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MAX V. MATHEWS, DAVID E. MEYER,
AND SAUL STERNBERG

A new way to study human memory, pioneered at Bell Labs,
is yielding insights about basic mental processes by
measuring how much time people take to retrieve
information stored in the brain.

N ALL HUMAN COMMUNICATION, information is trans-

ferred from one person’s memory to another. Regard-
less of how a message is sent, it must eventually arrive
in a form that can be coded, preserved, and retrieved by
the brain. As more ways are developed for transmitting
information, the choice among alternative possibilities
will depend increasingly on an understanding of men-
tal processes. It is therefore not surprising that during
the past two decades, Bell Laboratories has been build-
ing a body of knowledge and a strong tradition of basic
psychological research on human memory.

Experimental psychologists have investigated two
different types of human memory, one like the tempor-
ary “seratch-pad” buffers of digital computers, and the
other like their more permanent ‘“bulk-storage” devices.
Human short-term memory can hold between five and
ten pieces of information. Unless a person repeats it to
himself, the information is typically forgotten in less
than a minute. This temporary storage system is used,
for example, when we look up and dial a new telephone
number or when we recall what someone said a moment
ago. It probably serves also as a small-capacity ‘“work-
ing memory,” playing a critical role in reasoning and
comprehension.

In contrast, the capacity of long-term memory is
tremendous. It normally contains records of enormous
numbers of facts and experiences. Employing this es-
sentially permanent storage system, a person can pre-
serve information for many years without making any
conscious effort to retain it. Long-term memory is used,
for example, when we recall our own telephone num-
ber, recognize the meanings of words, or remember
someone’s face.

A technique pioneered at Bell Labs provides a new
way to study both short-term and long-term memory.

Seated in a test booth, volunteer Terry Leuin of the Human
Information-Processing Research department prepares to take part
in a memory experiment. His fingers rest on keys used for making
affirmative and negative reactions to the test items. In a typical
experiment, he will press one of these keys as fast as he can, to indicate
whether or not a row of letters on the screen spells a word. Coauthors
David Meyer and Saul Sternberg check some of the equipment.



Most research on memory has been based on
the number and pattern of errors people make
when attempting to remember under condi-
tions that produce frequent failures (see “Ap-
proaches to Human Memory from Classical
Times to the Computer Era,” below). Our
new technique allows memory processes to be
studied under conditions where people per-
form rapidly and make almost no errors. In-
stead of measuring errors, we measure how
long a person takes to remember selected kinds
and amounts of information correctly. This
article attempts to convey the flavor of the
reaction-time method by describing the main
features of a few representative experiments.

One general aspect of our findings is that

APPROACHES TO HUMAN MEMORY
FROM CLASSICAL TIMES TO THE COMPUTER ERA

Over the centuries, various methods have been used to
explore both short-term and long-term memory. Aristotle
and later philosophers were interested in memory, but their
conclusions depended mainly on introspection, the con-
scious experience of their own mental activities. In study-
ing the mind, just as in the physical sciences, the “arm-
chair’” approach may lead to incorrect conclusions.

Modern neurophysiologists have performed memory ex-
periments that are more rigorous. For example, by electric-
ally stimulating different points on the surface of a per-
son’s brain, Walter Penfield was able to arouse vivid re-
collections of forgotten events. After destroying certain
parts of rats’ brains and observing the effects on learned
behavior, however, Karl Lashley concluded that a piece of
information is stored in a large number of widely scattered
nerve cells, rather than at a single place in the brain. A
controversy still exists over the extent to which the func-
tions of the human brain are spatially localized. For ex-
ample, recent studies of accidental brain injury have
shown that short-term and long-term memory may be in-
dependently impaired, depending on which area of the
brain is damaged. This finding provides neurophysiological
support for the functional differences between the two
types of memory found by experimental psychologists.

Yet the physiological approach has often been frustrat-
ing and inconclusive because the nervous system is ex-
tremely complex. Even if physiologists eventually under-
stand how individual brain cells store new information, this
knowledge may reveal very little about how human memory
works, just as detailed knowledge about a magnetic core
helps little in understanding a large computer system.

