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Working memory in your experiences
Someone let you know his/her phone number here…
010-1234-5678

What is the Working Memory?
The part of short-term memory that is concerned with
immediate conscious perceptual and linguistic processing.

Cognitive control is the manipulation and application of working
memory for planning, task switching, attention, stimulus selection,
and the inhibition of inappropriate reflexive behaviors.

So, it’s placed in the center of Cognitive Neuroscience…

The Atkinson–
Shiffrin model of memory
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Sensory memory, STM & LTM in This model

Sensory memory: information automatically and rapidly decays
Short-term memory (STM): information can be maintained as long as
it is rehearsed or consciously attended to
(in this model. Someone disagree with this concept.)
Long-term memory (LTM): memories can be retained for long periods,
possibly perma- nently, without requiring ongoing maintenance or
conscious attention.

Sensory memory
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Transient Memories
Transient memories are short-lasting mental representations, sometimes
persisting for only a few seconds. The Atkinson–Shiffrin model describes two
types of transient memory—sensory memory and short-term memory—and
sees them as corresponding to the first two stages through which information
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mind so that they are accessible for further processing. Take a quick look at the
table of letters in Figure 9.2; just glance at it for a second, no more. Now, without
looking back at the figure, try to remember as many of the letters as you can. You
probably only recalled four or five letters, or about 30 to 40% of the total array.
Based on this exercise, you might imagine that four or five items are the limit
of your visual sensory memory, the temporary storage in sensory memory for
information perceived by your visual system. Perhaps, however, you felt as if
your eyes saw more than four or five letters, but you just couldn’t recall more of
them. In a seminal 1960 paper, George Sperling conducted a study confirming
that you probably did, very briefly, register more than just the few items you
were able to recall. Sperling presented people with a 3-by-4 visual array much

X

E

G

K

P

L

R

D

Figure 9.2 The Sperling task These
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three rows of four letters each are similar to
the array George Sperling used in his studies
of visual sensory memory (Sperling, 1960).
How many of the letters did you remember
after glancing at them for a second?

How many letters can you remember?
That’s the sensory memory.
Sensory memories are brief, transient sensations of what you
have just perceived when you have seen, heard, touched,
smelled, or tasted something.
You felt as if your eyes saw more than four or five letters,
but you just couldn’t recall more of them (4~5 letters).
The temporary storage in sensory memory for
information perceived by your visual system

mind so that they are accessible for further processing. Take a quick look at the
table of letters in Figure 9.2; just glance at it for a second, no more. Now, without
looking back at the figure, try to remember as many of the letters as you can. You
probably only recalled four or five letters, or about 30 to 40% of the total array.
Based on this exercise, you might imagine that four or five items are the limit
of your visual sensory memory, the temporary storage in sensory memory for
information perceived by your visual system. Perhaps, however, you felt as if
your eyes saw more than four or five letters, but you just couldn’t recall more of
them. In a seminal 1960 paper, George Sperling conducted a study confirming
that you probably did, very briefly, register more than just the few items you
were able to recall. Sperling presented people with a 3-by-4 visual array much
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mind so that they are accessible for further processing. Take a quick look at the
table of letters in Figure 9.2; just glance at it for a second, no more. Now, without
looking back at the figure, try to remember as many of the letters as you can. You
probably only recalled four or five letters, or about 30 to 40% of the total array.
Based on this exercise, you might imagine that four or five items are the limit
of your visual sensory memory, the temporary storage in sensory memory for
information perceived by your visual system. Perhaps, however, you felt as if
your eyes saw more than four or five letters, but you just couldn’t recall more of
them. In a seminal 1960 paper, George Sperling conducted a study confirming
that you probably did, very briefly, register more than just the few items you
were able to recall. Sperling presented people with a 3-by-4 visual array much
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On interpretation:
People have a visual memory
that persists for a very short
time—less than a second—but
includes all the items recently
seen.
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Short-term memory

That’s actually about Working memory…
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Transient Memories
Transient memories are short-lasting mental representations, sometimes
persisting for only a few seconds. The Atkinson–Shiffrin model describes two
types of transient memory—sensory memory and short-term memory—and
sees them as corresponding to the first two stages through which information
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Phone number again…
Someone let you know his/her phone number here…
010-1234-5678

Rehearsal

1. Sensory Memory?
2. Short-term
Memory? (or
Working Memory)

and of potentially unlimited capacity (James, 1890). Short-term memory was, in
James’s view, the essence of our active conscious awareness. As summarized in
Table 9.1, short-term memory and long-term memory can be distinguished
in several ways.
Your ability to hold on to this information in short-term memory is limited
in several ways. First, as James noted, your memory is limited in capacity; a
10-digit phone number is a lot of information to keep in mind, even more so
if you also
have to remember
4-digitand
extension.
In Chapter
1 you read about
Concept
of aSTM
LTM
in Psychology

Think about motor memory…

Table 9.1
Behavioral distinctions between short-term memory (STM)
and long-term memory (LTM)
STM

LTM

Active contents of consciousness

Not currently in consciousness

Access is rapid

Access is slower

Capacity is limited

Capacity is unlimited

Forgotten quickly

Forgotten more slowly

Very static…just in some
storage.
But it’s not static!
This could directly
regulates your body
movement
(Habit or Automatic
behavior)
I do not think so.

