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Electrophysiological evidence in macaque monkeys indicates that when the monkey views a visual scene
with objects present in both visual hemifields, the cells of the temporal lobe respond to objects in the
contralateral field, but are hardly affected by objects in the ipsilateral field. If visual memories are stored
in the temporal lobes, as is generally believed, then this implies that the transfer of visual object memories
from one hemifield to the other should either fail or at least suffer decrement. Building on a previous study
inhuman subjects, we tested this prediction in rhesus monkeys (Macaca mulatta). We developed a method

ﬁgx&gjs; for tracking the eye movements of the awake, behaving monkey, which does not require the monkey to
Macaque be restrained or surgically prepared. We optimised the system to provide reliable feedback of eye position
Visual field in real time, and so provide hemifield-specific presentation of visual objects. In each acquisition phase
Memory the monkeys learned several object discriminations concurrently, each object only ever being presented

to one hemifield, and with an object present in each hemifield on every trial. In subsequent transfer tests
with the same objects, the monkeys performed significantly worse when the objects were shifted to the
opposite hemifield than if shifted the same distance within one hemifield. Thus, in monkeys as well as
in humans, and in association learning as well as in recognition memory, visual memories can be to a
large extent hemifield-specific. This result shows that, like perceptual systems, mnemonic systems of the
temporal lobe are largely hemifield-specific, and this has clear implications for studies of the temporal
lobes. Further, the validation of our method will allow us to use it, in future experiments, to investigate
in monkeys the effects of specific unilateral lesions on visual perception and memory for objects that are
presented in known positions in the visual field.

Eyetracking

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

When a primate views a complex visual scene, the mnemonic
processing of the scene and the objects within it is in part
dependent on the temporal lobe, and it has been proposed that
inter-hemispheric exchange of information via the corpus callo-
sum and anterior commissure allows the scene to be remembered
as a unified whole (Black & Myers, 1964; Eacott & Gaffan, 1989).
Early evidence indicated that there is bilateral representation of
visual memories (Myers & Sperry, 1958) distributed across both
temporal lobes via these forebrain commissures (Ringo, 1993).

Investigations of the effects of unilateral lesions in the human
brain on memory, however, often show lateralised effects in the
visual hemifield opposite the lesion (e.g. Hornak, Oxbury, Oxbury,
Iversen, & Gaffan, 1997; Vuilleumier et al., 2007). Further, electro-
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physiological evidence has questioned the simple account of the
integration of information across the meridian. When a monkey
views a single visual object on a blank background, neurons in infer-
otemporal cortex of both hemispheres respond to the object in a
manner reflecting its identity regardless of its location with respect
to the vertical meridian (Chelazzi, Duncan, Miller, & Desimone,
1998), in line with the stated idea of bilateral representation of
the visual memories (Myers & Sperry, 1958; Ringo, 1993). Chelazzi
et al., however, also included a condition with one object presented
in each hemisphere. In this condition, neurons in the temporal lobe
only responded to objects in the contralateral visual field, and were
barely affected by objects in the ipsilateral field. This latter con-
dition, with objects present in both hemifields, is a much more
naturalistic example of a visual scene. Ringo (1993), in common
with a range of early studies of inter-hemispheric transfer (Black
& Myers, 1964; Gazzaniga, 1966; Myers & Sperry, 1958), employed
the technique of sagittal section of the optic chiasm and monocular
occlusion. Whilst this preparation ensures that visual information
is only present in one hemifield, it also leaves the other hemi-
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field completely blank. The electrophysiological evidence above
suggests that it may be only in this special case that objects are
represented in both temporal lobes (Chelazzi et al., 1998).

The data therefore suggest that under conditions of viewing
a naturalistic scene containing several objects, with at least one
per hemifield, the visual object information in the temporal lobes
is confined to the objects presented to the hemifield contralat-
eral to presentation. The modification of neuronal responses in the
same area of temporal cortex is thought to be involved in the lay-
ing down of associative memories (Miyashita, 1988; Miyashita &
Chang, 1988). Combined, then, these data derive the somewhat
counterintuitive prediction that in the case in which a visual object
memory is acquired solely in one hemifield, and then presented
for retention solely in the other hemifield, the retention should
fail or suffer significant decrement, even in a completely intact
subject, so long as there are objects present in both hemifields.
The current experiment tested this hypothesis in the macaque.
The monkeys learned several concurrent object discriminations in
which the objects only ever appeared in a single hemifield, and
in which there was always one object in each hemifield. We then
tested their performance on these discriminations following one
of two possible shifts of the objects’ retinal position, either verti-
cally within a hemifield or horizontally from one hemifield to the
other. We predicted that the latter case would induce a retention
decrement relative to the other condition.

Previous work in humans hints that this indeed may be the
case. In two cases, recognition of objects presented in one hemifield
and tested in the opposite hemifield was impaired when compared
to recognition of objects learned and tested in different locations
within the same hemifield (Gratton, Corballis, & Jain, 1997; Hornak,
Duncan, & Gaffan, 2002). The current study built on these results in
several important ways.

First, the experiment used rhesus monkeys, in an attempt to con-
firm the prediction derived from the electrophysiological result of
Chelazzi et al. (1998) in the same species. If the reported neuronal
mechanism has the behavioural effect predicted, there are wide
ranging implications for the way in which visual object information
is transferred between the hemifields. Second, the current study
employs an associative learning task, rather than the recognition
memory employed in the human studies, allowing us to show that
the effect applies to visual object memory in general. Third, related
to the previous point, because the task is associative, the memory
test is applied over a number of trials, rather than the single recog-
nition trial employed in the human studies, again demonstrating
that the effect is robust and generalised in visual memory. Fourth,
the current study employs an eyetracking technique, which allows
the monkeys to view the objects in the periphery for an extended
amount of time, and not the limited 200 ms or 100 ms tachisto-
scopic presentation used by Gratton et al. (1997) and Hornak et
al. (2002). This means that the viewing of the presented objects is
more naturalistic in the current experiment.