Psychologists have therefore developed other tech-
niques for studying memory processes. One psychological
approach is to analyze the errors that people make when

what actually happens in a person’s mind
when he remembers something may be very
different from what he thinks is happening.
Not only are people unaware of some of their
mental activities, but they may actually be
mistaken about others. This means that to
determine the brain’s capabilities and limita-
tions we cannot rely on impressions and
hunches; to find out what is really happening
we need precise measurements made under
controlled conditions.

Retrieval from Short-Term Memory

For example, in one of our first experiments
on short-term memory, performed several
years ago, we asked people to memorize a

they try to recall or recognize various kinds and amounts
of information. This error method was developed around
the turn of the century by Hermann Ebbinghaus to study
how people learn lists of nonsense syllables like ZUP or
RIL. He measured how properties of the lists and learning
procedures influenced the frequency of errors during later
recall. His method of studying memory—by examining how
and when it fails—dominated behavioral research on mem-
ory for over 50 years. Yet, like the physiological approach,
it has not been entirely satisfactory. One problem is that
memory failures may occur during various mental opera-
tions, including storage, retention, and retrieval of infor-
mation. It is often difficult to disentangle these different
sources of error. Moreover, the error method does not nec-
essarily reveal how human memory functions under normal
circumstances, when memory failures are relatively rare.

In the past two decades, however, there has been a revo-
lution in the entire field of psychological research on men-
tal processes, partly inspired by such technological ad-
vances as electronic signal detection, the theory of infor-
mation developed by Claude Shannon at Bell Laboratories,
and computer science. Information theory has led psy-
chologists to explore more precisely the way that informa-
tion is mentally coded, classified, and translated into vari-
ous forms. Signal-detection devices have stimulated us to
regard retrieval from memory as involving statistical deci-
sions based on noisy signals. Computer science has raised
questions about serial versus parallel processes in the
brain, fostered ideas about simple search mechanisms, and
encouraged a quest for basic mental operations. Memory
research at Bell Laboratories has been a part of this revo-
lution, using the reaction-time method to focus on the
speed of mental processes under conditions in which they
function with high accuracy.



EXPERIMENT 1:
SEARCHING SHORT-TERM MEMORY

PURPOSE: To discover how people retrieve information
that they recently memorized.

STIMULI: (1) A memory list of one to six different digits,
selected randomly from the ten digits, and displayed visual-
ly one after another in a random order. (2) A test digit either
contained in the list or not.

PROCEDURE: After a person had memorized a list of digits,
a test digit was displayed visually. The person made an
affirmative reaction as quickly as possible (by pressing a
particular key) if the test digit was in the memorized list,
or a negative reaction (with a different key) if the digit was
not in the list. Reaction time was measured from the ap-
pearance of the test digit until a key was pressed. This
procedure was repeated on several hundred trials with
different memorized lists and test digits. A total of eight
people participated. Affirmative and negative reactions
were required equally often, regardless of the list length.
Electronic apparatus gave precise control over the pre-
sentation of stimuli and the timing of reactions. Incorrect
reactions were held under two percent by paying partici-
pants so as to penalize errors heavily while rewarding speed.
Two sample trials:

Memorized list—2, 9,6, 1, 7
Test digit—9
Correct reaction—affirmative

Memorized list—S8, 2, 4
Test digit—>5
Correct reaction—negative
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RESULTS: Reaction time increased by approximately the
same amount for each digit added to the memorized list
(see the diagram above). The amount of this increase (or
slope of the line in the diagram) was about 40 milliseconds
for each additional digit. The amount of increase was the
same for affirmative and negative reactions.

small list of digits (say, 2, 5, 4, 8, 3) and then
decide quickly whether a particular test digit
(say, 8) was in the list. Some said that they
made their decision immediately, without
going through any special mental activity.
Others reported that when the list was pre-
sented they started to repeat the digits silent-
ly; when shown the test digit they continued
running through the memorized list and re-
acted affirmatively as soon as they encountered
a number that matched the test digit.