This STM is only as Working memory

27/11/12 12:57 PM

Magic number “7”
George Miller (1950’)

There are a range of short-term memory capacities centered
on 5 items but ranging from about 5 to 9 in most people

But…There are factors to STM

Factors to STM

1.Attention
2.How you encode the information. (using LTM or rule)
3.Chunking
e.g. 198819102016
1004712482
24864814

e.g. Phone number
031-123-1234

Working memory
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Transient Memories
Transient memories are short-lasting mental representations, sometimes
persisting for only a few seconds. The Atkinson–Shiffrin model describes two
types of transient memory—sensory memory and short-term memory—and
sees them as corresponding to the first two stages through which information
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STM as a buffer for Working memory
-Why did you rehearsal the phone number?

010-1234-5678

Execution!
Rehearsal

Working memory is not the one
component…

Baddeley’s Working-Memory Model
Two kinds of STM buffers

Visuospatial sketchpad holds visual and spatial images for
manipulation.
Phonological loop does the same for auditory memories,
maintaining them by means of internal (subvocal) speech rehearsal

Baddeley’s Working-Memory Model

Central executive monitors and manipulates both of
these working-memory buffers, providing cognitive
control of working memory.

Central executive

Figure 9.3 Baddeley’s

Maintenance

Monitoring, updating, rerouting
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Visuospatial
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Object and location

working-memory model This
model consists of two materialspecific temporary stores for shortterm maintenance of information—a
visuospatial sketchpad for object and
location information and a phonological
loop for verbal material—that are
controlled by a central executive.
Baddeley’s model can be viewed as
depicting what goes on inside the STM
box in Figure 9.1.
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cognitive control of working memory. The central executive’s manipulations
include adding to and deleting from the items in the buffers, selecting among
the items in order to guide behavior, retrieving information from long-term
memory, and transferring information from the visuospatial sketchpad and
phonological loop to long-term memory. In these ways, the central executive
manages the work that takes place in short-term memory and the traffic of information back and forth between short-term and long-term memory.
Figure 9.3 highlights two important distinctions made by Baddeley’s model.
First, it distinguishes between two general processes of working memory:
manipulation (which depends on the central executive) and maintenance (which
requires only rehearsal of information in the two memory buffers). Second, it

mation and verbal-phonological information are stored separately in working
memory.
A third component of Baddeley’s model is the central executive, which
monitors and manipulates both of these working-memory buffers, providing
cognitive control of working memory. The central executive’s manipulations
include adding to and deleting from the items in the buffers, selecting among
the items in order to guide behavior, retrieving information from long-term
memory, and transferring information from the visuospatial sketchpad and
phonological loop to long-term memory. In these ways, the central executive
manages the work that takes place in short-term memory and the traffic of information back and forth between short-term and long-term memory.
Figure 9.3 highlights two important distinctions made by Baddeley’s model.
First, it distinguishes between two general processes of working memory:
manipulation (which depends on the central executive) and maintenance (which
requires only rehearsal of information in the two memory buffers). Second, it
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That’s why Primate researchers
are looking for the neuronal
12:57
PM
representation
of these points.

Phonological loop
010-1234-5678

1. Different modality does not interfere
the PL. e.g. tapping
2. Word-length effect

Rehearsal
This internal, unspoken speech used during
rehearsal is key to the phonological loop and
verbal working memory.

List 1: bat, hit, top, cat, door
List 2: university, expedition,
conversation, destination, auditorium

2 sec capacity usually…

Visuospatial Sketchpad
Question!!!