Existing methods for measuring the direction of gaze in the
monkey require the surgical implantation of a head-post for head
restraint, and often the implantation of scleral search coils (Fuchs &
Robinson, 1966; Judge, Richmond, & Chu, 1980). The current study
represents the start of a project to investigate inter-hemispheric
transfer of visual information using lesions in the monkey. It is dif-
ficult to use the head-post technique in experiments to investigate
lesion effects, because the presence of a head-post impedes sur-
gical access to the brain, and ideally, in a lesion experiment with
monkeys, one should measure the pre-operative ability of each ani-
mal in the task of interest before making any lesion. As such we
have developed a method for measuring gaze direction that allows
us to present visual stimuli at known positions in the visual field
in normal monkeys with no head-post or other surgical prepara-
tion.

Our eyetracking method was designed with two important con-
straints. First, it had to be able to use information about eye position
to control the presentation of visual stimuli online, so that stimuli
could be presented at a known retinal location and blanked imme-
diately whenever the monkey broke central fixation. Second, it had
to be able to provide these data in a freely moving monkey, i.e.
one without animplanted head-post. This latter constraint provides
two advantages. First, it allows subsequent investigation of lesion
effects as described. Second, it represents a significant refinement
of the technique for monkey eyetracking, which may substantially
improve the welfare of monkeys used in experiments on visual
perception and memory.

The monitoring of gaze direction in monkeys without head
restraint has been accomplished before. Bagshaw, Mackworth, and
Pribram (1970b) produced a method that has been modified and
adapted for a number of uses (Bagshaw, Mackworth, & Pribram,
1970a, 1972; Oscar-Berman, Heywood, & Gross, 1971; Pascalis &
Bachevalier, 1999). In general these methods require the monkey
to observe stimuli through a window, as our method does, though
they control eye placement with a facemask into which the mon-
key places its face at the start of each trial, something that our
method does not require. Gaze direction is then analysed post hoc
using a frame-by-frame analysis, usually employing the reflection
of stimuli on the cornea as a reference. This provides information
about which of two lateralised stimuli the monkey is observing, or
whether or not the monkey is observing the stimulus at all. The
method presented here has a much greater degree of accuracy, can
provide precise information about fixation of any point on the dis-
play, and crucially provides gaze direction information in real time
such that it can be used to control stimulus presentation, allowing
hemisphere specific stimulus presentation. We therefore regard it
as a significant advance.

2. Methods
2.1. Part 1: eyetracking procedure

2.1.1. Subjects

Eight male rhesus monkeys (Macaca mulatta) acted as subjects in the develop-
ment of the eyetracking technique. The monkeys’ mean weight was 6.8 kg (range
4.3-7.6kg) and their mean age was 5 years 9 months (range 3 years 11 months to
6 years 3 months) at the start of testing. The monkeys are labelled M1-M8. Mon-
keys M1 and M2 subsequently acted as subjects in the inter-hemispheric transfer
experiment (see Part 3). These two monkeys were the first to master the use of
the eyetracker via the shaping procedure described below. All of the monkeys were
experimentally naive prior to the commencement of the current study. All monkeys
were housed socially in accordance with UK Home Office guidelines, and water was
continually available in the home cage.

2.1.2. Apparatus

Monkeys were wheeled to the testing cubicle in a metal transport cage with a
sitting area of 600 mm x 500 mm x 450 mm. One side of the cage allowed the mon-
key access to the experimental area. The bottom 125 mm of this side was open so the
monkeys were able to reach to obtain food rewards (see below). The top section was
solid metal with three holes cut into it. The first was the viewing window, and was
placed 390 mm above the base of the transport cage, centrally in left-right terms,
and was 65 mm x 35 mm. This window was designed for the monkeys to view the
stimuli through, and was sized and positioned such that the monkeys could com-
fortably look out through the window with both eyes. The remaining two were the
hand holes, and allowed the monkeys to grasp external bars to make the viewing
position more comfortable.

The experiment was conducted in an automated testing apparatus contained
within an experimental cubicle that was dark except for the display background
illumination, and the infrared camera (see below). The transport cage was secured
such that the viewing side was opposite and 870 mm from a large display screen
860 mm x 520 mm with a display resolution of 800 x 600 pixels. In the current
experiments the area used for stimulus presentation was a square of length 520 mm,
subtending an angle of 34.7° at the focus point (see below), and utilizing the full
height but not width of the screen. The screen was positioned such that the centre
of the viewing window was vertically and horizontally in line with the centre of this
stimulus presentation area.

Positioned 445 mm from the transport cage in front of the screen was the eye-
tracking camera with infrared probe lights (Sony AF CCD EVI-D31, Sony, Tokyo,
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Japan), which formed part of the ASL 5000 Eyetracking System (Applied Science
Laboratories, Bedford, MA). The lens of the camera was situated 174 mm below the
centre of the viewing window, and thus barely obscured the screen behind it, but
had a complete view of the viewing window itself. The camera was zoomed and
directed on one half of the viewing window, with its lens focussed 20 mm inside
the transport cage. These parameters were derived from measures of the positions
monkeys M1-MS5 initially adopted in the apparatus when looking through the view-
ing window. The effect of the camera settings was that when the monkey viewed
the screen with both eyes positioned centrally in the viewing window, the camera
was focussed on the monkey’s right eye. Throughout the development of the tech-
nique the monitoring of eye position used the right eye, and the direction of the
camera, its state of zoom, and the location of focus relative to the viewing window
remained constant. The location 20 mm inside the cage will be referred to as the
focus point. The monkey was able to learn an optimal position within the transport
cage from which to provide the eyetracking camera with data sufficient to control
the behavioural tasks. The monkey therefore adopted the same position for each
trial, with his right eye at the focus point, because otherwise the apparatus would
not register the presence of his eye, and he would be unable to obtain food rewards.
Hence we can be confident of the measures of visual angle described here, despite
the lack of physical head fixation. All measures of visual angle are described from
the focus point.

Through the bottom of the transport cage, monkeys were able to access the
inside of an otherwise closed wooden box. An automated pellet-dispensing device
made an audible beep when delivering banana flavoured reward pellets (190 mg;
PJ. Noyes, Lancaster, NH) into a hopper on the right of the box. Left of this was an
automated spring loaded lunchbox (200 mm x 100 mm x 100 mm), which opened
immediately following the end of each daily session to deliver the animals’ daily
diet of wet primate chow, pieces of fruit, dates, and peanuts. On the top of the
wooden box were two smaller metal boxes containing bars that could be reached
by the monkeys through the hand holes.

