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Working memory in your experiences

010-1234-5678

Someone let you know his/her phone number here…



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 

BEHAVIORAL PROCESSES | 345

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 
from the world enters our consciousness and potentially becomes part of our 
long-term memory. 

Sensory Memory
Sensory memories are brief, transient sensations of what you have just perceived 
when you have seen, heard, touched, smelled, or tasted something. Considerable 
research has been devoted to understanding how sensory memories are held in the 
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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Figure 9.1 The Atkinson–
Shiffrin model of memory 
Richard Atkinson and Richard 
Shiffrin’s model depicted incoming 
information as flowing first into 
sensory memory (shown as having 
distinct visual, auditory, and 
haptic, i.e., touch, registers). 
Elements of sensory information 
that are attended to are then 
transitioned to short-term memory 
(STM). From there they go through 
various control processes and in 
some cases are transferred into 
long-term memory (LTM).
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Figure 9.2 The Sperling task These 
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?
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Transient memories are short-lasting mental representations, sometimes 
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sees them as corresponding to the first two stages through which information 
from the world enters our consciousness and potentially becomes part of our 
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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 
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Figure 9.2 The Sperling task These 
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?
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Where is the working memory in model?



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 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 
from the world enters our consciousness and potentially becomes part of our 
long-term memory. 
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See this!
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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 
from the world enters our consciousness and potentially becomes part of our 
long-term memory. 
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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.
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Figure 9.2 The Sperling task These 
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?
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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 



Partial report procedure
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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.
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Figure 9.2 The Sperling task These 
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?
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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 
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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 
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Figure 9.2 The Sperling task These 
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?
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Transient Memories
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types of transient memory—sensory memory and short-term memory—and 
sees them as corresponding to the first two stages through which information 
from the world enters our consciousness and potentially becomes part of our 
long-term memory. 

Sensory Memory
Sensory memories are brief, transient sensations of what you have just perceived 
when you have seen, heard, touched, smelled, or tasted something. Considerable 
research has been devoted to understanding how sensory memories are held in the 
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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Figure 9.1 The Atkinson–
Shiffrin model of memory 
Richard Atkinson and Richard 
Shiffrin’s model depicted incoming 
information as flowing first into 
sensory memory (shown as having 
distinct visual, auditory, and 
haptic, i.e., touch, registers). 
Elements of sensory information 
that are attended to are then 
transitioned to short-term memory 
(STM). From there they go through 
various control processes and in 
some cases are transferred into 
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Figure 9.2 The Sperling task These 
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?
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75% of letters people can recall.

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. 

Tone 3



Short-term 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 
from the world enters our consciousness and potentially becomes part of our 
long-term memory. 

Sensory Memory
Sensory memories are brief, transient sensations of what you have just perceived 
when you have seen, heard, touched, smelled, or tasted something. Considerable 
research has been devoted to understanding how sensory memories are held in the 
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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Shiffrin model of memory 
Richard Atkinson and Richard 
Shiffrin’s model depicted incoming 
information as flowing first into 
sensory memory (shown as having 
distinct visual, auditory, and 
haptic, i.e., touch, registers). 
Elements of sensory information 
that are attended to are then 
transitioned to short-term memory 
(STM). From there they go through 
various control processes and in 
some cases are transferred into 
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Figure 9.2 The Sperling task These 
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?
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Phone number again…

010-1234-5678

Someone let you know his/her phone number here…

1. Sensory Memory?
2. Short-term 

Memory? (or 
Working Memory)

Rehearsal



Concept of STM and LTM in Psychology
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like that shown in Figure 9.2. He then played one of three tones after the array 
was removed. A high tone indicated that participants were to report the first 
row of letters, a medium tone corresponded to the middle row, and a low tone 
corresponded to the bottom row.

When this partial report procedure was used, participants were able to report 
about 75% of the letters. Note that this is about double the number of letters 
recalled when people are simply asked to report as many letters as they can after 
the array is removed. What accounts for this doubled recall in Sperling’s partial 
report procedure? Sperling interpreted it as meaning that people have a visual 
memory that persists for a very short time—less than a second—but includes all 
the items recently seen.

If there is rapidly decaying sensory memory for visual information, you might 
imagine that there would also be an analogous rapidly decaying sensory memory 
for other sensory modalities, such as touch, smell, and hearing. Indeed, there 
have been studies showing similar phenomena with auditory memory (Moray, 
Bates, & Barnett, 1965). As illustrated in Figure 9.1, there is a form of sensory 
memory for each sensory modality (auditory, visual, haptic, i.e., touch, etc.), 
which lasts very briefly and captures raw incoming sensory stimuli so that they 
can be processed and passed on to the short-term memory store, from which it 
may later be entered into long-term memory.

Short-Term Memory
Consider the common experience of looking up a phone number and then 
repeating it over and over to yourself as you prepare to press the buttons on 
your phone. The phone number has already been recognized and registered 
by sensory memory, but now it is the job of your short-term memory to main-
tain this information temporarily through active rehearsal. William James, 
whom you read about in Chapter 1, described short-term memory as being 
of limited capacity, effortlessly available, and fleeting in contrast to long-term 
memories, which are permanent memories of the past, retrieved with effort, 
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 a 4-digit extension. In Chapter 1 you read about 

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
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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.

Think about motor memory…

This STM is only as Working memory



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
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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 
from the world enters our consciousness and potentially becomes part of our 
long-term memory. 

Sensory Memory
Sensory memories are brief, transient sensations of what you have just perceived 
when you have seen, heard, touched, smelled, or tasted something. Considerable 
research has been devoted to understanding how sensory memories are held in the 
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 

Attention
Input

Permanent
memory

Long-Term
memory

(LTM)

Visual

Auditory

Haptic

Sensory
memory

Temporary
working memory

Control Processes:
Rehearsal
Coding (verbal)
Decision
Retrieval strategies

Short-Term memory
(STM)

Figure 9.1 The Atkinson–
Shiffrin model of memory 
Richard Atkinson and Richard 
Shiffrin’s model depicted incoming 
information as flowing first into 
sensory memory (shown as having 
distinct visual, auditory, and 
haptic, i.e., touch, registers). 
Elements of sensory information 
that are attended to are then 
transitioned to short-term memory 
(STM). From there they go through 
various control processes and in 
some cases are transferred into 
long-term memory (LTM).
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A
Figure 9.2 The Sperling task These 
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?
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STM as a buffer for Working memory
-Why did you rehearsal the phone number?

010-1234-5678

Rehearsal

Execution!



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. 



Baddeley’s Working-Memory Model 
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Short-term memory used in this way serves as a buffer, or temporary hold-
ing station, maintaining information for a brief period before it is manipu-
lated or otherwise used to affect behavior. It is when short-term memory 
is employed in this fashion that it is referred to as our working memory. 
Thus, working memory involves the temporary retention of information just 
experienced or just retrieved from long-term memory. When information 
is maintained in working memory, it can be manipulated in ways that make 
it useful for goal-directed behavior, such as making decisions and retrieving 
other information from long-term memory. These processes will be described 
in more detail below.