Picture a 4-by-4 grid (16 squares) in your mind and imagine a
“1” in the square that is the second column of the second row.
Then place a 2 to the right of that. Next, in the square above the
2, put a 3, and to the right of that put a 4. Below the 4, put a 5
and below that, a 6, and then to the left of that, a 7. Now, what
number is just above the 7?

for yes and two taps for no, and the pointing group pointed to a visual array of Y’s
and N’s on a screen. Of the three groups, the pointing group performed most
slowly, suggesting that the visuospatial demands of pointing at the appropriate
symbol interfered with the visuospatial memory task (Figure 9.4b).
Because visual memory can be easily studied in a wide range of species, it
has become the modality of choice for many carefully controlled laboratory
experiments on working memory in animals. For example, in an early study
of spatial working memory, Carlyle Jacobsen trained monkeys on a delayed
spatial-response task (Jacobsen, 1936). Each monkey watched food being placed
in either the left or the right of two bins. Next, an opaque screen came down
and blocked the monkey’s view of the bins for several seconds or minutes. When
the screen was removed, the bins now had lids hiding the food. To be marked

Asked the point is at the high, medium or low.

∗

xperiment (a) Participants
ere asked to imagine an asterisk
aveling along the periphery of a
tter “F.” Whenever the asterisk
as turning a corner, they were to
gnal whether it was turning at a
orner on the extreme top or bottom
f the letter or at some point in
etween. (b) Reaction times varied
epending on whether subjects
gnaled vocally (fastest times), by
apping (intermediate times), or by
ointing at symbols on a screen
lowest times).
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Visuospatial Sketchpad
-Dual-task paradigm

Figure 9.4 A dual-task

dapted from Brooks, 1968.
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Figure 9.4 A dual-task

Reaction time 30
(s)
20

10

(a)

Three groups
Vocal
1. Vocal e.g. Yes, No
2. Tapping e.g. Tak, Tak-tak
3. Pointing e.g. Y or N

Tapping
(b)

Pointing

experiment (a) Participants
were asked to imagine an asterisk
traveling along the periphery of a
letter “F.” Whenever the asterisk
was turning a corner, they were to
signal whether it was turning at a
corner on the extreme top or bottom
of the letter or at some point in
between. (b) Reaction times varied
depending on whether subjects
signaled vocally (fastest times), by
tapping (intermediate times), or by
pointing at symbols on a screen
(slowest times).
Adapted from Brooks, 1968.
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Visuospatial Sketchpad
-Animals can do!
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Courtesy of David Yu, Mortimer Mishkm, and Janita Turchi, Laboratory of Neuropsychology,
NIMH/NIH/DHHS
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Monkey moves sample object for
reward.

Screen obscures monkey’s view
during delay.

Monkey chooses novel nonmatch
object.

(a)

(b)

(c)

correct, the monkey first had to remember in which bin the food had been
stored and then displace the lid of just that bin to retrieve the reward.
The delayed nonmatch-to-sample (DNMS) task is another test of visual
memory. Each trial involves remembering some novel object. Figure 9.5a shows
Pygmalion, a rhesus monkey in Mortimer Mishkin’s laboratory at the National
Institute of Mental Health. He is shown a novel “sample” object, a blue ring,
under which he finds a food reward, such as a peanut or a banana pellet.

Figure 9.5 Delayed

nonmatch-to-sample task
(a) A monkey is shown a sample
object, here a blue ring, and finds
a reward under it. (b) During the
delay period, an opaque black
screen blocks the monkey’s view
of any test objects. (c) The monkey
is shown two objects, the blue

Delayed match-to-sample task

Serial process of memory formation
vs. Parallel process ?
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Transient Memories
Transient memories are short-lasting mental representations, sometimes
persisting for only a few seconds. The Atkinson–Shiffrin model describes two
types of transient memory—sensory memory and short-term memory—and
sees them as corresponding to the first two stages through which information
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CHAPTER 9 Memory Module

■

WORKING MEMORY AND COGNITIVE CONTROL

Table 9.2
Cognitive control through the manipulation of
working memory
Behaviors

Tasks used to explore these
behaviors

Controlled updating of shortterm memory

N-back task, self-ordered
search

Setting goals and planning

Tower of Hanoi

Task switching

Wisconsin Card Sorting Test

Stimulus attention and
response inhibition

Stroop task

manipulation of working memory that allows for the control of various aspects
of higher-order cognition and leads us to the second major topic of this chapter,
cognitive control.
We saw earlier, for example, that Roberta has to keep several of her day’s
goals in mind: get cash, prepare for yoga, study for chemistry, and listen to a
French lecture. Balancing these multiple goals requires her to switch her atten-

Controlled updating of STM buffers
2-back test
The number 7— is designated as the “target.” Whenever the
target number 7 is read, the participant is to respond with the
number that was read two numbers previously
The numbers read aloud are 4 8 3 7 8 2 5 6 7 8 0 2 4 6 7 3 9 . . . ,
what would the correct responses be?

Þ You should keep track of the various everyday tasks you need to perform
Þ What have you done already?
Þ What remains to be accomplished?

