 5 1 73 1k 6 2 123 12 L 1
2h g 3 1 s 9 3 e 124 13 4 2
25 17 2 1 75 Filler 125 12 5 1
26 1L 6 1 76 i5 1 2 126 Filler
27 11 2 1 7 11 1 1 127 18 - 2 2
28 19 1 1 78 17 3 2 128 Filler
29 Filler 79 9 [ 1 129 9 [ 2
30 19 2 1 80 19 4 2 130 Filler
31 Filler 81 16 1 a 1351 Filler
32 19 3 1 82 11 2 2 132 N 2 2
3% 15 3 1 a3 13 g 1 133 il [ 3
Bk 16 1 1 a8y 18 N 1 134 18 3 2
35 9 b 1- 85 9 b -2 135 15 5 2
36 17 3 1 86 13 & 1 136 19 4 3
37 18 1 1 87 15 2 2 137 14 1 3
38 il 3 1 88 16 2 2 138 13 6 2
59 135 1 1 85 Filler 139 14 2 3
4o 15 L 1 S0 Filler 180 -9 1 3
b, 16 2 1 g1 13 1 2 141 ik 3 3
La 10 6 1 g2 Filler : Lha 12 6 1
L3 19 1 2 % 11 3 2 143 1Y L 3
Ly 18 2 1 ok Filler a4k 11 33
45 19 2 2 T 95 16 3 2 145 14 5 3
L& 9 5 1 g6 9 5 2 146 18 1 3
b7 i9 3 2 97 Filler 147 Filler
43 16 3 1 15 3 2 148 1h 6 3
kg il 4 1 99 19 1 3 149 10 [ 2
50 13 2 1 100 Filler 150 10 1 3
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PRESENTATION SEQUENCE FOR EXPERIMENT II (cont.)

Ttem TRep-

'Exp

250

88

- Exp lag © Exp lag Ttem Rep-
pres sequence pres liea- pres sequence pres lica-
Yo. No. No. tion No. No. No. tion
151 g 2 5 201 13 5 3

1152 10 2 3 202 Filler
153 18 2 3 R20% 15 % 3
154 10 3 3 204 13 6 3
155 11 4 3 205 Filler
156 10 b 3 206 Filier
157 13 1 3 207 Filler
158 10 5 3 208 Filler
159 Filler 209 i1l 3 b
160 18 3 3 210 15 4 3
161 Filler 211 17 3, Y
162 9 3 3 212 e 1 4
163 16 1 3 213 Filler
16h 17 1 3 21k 19 2 4
165 Filler 215 Filler .
166 11 5 % 216 19 3 Y
167 18 b 2 217 9 6 3
168 1% 2 3 218 Filler -

169 Filler 219 17 i ]
170 16 2 3. 220 11 b y
171 Filler 221 14 L 4
172 Filler 222 Filier :
173 =] b 3 22% L 2 Y
174 12 1 2 22k Filler

175 7 2 3 225 1 3 h
176 12 2 2 226 18 1 y
177 15 3 3 227 1k 4 4
178 2 3 2 228 Filler

179 3 3 3 229 14 5 e
180 h-3 iy 2 230 Filler

181 15 1 3 231 11 5 b
182 12 5 2 2% il 6 L
183 il 6 - 3 233 18 2 i
18k 9 5 3 23 Filler

185 Filler : 235 9 L )y
186 17 3 - 3 236 Filler

187 1L i Iy 237 Filler

188 16 4 3 238 Filler

189 17 1 y 2729 10 1 4
190 1% h 3 2ho 18 3 b
191 10 6 3 2L 10 2 4
192 15 2 3 2in 15 1 i
193 18 i 3 243 10 3 i
19k Filler il 17 b L
195  Filler 2hs 10. 4 i
196 Filler _2ke 9 2 4
197 Filler 2h7 10 5 4
198 1l 2 ) 248 11 6 h
199 12 [ 2 2hg 19 . k 4
200 17 2 ok 12 1 3

. 265

lag Ttem Rep-

pres  sequence pres lica-
No. No. No. tion
251 Filler
252 12 2 3
253 15 2 b
254 12 3 3
255 9 1 5
256 iz h 3
257 g 3 L
258 12 5 5
259 9. 1 5
260 Fiiler .
261 19 2 5
262 Filler
263 19 3 5
264 15 5 )

Filler
266 9 2 5
267 Filler
268 9 b I
269 Filler
270 12 1 L
271 15 L L
272 12 2 i
273 18 L I
27h 12 % L
275 12 6 3
aTé 12 i i
277 9 3 5
278 12, 5 4
279 9 5 L
280 10 6 L
281 15 1 5
282 Filler
283 16 1 y
284 Filler
285 10 1 5
286 Filler
287 10 2 5
288 g 4 5
289 10 3 5
290 16 2 L
291 10 4 5
29 15 2 5
293 10 5 5
29l 13 1 5
295 2 & L
296 1% L4 5
297 16 30 &
298 Filler .
299 9 5 5
200 18 1 5



PRESENTATION SEQUENCE FOR EXPERIMENT IT (cont.)

