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Forgetting and remembering pose interesting scientific
challenges, in that they raise the question of action at a
temporal distance. In the present paper, I argue that re-
membering can be treated as discriminationat the time of
retrieval and that temporal distance is a dimension of the
stimulus complex. Accounting for the effect of temporal
distance is an issue of psychophysical scaling. The math-
ematical form of the forgetting function cannot be de-
cided solely on the basis of goodness of fit, however, be-
cause several functionsdescribe the data equally well. The
property of temporal independence suggests that expo-
nential functions should be favored.

The Evolutionary Context
Remembering and its complement, forgetting, involve

the influenceof earlier events on later behavior. In the first
experimental demonstration of remembering in nonhu-
man animals, Thorndike (1898) observed that, after cats
had a month or two of holiday from the experimental ap-
paratus, their latency to escape from puzzle boxes clearly
benefited from their earlier experience. His demonstra-
tion placed memory in an evolutionary context, espe-
cially in terms of the cross-species continuity of mental
function that was proposed by Charles Darwin (1871/
1899) in The Descent of Man. In an evolutionarycontext,
remembering is adaptive,as illustratedby studiesof species

differences in spatial memory. For example, Clark’s nut-
cracker (Nucifraga columbiana) lives at high altitudes
and stores over 30,000 pine seeds each summer for re-
trieval in the winter months (Kamil & Balda, 1990). In
laboratory procedures for measuring the accuracy of spa-
tial memory (over short delays), the performance of
Clark’s nutcracker is superior to low-altitude corvids and
pigeons (Olson, 1991). In studies in which the memory
performance of different species is similar, however, the
similarities are more likely to reflect the structure of the
task or the procedures (White, Juhasz, & Wilson, 1973),
just as the differences may reflect the impact of procedural
factors or task requirements (Macphail, 1996). In an evo-
lutionary context, remembering is an adaptive reflection
of environmental demands.

Forgetting too is adaptive.Kraemer and Golding (1997)
have argued convincingly that forgetting should be seen
not as involving process failure but instead as enhancing
behavioral plasticity. For example, forgetting minimizes
proactive interference from prior memories and facilitates
the discrimination of recency. Normally, its adaptive util-
ity stems from its primary characteristic—namely, diminu-
tion in accuracy with increasing temporal distance. The
hallmark of experimental studies of remembering is thus
manipulation of the temporal distance variable—that is,
the retention interval.

Forgetting Functions
The first experimental studies of forgetting in humans

date from well over a century ago. Using percent savings
as a measure of retention, Ebbinghaus (1885/1964) re-
ported a systematic reduction in amount retained over
several weeks since original learning. Hundreds of studies
have been completed since then, using a variety of per-
formance measures. Woodworth and Schlosberg (1954)
summarized some of the earlier studies, which showed that,
with the exception of the savings measure, the general
form of the forgetting function was similar for different
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Forgetting functions describe how accuracy or discriminability declines as the temporal distance
from the event to be remembered increases.Several two-parameter mathematical functions are equally
successful in fitting data from a range of studies. The choice of function must therefore be made on the-
oretical grounds. Consistent with the proposal that remembering follows the principles of discrimina-
tion, remembering is specific to the time of retrieval and is independent of the level of performance at
earlier times in the retention interval. Empirical evidence for this temporal independence supports
constant-rate forgetting. Exponential functions are therefore favored descriptions of forgetting func-
tions because they describe how the influence of the temporally distant event declines at a constant
rate. A combination of exponential generalizationwith an exponential decreasein the effect of the tem-
porally distant stimulus holds promise as a theoretical account of forgetting functions.
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procedures, such as recall, recognition, and reproduction
(cf. Luh, 1922). A wide range of retention intervals has
been studied.Figure 1 shows examples of forgetting func-
tions over years, days, and seconds.

Studies referred to below in the present paper have
used the delayed matching-to-sample procedure to gen-
erate forgetting functions in nonhuman animals (Blough,
1959; Roberts & Grant, 1976; Wixted, 1989). These too
provide instances of monotonic decrements in accuracy
over the delay interval. Along with the many other stud-
ies reanalyzed by Rubin and Wenzel (1996), these stud-
ies suggest the possibility that the forgetting function has
one particular form that is common to different ranges of
retention-interval duration,different procedures, and dif-
ferent species. But is there a single best-fitting form of
the forgetting function? And, if several forms fit, how do
we decide between them? Should the form follow basic
principles of the memory process? Answers to these
questions are attempted below.

Is There a Best-Fitting Forgetting Function?
It is not the purpose of the present paper to compare

the descriptive success of different functions, because

that exercise has been attempted by others (Laming &
Scheiwiller, 1985; McCarthy & White, 1987; Rubin &
Wenzel, 1996; Wixted & Ebbesen, 1991). But it is useful
to point to some of the difficulties associated with com-
paring functions on the basis of their goodness of fit.

A quantitative analysis of an extensive compilation of
studies with at least five values of the retention interval
was recently reported by Rubin and Wenzel (1996). Like
Ebbinghaus (1885/1964), their emphasis was primarily
empirical. They examined how well 210 data sets from a
wide variety of prior studies were fitted by each of 105
two-parameter functions. Each function was fitted to the
dependent measures reported in the original studies, and
the original units of time for the retention interval were
retained (ranging from seconds to years across different
studies). They ranked the functions in terms of the num-
ber of times each function was one of the 10 best fits (in
terms of r2) to the 210 data sets. Functions that gave the
best fits to the data included logarithmic, power, expo-
nential, hyperbolic, and exponential and hyperbolic
functions with time t scaled as Ö t.

The approach taken by Rubin and Wenzel (1996), to
fit first and ask questions later, has merit in the context

Figure 1. Examples of forgetting functions over long delays. Solid lines are best-fitting exponential to Ö t func-
tions, and dashed lines are best-fitting power functions. (A) Recall by Cambridge University staff of departmen-
tal colloquia over the previous 2 years (Rubin & Baddeley, 1989). (B) Young children’s conversations with par-
ents about a pony ride arranged by the researchers over several days since the event (MacDonald & Hayne, 1996).
(C) Correct recall of consonant trigrams over several seconds when rehearsal is prevented in Murdock’s (1961)
replication of Peterson and Peterson’s classic (1959) study. (D) Accuracy of pigeons’ reports of whether consecu-
tively presented hues on the center key were the same or different (White, 1974) as a function of the delay between
the first and second hue (also see Urcuioli & DeMarse, 1997; White & McKenzie, 1982).

(sec) (sec)
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of the search for order in forgetting functions. Rubin and
Wenzel commented on a number of the procedural diffi-
culties associated with such a task, such as the choice of
dependentmeasures. Their approach has drawn criticism,
however, such as the suggestion by Wickens (1998) that
the fits may depend on the chosen measure. In practice,
it does not seem to matter which dependent measure is
used, with the exception of “percent savings” (Ebbing-
haus, 1885/1964) and the “Ebbs” measure (Bahrick,
1965), where functions tend to be logarithmic. When
percent savings or Ebbs measures are used, the function
shows a large decrement to the first nonzero delay and then
a slower rate of decrement (J. R. Anderson & Schooler,
1991). These measures, however, relativize performance
so that the intercept is always 1.0 for percent savings or
0 for Ebbs. Functions that rely on variations in the inter-
cept parameter are therefore constrained in their fits.
Furthermore, the use of such measures is inconsistentwith
the conclusion that the intercept is a determinant value
and one of the important properties of prototypical for-
getting functions (see below).