Controlled updating of STM buffers
354
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Figure 9.6 A self-ordered
memory task for humans
Sample cards from a self-ordered
search task for humans (Petrides
& Milner, 1982). Participants are
presented with a stack of cards,
each containing all the items in
the target set but in different
random order. Participants must
point to a different item on each
card without repeating any of the
items.

Card 1

Card 2

Card 3

Adapted from Petrides, 2000.

Card 4

Card 5

Card 6

Figure 9.6 A self-ordered
memory task for humans
Sample cards from a self-ordered
search task for humans (Petrides
& Milner, 1982). Participants are
presented with a stack of cards,
each containing all the items in
the target set but in different
random order. Participants must
point to a different item on each
card without repeating any of the
items.

Card 1

Card 2

Card 4

Card 5

Adapted from Petrides, 2000.

different order. In the example shown in Figure 9.6, there are six items on each
card. In card 1, the drawing of a rose (to which the subject is pointing) appears
in the lower right corner, while in card 2 the rose is in the upper left corner, and
in card 3 it is in the upper right corner.
The experiment proceeds as follows: On trial 1 a participant is shown the
first card and is asked to choose any of the six items on it. The participant
in Figure 9.6 has chosen the rose. This card is then flipped over. Next, on
trial 2, the participant is shown the second card (with the same six items in a
different order) and is asked to choose any of the five items not yet selected.
In Figure 9.6, the participant has chosen the goat. This second card is then
flipped over. Then the participant is shown the third card and must pick any
of the four remaining items that were not chosen on the previous two cards,
that is, any image except the rose or the goat. This self-ordered task continues
until the participant has pointed to all six different items without repeating

Controlled updating of STM buffers
Self-ordered memory task

Controlled updating of STM buffers
BEHAVIORAL PROCESSES
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Figure 9.7 A self-ordered

Trial 1

Trial 2

Trial 1

memory task for monkeys The
monkey sees three distinct
containers and selects a reward
from one of them. Their order is
shuffled on each trial, and theB E H A V I O R A L P R O C E S S E S
monkey must remember which
containers have had rewards
removed so that on subsequent
trials the monkey does not pick
Figure 9.7 A self-ordered
a previously chosen (and hence
memory
empty)
container.task for monkeys The

monkey sees three distinct
containers and selects a reward
from one of them. Their order is
shuffled on each trial, and the
monkey must remember which
containers have had rewards
removed so that on subsequent
trials the monkey does not pick
a previously chosen (and hence
empty) container.

Trial 3

Trial 2

can be performed by both monkeys and humans, it is useful for comparative
studies of the neural substrates of working memory, as will be described later in
the Brain Substrates section.

Setting Goals and Planning

| 355

Setting Goals and Planning
(1) what subgoals have been accomplished,
(2) what subgoals remain, and
(3) what is the next subgoal to be addressed.

Tower of Hanoi

Task Switching
-Wisconsin Card Sorting Test

BEHAVIORAL PROCESSES
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Figure 9.8 The

(a) First sort by color

(a) First sort by color

Wisconsin Card
Figure 9.8 The
Sorting Test (a) In this
Wisconsin
Card
example,
participants
Sorting
Test
are first
rewarded
for (a) In this
example,
sorting
by color, participants
so
that there
are blue,
are first
rewarded for
yellow,
red, and
sorting
byblack
color, so
piles.that
(b) Later,
they
there areareblue,
rewarded for sorting by
yellow, red, and black
shape instead, so that
(b) Later,
therepiles.
are separate
pilesthey are
rewarded
for sorting by
for circles,
squares,
triangles,
andinstead,
diamonds.
shape
so that

there are separate piles
for circles, squares,
triangles, and diamonds.

(b) Then sort by shape

habitual response that he has developed and shift his attention to an alternative,
(b) Then
by shapestreets in the United States”)
context-specific rule (“look left
whensort
crossing
that he must remember—perhaps by repeated rehearsal when walking through
Los Angeles—as long as he remains in the United States. Given how difficult
it is to suppress these well-learned reflexive responses, it is not surprising that

Task Switching
Wisconsin Card Sorting Test

Working memory and executive control because it
requires not only learning a rule and keeping it in
mind while they sort, but also learning to change the
rule and keep track of the new one without
confusing it with the old.

Task Switching
-Stroop task

Task Switching
-Stroop task
Two processes
1. Automatic process
2. Controlled process
Norma and Shallice => Supervisory attentional
system
modifies behavior when the automatic
responses are inappropriate.

Intelligence

Intelligence
Intelligence has been defined in many different ways including as one's capacity
for logic, understanding, self-awareness, learning, emotional
knowledge, planning, creativity and problem solving. It can be more generally
described as the ability to perceive information, and to retain it as knowledge to (wiki)
be
applied towards adaptive behaviors within an environment or context.