Exp lag  Ytem Rep- Exp lag Ttem Rep-

pres seguence pres lica- pres sequence pres  llea-
Ho. No. No. tlon No. No. No. tion
301 Filler . 351 11 4 5
302 Filler . 352 Filler
303 15 3 5 3535 135 1 b
304 Filler 35k Filler .
305 13 2 5 355 %6 .k 5
306 Filler 356 17 3 5
307 18 2 5 357 Filler .
308 16 4 4 358 Filler
509 1 1 5 359 Filler
310 15 4 5 360 Filler
311 1 2 5 361 Filler -
312 9 [ 4 362 11 5 5
© 313 14 3 5 363 12 1 2
31k 18 3 5 36k 1% - N
315 14 L 5 365 e 2 5
316 13 3 5 366 Filler
31T 1 5 5 367 12 3 5
318 11 1 5 368 Filler
. .319. . Filler .. 369 12 4 5
320 . 1k .6 5 370 Filler
321 Filler 371 12 5 5
22 Filler 372 Filler
323 Filler 57 Filler
%2l Filler : 37k Filler -
325  Filler 375 13 3 b
326 10 & 5 376 Filler
327 13 4 5 377 Filler
328 " Filler - %78 Filler :
329 . 1L 2 5 370 11 <) 5
330 16 1 5 380 Filler -
331 Filler 381 Filler ..
© 332 9 G 5 582 Filler -
5% Filler 383 Filler
A3k 17 1 5 584 Filler
335 Filler ] %85 Filler ]
336 Piller %86 13 b 13
33 14 2 fa3 Filler
33 13 5 % %8& 12 6 5
239 Filier 389 17 L "5
340 1L 3 5 390 Filler
341 13 & 5 391 Filler
3h2 Filler z02 Filler
343 Filler 393 Filler
340 . 16 3 .5 . 394" . Filler
345 7 = 5 395 Filler
346 Filler . 306 Tiller
347 18 4 5 . 397 13 5 L
348 Filler %98 Filler
349 Filler c 309 Filler
350 Filler ) 400 13 & 4
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APPENDIX F

PROPORTION ERRORS PER TRIAIL: FOR EACH REPLICATION IN EXPERIMENT IT*

lst Replication

Srd Beplication

Trial No. 1 2 % 4 5 6 Trial No. 1 2 3 4 5 6
Se%’ o .67 1T .11 .13 .06 5‘“‘3' o .89 .50 Ay .28 .17 .33

10 .83 ik .33 .33 .oé i 10 .56 L1 17 a1 .06 .56
11 .53 ik .28 gy .1 .22 11 -50 .33 56,11 .06 L1
12 61 .28 .06 0 ) 0 .56 12 E7 .28 o} .06 .06 .06
1% 8 L6 W17 .39 22 i d . 13 ' N .22 .28 11 .22 A7
14 .56 .39 .28 11 .06 0 14 .18 0 .06 0 o J06
15 .83 .89 .50 .28 15 .61 _ .56 .50 .22
16 56 2 .28 .53 16 50 .67 33 .5
17 .78 .39 A7 .39 17 W83 Al 22 .39
18 83 39 1 .56 18 67 28 .39
19 .Bo .28 L11 .33 19 .56 0 .11 .39

2nd Replication ith Replication
Trial No. 1 2 3 e 5 6 Trial No. 1 2 500 b 5 é
Seq. No. Seq. No.

9 .72 R .28 .22 .06 .28 S .78 .56 .39 .p2 11 .28
10 +50 .22 .06 .06 0 .22 10 .72 .28 0 .06 .17 .39
11 .56 A .33 .28 T .08 11 67 e .33 .7 .22 11
12 .85 .22 22 .11 ' 0 %) 12 .56 .28 .28 o] 0 .53
13 .72 e LAT .06 L1 .06 13 .72 .39 :17 W17 .11 27
1 ‘.78 .39 3T o- o - .11 14 .83 W17 W17 0 .06 7
15 .83 56 .39 .06 ) 15 .63 .28 A7 - .1l
16 67 .28 .33 .28 16 ' .56 .28 .17 .28
17 R SN .28 .33 17 .78 .39 RIS
18 .72 .22 .06 .50 8 .50 .28 a2 .22
19 .56 22 .11 .28 19 61 AT .28 .67

5th Replication

Trial No. 1 2 3 b 5 8 Trial No. 1 2 3 L
BT e se 3 B 06 a1 T e s s
10 .39 .53 .11 .06 ] 33 16 ..72 .33 I S

11 i .17 .33 .28 17 g1 17 .78 .33 17 33

12 6L .22 1L c .06 .06 18 .78 .22 AT 1L

13 67 .39 .22 .33 A7 .06 19 .83 0 0 .2B
o1 .56 .06 ] 0 .06 0

in thils table is based on 18 points.

*¥Fach proportion
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Appendix G
PROCF OF TISOMORPHISM COF LEARNING CURVES
FOR LARGE N¥* FLUCTUATION MODEL (LNF)

..AND MODIFIED GFT WITH b =0

Theorem: The learning curves for the LNF and the modified GFT,

b = 0, are identical.