Baddeley’s Working-Memory Model
Alan Baddeley, an English psychologist, proposed an influential model of 
working memory illustrated in Figure 9.3 (Baddeley & Hitch, 1974). It can be 
viewed as an alternate (and more detailed) version of what goes on inside the 
STM/working-memory box in Figure 9.1 Baddeley’s model includes two inde-
pendent short-term memory buffers: the visuospatial sketchpad and the pho-
nological loop. The visuospatial sketchpad holds visual and spatial images for 
manipulation. The phonological loop does the same for auditory memories, 
maintaining them by means of internal (subvocal) speech rehearsal (much like a 
“loop” of a tape recording that goes around and around, playing the same song 
over and over). A key feature of Baddeley’s theory was that visuospatial infor-
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 infor-
mation 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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Monitoring, updating, reroutingFigure 9.3 Baddeley’s 
working-memory model This 
model consists of two material-
specific temporary stores for short-
term 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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ing station, maintaining information for a brief period before it is manipu-
lated or otherwise used to affect behavior. It is when short-term memory 
is employed in this fashion that it is referred to as our working memory. 
Thus, working memory involves the temporary retention of information just 
experienced or just retrieved from long-term memory. When information 
is maintained in working memory, it can be manipulated in ways that make 
it useful for goal-directed behavior, such as making decisions and retrieving 
other information from long-term memory. These processes will be described 
in more detail below.

Baddeley’s Working-Memory Model
Alan Baddeley, an English psychologist, proposed an influential model of 
working memory illustrated in Figure 9.3 (Baddeley & Hitch, 1974). It can be 
viewed as an alternate (and more detailed) version of what goes on inside the 
STM/working-memory box in Figure 9.1 Baddeley’s model includes two inde-
pendent short-term memory buffers: the visuospatial sketchpad and the pho-
nological loop. The visuospatial sketchpad holds visual and spatial images for 
manipulation. The phonological loop does the same for auditory memories, 
maintaining them by means of internal (subvocal) speech rehearsal (much like a 
“loop” of a tape recording that goes around and around, playing the same song 
over and over). A key feature of Baddeley’s theory was that visuospatial infor-
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 infor-
mation 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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Short-term memory used in this way serves as a buffer, or temporary hold-
ing station, maintaining information for a brief period before it is manipu-
lated or otherwise used to affect behavior. It is when short-term memory 
is employed in this fashion that it is referred to as our working memory. 
Thus, working memory involves the temporary retention of information just 
experienced or just retrieved from long-term memory. When information 
is maintained in working memory, it can be manipulated in ways that make 
it useful for goal-directed behavior, such as making decisions and retrieving 
other information from long-term memory. These processes will be described 
in more detail below.

Baddeley’s Working-Memory Model
Alan Baddeley, an English psychologist, proposed an influential model of 
working memory illustrated in Figure 9.3 (Baddeley & Hitch, 1974). It can be 
viewed as an alternate (and more detailed) version of what goes on inside the 
STM/working-memory box in Figure 9.1 Baddeley’s model includes two inde-
pendent short-term memory buffers: the visuospatial sketchpad and the pho-
nological loop. The visuospatial sketchpad holds visual and spatial images for 
manipulation. The phonological loop does the same for auditory memories, 
maintaining them by means of internal (subvocal) speech rehearsal (much like a 
“loop” of a tape recording that goes around and around, playing the same song 
over and over). A key feature of Baddeley’s theory was that visuospatial infor-
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 infor-
mation 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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Material specific

That’s why Primate researchers 
are looking for the neuronal 
representation of these points.



Phonological loop

010-1234-5678

Rehearsal

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

1. Different modality does not interfere 
the PL. e.g. tapping

2. Word-length effect

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? 



Visuospatial Sketchpad
-Dual-task paradigm
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information. Here is an example of it in use: without writing anything down, 
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? To correctly answer this question (“2”), you had to 
use your visuospatial sketchpad.

Just as the phonological loop has a 2-second time limit, the visuospatial 
sketchpad also has a limited capacity. The two capacities, however, are indepen-
dent: filling up one does not much affect the capacity of the other. Dual-task 
experiments, in which subjects are asked to maintain information in the visuo-
spatial sketchpad while simultaneously carrying out a secondary task using the 
other modality—such as retaining an auditory list of words in the phonological 
loop—provide evidence for the independence of these two memory buffers.

For example, Lee Brooks used a dual-task paradigm in which people were 
shown a block-capital letter “F” and were then asked to visualize this let-
ter (from memory) and imagine an asterisk traveling around the edge of it 
(Figure 9.4a; Brooks, 1968). When the imaginary asterisk reaches a corner, it 
turns left or right to continue following the outline of the letter F. At each such 
turning point, the people were asked to indicate whether or not the asterisk was 
at a corner at the extreme top or bottom of the F (for example, the point at the 
F’s upper right) or at one of the in-between corners. The crucial manipulation 
was that the participants were divided into three groups, and each group was 
assigned a different way of signaling. The vocal group signaled their answer to 
each question with a verbal “yes” or “no,” the tapping group signaled with one tap 
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 
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Tapping Pointing

Figure 9.4 A dual-task 
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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information. Here is an example of it in use: without writing anything down, 
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? To correctly answer this question (“2”), you had to 
use your visuospatial sketchpad.

Just as the phonological loop has a 2-second time limit, the visuospatial 
sketchpad also has a limited capacity. The two capacities, however, are indepen-
dent: filling up one does not much affect the capacity of the other. Dual-task 
experiments, in which subjects are asked to maintain information in the visuo-
spatial sketchpad while simultaneously carrying out a secondary task using the 
other modality—such as retaining an auditory list of words in the phonological 
loop—provide evidence for the independence of these two memory buffers.

For example, Lee Brooks used a dual-task paradigm in which people were 
shown a block-capital letter “F” and were then asked to visualize this let-
ter (from memory) and imagine an asterisk traveling around the edge of it 
(Figure 9.4a; Brooks, 1968). When the imaginary asterisk reaches a corner, it 
turns left or right to continue following the outline of the letter F. At each such 
turning point, the people were asked to indicate whether or not the asterisk was 
at a corner at the extreme top or bottom of the F (for example, the point at the 
F’s upper right) or at one of the in-between corners. The crucial manipulation 
was that the participants were divided into three groups, and each group was 
assigned a different way of signaling. The vocal group signaled their answer to 
each question with a verbal “yes” or “no,” the tapping group signaled with one tap 
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 
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Figure 9.4 A dual-task 
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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1. Vocal e.g. Yes, No
2. Tapping e.g. Tak, Tak-tak
3. Pointing e.g. Y or N

Asked the point is at the high, medium or low.
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 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. 
Afterward, an opaque black screen obscures Pygmalion’s view (Figure 9.5b) for 
a delay period ranging from seconds to minutes, depending on the experiment 
design. During this delay period, the experimenters introduce a new object, a red 
disk. When the screen is raised, Pygmalion sees both objects, one on the right 
and the other on the left. As shown in Figure 9.5c, Pygmalion has learned that a
reward will now be found under the red disk because this is the novel object, 
a “nonmatch” to the sample object he saw previously. Training on this delayed 
nonmatch-to-sample task continues for several trials, each of which involves two 
objects not used in previous trials. Thus, the next trial might involve a yellow 
box as the sample and a green disk as the novel object. Over many such trials, 
the correct answer is sometimes on the left and sometimes on the right so that 
spatial location will not be a useful cue.