When we examined the reaction times from
our experiment, however, we found that nei-
ther of these introspections about the mental
decision process is correct. (For more details
about the procedure and results, see “Experi-
ment 1: Searching Short-Term Memory,”
above.) The decision clearly takes a signif-
icant amount of time, and the more digits
there are in the memorized list, the longer it
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takes—about 40 milliseconds more for each
additional digit.

At first sight, this steady increase in reac-
tion time seems to agree with the introspec-
tive report that a person checks each digit in
the memorized list, one after the other, to see
if it matches the test digit. But there are two
remarkable differences between the actual
search process and what people think they are
doing. First, the search rate is at least three
times as fast as a person can silently repeat
digits. If you try to count silently from 1 to 10,
you will come nowhere near the rate of 25 to
30 digits per second indicated by the reaction-
time data. Second, it appears that the search
through the memorized list does not stop as
soon as it reaches a digit that matches the
test digit—that is, the search is not self-ter-
minating. Instead, it is apparently exhaustive:
it continues through the entire list even if the
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To determine why the memory search in Experiment 1 always
continued through the entire list, people again memorized
short lists of digits. But this time they did not simply decide
whether each test digit was present or absent in the memorized
list. Instead they had to say what digit immediately followed
the test digit in the list. For example, if the list was 5,8, 7, 1,
and the test digit was 8, the correct reaction was the spoken
word “seven.” With this more demanding task, which required
a person to ascertain where in the list a test digit was located,
reaction time was longer and the search rate was considerably
slower, as shown by the increased slope in the diagram (black
line, as compared to colored line from Experiment 1; note

that the vertical scale has been compressed relative to the
scale of the graph on page 151). Other analyses of the reaction
times indicated that the search process stopped when a
person found the test digit, so that the search was self-
terminating, rather than exhaustive. The data, from six
participants, support the idea that a self-terminating search
may actually be less efficient than an exhaustive search,
because exhaustiveness can permit a higher search rate. They
also show that information about the presence or absence of
items in a memorized list can be retrieved much more rapidly
than information about their arrangement.

test digit has already been found.

The reasoning behind this second conclusion
is straightforward. When the test digit is not
in the list, the search must run through the
whole list before a negative decision can be
reached. If the search stopped on affirmative
trials as soon as the test digit was found, then
adding another digit to the list would increase
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the average reaction-time for affirmatives by
only half as much as for negatives. However,
our data show that adding another digit to
the list increases the times for affirmative and
negative reactions by approximately the same
amount. Thus, the search must be the same
for affirmative decisions as for negative ones.

Many people are surprised that the mental
search process always runs through the entire
memorized list. Why continue searching even
after a matching digit has been discovered? A
possible answer is that a search through the
entire list may actually go at a faster rate
than a search that has to stop part way
through, so that on the average an exhaustive
search might be more efficient. Indeed, when
we used a different experimental task that
made it important to stop searching as soon
as the test digit was found, the search became
much slower (see diagram at left).

Evidence for a high-speed exhaustive search
of short-term memory has also been obtained
when other kinds of items, such as words and
pictures, were memorized and searched in-
stead of digits. And we have observed vir-
tually identical results even when people work
extensively enough with a particular list to
store it in long-term memory. Thus, the search
process does not seem to depend on special
properties of digits, and it involves short-term
memory whether or not the information is
stored in long-term memory as well.

While the experiments described so far tell
us primarily about short-term memory, re-
action-time measurements from different
experiments have permitted us to study long-
term memory also. In this area we have con-
centrated particularly on how common words
are organized in memory, and how informa-
tion about words is retrieved during such
activities as reading and listening.

Word Storage Arranged by Meaning

One set of findings indicates that words are
arranged systematically rather than hap-
hazardly in long-term memory. However, it
appears that they are not arranged simply by
spelling, as in an ordinary dictionary. Part of
the evidence for a different systematic ar-
rangement comes from measuring how quickly
people can decide whether a row of letters,
such as DOCTOR or PABLE, forms an English
word (see “Experiment 2: Searching Long-
Term Memory,” page 153). Despite the large
number of words stored in long-term memory,
such decisions can be made in less than a

Bell Laboratories Record



EXPERIMENT 2:
SEARCHING LONG-TERM MEMORY

PURPOSE: To discover how common words are organized
and retrieved in memory.

