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Abstract Here we address the shape of the saccadic
latency–eccentricity function. Previously it has been proposed that the bowl-shaped nature of this function is a byproduct of diminished stimulus representation in the
periphery. A direct prediction of this theory is that saccadic
latencies in the periphery should be speeded if stimuli are
increased in size in proportion to the cortical magnification
factor (M-scaling). Using a target-elicited saccade paradigm, ten subjects were shown M–scaled and unscaled
Gaussian targets over a horizontal range of ± 40°. Saccadic latencies increased at an equal rate for peripheral
targets regardless of whether targets were M–scaled or not.
This suggests that the changes of latency with eccentricity
are not a by-product of resources devoted to stimulus
representation, but instead are a functional adaptation
which takes account of the likelihood of saccades of each
amplitude in the natural environment.
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Introduction
There is a distinctive relationship between target eccentricity and saccadic latency [1, 2, 3, 4, 5, 6, 7, 8]. There is a
general consensus within the literature that this function is
bowl-shaped: there is a sharp increase in latency to targets
very close to fixation (\&1°) and a gradual increase in
latency to targets in the periphery ([&20°) (although see
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[8, 9, 10] for exceptions). For example, Kalesnykas and
Hallett [4] found that subjects took approximately 50 ms
longer to respond to a point-target at 40° compared to the
same target at around 20°.
What is the origin of this distinctive latency–eccentricity
function? It seems unlikely that intrinsic differences in
stimulus conduction times between the retina and the lateral geniculate nucleus (LGN) are responsible for the
changes in saccadic latency with eccentricity. If anything,
conduction times for peripheral afferent signals are faster
than for central afferent signals [11, 12].
One proposal has taken inspiration from the observation
that more salient targets can reduce saccadic latency, e.g.
those with greater contrast [13, 14] or luminance [4, 14, 15,
16]. Bell and colleagues have recently provided evidence
that the saccadic latency–intensity relationship is due to
different processing times along the visual pathway, which
means that a high intensity stimulus reaches the superior
colliculus faster than a low intensity stimulus [17].
Given that stimulus salience can affect saccadic latency,
it has been suggested that the increase in saccadic latency
with increasing target eccentricity is due to a reduction in
target salience in the visual periphery [18, 19]. Consistent
physiological differences between the fovea and periphery
mean that a stimulus further away from fixation has less
‘neural hardware’ devoted to processing it: the density of
cones reduces, the ratio of photoreceptors to ganglion cells
increases past 10° and the average receptive field size
increases [20]. Furthermore, when the signal reaches the
LGN, the central representation is preferentially magnified
on route to the visual cortex [20]. This change in scale of
the retinotopic map from retina to cortex is known as the
‘cortical magnification factor’.
A quantification of the cortical magnification factor,
based on some or all of these physiological differences, is
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known as M–scaling. For example, Rovamo and Virsu [21,
22] estimated the value of M for the four principle
meridians of the visual field from the density-distribution
of retinal ganglion cells and central most cones. These
M values can be used to adjust the size of stimuli according
to their eccentricity, and so excite roughly the same amount
of cortex. When this is done, many of the eccentricityrelated decrements disappear (for a review see [23, 24]).
For example, M–scaling sinusoidal gratings removes differences found in contrast threshold [22] and the decrement
in visual search performance is neutralised when the search
display is M–scaled [25].
If M–scaling can neutralise the speed related eccentricity-effect in visual search tasks, it is reasonable to suppose
that it might also neutralise the peripheral eccentricityeffect on saccadic latencies. If M–scaling of targets flattens
the latency–eccentricity function then this confirms the
hypothesis that its curve, for unscaled targets, is due to a
diminished representation of targets in the periphery. If,
however, M–scaling of targets does not alter the shape of
the latency–eccentricity function then an alternate explanation for the changes in latency with eccentricity must be
sought.