Because each trial uses a new set of objects, the monkeys must learn to 
remember which unique sample they saw previously and hold this memory in 
their visuospatial memory buffer until presented with the choice of that previ-
ous sample and the novel object. With short delays, the DNMS task can be used 
to assess working memory; with longer delays, however, the same task has also 
been used to study long-term memory.

Cognitive Control and the Central Executive
Most of the tasks described in the preceding section require the person or ani-
mal simply to maintain some word, digit, object, sound, or location in working 
memory during a delay period. But there is much more to working memory than 
just the maintenance of phonological or visuospatial memories: there is the far 
more complex and involved process of manipulating working memory. It is this 

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 
ring from before (the sample) 
and a new object, a red disk. 
The food reward is hidden under 
the new object, the nonmatch to 
the original sample. The monkey 
chooses the nonmatch.

Monkey moves sample object for
reward.

(a)

Screen obscures monkey’s view
during delay.

(b)

Monkey chooses novel nonmatch
object.

(c)
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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 
from the world enters our consciousness and potentially becomes part of our 
long-term memory. 

Sensory Memory
Sensory memories are brief, transient sensations of what you have just perceived 
when you have seen, heard, touched, smelled, or tasted something. Considerable 
research has been devoted to understanding how sensory memories are held in the 
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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Rehearsal
Coding (verbal)
Decision
Retrieval strategies

Short-Term memory
(STM)

Figure 9.1 The Atkinson–
Shiffrin model of memory 
Richard Atkinson and Richard 
Shiffrin’s model depicted incoming 
information as flowing first into 
sensory memory (shown as having 
distinct visual, auditory, and 
haptic, i.e., touch, registers). 
Elements of sensory information 
that are attended to are then 
transitioned to short-term memory 
(STM). From there they go through 
various control processes and in 
some cases are transferred into 
long-term memory (LTM).
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Figure 9.2 The Sperling task These 
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?
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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-
tion back and forth between activities as the situation requires: during French 
class she discretely reads a bit of chemistry while periodically looking at the 
teacher to follow some of the French lecture. Her working memory is constantly 
being updated and reorganized to accomplish different and competing tasks. 
New tasks are constantly added, as when Roberta’s boyfriend text-messages 
her to find out where she wants to go for dinner. All of these tasks require the 
cognitive-control function of her working memory’s central executive.

Of the three components of Baddeley’s model, the central executive is the 
most important, the most complex, and the least well understood. What is 
common to all the functions of the central executive is that they involve the 
manipulation of information in short-term memory, including adding or remov-
ing items, reordering items, and using working memory to guide other behav-
iors. Through this manipulation of information held in short-term memory, the 
central executive goes beyond simple rehearsal to become, in effect, the working 
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in turn in the following pages, and they are summarized in Table 9.2. This list 
of behaviors may seem, at first glance, like a random selection of activities, but 
they all depend on the controlled manipulation of working memory. The list is 
by no means exhaustive—there are many other behaviors that involve working-
memory manipulation—but these four examples serve to illustrate the breadth 
and diversity of mental activities that involve working memory and cognitive 
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Controlled Updating of Short-Term Memory Buffers
The central executive for working memory functions much like a manager at 
a large corporation who is responsible for assigning specific people to certain 
jobs at particular times. On Monday, he might tell Mike to work the front desk 

Table 9.2

Cognitive control through the manipulation of
working memory

Behaviors
Tasks used to explore these 
behaviors 

Controlled updating of short-
term 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
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Controlled updating of STM buffers

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? 

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 

2-back test

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?
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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 
any. Note that this task requires the participants to monitor (keep track of) the 
information being held in short-term memory and decide what to keep there 
given the current task.

This task is appealing to researchers who want to understand working 
memory in both human and nonhuman primates because it can also be studied 
in monkeys, as shown in Figure 9.7 (Petrides & Milner, 1982). On the first trial, 
a monkey sees a row of three nonmatching containers, each of which contains 
a reward, and selects the reward from one of them. Following this step, an 
opaque screen is placed between the monkey and the containers for 10 seconds, 
and the containers are shuffled so that on the second trial the monkey sees the 
same containers in a new order. Now the monkey must choose one of the other 
containers in order to get a reward. Like the human self-ordered task described 
above, this task requires the monkey to remember the items chosen previously. 
On the third trial, the monkey has to choose again, with only one remaining 
container still baited with a reward. Because this kind of working-memory task 

Card 1 Card 2

Card 4 Card 5 Card 6

Card 3

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. 
Adapted from Petrides, 2000.
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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
As Roberta prepared for the school day ahead of her, she had to be aware of her 
immediate goals (getting to French class on time in the morning) as well as her 
goals for later that afternoon (taking yoga). To make sure 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 by the student center to sign up for the yoga class. Only then 
would she go to French class. Roberta’s busy schedule requires her to keep track 
of many goals at once and to juggle them in her mind as the day passes, noting 
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 
second and, finally, to a third pole by moving one disk at a time and only placing 
smaller disks on top of larger disks. According to the legend, if any priest ever 
solved the problem, the temple would crumble into dust, and the world would 

Trial 1

Trial 2

Trial 3

Figure 9.7 A self-ordered 
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 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.
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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
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habitual response that he has developed and shift his attention to an alternative, 
context-specific rule (“look left when crossing streets in the United States”) 
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 
many London intersections have a “Look Right” sign painted on the curb in an 
attempt to reduce the number of American and European visitors who mistak-
enly look left before walking into oncoming traffic.

Don Norman and Tim Shallice (1980/1986) proposed that situations like 
these highlight the distinction between two types of processes—automatic ones 
and willed, or controlled, ones—that occur in parallel, competing to influence 
our behaviors. Automatic processes are triggered by situational cues, such as 
approaching a street, which to an Englishman like Trevor elicits an overlearned 
quick turn to the right to look for oncoming cars. These automatic responses 
are deeply ingrained and reflexive and typically occur with minimal conscious 
awareness; they do not generally interfere with other concurrent activities (like 
talking to a friend with whom we are walking). In contrast, willed, or controlled, 
actions are mediated by what Norman and Shallice described as the supervisory 
attentional system, which modifies behavior when the automatic responses are 
inappropriate, inhibits automatic routines in favor of more appropriate behav-
iors, and changes the prioritization of cues for attention. 