The most commonly used measure, proportion cor-
rect, is limited by being prone to response bias and by
being bounded at 1.0. By comparison, the ratio-based
measures d ¢, log a, log d, and the logit of proportion cor-
rect (logit p) do not have an upper bound and vary on an
equal-interval scale. Additionally,the measures d ¢, log a,
and log d estimate discriminability independently of re-
sponse bias. Macmillan and Creelman (1991) provide a
comprehensive account of the discriminability measure
d ¢ from signal detection theory and the discriminability
measure log a from Luce’s (1963) choice theory. The
discriminability measure log d from behavioral detection
theory (Davison & Tustin, 1978; Nevin, 1981) is the
same as log a except that log d uses log to the base 10.
The transformation of percent correct, logit p (calculated
as log(p / 1 2 p) equals log d if there is no response bias.
When the slopes of fitted functions are compared, it is
essential to use equal-interval scale measures because
differences in slope can result from the way a dependent
variable can change over different ranges (Loftus, 1985;
Wixted, 1990). More importantly, these equal-interval
scale measures should be used in evaluating goodness of
fit. Rubin and Wenzel (1996) did not have access to the
necessary data for their analysis and so relied on what-
ever measures were described in the original studies.

In their Table 7, Rubin and Wenzel (1996) showed the
results of fitting the set of best functions to data from
studies using animals as subjects. This group of studies
mainly used the delayed matching-to-sample procedure
and included at least five retention intervals varying up
to 40 sec. The mean r2 values for hyperbolic, exponen-
tial, logarithmic, power, exponential Ö t, and hyperbolic
Ö t functions were .85, .83, .87, .84, .88, and .88, respec-
tively. The exponential was disadvantaged in this com-
petition, unfortunately, because Rubin and Wenzel made
the mistake of fitting the functions to percent correct
measures on the assumption that they ranged from 0% to
100%, whereas the two-alternative forced-choice proce-

dure dictates a minimum of 50% (by chance). The expo-
nential’s eventual destiny is an asymptote at zero, an im-
possibility with chance at 50%. In contrast, all the other
functions have a varying rate of decrement and are flex-
ible enough to fit data points at long delays that are well
above (or below) 50%.

A further problem is that procedural factors might
contribute to the form of the forgetting function. For ex-
ample, in Wickelgren’s (1975) study of word recognition
by sober or inebriated humans, there was a rapid drop in
d ¢ from about 2.8 to 1.2 over 2 through 50 sec in a con-
tinuous recognition memory task and a slower drop in d ¢
from about 0.5 to 0.2 over 1 through 14 days. The pro-
cedure for Days 1–14 differed, however, from the proce-
dure used for the first 2 h of the experiment in which de-
lays ranged up to 50 sec.

In other examples, a combinationof averagingand floor
effects can produce hyperbolic-like functions. When pi-
geons were trained in delayed matching to sample at zero
delays and tested at varying delays (Roberts, 1972) or
trained with just one delay per condition (Harnett, Mc-
Carthy, & Davison, 1984), some birds respondedat chance
at all long delays. A power- or hyperbolic-like function
then results from averaging monotonically decreasing
functions with functions that have a high intercept but
are at chance at all delays greater than zero. This aver-
aging problem is related to the one explored by R. B. An-
derson and Tweney (1997), who showed how power
functions can result from the averaging of individualex-
ponential functions. A thorough analysis of recall and
recognition data by Wixted and Ebbesen (1997) showed,
however, that such averaging artifacts are unlikely and
that the form of the forgetting functions based on aver-
aged data tends to reflect the form of functions for indi-
vidual subjects.

As noted by both Rubin and Wenzel (1996) and Wick-
ens (1998), certain functions can be eliminated from
consideration owing to their inability to predict determi-
nate values of performance at t 5 0 or t 5 infinity. This
is true of both logarithmic and power functions. The log-
arithmic function has often been used to fit a forgetting
function to the data from the classic study by Ebbinghaus
(1885/1964) and, as a result, tends to have been favored
as a potential candidate for describing other data (Bad-
deley, 1997; Kintsch, 1970). In the study by Rubin and
Wenzel, it was the most successful function, notwith-
standing the difficulty of discriminating between func-
tions in terms of the error variance in estimating their suc-
cess. The power function was favored by J. R. Anderson
and Schooler (1991) and by Wixted and Ebbesen (1991)
but predicts infinitely accurate performance at t 5 0.
This property of the power function conflicts with the
conclusion, outlined below, that performance at t 5 0
may be high or low, depending on the attentional re-
quirements of the task. The same difficulty applies to the
logarithmic function, which is undefined at t 5 0. A re-
lated problem with the power function is that, for a given
value of a, y 5 a at t 5 1 for all values of b. That is, when
b is varied the function pivots around the value y 5 a at
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t 5 1, generating apparent intercept changes. The power
function fitted by Wixted and Ebbesen (1991) assumed
that t 5 t 1 1, in order to avoid this problem. Laming and
Scheiwiller (1985) compared several functions, includ-
ing one based on a diffusion assumption, and concluded
that, when a wide range of retention intervals is included,
the functions tend to be logarithmic in form, although
logarithmic functions are not mathematically correct be-
cause they tend to infinity as delays tend to zero, and, at
finite values of delay, they can take negative values.

To summarize, a number of problems make it difficult
to search for a best-fitting function. As noted by Rubin
and Wenzel (1996), there tends to be a set of best-fitting
functions, but it is not possible to decide between them
on the basis of goodness-of-fit comparisons. In general,
Rubin and Wenzel’s conclusions about which might be
the best-fitting functions seem convincing, but because
the functions cannot easily be discriminated on empiri-
cal grounds, we are now at the point of asking theoreti-
cally oriented questions in order to justify the choice of
function.

Theoretical Grounds for Forgetting Functions
The simple negative exponential y 5 a.exp(2b.t) is

perhaps the most frequently used description of forget-
ting functions. In studies of animal working memory, fits
of the negative exponential account for similar amounts
of the variance in the data to many of the other best-fitting
functions examined by Rubin and Wenzel (1996). Math-
ematically, the exponential is the only function that has
a constant rate of decrement, and, intuitively, it lends it-
self to forgetting functions because it describes plausible
time-related processes, such as decay in which the loss
from a particular time is proportional to the level of per-
formance at that time or interference in which there is a
constant likelihood of encountering competing alterna-
tives over time.

Simon (1966) argued that exponential forgetting was
inconsistent with Jost’s law, which says that the rate of
forgetting slows down over time. There was little empir-
ical evidence for Jost’s law prior to 1954, however (Wood-
worth & Schlosberg, 1954, pp. 730–731). Some recent
studies suggest that there might be less forgettingat longer
retention intervals, and, indeed, a wide range of alterna-
tive mathematical functions have been applied to forget-
ting, such as the power exponential in which the rate of
forgetting decreases as a power function of time (Wick-
elgren, 1972, 1974; Wickens, 1998). Squire (1989) ad-
dressed the issue of whether forgetting is continuousover
very long times, as appears to be the case in studies of
autobiographical memory (Rubin, 1982), or whether it
quickly reaches a stable asymptote, as in memory for
names and faces of classmates of up to 50 years ago (Bah-
rick, Bahrick, & Wittlinger, 1975). Squire’s method was
consistently applied to retention intervals ranging from
1 to 15 years. He concluded that the rate of forgetting was
constant over such long times. Indeed, a simple exponen-
tial function fit his data well, but just as well as a power
function—a function more consistent with Jost’s law.