The apparatus as described above, including the cage, and both metal and
wooden boxes, was designed such that when in place in the cubicle, monkeys were
able to see the screen only by looking through the viewing window.

Four closed-circuit TV cameras positioned around the testing cubicle were used
for observation from outside the room of the monkey and apparatus throughout
testing. The stimulus display, eyetracking, food delivery, and experimental contin-
gencies were all computer-controlled from outside the cubicle. The eyetracking was
controlled by an ASL Model 5000 Eyetracking Control Unit (Applied Science Labo-
ratories, Bedford, MA) that interfaced with a standard PC running Windows 98 and
proprietary ASL software, E5 for Windows. Stimulus presentation was controlled by
a DOS based computer running in-house programmes in Pascal.

We created a Pascal interface between the eyetracking system and our own
stimulus presentation software, which extracted raw data from the eyetracking
computer giving eye position on a cycle-by-cycle basis at 60 Hz. These data were
used to control the presentation of the stimuli on the screen. The eyetracking sys-
tem provided the DOS PC, via the Pascal interface, with a range the following data
each cycle: presence of a pupil; presence of a corneal reflection; X gaze-coordinate;
Y gaze-coordinate. Each of these was used in real time to guide the behavioural tasks
at different stages of the training procedure.

The ASL system (Applied Science Laboratories, Bedford, MA) generates X and
Y coordinates which are provided in point of gaze units (POGS). Henceforth stated
measurements of X and Y eye position refer to measurements of these POGs. The
commercial nature of the ASL software and hardware mean that we do not have
direct access to the method of POG calculation. This does not impact our ability to
work with the system and calibrate monkeys to use it. The method of POG calculation
is constant, and therefore we calibrate the monkeys on the basis of gaining a stable
POG reading when the monkey is looking at the same position. This method will
become clear below.

2.1.3. Theory of operation

A brief consideration of the theory of operation of the eyetracking system will
be informative when considering the training procedure that we employed and that
is described below.

The system is based on the comparison of corneal reflection and pupil location.
If a subject’s single eye fixates a point of light, a proportion of that light will reflect
back from the cornea. An observer (or camera) located in the same place as the point
of light will see the corneal reflection (CR) as located in the centre of the subject’s
pupil. If the subject shifts fixation away from the point of light, the CR will shift
relative to the centre of the pupil, in a manner that is consistent with the size of the
shift in gaze. Hence the point of gaze can be reliably calculated from the pupil-CR
separation (PCR). The PCR varies with eye rotation, and therefore change in point
of gaze, but does not vary significantly with eye translation, for example as a result
of head movement. As such PCR provides a reliable manner of calculating point of
gaze independent of irrelevant head movements.

In the current system, the camera lens is closely surrounded by a ring of infrared
LEDs, which provide the light from which the CR can be measured. They also provide
light that reflects from the retina and passes back out through the pupil (though
of course not the iris) thereby illuminating (in a sense back-lighting) the pupil to
allow the camera to locate it more easily, and therefore facilitate calculation of the
PCR. As such, in order to track the gaze direction of a subject, the camera must be

set up such that a clear reflection from the cornea, and a clear pupil, can both be
recorded.

2.1.4. Optimisation of camera

Prior to training on behavioural tasks, the camera needed to be optimised for
the monkey eye. This was carried out using adjustments in the E5 for Windows
programme described above (Applied Science Laboratories, Bedford, MA). We first
optimised the system for a human observer with dark eyes. We then introduced
pilot monkeys to the apparatus, and encouraged them to look through the viewing
window. We adjusted the strength of the camera’s response to the pupil and CR
using the software, in order to obtain optimal co-detection of monkey pupil and CR.
Alower sensitivity was required in general for detection of these features in monkeys
compared to humans, suggesting a higher level of reflectivity in the monkey eye. We
also found no significant differences in the settings required for optimal detection
between monkeys, and therefore maintained the same settings for all of these and
subsequent monkeys throughout training.

2.1.5. Stimuli

Throughout shaping and object discrimination learning, a consistent form of
stimulus was used. They were all square bitmap stimuli with a side of 128 pixels,
subtending 5.5° visual angle at the focus point, and with 20 colours. All of the pre-
sented images had black backgrounds, and all of the tasks were presented on a black
screen.

In the shaping procedure, the bitmap images were derived from photographs of
the faces of rhesus monkeys. The face used for a given trial was selected at random
from a pool of 24 photographs of other macaque monkeys unfamiliar to the exper-
imental monkeys. The stimulus monkeys had their eyes open and were looking at
the camera.

In the object discrimination task, clipart images were used from a pre-selected
pool of 2600 images with black backgrounds so that when presented on the black
screen, the images would not all have a square 128 x 128 pixel silhouette. The images
were screened to ensure they were distinct against a black background, and that
there were no repeats. For each monkey, the 2600 stimuli were separately ran-
domised to a unique order, to be used session by session. At no point in the current
study were any stimuli re-used.

2.1.6. Shaping

Prior to introduction to the eyetracking apparatus, the monkeys had been
trained to come into a transport cage, and familiarised with the processes of spend-
ing time in a darkened testing cubicle, receiving reward pellets, and receiving the
large food reward.

Upon introduction to the eyetracker, monkeys performed a shaping task that,
over a series of training levels, taught them to operate behavioural tasks using their
gaze and its direction. Schematic diagrams of the screen during these levels can be
seen in the top section of Fig. 1. For level 1, a small, grey, circular fixation spot (diam-
eter 5mm, 0.3° visual angle from the eye point of the monkey) was presented on the
screen, and any record of the presence of the monkey’s pupil by the camera in its
field of view was counted as a response. Upon production of a response, the fixation
spot was immediately replaced by a clipart image of the face of another monkey.
The use of monkey faces as stimuli in this early stage of training was deliberate,
the aim being to provide an engaging stimulus and encourage the monkeys to look
more carefully at the screen, as monkeys value the social information derived from
such faces (Deaner, Khera, & Platt, 2005). Monkeys had to present their pupil for a
total of 1000 ms (not necessarily consecutive) in order to obtain a food reward. If
the pupil response was lost prior to the 1000 ms then the monkey face image was
immediately replaced by the fixation spot. After the completion of a trial the reward
was immediately dispensed to the hopper, the screen was blanked, and a 105 inter
trial interval began. In the first session, monkeys had to obtain 10 food rewards.
Completion of the 10th correct trial, and therefore completion of the session, led
to automatic opening of the lunchbox, and consequent dispensing of the large food
reward. Over subsequent sessions the number of trials required in order to com-
plete the session was gradually increased, determined by the speed of work and
level of motivation of individual monkeys, up to a level of 50 rewards per session.
Monkeys quickly learned to complete this task efficiently within the first session
in almost all cases. Subsequently the required looking duration was increased to
2000 ms. Once monkeys were performing this level comfortably, they began level
2.