A well-known test of how well a person’s control processes can direct atten-
tion to stimuli and inhibit inappropriate automatic responses is the Stroop task 
(Stroop, 1935), which creates a laboratory situation analogous to Trevor’s trying 
to adapt to the traffic patterns in the United States. The Stroop task consists of 
a series of names of colors, each printed in a color that is different from the color 
being named (Figure 9.9). The word “green” might be printed in red ink, the 
word “blue” in green ink, the word “black” in blue ink, and so forth. The task 
is to look at each word in turn and say the color it is printed in, ignoring what 
the word happens to say.

Because people usually respond automatically to a written word by reading 
it, the Stroop task is very difficult to perform smoothly. Try it and you will see 
how hard it is to overcome the almost irresistible urge to read what the words 
say. To perform the task rapidly, you must inhibit your automatic impulse to 

(a) First sort by color

(b) Then sort by shape

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

Green
Blue
Black
Red
Orange
Purple
White
Yellow

Figure 9.9 The Stroop 
task The names of colors are 
printed from top to bottom, each 
in a color that does not correspond 
to the name. The task is to recite 
the colors that the words are 
printed in (color of ink) without 
being distracted by what the 
words say.
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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. 
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-Stroop task

Two processes
1. Automatic process
2. Controlled process

Norma and Shallice => Supervisory attentional 
system
modifies behavior when the automatic 
responses are inappropriate.
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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 be 
applied towards adaptive behaviors within an environment or context.

(wiki)
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The possibility that working memory and general intelligence are closely 
coupled suggests that if working memory can be improved through training 
and practice, a person’s general intelligence might increase at the same time. 
A recent study showed this might indeed be possible. Participants in a train-
ing group went through extensive daily training on the N-back task, described 
earlier as a test that challenges manipulation, maintenance, and updating of 
working memory (Jaeggi et al., 2008, 2010). The more they were trained on this 
task, the better they performed on it. More important, however, the improved 
performance on the N-back task was accompanied by an increase in their gen-
eral intelligence as measured by other tests, including tests like the Raven Matrix 
in Figure 9.10. Perhaps, then, what these intelligence tests measure is not fixed 
and innate but modifiable through selective training that strengthens the ability 
to put working memory to work.

Interim Summary
■ Transient memories are temporary representations of information. They are 

found in the first two stages—sensory memory and short-term, or working, 
memory—of the Atkinson-Shiffrin model of the stages of memory storage. 

?

1

(b)

(a)

2 3

4 5 6

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.)
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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 char-
acteristics other than size, such as more complex interconnections or special-
ized subregions found within the frontal cortex of humans (Semendeferi, Lu, 
Schenker, & Damasio., 2002).

Other insights into the role of the prefrontal cortex came from observing 
the behaviors of people with frontal-lobe damage. During World War I, for 
example, the many soldiers returning from battle with head wounds provided 
corroboration of the links between frontal lobes and intellect. A study of 300 
veterans returning from World War I with head wounds showed that those 
veterans with frontal-lobe damage were the most impaired in higher intellectual 
abilities (Pfeifer, 1922). 

One noted characteristic of frontal-lobe damage is a loss of ability to plan 
and to organize. You may recall Wilder Penfield, the famous neurosurgeon 
from the mid-twentieth century, whose work on brain mapping was reviewed in 
Chapter 7. One case described by Penfield was his own sister, who had a large 
tumor removed from her frontal regions. She had been an accomplished cook, 
but after the surgery she lost all ability to organize her cooking; she would 
move haphazardly from dish to dish, leaving some uncooked while others 
burned (Miller & Wallis, 2003). Or consider Elliot, a successful and happily 
married accountant, who had always been viewed by others as reliable and 
responsible. Then, in his late thirties, he developed a large tumor in his frontal 
lobes. Surgeons were able to remove the tumor and save his life. However, 

Cat

Chimpanzee

Anterior
(front)

Posterior
(back)

Rhesus
monkey

Human

(a)

(b)

(c)

(d)

Figure 9.11 Comparative frontal-
lobe anatomy These drawings show the 
relative sizes of the prefrontal cortex in 
different mammals. 
Adapted from Fuster, 1995.
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problem learning an initial sorting rule, such as to sort by color. Later, however, 
when the person must learn a new rule for sorting—say, by shape—frontal-lobe 
patients are severely impaired at making the transition. They show persevera-
tion, which means they fail to learn a new rule but instead persist in using an 
old rule despite repeated feedback indicating that the old rule is no longer cor-
rect. The severe deficits in task shifting associated with frontal-lobe damage 
suggest that purposeful shifts in processing may be especially demanding of 
executive-control processes mediated by the frontal lobes (Delis, Squire, Bihrle, 
& Massman, 1992; Owen et al., 1993).

Carlyle Jacobsen, an early and important researcher in this area, conducted 
animal studies in the early 1930s that implicated the frontal cortex in working 
memory (Jacobsen, 1936). Specifically, he looked at the effects of lesions in dif-
ferent parts of the brain on delayed spatial-response learning in monkeys. In 
these studies, monkeys were permitted to observe food being placed either in a 
location on the left or on the right of a surface outside their cages. After a delay 
during which the monkeys were not able to see the food, the monkeys were 
required to point to where the food had been placed. Jacobsen demonstrated 
that only monkeys with prefrontal lesions were impaired at responding cor-
rectly, exhibiting a selective and delay-dependent deficit in the tasks. Based on 
these results, he argued that an animal’s frontal lobes are critical for maintaining 
an internal representation of information in working memory over a delay prior 
to making some response.

One limitation of this early work was the relative crudity of Jacobsen’s surgi-
cal techniques by modern standards: he removed a rather large part of the pre-
frontal cortex. More recent research has shown that different subregions of the 
prefrontal cortex participate in different aspects of working-memory function.

For example, the primate prefrontal cortex can be divided into three main 
regions: the orbital prefrontal cortex, the medial prefrontal cortex, and the lateral 
prefrontal cortex. The lateral prefrontal cortex can be further subdivided into two 
components: the dorsolateral prefrontal cortex (DLPFC) on the top and the 
ventrolateral prefrontal cortex (VLPFC) below it, as shown in Figure 9.12. 
In these images, the orbital frontal cortex is not visible because it lies ventral to 
(below) the regions shown, and the medial prefrontal cortex is also not visible 

Dorsolateral
PFC Dorsolateral

PFC

Ventrolateral
PFCVentrolateral

PFC

Human Macaque monkey

Anterior
(front)

Posterior
(back)

Anterior
(front)

Posterior
(back)

(a) (b)

Figure 9.12 Primate 
frontal lobes These drawings 
show subdivisions of the frontal 
lobes in humans and in macaque 
monkeys, identifying the 
dorsolateral prefrontal cortex (PFC) 
in green and the ventrolateral 
prefrontal cortex in purple. Note 
that the very tip of the dorsolateral 
PFC is sometimes also referred to 
as the frontal polar cortex.
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problem learning an initial sorting rule, such as to sort by color. Later, however, 
when the person must learn a new rule for sorting—say, by shape—frontal-lobe 
patients are severely impaired at making the transition. They show persevera-
tion, which means they fail to learn a new rule but instead persist in using an 
old rule despite repeated feedback indicating that the old rule is no longer cor-
rect. The severe deficits in task shifting associated with frontal-lobe damage 
suggest that purposeful shifts in processing may be especially demanding of 
executive-control processes mediated by the frontal lobes (Delis, Squire, Bihrle, 
& Massman, 1992; Owen et al., 1993).