The functions fitted to the examples in Figure 1 illus-
trate the difficulty of deciding between functions solely
on the basis of goodness of fit. The functions in Figure 1
are the version of the negative exponential with time
scaled to Öt (White & Harper, 1996; Wixted, 1990)—
that is, y 5 a.exp (2b.Ö t)—and the power function with
an added constant, y 5 a. (t + 1)2b. The intercept, a,
measures performance at time t 5 0, in the absence of a
memory requirement. The slope parameter, b, gives a
measure of rate of forgetting. Figure 1 shows that the two
functions provide similarly satisfactory, and practically
identical, fits.

The power function was chosen for fitting the selection
of data in Figure 1 because power functions are ubiqui-
tous in psychophysics. If remembering is to be treated in
the same terms as discrimination, power functions may
be used to scale the effects of temporally distant stimuli
(Fetterman, 1996). Indeed, power functions have been
shown to provide very satisfactory f its to forgetting
functions (J. R. Anderson & Schooler, 1991; Wixted &
Ebbesen, 1991).

The exponential was chosen because it has the unique
characteristic of the rate of decrement being constant. It
might be argued that by raising time to the power of .5 in
the exponential or by adding the constant 1 in the power
function, a third parameter, c, is being added to each func-
tion. This third parameter, of course, affords an extra de-
gree of freedom, but by setting it at a constant value for
all fits, the fitted functions remain two-parameter func-
tions. The three-parameter version of the exponential is
the exponential-power function in which time is raised to
a power c, interpreted as resistance to decay by Wickel-
gren (1972). That is, y 5 a.exp (2b. t c). This latter func-
tion corresponds to the Weibull function championed by
Wickens (1998). When the power is left to vary freely, it
happens to take values that range between about .3 and
.7 and average about .5 (Wickelgren, 1974). White and
Harper (1996) chose this function to fit to a set of rean-
alyzed data because it scaled the time axis while leaving
the properties of the exponential intact.

A possible justification for scaling the retention inter-
val in terms of Öt can be elaborated in terms of a diffu-
sion metaphor in which the standard deviation, s, of the
discriminal processes (the discriminal dispersion in Thur-
stone’s, 1927, terms) increases with increasing retention-
interval duration (White & Wixted, 1999). The idea is
not novel. Shepard (1958) suggested that generalization
involved diffusion over time. A simple assumption that
follows from the mathematics of diffusion (Berg, 1993)
is that the standard deviation increases according to s 5
w Öt + 1. A diffusion process was assumed by Kinchla and
Smyzer (1967), who concluded that decrements in per-
formance over time were described by y 5 a / Ö(1 + bt).

These ideas suggest that time is appropriately scaled
to Ö t. They do not, however, provide a clear rationale for
the mathematical form of the forgetting function. The
exponential is chosen merely because of its constant-rate
characteristic. Scaling the time dimension as Ö t allows
the function to flatten out at longerdelays in the same way
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as the power function. If it can be demonstrated that rate
of forgetting should be constant, as seems to be the case
for long delays (Squire, 1989) and for short delays in an-
imal studies (Rubin & Wenzel, 1996), Jost’s law should
be repealed. Both the simple exponential and the time-
scaled exponential satisfy a constant rate-of-forgetting
requirement.

Characteristics of Forgetting Functions
An entire forgetting function in which performance

may vary considerably over a wide range of retention in-
tervals can be summarized in terms of the parameters of
a fitted function (White, 1985). By fitting negative ex-
ponential functions to a set of data from studies of ani-
mal memory, White (1985, 1991) concluded that forget-
ting functions have two characteristics that could be
captured by the two parameters of the fitted function.
The first characteristic is initial discriminability, or ac-
curacy at t 5 0, given by the value of the intercept. White
(1985) interpreted the intercept as reflecting the effects
of attentional demands or overall procedural require-
ments in the absence of a memorial requirement. In the
animal studies, factors that render the short-term mem-
ory task more difficult result in a reduction in discrimin-
ability or accuracy at t 5 0, without affecting the slope
parameter of the fitted function (White, 1985). Such fac-
tors include decreasing the disparity between stimuli to
be remembered, decreasing the number of repetitions of
a stimulus on initial presentation, or decreasing the trial
separation. At a zero retention interval, therefore, there
is a determinate level of performance that varies sys-
tematically with factors that may affect attentional pro-
cesses. That is, the y-intercept of the forgetting function
represents one of the two characteristics of forgetting
functions. It is not always infinityor undefined,as the two-
parameter power or logarithmic functions suggest.

The second characteristic of forgetting functions is
rate of forgetting, given by the slope parameter. When
the negative exponential function was fitted to a set of
data from animal working memory studies, rate of for-
getting varied with factors related to retroactive interfer-
ence and proactive interference, without influencing the
value of the intercept parameter (Edhouse & White,
1988; Jones & White, 1994; White, 1985, 1991). White
and Harper (1996) used the exponential to Ö t function to
satisfactorily fit a large set of data pertaining to the ef-
fects of hippocampal lesions in monkeys. They demon-
strated significant changes in the rate of forgetting pa-
rameter, without changes in the intercept. The original
studies had concluded,however, that there was no change
in the rate of forgetting (but without curve fitting). The
earlier conclusions were based on the statistical evalua-
tion of the interaction between lesion condition and re-
tention interval. A different conclusion follows from rate
of forgetting estimated directly as a parameter of a fitted
function.

Bogartz (1990), Loftus (1985), and Loftus and Bamber
(1990) have debated the issue of how to assess changes
in forgetting rate independently of the level of original

learning. Wixted (1990) concluded that the best ap-
proach was to fit a mathematical function to the data re-
lating performance to retention-interval duration and to
use the slope parameter as a measure of rate of forgetting.
This is consistent with the present approach. Slamecka
and McElree (1983) had concluded that the rate of for-
getting of lists of words was independent of the original
level of learning. Their conclusion is easily confirmed
by showing independent changes in the intercept and
slope parameters of exponential functions fitted to their
data (Loftus, 1985; Wixted, 1990). Similarly, Haist, Shi-
mamura, and Squire (1992) showed that recognition and

Figure 2. Examples of forgetting functions in which the level of
initial discriminability (intercept of the fitted function) varies as
a function of experimental condition, but with no change in the
rate of forgetting. Solid lines are best-f itting exponential to Ö t
functions, and dashed lines are best-fitting power functions.
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recall accuracy as a function of delay was overall lower
for amnesics than for matched controls, but they did not
differ in rate of forgetting.