In level 2 of shaping, the procedure was identical to level 1, but here the response
that was required for the production of the monkey face stimulus was for the eye-
tracking software to record not only a pupil being present, but also valid X and Y
coordinates for eye position. X and Y coordinates are the output format of the eye-
tracking system, and are provided when the system is able to calculate the PCR. This
therefore requires that the monkey present his eye such that the location of both
the pupil and CR can be measured. In order to achieve this, the monkey must not
only have his eye present in the correct area of the viewing window, but also be
facing towards the camera, and not moving at high speed. Because the focus point
is always in the same place relative to the viewing window and hand bars, optimal
performance at this level was obtained when the monkey learned to sit in a position
with his pupil at the focus point. As in level 1, a response caused the fixation spot to
be replaced by a monkey face stimulus, and the monkey had to accumulate 2000 ms
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of not necessarily continuous looking in order to obtain a food reward. Monkeys
generally showed competent performance at this level within two sessions.

Level 3 of the shaping programme was identical to level 2, but with two excep-
tions. First, the fixation spot and subsequent monkey face appeared in any one of
five cardinal points on the screen, selected at random before each trial (see Fig. 2).
Second, the monkeys were required to provide the requisite eye response for a con-
tinuous duration, rather than a cumulative one. This was initially 300 ms, and then
gradually increased in subsequent sessions to a maximum of 1000 ms. The require-
ment for continuous looking was harder for the monkeys to acquire, but in general
they were able to meet the 1000 ms criterion within 700 trials. Progress throughout
this phase of the training for all eight monkeys can be seen in Fig. 3.

It is critical to point out that in the process of shaping, and in order to meet the
criterion of level 3 of the shaping task, the monkeys had to learn exactly how best to
place their heads and look out of the viewing window such that their pupil lay at the
focus point, and to remain relatively still for the duration of the trial. Our apparatus
therefore provides a behavioural solution to the problem of a lack of head fixation.

2.1.7. Calibration

The final stage of the pre-training was to calibrate individual monkeys’ point
of gaze relative to objects on the screen. The relationship between the raw data
provided by the PCR and the actual direction of gaze varies slightly for each subject,
and therefore an individual calibration is necessary.

The standard procedure for this is to require a subject to look at five or nine car-
dinal points on the presentation screen, and record their PCR values, such that the
ASL calibration software can account for the individual differences of that subject.
Obviously, this is not a trivial matter with monkeys, or indeed infants, with whom
similar systems have been used (Aslin & McMurray, 2004). In order to facilitate accu-
rate eyetracking for hemifield-specific object presentation, we sought a calibration
accurate to within approximately 2° of visual angle, which is more accurate than that

SHAPING TASK

Levels 1 &2

Level 3

OBJECT DISCRIMINATION PRE-TRAINING

Stage 1

Stage 2

4
@

Stage 3

Fig. 1. Illustrations of the levels and stages in the shaping and object discrimination
pre-training phases of monkey training in the eyetracking apparatus. Each panel
represents all of the items on the screen (not to scale) during a single period of each
task, with the task progressing from left to right for each level or stage of training.
For full details of the procedure see materials and methods. Shaping task: Monkeys
learned that the presence of a grey fixation spot allowed them to initiate a trial, and
that showing their eye to the eyetracker at this time caused the presentation of a
monkey face stimulus. Actual photographs of monkeys within the colony were used,
but are only represented diagrammatically here. Object discrimination pre-training:
Monkeys learned to fixate a red fixation spot whilst stimuli were presented periph-
erally. When the fixation spot became green, the monkey was permitted to break
fixation from the central spot. The right-most panel displays the items presented
to the monkey as soon as fixation was broken. Therefore, in stage 3, the monkey is
never able to fixate the clipart stimuli.

(B)

Fig. 2. lllustrations of the layout of the screen for eyetracking. (A) Representation of
the positions in which stimuli were presented (not to scale). The grey fixation spots
represent the five possible stimulus locations. Monkey faces were presented in all
five locations for the shaping task. In the object discrimination task, only fixation
spots appeared at the central location, whilst the objects were presented in the four
corner locations. These four locations are referred to as the S+ locations. The five
points can be determined by the six coordinates noted and named by the dotted
lines. These six coordinates for each individual monkey were used in the calibration
process. (B) Representation of a sample screen shot from the object discrimination
task. Problems always contained one object in each hemifield. Dotted lines represent
the edges of the fixation areas, and would not be seen on the screen. These areas are
abutting, such that a point of gaze crossing from one to the other can be in one or
the other area, but not in both or neither, at any point in time. A point of gaze within
the central area, for example, was considered to be fixation of the central fixation
spot.

generally obtained by two-point calibration methods often employed with infants
(Aslin & McMurray, 2004). We carried out a number of pilot experiments in which
there was a behavioural requirement for the monkey to fixate the required loca-
tions, but found that fixation was rarely stable enough to use for a daily calibration,
and therefore this approach was not practical. These pilots did, however, provide
two important pieces of information. First, that the POGs for a monkey assumed to
be looking at the same position because the monkey face was in that position were
consistent, and that the POGs for a monkey looking at different positions were dif-
ferent from each other in a predictable manner. This means that, regardless of the
method of POG calculation, when the monkey looks in the same place the eyetrack-
ing system gives consistent readings. Second, that the offset of individual monkeys
between PCR and actual point of gaze is very stable over time, and this assertion
was supported by the data presented below.