Figur

Intelligence

BEHAVIORAL PROCESSES

Matrix
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of eight
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Figure 9.10 Raven Progressive

Matrix Test of Nonverbal Intelligence
Subjects are shown a three-by-three array
of eight geometric figures and a space, in
the lower-right-hand corner, where the ninth
figure belongs. They must pick which of the
six alternatives shown at the bottom best
fits the pattern. (The correct answer is #5.)

?

Open discussion…

?
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(a)
1

4
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3
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(b)

(b)

The possibility that working memory and general intelligence are close
coupled suggests that if working memory can be improved through trainin
and practice, a person’s general intelligence might increase at the same tim

Brain substrates
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Figure 9.11 Comparative frontal-
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lobe anatomy These drawings show the
relative sizes of the prefrontal cortex in
different mammals.

Adapted from Fuster, 1995.

Rhesus
monkey

Cat
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(a)

Figure 9.11 Comparative frontal-

(c)

(b)

lobe anatomy These drawings show the
relative sizes of the prefrontal cortex in
different mammals.

(d)

Adapted from Fuster, 1995.

Chimpanzee

Cat
Human

Anterior
(front)

(b)
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Rhesus
monkey

Posterior
(back)

(d)
shown that human frontal cortices are not disproportionally larger than those
seen in great apes such as gorillas and orangutans. This suggests that the special
human cognitive abilities attributed to large frontal lobes may also reflect characteristics other than size, such as more complex interconnections or specialized subregions found within the frontal cortex of humans (Semendeferi, Lu,
Schenker, & Damasio., 2002).
Other insights intoChimpanzee
the role of the prefrontal cortex came from observing
the behaviors of people with frontal-lobe damage. During World War I, for
Human
example, the many soldiers returning from battle with head wounds provided
corroboration of the links between frontal lobes and intellect. A study of 300
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and
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representation
information
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over a delaysurgiprior
One
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crudity
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to
making
some
response.
cal techniques by modern standards: he removed a rather large part of the preOne limitation of this early work was the relative crudity of Jacobsen’s surgifrontal cortex. More recent research has shown that different subregions of the
cal techniques by modern standards: he removed a rather large part of the preprefrontal cortex participate in different aspects of working-memory function.
frontal cortex. More recent research has shown that different subregions of the
For
example,
the participate
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divided into three
main
prefrontal
cortex
in different
aspects
working-memory
function.
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In these images, the orbital frontal cortex is not visible because it lies ventral to
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Neural activity of frontal lobe
during working memory task
Which point is for testing the working memory?
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Figure 9.13 The spatial
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Cue Delay Response

delayed-response
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Figure 9.13
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whereimage
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figure so we can see it gaze in the
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direction of the stimulus shown
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above).

figure so we can see it gaze in the
shown
above).

Data from Funahashi, Bruce, & GoldmanRakic, 1989.
direction of the stimulus

Data from Funahashi, Bruce, & GoldmanRakic, 1989.

Most interesting of all is that the “delay” neurons were individually tuned
to different directional movements. For example, one neuron might code for a
movement to the right, while another neuron might code for a downward movement,interesting
and so on. Figure
shows
strongneurons
response were
of a particular
neuron
Most
of all 9.14
is that
thethe
“delay”
individually
tuned
when
the
cue
was
located
at
the
bottom
center
of
the
screen,
that
is,
at
270
to different directional movements. For example, one neuron might code for a
degrees (bottom-center graph), compared with the inhibition of its electrical
movement
to the right, while another neuron might code for a downward moveactivity when the cue was in the opposite location, namely, at 90 degrees, and to

ment, and so on. Figure 9.14 shows the strong response of a particular neuron

movement to the right, while another neuron might code for a downward movement, and so on. Figure 9.14 shows the strong response of a particular neuron
when the cue was located at the bottom center of the screen, that is, at 270
degrees (bottom-center graph), compared with the inhibition of its electrical
activity when the cue was in the opposite location, namely, at 90 degrees, and to
he moderate activity when the cue was at other locations.

Data from Funahashi, Bruce, & GoldmanRakic, 1989.

Most interesting of all is that the “delay” neurons were individually tuned
to different directional movements. For example, one neuron might code for a
movement to the right, while another neuron might code for a downward movement, and so on. Figure 9.14 shows the strong response of a particular neuron
when the cue was located at the bottom center of the screen, that is, at 270
degrees (bottom-center graph), compared with the inhibition of its electrical
activity when the cue was in the opposite location, namely, at 90 degrees, and to
the moderate activity when the cue was at other locations.