STIMULI: English words, such as NURSE, BREAD, and
DOCTOR, and nonwords, such as SMUKE, PABLE, and
REAB, made from words by changing a few letters.
PROCEDURE: A person was presented with three rows of
letters, one after the other, with words and nonwords inter-
mixed randomly. The person had to decide whether each
row was a word or nonword, indicating affirmative and
negative decisions by pressing different keys. Reaction
time was measured separately for each row, and the pro-
cedure was repeated with hundreds of different words and
nonwords. Twenty people participated in the experiment,
which was controlled by a digital computer.

SAMPLE TEST

EVENT SCREEN DISPLAY PERSON'S ACTION

Warning
signal

Gives the screen his
full attention.

First row of
letters

Presses right-hand
key for affirmative
reaction.

Second row of
letters

Presses left-hand
key for negative
reaction.

Third row of
letters

Presses right-hand
key for affirmative
reaction.

Feedback Notes accuracy of
CORRECT the three reactions
and how long they

took overall.
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RESULTS: The relevant findings (as plotted in the diagram
above) come from those trials on which all three rows of
letters were words rather than nonwords. Such trials in-
cluded the following sequences: (1) ‘“adjacent related”
words, like SMOKE, NURSE, DOCTOR, in which the second
and third words had related meanings; (2) ‘‘separated re-
lated” words, like NURSE, SMOKE, DOCTOR, in which the
first and third words had related meanings; and (3) “unre-
lated” words, like BREAD, SMOKE, DOCTOR, in which the
words all had unrelated meanings. People recognized the
third word of a sequence more rapidly if it was related in
meaning to one of the preceding words than if the words
were unrelated. This happened whether the related words
were adjacent or separated in the sequence, although the
effect was larger for adjacent related words.
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second. But more important for our present
purpose, we found that a person can decide
that a row of letters like DOCTOR is a word con-
siderably faster when it follows a related word
like NURSE than when it follows an unrelated
word like BREAD. Furthermore, the increase in
speed is greatest when the word follows a
related word immediately, instead of after a
delay; the reaction time is then shorter by as
much as 50 to 100 milliseconds. This is a large
percentage increase in the decision speed,
since the total reaction time is usually less
than a second and people use much of that
time merely to see the letters and to make the
physical movement indicating their decision.

Our findings support the idea that long-term
memory is arranged like a thesaurus: Words
with related meanings seem to be stored
“near” each other in the brain (where “near-
ness” may correspond to either physical prox-
imity or richness of nerve connections). The
thesaurus arrangement allows a mental search
to be completed more quickly for a stored
word that is related in meaning to a previ-
ously seen word.

We believe that relatedness of meaning in-
fluences the speed with which people deal with
words in a wide variety of situations. For ex-
ample, in other experiments we found that a
person can pronounce a printed word faster
when it is related in meaning to an immediate-
ly preceding word than when it is unrelated.
The increase in pronunciation speed was ex-
actly the same as the speed increase in decid-
ing whether a row of letters is a word. This
further supports our conclusion that words in
long-term memory are arranged by meaning,
and it also suggests that the same search
process underlies different kinds of activities
involving words.

Retrieving Words from Long-Term Memory

Exactly how could a thesaurus arrangement
speed the memory search? It first occurred to
us that a search of long-term memory might
be like a computer’s search for information
on a magnetic tape. The computer searches
sequentially, moving from one storage loca-
tion to the next. The search can stop as soon
as the desired location is reached, but each
new search begins where the preceding search
ended. Thus, the time to search both of two
locations increases with the distance between
them. If long-term memory worked like this,
then recognizing a word would take less time
when it was related in meaning to an imme-
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diately preceding word than when it was un-
related, because the search would have to cover
a smaller distance.