Hence, to calibrate individual monkeys, we firstimplemented a standard human
calibration in the system, using the five cardinal points (Fig. 2a) and the E5 for Win-
dows software. Monkeys then performed stage 3 of the calibration task, and we
collected X and Y coordinates in real time during each trial, obtaining one reading
per cycle. We analysed these data with respect to the location in which the stimuli
were presented in the task, and noted strong clustering of coordinates. This showed
that, despite no overt behavioural requirement, monkeys were strongly fixating the
monkey face stimuli (see Fig. 4), and that the eyetracker with a human calibration
was providing very stable output when tracking a monkey eye. For each monkey, we
obtained a mean X and Y coordinate for each of the five cardinal points. Occasionally
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Fig. 3. Progress of the eight monkeys during level 3 of the initial shaping procedure.
(A) Increase in length of continuous eye presentation. In level 3 monkeys learned to
present their eye at the viewing window in a manner stable enough to generate X
and Y coordinates for a continuous period, initially of 300 ms, up to a maximum of
1000 ms. As the monkeys became proficient at this, the required period of fixation
was increased as a parameter of the task, and this progress is shown graphically here.
Monkeys received a minimum of 700 trials of shaping at this level. (B) Decrease
in number of breaks in looking. During level 3 of the shaping task, we recorded
the number of occasions the monkey removed his eye from the viewing window,
or otherwise caused the recording of X and Y coordinates to be lost before a trial
was completed. Here we display the mean number of such breaks in looking in 10
trial bins for the period of shaping also shown in (A), across all eight monkeys. The
number of breaks in looking decreases during the shaping, such that on average the
monkeys are making far fewer than one break per trial by the end of shaping.

the monkey made a saccade away from the stimulus during the calibration sessions,
so we calculated the mean of the X and Y coordinates generated within two standard
deviations of the modal coordinate. From these data we generated a mean for the six
coordinates required to specify the five possible fixation locations employed in the
task (Fig. 2a). We then compared these coordinates for each monkey with those gen-
erated by the human subject to whom the system was correctly calibrated, which
had been collected in the same manner. This simple procedure provided an off-
set vector for each monkey, relative to the human calibration implemented by the
software.

Finally we used our interface between eyetracker and stimulus presentation
system to correct for the offset in real time, so that the coordinates generated by the
eyetracking software were individually corrected for a given monkey before being
converted into coordinates reflecting gaze location on the screen. These corrected
and therefore calibrated coordinates of gaze position on the screen were used to
control the subsequent tasks.

2.2. Part 2: validation of method

In order to calculate the spatial resolution of the eyetracking system thus cali-
brated, we recorded the error produced by the system when the five pilot monkeys
performed stage 1 of the object discrimination pre-training task described below.
Specifically, we recorded fixation coordinates in the period during which the mon-

key was required to fixate the 0.3° visual angle fixation spot in the absence of
any other visual stimuli, and then calculated the error in these coordinates from
the fixation spot assuming constant fixation of the spot. The maximum root mean
square error calculated from this procedure was 2.4°, representing a suitable spatial
resolution of the system for our purposes.

Standard procedure in human eyetracking studies would be to calibrate sub-
jects before each session. The calibration procedure described above, however, is
not practical for daily use, but data from the five pilot monkeys suggested that
because our system operated on the same settings day after day, with the appa-
ratus unchanged, and because the monkeys had behaviourally learned to adopt
a stable position for each trial during the shaping procedure because the focus
point remained the same throughout, our calibration system was stable once imple-
mented.

In order to ensure that the calibration did indeed remain stable over time, we re-
tested the offset between the human subject and each of the eight monkeys, both 7
days and 2 months (mean 61.5 days) after initial calibration. The procedure in each
case was identical to that described above for initial calibration. At each of these
three tests, we therefore derived a set of 3 X coordinates and 3 Y coordinates for
each monkey. The first set of these coordinates were the set originally used to drive
the calibration offset procedure described above.

The data for the calibration stability test are presented in Table 1. Inspection of
Table 1 reveals consistent readings within each monkey, and no overlap between
coordinates over the course of the three tests for a given monkey. To confirm this,
we applied simple trigonometry to calculate the distance between the derived coor-
dinates of a single point for a given monkey over the three tests. This therefore
provided a measure of whether the derived coordinates were varying, and there-
fore whether or not the calibration was stable. The mean of this distance was 3.83
POGs, and the maximum distance was 9.85 POGs for any point. We contrasted this
with the distance between adjacent points over the three tests, which had a mean
of 28.73 POGs and a minimum of 20 POGs. Hence the change in derived coordinates
in our calibration stability test over time was small when compared to the distance
between the points the monkeys were required to fixate. This reveals the stabil-
ity of our calibration procedure, and suggests that the data from eyetracking and
hemifield-specific presentation are reliable. We were therefore able to maintain the
calibration for each monkey over a period of time, rather than replacing it for each
session.
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Fig. 4. Example of data from one monkey used for calibration. X and Y coordinates
are plotted for every recorded eyetracker response during a trial, measured in POGs,
and for display here converted to degrees of visual angle from the central point of the
screen, which is also the centre of the fixation spot. Small circles represent a single
fixation at that coordinate; medium sized squares represent 2 or more fixations; and
large circles represent 20 or more fixations. Different colours refer to trials in which
the monkey face stimulus was presented in different locations on the screen. The
black squares represent the maximum size of the clipart images on the screen in the
five locations in which they were presented. It should be noted that the outline of
the stimuli fell well within these areas, as the stimuli had black backgrounds, and the
screen background was the same shade of black. The strong clustering of the points
shows that, despite the lack of overt behavioural requirement to do so, monkeys
were carefully fixating the stimuli. Mean X-Y coordinates for each point for each
monkey were derived from these data, and use to drive the calibration procedure.
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Table 1
Mean coordinates, measured in point of gaze units (POGs) for all eight monkeys
derived from fixation of stimuli in the shaping task.