Figure 2 shows several examples in which the rate of
forgetting parameter remains constant with changes in
the intercept. The data in the top panel are from a study
by Fetterman (1995) in which pigeons discriminated a set
of three short durations from three long durations in a
delayed matching-to-sample procedure. A nonparamet-
ric measure of discriminability (A¢ ) was overall high for
the discrimination between the shortest and longest du-
ration samples and was overall low for the discrimina-
tion between the middle-, short-, and long-duration sam-
ples. The forgetting functions were generally parallel
and differed in intercept values but not in rate of forgetting.
The middle panel of Figure 2 shows the results of ad-
ministering scopolamine to pigeons working in a delayed
matching-to-sample procedure (Ruske, Fisher, & White,
1997). The result was a systematic reduction in the inter-
cept parameter of fitted exponential functions without a
change in the rate of forgetting (also see Kirk, White, &
McNaughton, 1988). Other drugs, such as chlorproma-
zine (Watson & Blampied, 1989) and phenobarbital
(White, Harper, & Watson, 1994), increase rate of for-
getting and reduce initial discriminability. There seem to
be no drugs that affect rate of forgetting without also in-
fluencing initial discriminability (White, Ruske, &
Colombo, 1996).

In the bottom panel of Figure 2, a sample ratio require-
ment of five responses generated higher initial discrim-
inability than a requirement of one response, without
changing the rate of forgetting (White & Wixted, 1999).
The attentional component of forgetting functions, man-
ifest in initial discriminability(the y-intercept of the func-
tion), is therefore adversely influenced by such factors
as more difficult discriminations, scopolamine adminis-
tration, and smaller sample ratio requirements.

Protection from such adverse effects results from ad-
ministering glucose or procholinergic drugs, such as
AF150 (Parkes & White, 2000; Ruske et al., 1997; Ruske
& White, 1999). In a delayed matching-to-sample task
with pigeons, Parkes and White (2000) showed the same
effect of scopolamine on initial discriminability as did
Kirk et al. (1988) in rats. They also showed the usual re-
duction in accuracy with a one-response sample ratio
requirement relative to a five-response sample ratio re-
quirement. Parkes and White showed that glucose ad-
ministration countered the effects of both scopolamine
administration and reducing the sample ratio require-
ment. The attenuation was manifest as an increase in the
intercept (initial discriminability) of the fitted function
without changing rate of forgetting. Their conclusion that
glucoseaffected the attentionalcomponentof performance
was consistent with the absence of an effect of glucose
on the rate of forgetting when administered alone.

The clearest evidence for changes in rate of forgetting
independentlyof the level of initial discriminabilitycomes
from studies of retroactive interference and proactive in-
terference (Edhouse & White, 1988; Harper & White,

1997). Figure 3 illustrates three cases. In the top panel,
discriminability in a delayed matching-to-sample proce-
dure decreased systematically with increasing duration
of the retention interval and decreased at a much faster
rate when houselight illuminationwas interpolated in the
retention interval (Harper & White, 1997; Jans & Cata-
nia, 1980; White, 1985). In the middle panel of Figure 3,
rate of forgetting on trials in which the sample differed
from the sample on the preceding trial was about twice
as fast as when the samples on consecutive trials were
the same (Edhouse & White, 1988). This result illustrates
the effect of intertrial agreement, or “local proactive in-

Figure 3. Examples of forgetting functions in which rate of for-
getting varies with retroactive interference (top panel), proactive
interference (middle panel), or differential outcomes (bottom
panel), but without a significant change in initial discriminabil-
ity. Solid lines are best-fitting exponential to Ö t functions, and
dashed lines are best-fitting power functions.
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terference,” which is independent of the trial-spacing ef-
fect (which influences initial discriminability). In the
bottom panel, rate of forgetting on trials with signaled
differential outcomes was less than that on trials with
same outcomes (Jones & White, 1994).

The two functions fitted to the data in Figures 2 and 3
are the exponential to Ö t and the power functions, as in
Figure 1. It is of interest to note, however, that the sim-
ple exponential provided the best fits to data in Figure 2
where intercepts differed across conditions, but the ex-
ponential to Öt provided the best fits to the data in Fig-
ure 3 where rate of forgetting differed. There is no obvi-
ous reason for this difference, but it further illustrates the
difficulty of deciding between the simple exponential
and the exponential to Öt functions.

Encoding Versus Retrieval
The advantages of describing forgetting functions in

terms of the two parameters of fitted functions are both
quantitativeand theoretical. The two parameters serve as
higher order measures of forgetting, and effects on ini-
tial discriminability, can be separated from effects on rate
of forgetting. For example, some drugs influence initial
discriminabilitywhereas others also influence rate of for-
getting (Parkes & White, 2000; White et al., 1996). In the
context of delayed matching-to-sample procedures, the
distinction is sometimes referred to as delay-independent
versus delay-dependent effects.

The two parameters can also be identified in terms of
the main processes of remembering: encoding and re-
trieval (Tulving,1983). Factors such as stimulus duration,
repetition, or salience influence encoding or attention to
the sample in working memory procedures. Initial dis-
criminability is also influenced by overall task require-
ments and by reinforcement factors (White & Wixted,
1999). Factors that influence retrieval, such as retroactive
interference, proactive interference, and retrieval cue
availability, have an effect on rate of forgetting. Thus, it
seems reasonable to assume that initial discriminability
may reflect the attentionalor encoding component of per-
formance in working memory tasks, whereas rate of for-
getting is associated with the memorial component and is
sensitive to conditionsfor retrieval (White & Harper, 1996).

A commonly held view is that encoding and retrieval
are interdependent (Baddeley, 1997; Roediger & Guynn,
1996). This intuitively plausible view is strengthened by
theoretical positions that rely on the interdependence of
encoding and retrieval. Indeed, encoding can be expected
to place constraints on successful retrieval. In Tulving
and Thomson’s (1973) principle of encoding specificity,
retrieval depends on reinstating the operations that sup-
ported the successful encoding of the material to be re-
membered. According to global activationmodels, items
are retrieved more easily when they are strongly associ-
ated with contextual cues present at the time of encoding
(Clark & Gronlund, 1996). According to the levels-of-
processingor transfer-appropriate processing approaches,
retrieval is better with greater correspondence between
task requirements at encoding and those at the time of

retrieval (Craik & Tulving, 1975; Morris, Bransford, &
Franks, 1977).

Interdependence of encoding and retrieval is contra-
dicted, however, by the finding that performance of a
dual task at the time of encoding has a much greater ef-
fect on the amount recalled or recognized by human par-
ticipants than when the dual task accompanies retrieval
(Craik, Govoni, Naveh-Benjamin, & Anderson, 1996;
Naveh-Benjamin,Craik, Gavrilescu, & Anderson, 2000).
From this and other evidence, Craik et al. conclude that
encoding and retrieval involve different processes. In
terms of the present distinction between initial discrim-
inability and rate of forgetting, the possibility of differ-
ences between encoding and retrieval suggests that the
success of remembering at one particular time may be
independent of the initial level of performance. In stud-
ies of delayed matching-to-sample in pigeons, rate of
forgetting can vary independentlyof initial discriminabil-
ity (White, 1985, 1991). Similarly, on the basis of the
slopes of fitted functions, recall by human participants is
independentof the original degree of learning (Slamecka
& McElree, 1983). In other words, the level of perfor-
mance or retrieval at a particular retention interval does
not depend on the level of encoding.This conclusionmay
seem counterintuitive in that accuracy at a later retention
interval should not be higher than that at zero delay. Ev-
idence described below, however, indicates that, under
some conditions, forgetting functions can be nonmono-
tonic. That is, accuracy at a later retention interval can be
higher than that at zero delay (Sargisson & White, 2001).