Carlyle Jacobsen, an early and important researcher in this area, conducted 
animal studies in the early 1930s that implicated the frontal cortex in working 
memory (Jacobsen, 1936). Specifically, he looked at the effects of lesions in dif-
ferent parts of the brain on delayed spatial-response learning in monkeys. In 
these studies, monkeys were permitted to observe food being placed either in a 
location on the left or on the right of a surface outside their cages. After a delay 
during which the monkeys were not able to see the food, the monkeys were 
required to point to where the food had been placed. Jacobsen demonstrated 
that only monkeys with prefrontal lesions were impaired at responding cor-
rectly, exhibiting a selective and delay-dependent deficit in the tasks. Based on 
these results, he argued that an animal’s frontal lobes are critical for maintaining 
an internal representation of information in working memory over a delay prior 
to making some response.

One limitation of this early work was the relative crudity of Jacobsen’s surgi-
cal techniques by modern standards: he removed a rather large part of the pre-
frontal cortex. More recent research has shown that different subregions of the 
prefrontal cortex participate in different aspects of working-memory function.

For example, the primate prefrontal cortex can be divided into three main 
regions: the orbital prefrontal cortex, the medial prefrontal cortex, and the lateral 
prefrontal cortex. The lateral prefrontal cortex can be further subdivided into two 
components: the dorsolateral prefrontal cortex (DLPFC) on the top and the 
ventrolateral prefrontal cortex (VLPFC) below it, as shown in Figure 9.12. 
In these images, the orbital frontal cortex is not visible because it lies ventral to 
(below) the regions shown, and the medial prefrontal cortex is also not visible 
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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 move-
ment, 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.

Cue Delay Response Cue Delay Response Cue Delay Response

(c) Response(b) Delay(a) Cue

Figure 9.13 The spatial 
delayed-response eye-gaze 
task (a) The monkey fixates on a 
central spot on the screen while 
a cue flashes in the upper-right 
corner. (b) During a delay period, 
the cue disappears and the 
monkey remains fixated on the 
central point. (c) Finally, when the 
central spot turns off, the monkey 
looks where the cue previously 
appeared. (For clarity, the monkey 
is shown in mirror image in the 
figure so we can see it gaze in the 
direction of the stimulus shown 
above). 
Data from Funahashi, Bruce, & Goldman-
Rakic, 1989.

Figure 9.14 Response 
of one prefrontal cortex 
neuron during the eye-
gaze delayed-response 
task Electrophysiological activity 
of the neuron during the cue, 
delay, and response periods of the 
task when the cue was presented 
at different locations. Note the 
strong response when the cue was 
at the bottom location (indicated 
by the blue outline) compared with 
the inhibited activity when the cue 
was presented at the top-center 
location. From Funahashi et al., 
1989. (For clarity, the monkey 
is shown in mirror image in the 
figure so that we see it gaze in 
the same direction as the stimulus 
being shown to it.)
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recipient of the signal (Curtis & D’Esposito, 2003). That is, the DLPFC may 
always be performing the same general function—control—but in controlling 
different regions, its effects on different behaviors may be quite varied. Thus, 
top-down signals from the DLPFC might enhance and maintain internal rep-
resentations of relevant sensory stimuli in different posterior sensory and motor 
centers until those representations are required for subsequent actions and 
decisions.

Mapping Executive Processing and Working 
 Memory onto PFC Anatomy
The lesion, electrophysiological, and imaging studies reviewed above leave 
two critical questions unanswered: (1) how are the frontal lobes organized, and 
(2) how does working memory actually work? In particular, are there different 
physical systems (or anatomical regions) in the brain for executive processes 
(memory manipulation) and rehearsal processes (memory maintenance), as 
suggested by Baddeley’s model? That is, does the functional distinction between 
manipulation and rehearsal proposed by Baddeley correspond to an actual ana-
tomical distinction between distinguishable brain regions? Also, are there ana-
tomical distinctions associated with the two material-specific rehearsal stores, 
namely, the visuospatial sketchpad and the phonological loop? These questions 
concerning organization and function have dominated research in the neurobi-
ology of working memory, and we turn next to discussing them in more detail.

Maintenance (Rehearsal) versus Manipulation
(Cognitive Control)
The manipulation-versus-maintenance distinction suggested by Baddeley’s 
model has been explored extensively by Michael Petrides and colleagues, 
who have concluded that the dorsal and ventral regions of the prefrontal 
cortex perform qualitatively different processes (Owen, Evans, & Petrides, 
1996; Petrides, 1994, 1996). Their findings, summarized in Figure 9.16, 
indicate that the ventrolateral prefrontal cortex supports the active controlled 
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(a) Macaque Figure 9.15 Activity in 
monkey and human DLPFC 
during the retention interval of 
a delayed-response task 
(a) Average of single-unit 
recordings of neurons with delay-
period activity from monkey DLPFC 
(data adapted from Funahashi 
et al., 1989). (b) Significant 
maintenance-related activity (left) 
and average fMRI signal (right) 
from right DLPFC in a human 
performing a delayed-response 
task. The gray bar represents the 
length of the delay interval. In 
both examples, the level of DLPFC 
activity persists throughout the 
delay, seconds after the stimulus 
cue has disappeared. 
From C. E. Curtis & M. D’Esposito, 2003.
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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 
Brain Substrates section) proposed by Baddeley. In contrast, the dorsolateral 
prefrontal cortex supports higher-order cognitive-control functions, such as 
monitoring and manipulating of stored information, functioning much like 
Baddeley’s central executive.