Methods
Participants
Ten subjects aged between 18 and 29 (M = 20.4 years,
SD = 3.7 years) participated in the experiment (7 Female, 3
Male). Eight of the subjects took part in return for coursecredit towards their undergraduate Psychology degrees.
All subjects had normal or corrected-to-normal vision
and were naı̈ve as to the purpose of the experiment. The
subjects all gave their informed consent to take part in the
experiment and the procedures were in accordance with
the ethical standards of the Department of Psychology
Ethics Sub-Committee and British Psychological Society
Guidelines.
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The fixation point was a green cross (?) of diameter
2.56°, which was located straight ahead of the subject at 0°
horizontal and 0° vertical. All target stimuli consisted of
white Gaussian targets (see inset of Fig. 1) with a peak
luminance at their centre of 6 cd/m2. Gaussian targets were
used to avoid participants fixating on stimulus boundaries.
The target stimuli were presented along the horizontal axis
only at 5° intervals from -40° (40° left of fixation) to ?40°
(40° right of fixation) giving a total of 16 eccentricities. All
stimuli were presented on a black background (0.3 cd/m2)
and luminance was kept constant across all eccentricities.
Design and Procedure
There were two experimental conditions. In Condition 1
(unscaled) all the targets were 2.56° in diameter. In Condition 2 (M–scaled) the targets were scaled in proportion to
the M values obtained by averaging the following equations for the nasal (MN) and temporal (MT) visual fields:
MN ¼ ð1 þ 0:33E þ 0:00007E3 Þ1 M0

ð1Þ

and
MT ¼ ð1 þ 0:29E þ 0:000012E3 Þ1 M0

ð2Þ

Here, E refers to the eccentricity in degrees and M0 is
the magnification value (7.99 mm/°) for the central fovea
[21, 22]. A graphical representation of the M–scaling used
in this experiment can be seen in Fig. 1.
The dark-adapted subjects undertook a target-elicited
saccade paradigm. After a variable period of fixation
(2000–4000 ms) the fixation point was extinguished and a
target would appear immediately at one of the 16 target
locations. Subjects were instructed to move their eyes as
quickly and as accurately as they could to the centre of the
target. The two conditions were interleaved and the order

Apparatus and Stimuli
The centre of the left pupil of the subject was tracked at a
sample rate of 60 Hz using a head mounted, infra-red
video-based eye tracker (ISCAN RK-500). Stimuli were
presented on a custom-built immersive dome, which wraps
around the subject at a distance of 150 cm from the subject’s head, and allows images to be projected over a
horizontal range of 240° and a vertical range of 100°. Head
movements were restricted during the experiment using a
custom-built, height adjustable chin rest.
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Fig. 1 The size of targets used in Condition1 (unscaled) and
Condition 2 (M-scaled) and the Gaussian target (inset)
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of presentation was randomised for each subject, meaning
that the targets were both temporally and spatially unpredictable. The subjects undertook 7 cycles of the 32 target
size–eccentricity combinations, and were given the
opportunity to rest between each cycle. The first cycle of
each subject was used as a practice run and was discarded.
Measures
Initial estimates of the onset and offset of the primary
saccade were first found using a velocity threshold algorithm. These values were then displayed on the horizontal
eye movement trace, and each point was checked for
accuracy by eye. A total of 91 (4.73%) saccadic onsets
could not be located due to the subject blinking or the onset
of the saccade not being clear due to erratic eye movements. The mean saccadic latency was then calculated for
each eccentricity, and any latencies above or below three
times the standard deviation were classed as outliers and
removed. This resulted in 22 extra data points being
removed for a total of 113 (5.89%).
The amplitude of the primary saccade was also calculated to check if there were any differences in saccadic
amplitudes between the two conditions.