Neural activity of frontal lobe
during working memory task
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J Neurophysiol. 1989 Feb;61(2):331-49.
Mnemonic coding of visual space in the monkey's dorsolateral
prefrontal cortex.
Funahashi S1, Bruce CJ, Goldman-Rakic PS.
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From C. E. Curtis & M. D’Esposito, 2003.

Brain substrates of working memory

WORKING MEMORY AND COGNITIVE CONTROL

Monkey study: impaired WM in SODR task
Manipulation

BEHAVIORAL PROCESSES
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Central executive
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information

Phonological
information

Left posterior cortical
speech and language areas
Verbal information
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visual areas
Object and location
information

DLPFC in monitoring(?)
function rather than
information maintenance?
9 Memory Module
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AND COGNITIVE C

Figure 9.16 Brain substrates

2
of Trial
working
memory The dorsolateral
prefrontal cortex supports higher-order
cognitive-control functions, such as
monitoring and manipulating of stored
information, and acts much like Baddeley’s
Trial 3
central
executive. The ventrolateral
prefrontal cortex supports encoding and
can
be performed
by both monkeys
and humans, the
it is useful for comparative
retrieval
of information,
performing
studies of the neural substrates of working memory, as will be described later in
the
Brain Substrates
functions
of thesection.
visuospatial sketchpad
Setting
Goals
and Planningrehearsal loops
(right) and
phonological
As Roberta prepared for the school day ahead of her, she had to be aware of her
(left). Other
brain regions
named
atin the morning) as well as her
immediate
goals (getting
to French class
on time
goals
for later
that
afternoon (taking
yoga).
To make
bottom
are
connected
to
the
VLPFC
forsure she could take a yoga
class in the afternoon, she had to (1) search through her closet to find her yoga
mat
and (2) stop byof
theverbal
student center
to sign upand
for the yoga class. Only then
maintenance
and object
would she go to French class. Roberta’s busy schedule requires her to keep track
location
information.
of many goals at once and to juggle them in her mind as the day passes, noting

Manipulation

Phonological loop

monkey sees three distinct
containers and selects a reward
from one of them. Their order is
shuffled on each trial, and the
monkey must remember which
containers have had rewards
removed so that on subsequent
trials the monkey does not pick
a previously chosen (and hence
empty) container.
WORKING
MEMORY

Maintenance
(rehearsal)

Left ventrolateral PFC
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But,
object memory in basic
Self ordered delayed response task
Figure 9.7 A self-ordered
memory task for monkeys The
delayed-recognition
task is fine.
10 sec
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(Owen, Evans, & Petrides, 1996; Petrides, 1994,

ge

encoding and retrieval of information. This ventrolateral prefrontal region,
in interaction with posterior cortical regions, may be contributing to the
roles of the visuospatial sketchpad and phonological rehearsal loop (more
recently described as two separate loops, as we observe at the end of the

which tasks have been accomplished and which are left to be done, and of those
left to be done, which should be done next. Keeping track of goals, planning
how to achieve them, and determining priorities all draw heavily on the central
executive of working memory.
The French mathematician Edouard Lucas invented a game back in 1883
that requires many of these same planning and goal-setting abilities. The game
is based on an ancient legend about a temple in India, where the puzzle was
used to develop mental discipline in young priests. A stack of 64 gold disks,
each slightly smaller than the one beneath, were all stacked on a large pole. The
young priest’s assignment was to transfer all 64 disks from the first pole to a

Left posterior cortical

for the more active process of updating information in working memory.
Rehearsal supports working memory by reactivating or refreshing briefly
stored representations, whereas the updating of information consists of adding information to or removing it from working memory. Imaging studies
indicate that there is brain activity in the premotor cortex during rehearsal
of visuospatial information (Awh & Jonides, 1998). Other fMRI studies suggest that the ventrolateral prefrontal cortex is activated by simple rehearsal,
Figure 9.17 Brain
especially internal rehearsal (Awh et al., 1996). In contrast, more posterior
imaging during self-ordered
tasks (a) Imaging data from
regions of the brain appear to be involved only in the temporary maintenance
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activity in the prefrontal cortex.

as shown in Figure 9.16.
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Petrides, 2000, Brain Mapping, with permission from Elsevier.