Evidence from studies of working memory in pigeons
suggests that performance at a given retention interval is
specific to the conditions prevailing at the time of re-
trieval. White and Cooney (1996) trained pigeons in a
delayed matching-to-sample procedure in which two de-
lays (0.1 and 4 sec) were randomly (and unpredictability)
mixed within sessions. Choices of red and green com-
parison stimuli at the short delay were reinforced with
different probabilities, creating a strong bias to choose the
comparison associated with the higher reinforcer proba-
bility. The bias generated at the short delay did not gen-
eralize to choices at the longer delay, which were non-
differentially reinforced. Similarly, in other conditions,
differential bias at the long delay caused by varying the
reinforcer differential at that delay did not generalize to
the nondifferentially reinforced choice at the short delay.
White and Cooney concluded that performance at one
delay was independent of factors affecting remembering
at another.

An analogous result was reported by Clayton and Dick-
inson (1999) for memory for food locations in scrub jays.
The birds were trained to cache worms and nuts in dif-
ferent locations and to recover them in a later test. When
tested 4 h later, the birds preferred worms to nuts. When
tested 124 h later (or 100 h later in the replication by
Clayton, Yu, & Dickinson, 2001), after the experimenter
had replaced the worms with perished worms, the birds
preferred nuts to worms. In other words, preference
changed across the course of the retention interval in the
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same way as in the study by White and Cooney (1996).
Remembering is thus determined by the time of retrieval
and is specific to the delay interval at which it is tested.

Remembering as Discrimination
The possibility that the success of retrieval at one time

is independentof the level of performance at earlier times
or even independent of the level of initial encoding is
consistent with the view that remembering is specific to
the time at which it is required. The discrimination made
at one time may be independent (notwithstanding gener-
alization) from the discrimination made at another, just
as two discriminations about the spatial aspects of stim-
uli may be independent. Fetterman (1996) has summa-
rized the advantagesof treating remembering in the same
terms as perceptual discriminations between proximal
stimuli. In particular, this approach suggests that remem-
bering is subject to psychophysical analysis and follows
the same psychophysical principles as does other dis-
criminative behavior (Fetterman, 1995; White, 1985,
1991; Wixted & Ebbesen, 1991). The approach does not
necessarily rely on interveningor mediatingvariables sup-
posed to bridge the temporal gap between stimulus and
action (Watkins, 1990). Temporal distance is a dimen-
sion of the stimulus complex that influences behavior
along with other physical dimensions of the event to be
remembered and aspects of the stimulus context (cf. Fet-
terman, 1996).

The result reported by White and Cooney (1996) is in-
consistent with approaches to nonhuman memory, such
as trace decay or stored representations.These approaches
rely on mediating processes that operate during the re-
tention interval (Roitblat, 1982). For example, in White
and Cooney’s procedure, a prospective code set up at the
time of the sample and involving choice of red at the end
of the short delay would be inappropriate at the long
delay. Yet the behavior showed temporary plasticity over
the course of the delay. White and Cooney’s result is rem-
iniscent of the finding reported by Nevin (1970), who
mixed two luminance stimuli in a signal detection task
for pigeons. Nevin varied the reinforcer probability for
correct reports in one luminance and held it constant in
the other (and vice versa). Report probability in one lu-
minance was independent of whether reinforcer proba-
bility varied in the other. Hence, there is a parallel be-
tween Nevin’s result for proximal stimuli and White and
Cooney’s result for temporally distant events. Differences
based on temporal dimensions can act in the same way as
differences based on physical dimensions.

The perspective analogy elaborated by Staddon (1983)
depends on an analogy of temporal distance to spatial
distance. So too does the correspondence metaphor (Ko-
riat & Goldsmith, 1996; White, 1996) and the notion that
remembering follows Gibson’s (1979) principles of di-
rect perception (White, 1991). Thus, discriminations of
temporally distant events may be difficult in the same
way that discriminations of spatially distant events are.
Temporal distance is therefore a property of the event.

TEMPORAL INDEPENDENCE:
AN EXPERIMENT

Because forgetting functions typically decrease grad-
ually as the retention interval lengthens, the inevitable
conclusion is that the process of forgetting depends on
time. If forgetting at a particular retention interval re-
flects a discrimination specific to a given delay, however,
it should be possible to show that the level of perfor-
mance at one delay is independentof whether performance
at a shorter delay is higher or lower. Such temporal in-
dependencewas demonstrated in the present experiment.
In a delayed matching-to-sample procedure, reinforcers
for correct choices were omitted at different delays in
different conditions. The result of omitting reinforcers
was that discriminability dropped at the delay where re-
inforcers were omitted. The question was whether dis-
criminability would remain low at longer delays in the
same retention interval following the reduction earlier in
the interval or whether performance at later times is in-
dependent of performance earlier in the interval.

Method
Five adult homing pigeons, with several months of training in the

baseline condition of the present procedure, were maintained through-
out the experiment within 10 g either side of 85% of their free-
feeding body weights, by supplementary feeding following experi-
mental sessions. Water and grit were freely available in their living
cages. Experimental sessions lasting 50 min were conducted for
7 days per week in chambers supplied by Med Associates, Inc. Each
chamber was 29 cm high, 29 cm wide, and 24 cm deep. An open-
ing in the center of one wall 4 cm above the grid floor allowed ac-
cess to a hopper of grain, which could be raised for 2.5 sec. Three
response keys above the hopper opening, 2.1 cm in diameter, 6 cm
apart, and 21 cm above the floor, could be lit red or green. Experi-
mental events were controlled and recorded by a Med-PC system on
a personal computer.

Each daily session lasted for 80 trials. The trials were in a random
order that allowed for equal frequencies of the different possible
combinations of delay interval, sample stimuli, and left–right posi-
tion of comparison stimuli. Trials were separated by 15-sec inter-
vals, during which responses were ineffective and the chamber was
dark. Each trial began with the presentation of red or green on the
center response key. The fifth peck at this sample stimulus initiated
a dark delay interval that lasted for 0.1, 2, 4, or 16 sec. The delays
occurred equally often in a random order within each session. At
the end of the delay, red and green comparison stimuli were pre-
sented on the left and right response keys (with left–right position
changing randomly across trials). A single peck at the comparison
stimulus that matched the red or green sample was reinforced with
2.5-sec access to grain. Incorrect responses produced a 2.5-sec
blackout, followed by the intertrial interval.

In the baseline condition, every correct matching response at each
of the four delays was reinforced. Including this condition, a total
of six conditions was arranged. The third and fifth conditions were
repetitions of the baseline condition. In Condition 2, the procedure
was the same as for the baseline conditions with the single excep-
tion that correct choices at the 2-sec delay only were not reinforced
but instead were followed by the 2.5-sec blackout and the intertrial
interval. In Condition 4, correct choices at the 4-sec delay were not
reinforced. In Condition 6, correct choices at the 0.1-sec delay were
not reinforced. Each condition was conducted for a large number of
sessions, in order to ensure stability of performance. The numbers
of sessions completed in each condition were similar but not the
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same for all birds, because a bird was run only if its weight was within
the prescribed range. The average numbers of sessions completed
in each of the three baseline conditions were 32, 30, and 55. The
numbers of sessions completed in Conditions 2, 4, and 6 averaged
59, 38, and 55. The last 8 sessions of each condition were used for
data analysis, so that there was a total of 80 trials for each sample
at each of the four delays.