To test this mapping of processes to brain regions, as portrayed in 
Figure 9.16, Petrides and colleagues developed the self-ordered delayed-
response tasks described in Section 9.1. You’ll recall that in the monkey 
version of this task (see Figure 9.7), the monkey obtains the most treats by 
remembering which of three containers it has already chosen. A 10-second 
delay, during which the containers are hidden, occurs between each oppor-
tunity to choose. Monkeys with lesions to parts of the DLPFC were severely 
impaired at this task and could not determine which containers had already 
been emptied and which still contained a reward. The spatial component 
of the information was made irrelevant in this task because the containers 
were moved randomly during the delays. In contrast, these same monkeys 
were able to maintain object memories over varying delays (as opposed 
to manipulating those memories) and showed no problems solving basic 
delayed-recognition tasks (Petrides, 1995). In another study, Petrides (2000) 
showed that increasing the number of items to be monitored in these tasks 
exacerbated the impairments due to DLPFC lesions, whereas simply extend-
ing the delay time did not. Again, this finding implicates the DLPFC in 
monitoring but not in the maintenance of information in working memory. 
Thus, basic mnemonic judgments about recently seen objects, which require 
only maintenance of information during a delay, are not affected by DLPFC 
lesions. These maintenance functions are instead thought to be controlled by 
loops between the frontal lobes and more posterior regions of the brain, such 
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Figure 9.16 Brain substrates 
of 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 
central executive. The ventrolateral 
prefrontal cortex supports encoding and 
retrieval of information, performing the 
functions of the visuospatial sketchpad 
(right) and phonological rehearsal loops 
(left). Other brain regions named at 
bottom are connected to the VLPFC for 
maintenance of verbal and object and 
location information.
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remembering which of three containers it has already chosen. A 10-second 
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impaired at this task and could not determine which containers had already 
been emptied and which still contained a reward. The spatial component 
of the information was made irrelevant in this task because the containers 
were moved randomly during the delays. In contrast, these same monkeys 
were able to maintain object memories over varying delays (as opposed 
to manipulating those memories) and showed no problems solving basic 
delayed-recognition tasks (Petrides, 1995). In another study, Petrides (2000) 
showed that increasing the number of items to be monitored in these tasks 
exacerbated the impairments due to DLPFC lesions, whereas simply extend-
ing the delay time did not. Again, this finding implicates the DLPFC in 
monitoring but not in the maintenance of information in working memory. 
Thus, basic mnemonic judgments about recently seen objects, which require 
only maintenance of information during a delay, are not affected by DLPFC 
lesions. These maintenance functions are instead thought to be controlled by 
loops between the frontal lobes and more posterior regions of the brain, such 
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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
As Roberta prepared for the school day ahead of her, she had to be aware of her 
immediate goals (getting to French class on time in the morning) as well as her 
goals for later that afternoon (taking yoga). To make sure 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 by the student center to sign up for the yoga class. Only then 
would she go to French class. Roberta’s busy schedule requires her to keep track 
of many goals at once and to juggle them in her mind as the day passes, noting 
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 
second and, finally, to a third pole by moving one disk at a time and only placing 
smaller disks on top of larger disks. According to the legend, if any priest ever 
solved the problem, the temple would crumble into dust, and the world would 

Trial 1

Trial 2

Trial 3

Figure 9.7 A self-ordered 
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 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.

Gluck2e_CH09.indd   355Gluck2e_CH09.indd   355 27/11/12   12:57 PM27/11/12   12:57 PM

Self ordered delayed response task
10 sec

But, object memory in basic 
delayed-recognition task is fine.

DLPFC in monitoring(?)
function rather than 
information maintenance?



Self-ordered task
-right and left hemispheres in human brain

BRAIN SUBSTRATES | 369

as the posterior cortical speech and language areas (for verbal information) 
and the posterior cortical visual areas (for object and location information), 
as shown in Figure 9.16.

Several recent studies have attempted to differentiate between the brain 
substrates for passive rehearsal of information in working memory and those 
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 add-
ing 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 sug-
gest that the ventrolateral prefrontal cortex is activated by simple rehearsal, 
especially internal rehearsal (Awh et al., 1996). In contrast, more posterior 
regions of the brain appear to be involved only in the temporary maintenance 
of spatial working memory, not in its rehearsal. Many other neuroimaging 
studies have also confirmed a general distinction between storage mecha-
nisms in the posterior regions of the brain and rehearsal mechanisms in the 
anterior regions (Smith & Jonides, 2004), including the prefrontal cortex, as 
schematized in Figure 9.16. 

The Visuospatial and Phonological-Verbal Buffers
As you learned in the Behavioral Processes section, Baddeley’s model of 
working memory assumed the existence of two main memory buffers, one for 
visuospatial memory and the other for phonological-verbal memory. Studies 
of working memory in monkeys have, of course, been limited to studies of 
visuospatial memory because of the lack of verbal language in these nonhu-
man primates. All studies of phonological and verbal working memory have 
thus relied on the use of human participants. In spite of such limitations, 
there is evidence to support the idea that these two forms of working memory 
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 
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 
when the items to be monitored were abstract designs, the self-ordered tasks 
produced significant activity in the DLPFC, predominantly in the right 
hemisphere (Figure 9.17a). When the items consisted of verbal material, the 
activity was more intense in the left hemisphere, although strong activity 
occurred in both the left and right sides of the DLPFC (Figure 9.17b). From 
these results, the researchers concluded that while the right DLPFC has a 
dominant role in all monitoring processes, the left DLPFC is specialized for 
verbal materials.

Behavioral studies reviewed earlier in this chapter have indicated that 
verbal working memory retains items in a phonological code based on the 
sounds of the words and that these items are retained through a rehearsal 
process similar to internally rehearsed speech (Baddeley, 1986). Consistent 
with the general tendency for language to be left-lateralized in the brain, 
frontal-lobe patients with damage to the left side are most likely to show 
specialized deficits in verbal (as opposed to visuospatial) working memory 
(Shallice, 1988).
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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 self-
ordered 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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as the posterior cortical speech and language areas (for verbal information) 
and the posterior cortical visual areas (for object and location information), 
as shown in Figure 9.16.
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hemisphere (Figure 9.17a). When the items consisted of verbal material, the 
activity was more intense in the left hemisphere, although strong activity 
occurred in both the left and right sides of the DLPFC (Figure 9.17b). From 
these results, the researchers concluded that while the right DLPFC has a 
dominant role in all monitoring processes, the left DLPFC is specialized for 
verbal materials.

Behavioral studies reviewed earlier in this chapter have indicated that 
verbal working memory retains items in a phonological code based on the 
sounds of the words and that these items are retained through a rehearsal 
process similar to internally rehearsed speech (Baddeley, 1986). Consistent 
with the general tendency for language to be left-lateralized in the brain, 
frontal-lobe patients with damage to the left side are most likely to show 
specialized deficits in verbal (as opposed to visuospatial) working memory 
(Shallice, 1988).
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It is not surprising that early psychological models 
of working memory, such as those of Baddeley, 
Shiffrin, Shallice, and their colleagues, which were 
being developed in the 1960s and early 1970s, 
drew on these digital computers as metaphors for 
understanding the relationships between working 
memory and long-term memory in the human 
brain. It was popular then to view the human 
brain as a biological variant exhibiting the same 
principles of computing found in digital comput-
ers. That is, the idea that working memory was 
a physical system quite distinct from long-term 
memory was completely consistent with how digi-
tal computers of the era were designed.