Monkey Testing point X1 X2 X3 Y1 Y2 Y3
M1 1st calibration 91 118 144 128 163 195
+7 days 93 121 144 125 161 198
+2 months 93 120 144 129 162 197
M2 1st calibration 95 121 144 123 153 186
+7 days 95 118 139 130 155 187
+2 months 102 123 145 129 159 187
M3 1st calibration 101 124 149 132 164 193
+7 days 99 125 148 133 164 191
+2 months 103 129 149 139 164 190
M4 1st calibration 96 119 142 123 153 184
+7 days 96 117 141 121 152 189
+2 months 94 116 141 126 149 190
M5 1st calibration 94 119 141 141 172 199
+7 days 91 119 139 138 167 203
+2 months 93 120 142 137 168 198
M6 1st calibration 94 122 145 120 157 185
+7 days 94 121 146 122 159 186
+2 months 94 119 149 129 156 190
M7 1st calibration 91 122 145 109 146 183
+7 days 92 122 146 110 146 184
+2 months 92 130 150 111 144 187
M8 1st calibration 99 123 153 104 141 177
+7 days 98 121 151 106 143 176
+2 months 96 120 149 106 139 174

The six readings correspond to the six key coordinates described in Fig. 2. The read-
ings given at the three time periods are consistent within a given monkey, and show
no overlap with the other coordinates, suggesting a stable calibration procedure.

We have maintained regular checks of the calibration since it was initiated, and
noted no significant deviations in any monkey, despite performance of up to 500
sessions per monkey.

2.3. Part 3: behavioural experiment

2.3.1. Control of behavioural tasks with eye movement — object discrimination
pre-training

Monkeys were now able to control aspects of behavioural tasks with their eye
movements. They were taught a simple object discrimination task in the periphery
across three stages. Schematic diagrams of the screen during these stages can be
seen in Fig. 1.

For this and subsequent tasks, the screen was divided into five diamond shaped
fixation areas, shown in Fig. 2. At the centre of each was a location in which a fixation
spot or stimulus might appear. The eyetracker provided information in real time
about which region of the screen the monkey was fixating. Fig. 2 shows these fixation
areas.

In stage 1 of object discrimination training, monkeys were presented with an
initial red fixation spot, in the centre of the screen. This spot was of the same size
and luminance as the grey spot employed in the shaping procedure. Any fixation
within the central fixation area was deemed a fixation of this spot, and at its widest
point this fixation area occupied 5.8° of visual angle. When fixation of the central
spot was confirmed, a single clipart stimulus was presented in one of four possible
locations, each with its own fixation area, surrounding the fixation spot (see Fig. 2).
In stage 1, the same four stimuli were used throughout, one for each of the four
fixation areas.

The task for the monkey was to maintain fixation on the central red spot until
that spot changed to green, and then make a saccade to the stimulus. Over a num-
ber of trials monkeys were gradually trained to fixate the red spot for 2000 ms
including 1000 ms of continuous fixation. Any fixation outside the central fixation
area prior to the fixation spot change caused immediate blanking of the stimuli
(but not the fixation spot) until central fixation was rejoined. Once the green spot
appeared, fixation of the area containing the stimulus was deemed a ‘correct’ trial.
The stimulus remained on the screen for 2000 ms to allow fixation of it, and an
immediate food reward was dispensed. If the gaze passed any of the three other fix-
ation areas, or anywhere else, the trial was deemed ‘missed’, the screen blanked, and
no reward delivered. Monkeys were trained on this task until they were responding
comfortably with few missed responses.

Stage 2 of the task was identical to stage 1, but with new unseen stimuli and a
second stimulus presented in the diagonally opposite fixation area. From now on,
stimuli were only ever presented with one in each hemifield, diagonally opposite
to each other. Examples of the screen during such trials can be seen in Fig. 5. Of

these two stimuli in a trial, one was deemed the S+ and one the S— consistently, and
from here onwards, a presentation of an S+ with an S— will be referred to as a single
problem. The monkey's task was to fixate the S+ when the fixation spot became
green, learning which stimulus was the S+ by trial and error. Fixation of the S+ was
a ‘correct’ response and elicited the same reward and events as in stage 1 above,
with the addition of the removal of the S—. Fixation of the S— was designated an
‘incorrect’ response, whilst fixation of anywhere else on the screen was designated
as ‘missed’, both eliciting the blanking of the screen, and no reward. Monkeys were
trained on this task until they were performing at a stable level above chance, and
therefore showing learning of the discrimination between the two stimuli. At this
point they were moved onto stage 3.

Initial training in stage 3 employed the same four discriminations learned in
stage 2, and therefore the stimuli were familiar, but from stage 3 onwards, at no
point was the monkey able to fixate the clipart stimuli. If the monkey made a cor-
rect response, the S+ was immediately replaced by a grey fixation spot to provide
positive feedback. If the monkey made any other response, the screen was imme-
diately blanked. The eye position was updated at sufficient frequency (60 Hz), that
blanking or replacement of the stimuli occurred before the monkey had a chance to
complete a saccade and fixate the peripheral stimulus. The behavioural difference
between transfer within hemifields and between hemifields reported below con-
firms that this was the case. As a result, stage 3 ensured that monkeys continued to
learn about stimuli that were now presented solely to a single hemifield. Monkeys
were trained on this set of problems, carried over from stage 2, to a criterion of 90%

TRANSFER

ACQUISITION

Fig. 5. Example screenshots from the object discrimination task. Each panel repre-
sents all of the items on the screen (not to scale) during a fixation period of the task.
Monkeys had to fixate the central red spot in order to initiate presentation of stimuli
as shown. They then had to maintain fixation until the spot became green, at which
point they were able to make a saccade to their chosen object. As soon as fixation
was broken from the central spot the objects were removed, and so could never be
fixated. In the initial acquisition phase (left half of figure) there were 12 problems.
Here three are shown with an S+ in the top right hand corner. The remaining nine
problems were 3 each for the remaining 3 S+ locations. In the transfer phase (right
half of figure) there were 16 problems, with one of each transfer type (see Section
2) per original S+ location, in addition to the one novel problem per S+ location.
The four transfer types are referred to in the left hand column. S: same problem; V:
vertical shift; H: horizontal shift; N: novel problem.
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correct in a session of 80 rewards. To complete stage 3 of training, monkeys were
trained on another set of four new discrimination problems to a criterion of 90%.
In this set, unlike the previous one carried over from stage 2, the monkeys were
never able to fixate the stimuli. As such the discrimination learning was carried out
entirely in peripheral vision.