Abstract design

are produced in different parts of the brain. Studies of patients with selective
brain damage to different parts of their frontal lobe suggest that the neural
substrates of verbal working memory are localized more on the left side of
the brain, while spatial working memory is more dependent on the right side
27/11/12 12:57 PM
of the brain.
Consistent with this finding of right-side dominance in spatial working
memory from patient studies, Petrides and colleagues (Petrides, Alivisatos,
Evans, & Meyer, 1993a, 1993b) have conducted functional brain imaging
studies of healthy individuals performing self-ordered tasks and found that

Figure 9.17 Brain

imaging during self-ordered
tasks (a) Imaging data from
a self-ordered task in which
subjects had to remember
previous selections made from
a set of abstract designs show
predominantly right-hemisphere
activity in the prefrontal cortex.
(b) Imaging data from a selfordered task in which the items
to be remembered were a set of
verbal stimuli show both left- and
right-hemisphere activity in the
prefrontal cortex (although only
the left activity is shown here).

Adapted from Petrides, 2000, Brain Mapping,
with permission from Elsevier.
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ological models
memory was completely consistent with how digise of Baddeley,
tal computers of the era were designed.
ues, which were
The standard psychological model of working memory as popularized by
nd early 1970s,
Baddeley and colleagues was hugely influential and extremely valuable for
s metaphors guiding
for Anterior
the first few decades of research on working memory and
the brain.
Posterior
The
core
of
this
standard
model
was
that
the
functions
of
working
memory
(front)
(back)
etween working
arise from operation of specialized brain systems that act as buffers for the
in the human
temporary storage and manipulation of information (as seen in digital comiew the human
puters of that era) and that frontal cortex (particularly prefrontal cortex) was
biting the same
the critical neural substrate for these buffers. More recently, some researchers have argued that while the prefrontal cortex is essential for most aspects
digital computof working memory, we should not jump to the conclusion that the physical
ng memory was
substrates of working memory, especially the rehearsal and storage of sensory
from long-term
Figure
9.18 2006).
Maintenance
information, reside completely within the frontal
lobes (Postle,
Rather,
Communication
between
LTMthrough
andfuncWM.
t with how digia novel theory has developed
in recent years in
which
working-memory
in
working
memory
tions
are
viewed
as
arising
through
coordinated
recruitment
and
sustained
frontal-posterior circuits This
gned.
activation
by
the
frontal
lobes
of
more
posterior
brain
systems that
schematic
representation
of store
del of working memory as popularized by
sensory representations and perform action-related
functions.
This
new
frontal-posterior connections perely influential
and argues
extremely
forin working
spective
that thevaluable
information
memory
the one
same
illustrates
tworesides
sample in
loops,
search on working
memorymemory,
and thenamely
brain.in the posterior
place as long-term
sensory,
perceptual,
dorsal and the other ventral. Forand
motor
brain
regions
of
the
cerebral
cortex.
The
role of the frontal cortex in
was that the functions of working memory
each, the frontal activity projects
working
thus reconceptualized
as a system for manipulating and
d brain systems
thatmemory
act asisbuffers
for the
backregions
to the posterior
areas
(along
altering whatever parts of the long-term memory
are to be
transiently
on of information
(asforseen
in digital
comred arrows),
in turn
project
active and
deciding
when they
are to be activated
and which
how long
the
activaback
to
the
frontal
lobes
(along
cortex (particularly
cortex) was
tion shouldprefrontal
persist.
greenworking
arrows). memory
The net result
In summary,
thissome
view ofresearchworking memory sees
as emergese buffers. More
recently,
is
that
frontal
activity
induces
ingisfrom
a network
brain aspects
regions, all of which send and receive controlefrontal cortex
essential
forofmost
ling information to and from the prefrontal cortex.
Together
networks
sustained
activationthese
of posterior

LOOPs

ot jump to the conclusion that the physical

| 371
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Figure 9.18 Maintenance
in working memory through
frontal-posterior circuits This
schematic representation of
frontal-posterior connections
illustrates two sample loops, one
dorsal and the other ventral. For
each, the frontal activity projects
back to the posterior areas (along
red arrows), which in turn project
back to the frontal lobes (along
green arrows). The net result
is that frontal activity induces
sustained activation of posterior
regions.
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People with damage toward the front of their
frontal lobes are most impaired at tasks requiring
cognitive control at a high level of abstraction.
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(Monkey study)
Lesions to the more posterior regions of the frontal
lobes disrupt performance in domain-specific motor
learning tasks
but not in domain-general monitoring; in contrast,
lesions
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performance in general monitoring tasks but not in
domain- specific tasks (Fuster, 2004; Petrides, 2006).
■

Anterior
(front)

Posterior
(back)

(Badre, 2008; Badre & D’Esposito,
you are doing and also defines a more specific goal (it begins to identify what
type of sandwich you are making). To spread the peanut butter on the bread,
however, requires a specific action, the movement of the knife across the bread
from left to right (and afterward, back from right to left).
Keeping goals of various degrees of abstraction in working memory as you
proceed with a task has long been known to involve the frontal lobes. This
is why people like Penfield’s sister, with frontal-lobe damage, have so much

Figure 9.19 The anterior-posterior

gradient of goal abstraction within the
frontal cortex Three levels of abstraction
of goals are shown for two examples—the
2007)
making of a sandwich (top text in each balloon)
and the Tower of Hanoi task (lower text)—
illustrating approximate locations in the frontal
cortex for control of each level of abstraction.