The standard psychological model of working memory as popularized by 
Baddeley and colleagues was hugely influential and extremely valuable for 
guiding the first few decades of research on working memory and the brain. 
The core of this standard model was that the functions of working memory 
arise from operation of specialized brain systems that act as buffers for the 
temporary storage and manipulation of information (as seen in digital com-
puters of that era) and that frontal cortex (particularly prefrontal cortex) was 
the critical neural substrate for these buffers. More recently, some research-
ers have argued that while the prefrontal cortex is essential for most aspects 
of working memory, we should not jump to the conclusion that the physical 
substrates of working memory, especially the rehearsal and storage of sensory 
information, reside completely within the frontal lobes (Postle, 2006). Rather, 
a novel theory has developed in recent years in which working-memory func-
tions are viewed as arising through coordinated recruitment and sustained 
activation by the frontal lobes of more posterior brain systems that store 
sensory representations and perform action-related functions. This new per-
spective argues that the information in working memory resides in the same 
place as long-term memory, namely in the posterior sensory, perceptual, and 
motor brain regions of the cerebral cortex. The role of the frontal cortex in 
working memory is thus reconceptualized as a system for manipulating and 
altering whatever parts of the long-term memory regions are to be transiently 
active and for deciding when they are to be activated and how long the activa-
tion should persist.

In summary, this view of working memory sees working memory as emerg-
ing from a network of brain regions, all of which send and receive control-
ling information to and from the prefrontal cortex. Together these networks 
accomplish the active maintenance of internal representations necessary for 
goal-directed behavior (D’Esposito, 2007; Postle, 2006), as illustrated in 
Figure 9.18.

Goal Abstraction and Frontal-Lobe Organization
“What are you doing?” asks your roommate. Any of several answers would be 
equally correct: “Making a sandwich,” “Spreading peanut butter on bread,” 
or “Moving this knife from left to right.” These three answers all accurately 
describe what you are doing at the moment, but they do so at different levels 
of abstraction. “Making a sandwich” is the most abstract description of your 
current activity, and it also describes your ultimate goal. There are of course 
many different ways to make a sandwich, as well as a wide variety of ingredients. 
“Spreading peanut butter on bread” is thus a more specific description of what 
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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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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 
trouble cooking (including, most likely, preparing peanut butter sandwiches). 
The Tower of Hanoi, introduced in Chapter 8 (see Figure 8.1), also requires 
keeping a wide range of goals in mind, from the most abstract (“Move all disks 
to the right-hand peg”) to the most specific level (“Move the yellow disk to the 
middle peg). Impairments in solving the Tower of Hanoi puzzle have long been 
recognized as a sign of frontal-lobe dysfunction. 

Although neuroscientists have long known that keeping goals in working 
memory while working on complex tasks depends heavily on the frontal lobes, 
recent research has suggested that the gradient of abstraction from general 
plans and goals to more specific action plans follows a physical gradient begin-
ning at the front of the frontal lobes and moving back (Badre, 2008; Badre & 
D’Esposito, 2007). As illustrated in Figure 9.19, the most abstract plans (make 
sandwich, move all disks to right peg) depend on the most anterior (front) part 
of the frontal lobes. The more concrete and specific the goals or plans that must 
be maintained in working memory, the more posterior the localization of their 
function within the frontal lobes.

Some of the evidence for this gradient of abstraction comes from people with 
brain damage due to stroke: people with damage toward the front of their fron-
tal lobes are most impaired at tasks requiring cognitive control at a high level of 
abstraction. Converging data comes from lesion studies in monkeys that show a 
double dissociation between the effects of posterior frontal-lobe lesions and the 
effects of mid-frontal-lobe lesions. 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 to the middle part of the 
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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 
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.
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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 
trouble cooking (including, most likely, preparing peanut butter sandwiches). 
The Tower of Hanoi, introduced in Chapter 8 (see Figure 8.1), also requires 
keeping a wide range of goals in mind, from the most abstract (“Move all disks 
to the right-hand peg”) to the most specific level (“Move the yellow disk to the 
middle peg). Impairments in solving the Tower of Hanoi puzzle have long been 
recognized as a sign of frontal-lobe dysfunction. 

Although neuroscientists have long known that keeping goals in working 
memory while working on complex tasks depends heavily on the frontal lobes, 
recent research has suggested that the gradient of abstraction from general 
plans and goals to more specific action plans follows a physical gradient begin-
ning at the front of the frontal lobes and moving back (Badre, 2008; Badre & 
D’Esposito, 2007). As illustrated in Figure 9.19, the most abstract plans (make 
sandwich, move all disks to right peg) depend on the most anterior (front) part 
of the frontal lobes. The more concrete and specific the goals or plans that must 
be maintained in working memory, the more posterior the localization of their 
function within the frontal lobes.

Some of the evidence for this gradient of abstraction comes from people with 
brain damage due to stroke: people with damage toward the front of their fron-
tal lobes are most impaired at tasks requiring cognitive control at a high level of 
abstraction. Converging data comes from lesion studies in monkeys that show a 
double dissociation between the effects of posterior frontal-lobe lesions and the 
effects of mid-frontal-lobe lesions. 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 to the middle part of the 
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(Badre, 2008; Badre & D’Esposito, 2007) 

People with damage toward the front of their 
frontal lobes are most impaired at tasks requiring 
cognitive control at a high level of abstraction. 

(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 to the middle part of the DLPFC impair 
performance in general monitoring tasks but not in 
domain- specific tasks (Fuster, 2004; Petrides, 2006). 



Control of Long-term Declarative memory
Recall the source of word
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Neuroimaging has been particularly useful in furthering our understand-
ing of how the frontal lobes and working memory guide the controlled search 
of long-term memory. Recall that Petrides and colleagues argued that the 
ventrolateral prefrontal cortex supports active rehearsal and maintenance 
functions, while the dorsolateral prefrontal cortex supports higher-order 
executive-control functions, such as monitoring and manipulation of stored 
information (Petrides, 2002). Thus, the kinds of executive control and manip-
ulation of memory needed for retrieval of specific episodic memories, such 
as the last movie you saw, should be subserved by the dorsolateral prefron-
tal cortex. In fact, this is exactly what functional neuroimaging has shown: 
the dorsolateral prefrontal cortex is activated during people’s attempts to 
remember past events (Nyberg, Cabeza, & Tulving, 1996; Wagner, Desmond, 
Glover, & Gabrieli, 1998).