Accuracy of performance was assessed in terms of a measure of
discriminability, log d, which is given by the geometric mean of the
ratios of correct (c) to error (e) responses following each sample.
That is,

log d 5 0.5 log [(cr / er ) / (cg / eg)].

This measure has similar properties to d ¢ of signal detection theory
(Macmillan & Creelman, 1991) and has been used in studies of an-
imal memory (McCarthy & White, 1987; White, 1985). It has two
advantages: (1) Unlike percent correct, it is not bounded at 1.0 and
so is not susceptible to ceiling effects, and (2) it measures discrim-
inability separately from response bias (Macmillan & Creelman,
1991). In order to take account of the few instances of zero fre-
quencies where performance was perfect at the shortest delay, 0.5
was added to each cell in the signal-detection matrix of response to-
tals, for all delays, as recommended by Hautus (1995).

Results
Figure 4 shows the mean log d measures of discrimin-

ability in the baseline conditions plotted as a function of
delay-interval duration. Measures for the three baseline
conditions were averaged, and the same function is plot-
ted in each of the three panels of Figure 4 in order to pro-
vide a comparison for the effects of omitting reinforcers
for correct responses at one of the delays. Because the im-
portantcomparisonswere betweenan individualreinforcer-
omission condition and baseline performance, the tactic
of generating a stable baselinemeant that order effects did
not contribute to the comparisons. The very small stan-
dard errors in Figure 4 indicate that the 5 birds were con-
sistent in their performance, which remained stable across
the 9 months of the experiment.The function for the base-
line conditionsshows the systematicnegativelyaccelerated
decrement in discriminabilitywith increasingdelay typical
of forgetting functionsgeneratedby the delayed matching-
to-sample procedure (White, Ruske, & Colombo, 1996).

Figure 4 shows the results of omitting reinforcers for
correct responses at the 0.1-, 2-, and 4-sec delays. Again,
the standard errors are small and indicate satisfactory
between-bird consistency. Significanteffects of delay, con-
dition, and the delay 3 condition interaction in repeated-
measures analyses of variance confirmed the effects that
are obvious in Figure 4. The F ratios for the delay 3 con-
dition interactions shown in Figure 4 for the 0.1-, 2-, and
4-sec delays were Fs(3,12) 5 18.79, 14.11, and 5.69, re-
spectively (all ps < .01). In all three conditions in which
reinforcers were omitted at a particular delay, discrim-
inability at that delay was substantially lower than at the
corresponding delay for the baseline condition. When
there were no reinforcers for correct choices at the 2- and
4-sec delays, discriminability levels at the earlier delays
were virtually identical to those for the baseline conditions.

The result of primary interest was that discriminabil-
ity at retention intervals later than the delay at which re-
inforcers were omitted returned to the same level as for
the baseline condition.This result is most marked for the
conditions in which reinforcers were omitted at 0.1- and
2-sec delays. In both cases, performance increased, so
that, at the 4-sec delay, it was at the same level as for the
4-sec delay in the baseline condition.

The result shown in Figure 4 demonstrates temporal
independencein the specific respect that, at the 4- and 16-
sec delays in the top two panels and at the 16-sec delay
in the bottom panel, discriminability in the conditions
with reinforcers omitted for correct responses at earlier
delays was the same as at the same delays for the base-

Figure 4. Mean discriminability (and standard errors) as a
function of delay for baseline conditions of delayed matching-to-
sample by pigeons (circles) and for conditions in which reinforcers
were omitted for correct choices at one of the delays (squares).



202 WHITE

line conditions. That is, discriminability at the later de-
lays was unaffected by whether performance was reduced
at the earlier delays by omitting reinforcers. The reason
for the reduction in discriminability, or discrimination
failure, at the delays where reinforcers were omitted is
immaterial to temporal independence. Most simply, the
absence of reinforcers at those delays resulted in near-
random choices. The important result is the higher dis-
criminabilityat longer delays. Because the delays at which
remembering was tested were mixed randomly within
sessions, a delay had an equal probability of terminating
at, for example, 2 or 4 sec. Whether the discriminationwas
successful at 2 sec or had failed at 2 sec, owing to rein-
forcer omission had no effect on the discriminationat 4 sec.

Implications for Theory
In the present experiment, discriminability was spe-

cific to a specific delay. It seems that the task of remem-
bering, at least for pigeons in a delayed-matching proce-
dure, involved quite separate discriminations at the
different retention intervals. Typically, the discrimina-
tions become more difficult as the delay progresses;
however, the present result suggests that this may not al-
ways be the case and that the discrimination at one time
is independentof that at another, notwithstandingthe pos-
sible constraint placed on performance by the level of
initial discriminabilityor by generalizationacross delays.

What are the implications of temporal independence
for theories of forgetting? The notion that performance
is directly determined by the strength of a memory trace
or the relative strengths of competing traces has been
popular in studies of animal memory (Grant, 1981; Rob-
erts, 1972) and has many variants in the human litera-
ture. Temporal independence is inconsistent with the no-
tion of trace decay, however, and joins other evidence
that less directly questions notions based on trace decay
(Edhouse & White, 1988). If low discriminability indi-
cates that a trace has lost strength by a certain time in the
retention interval, it is not plausible that it should gain
strength later in the interval. Maintenance-rehearsal the-
ory (Grant, 1981), drift theory (Roitblat, 1983), and the
temporal discrimination hypothesis (D’Amato, 1973)
also rely on temporally related processes and have diffi-
culty in accounting for the temporal independence result
(White & Cooney, 1996).

Temporal independence is more consistent with no-
tions related to retrieval or discriminationdifficulty (Tulv-
ing, 1983). Tulving and Pearlstone (1966) showed that
cued recall resulted in higher accuracy than did free re-
call, thus demonstrating, in their terms, that words may
have been available in memory but inaccessible. It might
therefore be argued that information about the prior sam-
ple in the present study may have been available at any
one time, but whether it was accessible depended on the
conditions for discriminationat the time of retrieval. The
distinctionbetween availabilityand accessibilityhas been
questionedby Watkins (1990), however, because there is
no procedure to ascertain unavailability. That is, it is not
possible to distinguishunavailabilityfrom inaccessibility.

Forgetting Functions as
Generalization Gradients

In treating remembering as a process of discrimination,
temporal distance is construed as a dimension of the sam-
ple or a feature of the stimulus complex (Fetterman, 1996;
White, 1991). Supporting evidence for this view is pro-
vided by several studies. Fettterman (1995) arranged a
delayed matching-to-sample procedure in which samples
were short and long durations. Following 0-sec delay
training, generalization tests included sample durations
that ranged over several values between the short and long
training durations and also several delays varying up to
18 sec. At each delay, the generalization gradients along
the duration dimension were ogival. The influence of de-
lay was shown by a general flattening of the gradients as
the delay lengthened. Thus, remembering was governed
by both sample duration and the temporal delay from the
sample to choice. The greatest discrimination occurred
for the original stimulus values used in training—that is,
the short and long durations and the 0-sec delay.