But we found that the magnetic tape anal-
ogy does not fit with some other aspects of
our data. For example, we sometimes presen-
ted people with a sequence of three words like
NURSE-SMOKE-DOCTOR, in which two related
words were separated by an intervening un-
related word. Despite the separation, people
still recognized the third word more quickly
than when the first word was unrelated to it,
as in a sequence like BREAD-SMOKE-DOCTOR
(see the diagram, p. 153) . This would not have
happened if long-term memory worked like a
magnetic tape. In searching a tape, the time
to find information at one location depends
only on where the immediately preceding
search stopped, and not on any other previous
stopping points.

There is another plausible explanation,
however, that is consistent with all the find-
ings we have described: Retrieving a word
from long-term memory temporarily increases
neural activity at the locations of other “near-
by” related words in the memory structure.
This “‘spreading activation” reduces the
amount of additional activity needed to recog-
nize a related word, and therefore speeds the
reaction, if the word is presented soon enough.
While our experiments imply that the activa-
tion decays over time, they show that it per-
sists for at least a few seconds and outlasts the
decision about an intervening unrelated word.

Thus, unlike short-term memory, long-term
memory seems to involve mechanisms quite
different in character from those of digital
computers. Of course it is not too surprising
that the two memories function in essentially
different ways. Even the search rate of 30
items per second that we observed for short-
term memory is much too slow for finding a
particular word among the thousands a per-
son has learned. Reading, writing, or speaking
a single sentence would take several minutes!
So either there is some useful way to limit the
number of words that are searched in long-
term memory, or the search rate in long-term
memory is much faster, or many words are
searched at the same time. Of these alterna-
tives, the findings about memory organization
described above support the first possibility,
and we are currently designing experiments
to explore the second and third as well.

Indeed, another striking difference between
searching short-term and long-term memory
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has already emerged from experiments in
which we reduced the clarity of the test stim-
uli. In a study with lists of digits held in short-
term memory (similar to Experiment 1, page
151) we compared reaction times for test
digits of normal clarity with times for digits
that were “degraded” by a superimposed pat-
tern (see the diagram, at right). As before,
we estimated the search rate from the in-
crease produced in the reaction time by add-
ing another digit to the list. We found that the
rate of the memory search—about 30 digits
per second—was just as high for degraded
test digits as for normal ones. At the same
time, however, the reactions to degraded digits
were about 60 milliseconds slower.

What Is The Memory “Code”?

The constancy of the search rate indicates
that the degradation we used did not influence
the search process itself. However, the general
increase in reaction time resulting from deg-
radation shows that there must be some other
mental process that is influenced by the clarity
of the stimulus. We believe that this additional
process precedes the memory search, and
serves to create a mental “code” for the test
digit; it is this code that is then checked
against information in short-term memory
during the subsequent search.

There are two different types of code that
might be involved. One possibility is that the
initial coding process extracts just those vis-
ual features of the stimulus that are necessary
for uniquely distinguishing the test digit from
others. Another possibility is that the coding
process converts the visual image of the stim-
ulus into the sound of the test digit’s spoken
name. In either case, the code used by the
memory search would be the same for normal
and degraded test digits. The memory search
itself would not be influenced by the clarity
of the test digit, but degradation might in-
crease the time taken by the prior coding
process, thereby slowing the reaction, just as
we observed. Our conclusion, then, is that by
the time the search process in short-term
memory begins, the brain has processed the
stimulus to produce a highly refined or trans-
formed representation of the test digit—pos-
sibly its name. This conclusion fits with a
widely accepted idea, first suggested by
George Sperling of Bell Labs, that short-term
memory stores letters and numbers by their
sounds, even when they are presented visually.