Move knife from
left to right
Move yellow disk
to middle peg
Spread peanut
butter on bread
Get red disk to
bottom of right peg

Make sandwich
Move all disks to
right peg

In their study, people were shown various words and asked one of two questions: “Is it abstract or concrete?” or “Is it pleasant or unpleasant?” Later,
they were shown the words again and were asked either if they remembered seeing the word during the first part of the experiment (that is, did
they recall whether the word was considered at all) or if they remembered
which task the word appeared in (did they recall judging it on the concrete/
abstract dimension or on the pleasant/unpleasant dimension). As shown in
Figure 9.20, the dorsolateral prefrontal cortex was more active when people
were asked to recall the source of the word (that is, which task it was used in) than
when they were asked whether or not the word had appeared at all (regardless
of task).

Control of Long-term Declarative memory
Recall the source of word
Dobbins, I.G., Foley, H., Schacter, D.L., & Wagner, A.D. (2002).
Exectutive control during episodic retrieval: Mulitiple prefrontal
processes subserve source memory. Neuron, 35, 989–996, with
permission from Elsevier.
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Figure 9.20 Dorsolateral

prefrontal activity during
recollection of source Comparing
trials in which participants were
asked to recall the source of a
word to trials where they were only
asked if the word were familiar,
fMRI studies show that multiple left
prefrontal, as well as lateral and
medial parietal, regions were more
active during source recollection
than during mere familiarity
judgments. (a) The view from the
front of the brain; (b) the brain’s
left side.

Data from Dobbins, Foley, Schacter,
& Wagner, 2002.
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Mnemonic Coding of Visual Space in the Monkey’s
Dorsolateral Prefrontal Cortex
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CONCLUSIONS

1. An oculomotor delayed-response task was used to examine
the spatial memory functions of neurons in primate prefrontal
cortex. Monkeys were trained to fixate a central spot during a
brief presentation (0.5 s) of a peripheral cue and throughout
a
subsequent delay period (l-6 s), and then, upon the extinction of
the fixation target, to make a saccadic eye movement to where the
cue had been presented. Cues were usually presented in one of
eight different locations separated by 45O. This task thus requires
monkeys to direct their gaze to the location of a remembered
visual cue, controls the retinal coordinates of the visual cues,
controls the monkey’s oculomotor
behavior during the delay period, and also allows precise measurement of the timing and direction of the relevant behavioral responses.
2. Recordings were obtained from 288 neurons in the prefrontal cortex within and surrounding
the principal sulcus (PS) while
monkeys performed this task. An additional
31 neurons in the
frontal eye fields (FEF) region within and near the anterior bank
of the arcuate sulcus were also studied.
3. Of the 288 PS neurons, 170 exhibited task-related activity
during at least one phase of this task and, of these, 87 showed
significant excitation or inhibition
of activity during the delay
period relative to activity during the inter-trial interval.
4. Delay period activity was classified as div~tional
for 79% of
these 87 neurons in that significant responses only occurred following cues located over a certain range of visual field directions
and were weak or absent for other cue directions. The remaining

Nature Neuroscience 16, 997–999 (2013) doi:10.1038/nn.3452
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delay period activity and 43S” for inhibitory
delay
tivity.
9. Delay period activity was examined on trials i
monkey made large saccadic errors for cues in a n
ferred direction. Delay period activity was either t
absent altogether on such trials.
IO. Of the 3 1 FEF neurons examined, 22 exhibited
activity: 17 had delay period activity and 10 showed
delay period activity. The mean tuning index (Td) o
directional delay period activity in the FEF was 27.4’.
I I. These results indicate that prefrontal neurons (
FEF) possess information
concerning the location o
during the delay period of the oculomotor
delayed-resp
This information
appears to be in a labeled line cod
neurons code different cue locations and the same neu
edly codes the same location. This mnemonic
act
during the I- to 6-s delay interval-in
the absence
stimuli or movements-and
it ceases upon the execu
behavioral response. These results strengthen the ev
the dorsolateral
prefrontal cortex participates in the
working or transient memory and further indicate that
the cortex contains a complete “memory”
map of vis

INTRODUCTION

The role of the prefrontal cortex, particularly
pal sulcal (PS) region, in spatial memory has be
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