In a delayed matching-to-sample task with durations
as samples, Spetch (1987) trained 6 pigeons first with a
0-sec delay, then with a 10-sec delay, and, finally, with a
20-sec delay. Accuracy was tested at a range of delays fol-
lowing each retraining. Accuracy decreased with increas-
ing delays following training with the 0-sec delay but re-
mained constant across delays following training with
the 10- and 20-sec delays. When Spetch and Rusak (1992)
trained pigeons with long delays and then tested at a
range of delays, the resulting forgetting function resem-
bled a generalization gradient, whereby accuracy peaked
at the most familiar delay interval.

Recently, Sargisson and White (2001) trained pigeons
in delayed matching-to-sample tasks with delays of 0, 2,
4, or 6 sec from the outset of training. Following initial
training in which responses on any of three white keys
were immediately reinforced, the delayed-matching pro-
cedure was introduced with red and green sample stim-
uli and a fixed delay between sample and comparison
presentationsat the outset. For example, birds trained with
the 6-sec delay never experienced shorter delays between
sample and comparison during training. Forgetting func-
tions were obtained following training with fixed delays
in a single session in which half the trials included the
training delay and were reinforced and the remaining tri-
als were not reinforced and included probe delays vary-
ing from 0 to 10 sec.

Figure 5 shows that the longer the training delay, the
flatter the function, the higher the overall accuracy, and
the greater the tendency for the maximum accuracy to
occur at the value of the training delay. The tendency for
the maximum accuracy of the forgetting function to oc-
cur at the value of the training delay is reminiscent of the
result of testing for generalizationalong the physical stim-
ulus dimension of the training stimulus (Honig & Ur-
cuioli, 1981). Hence, the decrement in accuracy with in-
creasing delay in standard forgetting functions is at least
in part the result of training with 0-sec delay. That is, the
forgetting function is a generalization gradient along the
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temporal dimension of delay duration. In terms of tem-
poral independenceand the encoding/retrieval distinction,
the important aspect of the result reported by Sargisson
and White (2001) is that the forgetting function included
levels of discriminability, typically at the training delay,
that were higher than discriminability at 0-sec delay, and
in the absence of any prior training with a 0-sec delay.
That is, there was no evidence from the forgetting func-
tion or from prior training that performance at 0-sec de-
lay reflected a higher level of accuracy at encoding than
was seen at subsequent retrieval. In other words, a tenta-
tive but counterintuitive interpretation of the Sargisson
and White result is that performance at retrieval can be
superior to performance at encoding.

Constant-Rate Forgetting and
Direct Remembering

The notion that remembering is delay-specific dis-
criminative behavior was taken a step further by White

(1991), who proposed that remembering is direct, fol-
lowing Gibson’s (1979) claim that perception is direct. In
a theory of direct remembering, the remembered event is
not assumed to be stored as a cognitive representation.
Instead, it is likely that, at encoding, the individualsystem
is set for later action through a neural mechanism, such
as long-term potentiation, analogous to the way that re-
inforcers potentiatebehavior. That is, the individual sys-
tem is tuned to resonate to information available at the
time of retrieval through the individual’s prior learning
experience and its evolutionary background. The infor-
mation includes the retrieval context and signals pro-
vided by the context to initiate remembering, as well as
the temporally distant event. Accordingly, because the
conditions for retrieval are effective only at the time of
remembering, remembering is specific to the time at
which it occurs. Tulving (1997, p. 841) has recognized this
possibility:

if the engram is a kind of entity that manifests itself only
in activity, or retrieval, then we might conjecture that the
physical changes resulting from experiencedo not exist as
an engram in the absence of that activity. And we can also
imagine that the engram, qua engram, is not detectable in
its quiescent state, that is, in the absence of retrieval, with
any physical technique.

White (1991) argued that the perception–memory con-
tinuity assumed by a theory of direct remembering re-
quires temporal independence(also see Fetterman, 1996).
Forgetting over a certain interval depends on the dura-
tion of that interval, but it is arbitrary as to where that in-
terval begins. That is, the performance decrement from
a certain time is independent of the level of performance
at earlier times, as demonstrated above. The starting point
of a function is arbitrary because, in principle, it is not
possible to identify a point at which perception stops and
memory begins. This was recognized by Gibson (1979,
p. 253) in noting that “the stream of experience . . . is not
a ‘travelling razor’s edge’ dividing the past from the fu-
ture.” Identificationof a zero point on the forgetting func-
tion is a convention related to our laboratory procedures,
whereas everyday forgetting is part of the continuous
stream of behavior. For monotonically decreasing func-
tions, temporal independence is possible when the rate of
forgetting is constant, but not otherwise. Mathematically,
only the exponential has the constant-rate property that
allows this.

The unique constant-rate property of the exponential
function means that the decrement from a given time t1,
to a second time t2, depends only on the distance, t1 2 t2.
That is, the proportional decrement from y1 to y2 is
y2 / y1 5 exp[b(t2 2 t1)], where b is the slope constant.
When the retention interval is scaled as the square root
of time, and the exponential is even more successful in
f itting a wide range of data (Rubin & Wenzel, 1996;
White & Harper, 1996), the same conclusion applies.
That is, y2 / y1 5 exp[b(Öt2 2 Öt1)]. The important point
is that the decrement depends not on the value t1 of the
retention interval from which the decrement occurs but

Figure 5. Forgetting functions obtained from probe test ses-
sions in which delay varied, following training with a single delay.
Continuous functions are predictions from a composite of a tem-
poral distance componentand a generalization component. From
“Generalization of Delayed Matching-to-Sample Performance
Following Training at Different Delays,” by R. J. Sargisson and
K. G. White, 2001, Journal of the Experimental Analysis of Be-
havior, 75, p. 12. Copyright 2001 by the Society for Experimen-
tal Analysis of Behavior. Adapted with permission.
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on the distance (t1 2 t2 ), or on the distance (Öt1 2 Öt2 ).
Similarly, the decrement from t1 to t2 does not depend on
the extent of decrement from an earlier time to t1. With
other functions, the absolute values of the retention in-
terval determine the extent of decrement. As an obvious
example, the rate of decrement for the hyperbola is rapid
for short times soon after t1 5 0 and slow at long times.
Temporal independence, as demonstrated here, suggests
that the proportional decrement from 4 to 16 sec, for ex-
ample, depends on the interval of time from 4 to 16 sec,
but not on the decrement that has occurred at times before
4 sec. Temporal independence is thus consistent with the
constant-rate-of-forgetting property of the exponential.

As noted above, it is difficult practically to discriminate
between logarithmic, power, exponential in Ö t, and hy-
perbolic in Öt functions in terms of the variance they ac-
count for in the data (Rubin & Wenzel, 1996). That is, it
is possible for the data to be equally well fit by several
functionsand, at the same time, for temporal independence
to be established experimentally. The demonstration of
temporal independence provides a way of deciding be-
tween the functions.Because temporal independence im-
plies constant-rate forgetting, it provides experimentally
based support for the exponential in t or Öt as the preferred
description for forgetting functions. These are the only
functions associated with a constant rate of forgetting.