Performance on the task was measured as a percent correct of responses to
objects. This meant that a “miss” response, when central fixation was broken but
not directed to either stimulus, was not counted as an error, and merely re-set the
trial. This method of measurement was employed because monkeys made multiple
miss errors (mean 31.4 per session in stage 1) whilst accustoming themselves to
the procedure. We required the monkeys to reach a criterion of fewer than 10 miss
errors in 3 consecutive sessions, as well as completing the sets of problems described
above, before progressing to the full task below. In practice both monkeys M1 and
M2 reached the miss error criterion before they completed the sets of problems, and
were making minimal miss errors (mean 4.2 per session) at the end of pre-training.

The learning rate for all monkeys on this task was slightly slower than antic-
ipated, with M1 taking 38 sessions and M2 taking 42 sessions to complete the
pre-training. Although we are unable to provide directly comparable data between
the two, it seems likely that monkeys learning about similar objects in free vision,
for example in a touch-screen apparatus, show faster learning, or are able to learn
about more concurrent pairs than monkeys learning about peripherally presented
objects. This is a topic of ongoing research. Once monkeys M1 and M2 had completed
this stage, they began the full task.

2.3.2. Object discrimination task

Example screen shots of the main object discrimination task, and demonstra-
tions of the two stages of the task, can be seen in Fig. 5. In the initial acquisition phase
monkeys learned 12 problems concurrently, but the task was otherwise identical to
that in stage 3 above. There were three problems per S+ location. The criterion for
this task was again 90% correct in a session, with the additional criterion that each
individual problem should be performed at 75% or above in the criterial session.
Throughout the task a session is defined as the acquisition of 80 rewards.

Monkey M1 showed proficient learning at this task, achieving criterion in seven
sessions, but monkey M2 showed a significantly slower initial learning rate, show-
ing no significant improvement above chance performance of 50% in his first three
sessions. In the third session of the task, for example, M1 performed at 74% correct,
whereas M2 only performed at 58% correct. Monkey M2 therefore received a phase
of training in which the same 12 problems were presented as the main task, but
only 2 of those problems were presented concurrently within a session. The mon-
key learned each pair of problems to the same criterion until he had learned about
all 12 problems. In each case, the two problems were chosen such that their S+s
were located in diagonally opposite S+ locations. Monkey M2 took 22 sessions to
complete this extra stage, and upon completion he reverted to the main task with
12 concurrent problems, which he learned for a further 24 sessions until he reached
the same criterion of 90% overall and 75% for each problem.

After learning the 12 problems to criterion, the monkeys received a transfer test,
seen on the right of Fig. 5. This consisted of 16 problems presented concurrently.
There were four ‘transfer types’, each with one exemplar for every S+ location. Four
of the problems were identical to acquisition, the “Same” (S) problems. For four of
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the problems the stimuli were shifted vertically to the opposite stimulus location. So
a stimulus in the top left in acquisition moved to the bottom left in the transfer test,
etc. These were the “Vertical” (V) problems. Four more problems had a horizontal
shift in stimulus location, and were the “Horizontal” (H) problems, and represented
the critical test of inter-hemispheric transfer. The stimuli were shifted the same
distance relative to acquisition in H and V problems. Finally, four of the problems
were completely novel and were the “Novel” (N) problems. The monkeys did not
complete the transfer test to criterion, but rather completed a number of sessions
(3 for M1 and 5 for M2) commensurate with their general level of performance.

Both monkeys now learned a new acquisition set of 12 problems concurrently.
Monkey M1 took 13 sessions to learn the new set of problems, and M2 took 40
sessions but in this case required no extra training. They then completed a second
transfer test, as above.

The monkeys now learned a set of eight concurrent problems, two per S+ loca-
tion, to the same criterion as above. Monkey M1 took 6 sessions and monkey M2
took 11 sessions to learn this set of problems. They then performed a third transfer
test. In this case, four of the problems were H problems, with a horizontal shift rel-
ative to acquisition, and the other four were V problems. This final stage served to
provide further data on the critical contrast.

Upon completion of this final transfer test, the experiment was complete.

2.3.3. Statistical analysis

The justification for the current experiment derives from the electrophysio-
logical data of Chelazzi et al. (1998), and the study was designed to search for a
behavioural effect of the data they have reported, on the basis of an equivalent result
in human subjects (Hornak et al., 2002). As such, we analysed the data here in a sim-
ilar fashion to that employed in electrophysiological experiments, that is to say we
analysed data from individual monkeys to look for significant effects within a single
monkey. The measure was the number of errors committed across the three transfer
tests in the task, analysed on an individual problem basis over the 40 problems the
monkeys learned, with the transfer type as a factor with four levels corresponding to
the same (S), horizontal (H), vertical (V), and new (N) problems. In testing individual
contrasts, we were testing the specific hypothesis that transfer is degraded in the
monkey in the same manner as in the human subjects of Hornak et al. (2002). As
such, we employed one-tailed designed comparison tests. We applied a log trans-
form to the error scores, as the raw error scores were not normally distributed. This
is a standard procedure in our laboratory (e.g. Buckley, Charles, Browning, & Gaffan,
2004).

3. Results

The combined data of the three transfer tests are shown for each
monkey in Fig. 6. The graph clearly shows that, as expected, S and
V problems have similar scores, whilst there is an increase in errors
for H problems, to a level approaching that of the novel N problems.
As the monkey encounters N problems a number of times in each
transfer test, the performance on these problems overall is above
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Fig. 6. Performance of monkeys M1 and M2 on the four types of problem in the transfer test of the object discrimination task. The data are presented as percent error
committed within the combined transfer tests, and the error bars represent the standard error of the mean.
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the chance level of 50%. When considering the critical contrast
required to test the effects of inter-hemifield transfer, the percent
error of each monkey more than doubles from V to H problems,
demonstrating a large effect.

For monkey M1, a one-way ANOVA revealed a significant effect
of transfer type: F(336=4.579, p=0.008. A designed comparison
between the critical H and V shifts employing the pooled error
term revealed that, as predicted, H shifts elicited significantly more
errors than V shifts t(36)=1.874, p=0.035 one tailed. Designed
comparisons between the other adjacent error scores (see Fig. 6)
revealed no other significant effects, with the largest ¢t in the H vs.
N comparison, where t(36y=1.355, p=0.092 one tailed.