In contrast, there is evidence that the
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To determine what kind of “code” for the stimulus is used in
searching short-term memory, a study similar to Experiment 1
(p.151) was performed. Twelve people memorized short lists of
digits and then decided whether or not particular test digits
were in the lists. Some of the test digits were of normal clarity,
while others were “degraded” by superimposition of a checker-
board pattern (see examples in diagram). The rate of memory
search for the two kinds of test digits was measured by the
slopes of the two lines in the diagram. Reducing the clarity of
the test digits increased the overall reaction time by about 60
milliseconds, without markedly increasing the number of
errors. But the lines are almost parallel, indicating that the
two search rates were essentially the same. The data thus
suggest that before the memory search starts, another mental
process transforms the visual image of the stimulus into a
“code” that is the same for normal and degraded test digits.

search of long-term memory may not have to
wait for a coding process that significantly
transforms the stimulus. Instead, the search
may use a direct “visual copy” of the stimulus.
Some of the support for this conclusion comes
from a study (similar to Experiment 2, page
153) in which we reduced the clarity of printed
words. We found that the reaction time to rec-
ognize a printed word increased by over 100
milliseconds when it was “degraded’ instead
of “normal.” But the amount by which degra-
dation slowed the reaction depended on whe-
ther the word was related in meaning to the
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To determine what kind of “code’” for the stimulus is used in
searching long-term memory, a study similar to Experiment 2
(page 153) was performed. Sixteen people had to decide
whether rows of letters were words or nonwords. When the
stimuli were degraded (see examples in diagram), the time to
make the decision increased. However, the amount of increase
was substantially less for words related in meaning to the
immediately preceding word. Unlike the search for a digit in
short-term memory, the search for a word in long-term
memory therefore appears to use a direct visual “copy’ of the

stimulus rather than requiring an initial mental coding process.

preceding word: The amount of slowing was
less for related words (see diagram, above).
If degradation in this situation had influenced
only an initial mental coding process, then
the amount by which the reaction was slowed
would have been the same for related and un-
related words. Our findings therefore suggest
that degrading a stimulus slows the rate at
which long-term memory is searched. One
simple explanation is that the search process
starts as soon as a person has the visual image
of the stimulus available, rather than requir-
ing a higher-level code such as its spoken
name, as in short-term memory.

Relevance of Reaction-Time Experiments

Like the results of other basic research,
findings about short-term and long-term mem-
ory can potentially be used in many ways.
Results from memory research may suggest
ways to improve communication by increasing

156

a person’s rate of processing information,
or by reducing errors. For example, the fact
that information in short-term memory may
be stored or retrieved in an acoustic form sug-
gests that the jobs of telephone operators and
craftspeople should be designed to minimize
listening and talking when information is be-
ing held in short-term memory, since these ac-
tivities interfere more with the memory than
looking and writing do. For the same reason,
the symbols in alphanumeric sequences should
be selected to minimize similarities among
their sounds.

Another implication of our experiments is
that sequences of numbers or letters in short-
term memory can be processed faster and
more accurately if the order of the symbols is
unimportant. When this is not so, as with
phone numbers, the seriousness of errors can
still be reduced. For example, frequently called
telephones can be assigned numbers that do
not turn into other working numbers when
adjacent digits are interchanged.

On the other hand, studies of long-term
memory indicate that people see and hear
verbal messages more quickly and accurately
if words are ordered a certain way: Words
with related meanings should be grouped as
close to each other as possible, especially in
the presence of visual or acoustic distortion.

Moreover, our recent discoveries about
human memory have begun to influence re-
search far removed from the topics originally
investigated. Scientists outside Bell Labs are
using some of the experimental procedures
and theories described here to study child de-
velopment and aging, the effects of accelera-
tion in space and of hallucinogenic drugs, and
the nature of aphasia, schizophrenia, and
mental retardation. Reaction-time methods
are being employed to attack a growing vari-
ety of other questions about mental processes,
both fundamental and applied. During the
past decade, the percentage of psychological
studies involving reaction-time measurements
has nearly tripled.

At times in the past it has seemed impos-
sible for scientists to unravel the mysteries of
the mind, since mental processes are complex
and the brain’s significant activities are dif-
ficult to observe directly. But despite these
obstacles, a program of carefully conceived
psychological experiments can add substan-
tially to our knowledge of human memory—
one of the most important components of any
communications system. O
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