Consequences of Remembering
In an evolutionary approach to human memory, J. R.

Anderson and Milson (1989) and J. R. Anderson and
Schooler (1991) have argued that we are more likely to
remember an item the more frequently it occurs. That is,
remembering is adapted to relationships in the environ-
ment and the likelihood that it is needed. For example,
R. B. Anderson, Tweney, Rivardo, and Duncan (1997)
showed that the rate of decrement in recall of digits was
a function of the probability that recall would be required
at a given retention interval.

In the same way that signal presentationprobability in
signal detection procedures is linked to payoff probabil-
ity (Alsop, 1998), need probabilityof remembered events
is linked to payoff. Accordingly, remembering is sensi-
tive to its differential consequences or payoffs (White &
Cooney, 1996). Furthermore, the effects of differential
payoffs in biasing delayed-matching choice between re-
sponse alternatives interact with temporal distance of the
sample in such a way that stronger biasing effects occur
at longer delays (Jones & White, 1992).

White and Wixted (1999) proposed a model that pre-
dicts the interaction.On a trial-by-trial basis in the model,
the individual choice between response alternatives is
governed by the matching law. The choice is conditional
on the value of the effective stimulus at the time the
choice is made. The value of the effective stimulus varies
along a “psychological dimension” and is associated
with a prior history of payoffs or reinforcers for choices
between response alternativesgiven the effective-stimulus
value. To be consistent with direct remembering, the psy-
chological dimension is a transformation of the physical

stimuli. As Luce (1994) has noted, however, the dimension
may be interpreted in a variety of ways without affecting
the main assumptionsabout the discriminal processes. The
model predicts the relation between effective-stimulus
value and reinforcer ratio by assuming that the sample
stimuli have an effect that varies from trial to trial accord-
ing to Thurstone’s (1927) discriminal processes. It also
assumes that the variance or discriminal dispersion of
the processes increases with increasing retention-interval
duration, perhaps according to a time-related process of
diffusion (Shepard, 1958, 1988). White and Wixted did
not, however, make any assumptions about the relation
between standard deviation of the discriminal processes
and time. If standard deviation,s, is assumed to increase
according to s 5 w Öt + 1, as predicted by a diffusion
process (Berg, 1993), the forgetting function predicted
by White and Wixted’s model is very close to a negative
exponential to Öt, which fits the available data very well.

Exponential Forgetting
The treatment of remembering in the same terms as

discrimination suggests that remembering is amenable
to psychophysical analysis, in that the temporal distance
of events can be scaled in terms of a mathematical func-
tion (Fetterman, 1996; White, 1985, 1991; Wixted & Eb-
besen, 1991). If the functions have defined intercept and
slope parameters, they can encompass the two character-
istics of forgetting functions—initial discriminabilityand
rate of forgetting. These characteristics are differentially
affected by a range of experimental variables. The func-
tions can be any that fit the data well (Rubin & Wenzel,
1996). However, the exponential is the only function that
is consistent with temporal independence and constant-
rate forgetting that follows from the assumption made by
direct remembering that perception and memory are
continuous.

The simple negative exponential is a very constrained
function and does not cope well with data that appear to
follow Jost’s law. Although such data could result from
procedural or measurement artifacts, as suggested above,
they indicate the need for a search for alternative func-
tions, such as the exponential to Öt, which is one of the
leading contenders in Rubin and Wenzel’s (1996) hit pa-
rade of best-fitting functions. The treatment of remem-
bering in the same terms as discrimination suggests yet
another alternative. Shepard (1958, 1987) showed that
the reduction in discrimination, d, with increasing psy-
chological distance, D, between the stimulus values of a
wide range of perceptual continua follows an exponential
function. This exponential law of generalization is d 5
exp(2kD), where k is the rate constant, and is based on
the assumption that “the psychophysical function that
maps physical parameter space into a species’ psycho-
logical space has been shaped over evolutionaryhistory”
(Shepard, 1987, p. 1319). If the retention interval is treated
as a dimension of the sample or an aspect of the stimu-
lus context that occasions later remembering, Shepard’s
exponential law of generalization describes how perfor-
mance generalizes from the value of original training or
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encoding (typically a 0-sec delay) to other nonzero de-
lays (with temporal distance substituted for psychological
distance). Generalization is therefore a component of the
forgetting function. The other component follows from
the direct-remembering assumption that the effect of the
sample diminishes at a constant (exponential) rate with
increasing temporal distance of the sample from the time
of remembering. The empirical forgetting function ex-
presses discriminability, log d or d ¢, as the average of the
two components. That is,

log d 5 0.5[a.exp (2b.t) + c.exp(2k. | t 2 T |)],
where a and b are the intercept and slope parameters of the
temporal distance component, c and k are the intercept and
rate of decrement parameters of the generalization com-
ponent, and T is the training delay from which generaliza-
tion occurs. Figure 5 shows the composite equation fitted
to data from the study by Sargisson and White (2001) in
which the training delay in a delayed matching-to-sample
procedure was f ixed at different values for different
groups of birds. Coincidentally, this composite of tempo-
ral distance and generalization components has the same
form as the double exponential suggested by Wickelgren
(1969). It can be shown to fit a wide range of data (Rubin,
Hinton, & Wenzel, 1999). It fits very closely data that fol-
low the exponential to Öt and fits perfectly data that follow
simple exponential functions when T 5 0. The composite
function retains the characteristics of independent varia-
tion in intercept and slope. The intercept of the resulting
forgetting function is influenced by the intercept of the
temporal distance component. It is also influenced by gen-
eralization from t 5 0 of performance to delays associated
with training. The slope of the resulting forgetting func-
tion is determined both by factors influencing the general-
izationof performance across delaysand by such factors as
retroactive interference and local proactive interference
that influence the effect of the temporallydistant sample at
the time of retrieval (Edhouse & White, 1988).

Conclusion
In summary, the present approach treats remembering

as a process of discrimination and treats the temporal
distance of remembered events in the same terms as
other physical dimensions. Forgetting functions typically,
but not always, involve a monotonic decrement in per-
formance with increasing temporal distance. They are
described equally well by several mathematical functions,
including power functions that seem consistent with a
psychophysical power law and exponential functions
with time scaled as Ö t. The issue of how the dimension
of temporal distance should be scaled cannot easily be
solved by curve fitting but requires a theoretical approach.
A formal theory of remembering has yet to be developed
that directly predicts the mathematical form of the for-
getting function. In the meantime, two lines of converg-
ing evidence support the exponential to Ö t as the pre-
ferred descriptive function. First, by assuming diffusion
in White and Wixted’s (1999) model, it is appropriate to

scale the time dimension as Öt. Second, the empirical evi-
dence for temporal independence suggests that the effect
of temporal distance be scaled in terms of an exponen-
tial function. When a generalization component is added
to the temporal distance component, the resulting double
exponential functions decrease in slope at longer delays
and overlap the exponential to Ö t. The proposal that for-
getting functions are a composite of two effects—expo-
nential generalization according to Shepard’s law and an
exponential decrement owing to temporal distance—has
promise in its ability to account for the main character-
istics of forgetting functions. Research that attempts to
identify the separate influence of the two components
will facilitate the link between the study of remembering
and psychophysical approaches.
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