Have you ever met someone at a party who seems familiar and yet you 
can’t remember how you know her? (Is she an elementary school classmate or 
did you meet on that summer trip to Israel?) You just can’t recall, but you do 
know you met before. On the other hand, very often you will see a person and 
not only realize that he is familiar but immediately remember how and where 
you met. (The former phenomenon, known as source amnesia, is introduced 
in Chapter 7.) According to a study by Anthony Wagner, Daniel Schacter, 
and colleagues, you probably used your dorsolateral prefrontal cortex in the 
latter situation, in which you recollected the source of your memory, but 
not in the former situation, in which you knew that the person was familiar 
but could not remember why (Dobbins, Foley, Schacter, & Wagner, 2002). 
In their study, people were shown various words and asked one of two ques-
tions: “Is it abstract or concrete?” or “Is it pleasant or unpleasant?” Later, 
they were shown the words again and were asked either if they remem-
bered 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).
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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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Neuroimaging has been particularly useful in furthering our understand-
ing of how the frontal lobes and working memory guide the controlled search 
of long-term memory. Recall that Petrides and colleagues argued that the 
ventrolateral prefrontal cortex supports active rehearsal and maintenance 
functions, while the dorsolateral prefrontal cortex supports higher-order 
executive-control functions, such as monitoring and manipulation of stored 
information (Petrides, 2002). Thus, the kinds of executive control and manip-
ulation of memory needed for retrieval of specific episodic memories, such 
as the last movie you saw, should be subserved by the dorsolateral prefron-
tal cortex. In fact, this is exactly what functional neuroimaging has shown: 
the dorsolateral prefrontal cortex is activated during people’s attempts to 
remember past events (Nyberg, Cabeza, & Tulving, 1996; Wagner, Desmond, 
Glover, & Gabrieli, 1998).

Have you ever met someone at a party who seems familiar and yet you 
can’t remember how you know her? (Is she an elementary school classmate or 
did you meet on that summer trip to Israel?) You just can’t recall, but you do 
know you met before. On the other hand, very often you will see a person and 
not only realize that he is familiar but immediately remember how and where 
you met. (The former phenomenon, known as source amnesia, is introduced 
in Chapter 7.) According to a study by Anthony Wagner, Daniel Schacter, 
and colleagues, you probably used your dorsolateral prefrontal cortex in the 
latter situation, in which you recollected the source of your memory, but 
not in the former situation, in which you knew that the person was familiar 
but could not remember why (Dobbins, Foley, Schacter, & Wagner, 2002). 
In their study, people were shown various words and asked one of two ques-
tions: “Is it abstract or concrete?” or “Is it pleasant or unpleasant?” Later, 
they were shown the words again and were asked either if they remem-
bered 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).
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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.

Gluck2e_CH09.indd   374Gluck2e_CH09.indd   374 27/11/12   12:57 PM27/11/12   12:57 PM

How about long-term value memory?



Papers

NATURE NEUROSCIENCE | BRIEF COMMUNICATION

Goal-dependent dissociation of visual and prefrontal 
cortices during working memory

Sue-Hyun Lee, 
Dwight J Kravitz
& Chris I Baker

Nature Neuroscience 16, 997–999 (2013) doi:10.1038/nn.3452

JOURNALOFNEUROPHYSIOLOGY 
Vol. 6 1, No. 2. February 1989. Printed in U&4. 

Mnemonic Coding of Visual Space in the Monkey’s 
Dorsolateral Prefrontal Cortex 

SHINTARO FUNAHASHI, CHARLES J. BRUCE, AND PATRICIA S. GOLDMAN-RAKIC 
Section of Neuroanatomy, Yale University School of Medicine, New Haven, Connecticut 06510 

SUMMARY AND 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 pe- 
riod, and also allows precise measurement of the timing and di- 
rection of the relevant behavioral responses. 

2. Recordings were obtained from 288 neurons in the prefron- 
tal 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 fol- 
lowing cues located over a certain range of visual field directions 
and were weak or absent for other cue directions. The remaining 
2 1% were omnidirectional, i.e., showed comparable delay period 
activity for all visual field locations tested. Directional prefer- 
ences, or lack thereof, were maintained across different delay in- 
tervals (l-6 s). 

5. For 50 of the 87 PS neurons, activity during the delay period 
was significantly elevated above the neuron’s spontaneous rate for 
at least one cue location; for the remaining 37 neurons only inhib- 
itory delay period activity was seen. Nearly all (92%) neurons with 
excitatory delay period activity were directional and few (8%) 
were omnidirectional. Most (62%) neurons with purely inhibitory 
delay period activity were directional, but a substantial minority . . . 
(38%) was ommdn-ectronal. 

6. Fifteen of the neurons with excitatory directional delay pe- 
riod activity also had significant inhibitory delay period activity 
for other cue directions. These inhibitory responses were usually 
strongest for, or centered about, cue directions roughly opposite 
those optimal for excitatory responses. 

7. The distribution of preferred cue locations was examined 
across the population of PS neurons having directional delay pe- 
riod activity. All possible cue locations were represented (left, 
right, up, down, and obliques); however, preferred cue locations 
in the contralateral hemifield predominated. 

8. Tuning curves were calculated by the Gaussian formula to 
determine the directional specificity of delay period activity. The 
mean tuning indices (7’J of PS neurons were 26.8” for excitatory 

delay period activity and 43S” for inhibitory delay period ac- 
tivity. 

9. Delay period activity was examined on trials in which the 
monkey made large saccadic errors for cues in a neuron’s pre- 
ferred direction. Delay period activity was either truncated or 
absent altogether on such trials. 

IO. Of the 3 1 FEF neurons examined, 22 exhibited task-related 
activity: 17 had delay period activity and 10 showed directional 
delay period activity. The mean tuning index (Td) of excitatory 
directional delay period activity in the FEF was 27.4’. 

I I. These results indicate that prefrontal neurons (both PS and 
FEF) possess information concerning the location of visual cues 
during the delay period of the oculomotor delayed-response task. 
This information appears to be in a labeled line code: different 
neurons code different cue locations and the same neuron repeat- 
edly codes the same location. This mnemonic activity occurs 
during the I- to 6-s delay interval-in the absence of any overt 
stimuli or movements-and it ceases upon the execution of the 
behavioral response. These results strengthen the evidence that 
the dorsolateral prefrontal cortex participates in the process of 
working or transient memory and further indicate that this area of 
the cortex contains a complete “memory” map of visual space. 

INTRODUCTION 

The role of the prefrontal cortex, particularly the princi- 
pal sulcal (PS) region, in spatial memory has been strongly 
supported by lesion and developmental studies over the 
past two decades (17, 28, 57). Studies of single neuron 
activity in monkeys during performance of delayed-re- 
sponse tasks have also provided strong evidence of a pre- 
frontal contribution to memory (4, 5, 15, 16,20,22, 37,4 1, 
42, 46, 50-53). Although many types of neural activity 
have been found in the prefrontal cortex, neurons that 
show sustained activity during the delay period are particu- 
larly relevant to the issue of mnemonic processing. Usually 
these neurons increase their discharge rates following the 
brief cue presentation and continue firing tonically during 
the delay period until the response is executed (5, 15, 20, 
22, 52, 53). Such delay activity is often “directional” (44, 
50-52) i.e., dependent on the left-right location of the cue 
or response, with some neurons responding only in con- 
junction with “left” trials and others only with “right” 
trials. Because experimental lesions of the dorsolateral pre- 
frontal cortex profoundly affect the ability of monkeys to 
perform spatial delayed-response tasks correctly ( 17, 28) 
this delay activity has been assumed to be the cellular ex- 
pression of a mnemonic code for the left-right direction of 
the cue or, equivalently, of the impending response (17, 
18, 28). 
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