Proof: The proof is inductive. First is must be shown that the proba-
bility of an error in trial n (E(n)) 1is the same for both models for
n=1 and n = 2. Then it need only be shown that E(n+2} for both

models depends on the same function of E(n+l) and ZE(n). First, for

the modified GFT, it is clear from equation 4.1 that
31
E(n) = (1-g)®{n)" .
Further from equation 5.1 1t follows that for the LNF

AU(n)

E(n) = 5

the proportion of available items which are unconditioned. From the

fact that F(l) = 1 it follows that

E(1) = {1-g)

The start vector for the LNF given on page ‘7i' implies that

AU(1) = (1-g)°p, hence for the LNF

_-glep s
E(1) = S (l-g) .

L F(n) represents the probability of being in state F on trial n. The
analogous notation is used for the states of the models throughout this
proof.
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Thus the two models predict the same values for E(1).

Now for the modified GFT we see that

F(2) = (1-7) + (1-a)y(1-6 7) ,
where lag(i) = by This implies
tlr
(4.1) E(2) = (3-g){{1-7) + (1-a)7(1-6 7)1 .

- For the INF, given by equation 5.1,
_ ty by
coau(2) = au(L)(1-a){l - (L-p)(i-w 7)) + uu(1)p(ilew 7) o

Substituting for AU(1) and UU(1l), the appropriate values from the
start vector on page Th =~ we get
t 't
AU(2) = (1-g)pl{1-a) - (1-a)(1-p)(L-w 7) + (1-p)(1-v )] .
Dividing both sides by p and simplifying,
‘ t
(a.2) £(2) = (1-g)((1-a) + (1-p)a(l-v 1)) .
Hence, if - y of the GFT is set equal to & of the LNF, if a
of the GFT equals p of the ILNF, and if 6 equals w, the equations
A.l and A.2 are identical. This implies that the LNF and modified
GFT have the same value of E(2).
Now from equation 4.1l for the modified GFT we see that, if b = 0,
t

+ N
(4.3) F(n+l) = {(1-7) + y(1=a)(1-8 M) IF(n) + (1-6¢ P)S(n) ..

Furthermore,

. t t
(Ad) 8(nt1) = 7(1-a)0 " P(n) + 6  8(n) .
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From A.3 we get

t
5(n) = Eel)F() (=0 (1-2) (-6 ]

1-0 &

Substituting into A.4

. e T -
P(n+2)-F(ntl) (L-7)y(1-a) (1-0 i} 7(l_a)etn r(n)

l_etn+l
tn tn
o 8 R+l )-F(n) ((1-y)+y(i-a)(1-6 "}]]
T t )
1.6 %
Combining terms and simplifying,
| I | - th ﬁn :
F(nt2) = F(wel) | 32+ y(1ea) + |- £ B(2)
1-6 n+l 1.6 1.6 n

t T .
- [y(i-a)(1-6 n) - 7(l-a)(1-0 n) + (1-7)1 ,

which equals-

t t

n Ny
p(ni1) | <EZL 4 (1) + 2| - F(n) - & (),
1.9 °H 1.6 » 1-6 B
Multiplying both sides of the equation by (l-g) we get
| by t
(4:5) B(ni2) = B(an1) « | L2 4 5(1a) + - B(a) &-372)
: n+l n 1-8 n

1-6 1-6

Now we want the znalogous difference equation for the INF. We

know that

t t .
(4.6) " AU(n+l) = AU(n)(1-a) {1-(1-p)(1-w )] + UU(n)p(l=w P) |
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"~ and

(a.7)  bu(ndL) = Au(a)(i-a)(1-p)(1-v ) + UU(n)[1-p(lxv P)T .

Solving for UU(n) in A.6 we get

t
_ AU(n+1)-AU(n) - (1-8) - {(1-(1-p) (1-v ™)}
. :
p(i-w 7)

UU(n)

Substituting into A.T,

) t
AU(n+2)-AU(n+1) (1)  [1-(1-p){1-w )]

s
p(1-w 21y

t t T
_ (1-8)(2-p) (3-w ) -AU(n)+[AU(n+1) -AU(n) - (1-8) {(1-(1-p) (1-w ") H[1-p(1-w *}]

%
p(1-w )

Combining terms and simpiifying,

av(a2) = auan1) Bl (1ea)(1-p) + 2 -
(Lew n+l) 1w ©

o o -t t t 2

__AU(n) [(1-8) - (1-a)(1-p)(l-w ™) - (L-a)p(l-w *) + (1-a){1-p)p(l-w )
t
(1-w ™)
t 2

- (1-a)(2-p)p(1-w %) 1,

"&ﬁhich equals

%
£
AU(n+1) [}—iééﬂl—- + a{1l-p) + — : :l— AU(ﬁ) [(1-a)[1-(1-w ")]1.

(1~ (1w %)

Diwviding both sides by p then we get

oh



o t_ "
(A.8) E(n+2) = E(n+l) H_Liéil__ + a{l-p) + W — | - E(n) ( 'a)z . .

1 -

o lew
A comparison between equations A.8 and A.5 indicates that they are the

same difference equation. - - o _ : o Q.E.D.
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