For monkey M2, the one-way ANOVA also revealed a signifi-
cant effect of transfer type: F336=3.917, p=0.016. The designed
comparison between H and V problems confirmed the predicted
result and that seen in M1, i.e. a significant difference in error lev-
els between the two: f3y=1.840, p=0.037 one tailed. Again, the
further designed comparisons revealed no other significant effects,
the largest t in this case being the V vs. S comparison: t(35)=1.063,
p=0.147 one tailed.

As such it is clear that there is an effect of the transfer type,
and that, as predicted, there is a significant difference between V
and H problems, showing that shifting a discrimination previously
learned in one hemifield to another hemifield causes a decrementin
performance relative to shifting it the same distance but within the
same hemifield. There was no significant difference between the
un-moved S problems and the V problems shifted within the same
hemifield. There was also no significant difference between the H
problems shifted between hemifields and the completely novel N
problems, although Fig. 6 and the analysis above seem to suggest
that there is a trend for fewer errors on the H problems, at least in
monkey M1.

Hornak et al. (2002) found that subjects performing horizontal
shifts in their task performed at a level above chance, and they used
this result to argue that there is an extra-temporal object mem-
ory store in which information is integrated across the hemifields,
proposing the prefrontal cortex as a candidate. The equivalent
result in the current study would be if H trials were performed
significantly better than the N trials, thus demonstrating a degree
of benefit from prior training in the opposite hemifield. We found
no such significant difference, merely a trend in one monkey. The
presence or not of this effect in monkeys, and its neural basis, is the
topic of ongoing research. This question s critical to further elucida-
tion of the methods of transfer of visual and mnemonic information
between the hemifields in monkeys, and critically the develop-
ment of the eyetracking technique now enables direct testing of
the extent of the hemifield-specific nature of the memory stores,
for example using unilateral lesions to the temporal lobes.

4. General discussion

We have shown here that, in normal monkeys, object dis-
crimination problems learned solely in one hemifield are largely
forgotten when they are transferred to the other hemifield. Per-
formance of the transferred problems was in fact not significantly
better than performance of novel problems learned at the same
time, although there was a trend towards significance in at least
one monkey.

In gathering these data, we have also shown that it is feasible
to use an infrared eyetracker apparatus to present visual stim-
uli to specific retinal locations in awake, behaving, freely moving
macaque monkeys. The monkeys are capable of learning visual
discrimination problems between stimuli presented in this fash-
ion. This method for eyetracking in the freely moving monkey
opens up a range of new experimental avenues, and provides a

significant refinement in experimental technique for behavioural
research with macaques.

As discussed above, our behavioural result supports and builds
upon data from normal human subjects (Gratton et al., 1997;
Hornak et al., 2002). Specifically, our result confirms that this
effect is generalized to a variety of forms of visual memory, even
well rehearsed and repeatedly used memories; that the effect
is consistent between humans and monkeys; and that the elec-
trophysiological data in monkeys is supported by a behavioural
outcome in the same species. Furthermore, the memories studied
in the current task were acquired over a number of daily sessions
and repeatedly tested, and are therefore clearly long term in nature,
unlike those in the study by Hornak et al. (2002) which were within-
session memories.

Although the current data, along with that from normal human
subjects cited above, do not allow us to draw conclusions about
specific systems within each hemisphere, when considered in
conjunction with the electrophysiological data from cells in the
temporal lobe (Chelazzi et al., 1998), these studies contribute to the
idea that when the visual field contains items in both hemifields,
i.e. in most normal conditions of viewing a scene, those scenes and
the objects within them are processed mnemonically as well as
perceptually in a hemifield-specific manner in the temporal lobe
to a much greater extent than previously thought. Previous studies
arguing that inferotemporal neurons have receptive fields extend-
ing into the ipsilateral hemifield (Gross, Rocha-Miranda, & Bender,
1972), and that there is bilateral representation of visual memo-
ries (Ringo, 1993), consistently presented objects only to a single
hemifield, with the opposite hemifield completely blank, and there-
fore do not contradict our conclusion. The conclusion that not all
visual object memory is automatically integrated across the vertical
meridian could be seen as adding to the evidence for the increas-
ingly supported idea that perceptual and mnemonic systems of the
brain should not be regarded as separate entities with indepen-
dent neural bases (Buckley & Gaffan, 1998; Buckley, Booth, Rolls, &
Gaffan, 2001; Murray, Bussey, & Saksida, 2007).

If the processing of perceptual and mnemonic information in the
temporal lobes is hemifield-specific, there remains the question of
why, in the special case where one hemifield is devoid of input,
either because the contralateral visual field contains no stimuli
(Chelazzi et al., 1998), or because the optic chiasm has been sec-
tioned and one eye occluded (Ringo, 1993), is there good transfer
between the hemifields. Eacott and Gaffan (1989) argue that this
commissural input from the ipsilateral field is necessary in order for
the identification of objects that straddle the vertical meridian to
be successful and based on both halves. They showed that monkeys
can perform a discrimination task in which a single object has inde-
pendent elements in the two hemifields, even when those elements
are switched between fields. This ability was impaired by section
of the splenium and anterior commissure. It therefore appears that
this is an important function of commissural input to the tempo-
ral lobes. Any object particularly important to a given task is likely
to be fixated such that it falls across the vertical meridian, as the
objects in Eacott and Gaffan’s study did. It seems, therefore, that
the brain is only adapted to bilaterally represent information about
such objects, and not all objects in general. This makes a great deal
of sense in terms of the economical use of representational space.

The data presented here suggest that, in viewing conditions with
objects in both hemifields, unilateral damage to the temporal lobe
will cause impairments in memory for the part of a scene that is
presented contralateral to the lesion, and this is indeed the case
(Hornak et al., 1997). The further study of such hemifield-specific
impairments following unilateral lesions will reveal important
information about the nature of the storage of visual informa-
tion and the way in which such information is integrated across
hemifields. The eyetracking apparatus presented here provides an
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excellent opportunity for further study in this area with controlled
lesions in monkeys.
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