Results
Saccadic Latency
Figure 2 shows the mean latencies of the primary saccades
as a function of eccentricity, for unscaled and M–scaled
targets. A repeated measures ANOVA was conducted with
three factors of condition (unscaled and M–scaled),

Fig. 2 The latency of the primary saccade as a function of
eccentricity, for unscaled and M-scaled targets. Points and error
bars represent the group means ± SEM of 10 subjects
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direction (left and right) and eccentricity (eight eccentricities from 5° to 40°). The only significant effect was that of
eccentricity, F(7, 63) = 17.94, P \ 0.001.
Saccadic Amplitude
Figure 3 shows the mean amplitudes of the primary
saccades as a function of eccentricity, for unscaled and
M–scaled targets. There is a statistically significant (t(9) =
3.85, P \ 0.01) difference in saccadic amplitude between
the unscaled and M–scaled targets. Although it is clear that
subjects made slightly shorter saccades when the targets
were M–scaled, this difference is small: on average, saccades to M–scaled targets were 96.34% of the magnitude of
saccades to unscaled targets. It is important to note that
although this difference exists, its size suggests that, given
the normal saccadic latency–eccentricity function, it is not
an important factor in determining our results. Any effect
would only be to increase the power of our analyses to
reveal a speeding of saccadic latency in the M–scaled
condition. As discussed above, this was not seen.

Discussion
The experiment was successful in replicating the bowlshaped function using spatially extended Gaussian targets.
It is also clear that saccadic latencies increased at an equal
rate, regardless of whether the targets were M–scaled or not
(Fig. 2). This suggests that the peripheral increases in
saccadic latency cannot be counteracted by increasing the
spatial representation of the targets. It would seem that for
saccadic latencies, stimulating more neurons does not
equate to more salient, in the same way that increasing the
luminance of the target does [4, 14, 15, 16].

Fig. 3 The amplitude of the primary saccade as a function of
eccentricity, for unscaled and M-scaled targets. Points and error bars
represent the group means ± SEM of 10 subjects
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There is a potential confound in our results, however.
Most studies of saccadic eye movements use point-like
saccade targets where the target itself designates the saccade endpoint. In this study, spatially extended targets were
used, where an additional computation is required to locate
the saccade endpoint within the target [26, 27]. If target
size has a significant impact on saccadic latency then this
could have influenced the results in the M–scaled condition
where eccentricity and target size were manipulated.
There have been two studies which both suggest that
target size does not play a significant role in saccadic
latency. Firstly, Kowler and Blaser [27] found that saccadic
accuracy, precision and latency did not vary as a function
of target size (up to 4° in diameter). In the second study,
target size and eccentricity were manipulated [28]. This
study found that target size only affected saccadic latency
when the targets were presented at low eccentricities
(\7.5°). These findings suggest that target size only plays a
significant role when the target is large enough to activate
the ‘fixation zone’ of the superior colliculus, which has
been estimated to extend 10° around the fixation point [29].
This finding could also explain why we found a central
latency peak at 5°: because the targets there were 2.56° in
diameter, they were large enough to activate the fixation
zone and so slow saccadic latencies.
Our findings suggest that the saccadic latency–eccentricity function is not a by-product of diminished peripheral
representation, but a central and robust feature of the
saccadic system, which has arisen during evolution due to
the different frequency of saccades of different amplitudes.
Tatler and Vincent [30] provide crucial evidence in favour
of this conjecture. They recorded eye movements during
free-viewing of colour photographs of natural scenes and
so derived a saccadic amplitude–frequency function. Figure 4 shows their findings for horizontal (black) and vertical (grey) saccades.
Comparing with our results (Fig. 2), readers will
immediately note the superficial similarity between the two
functions: the latency–eccentricity function looks like the
inverse of the amplitude–frequency function. There are
similarities of at least two non-trivial features, which

Fig. 4 The amplitude–frequency distribution of saccades. Reprinted
from [30]
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suggest that the shape of one may be core in determining
the shape of the other. Firstly, they both share a nonmonotonicity, which is unusual for psychometric functions.
Note also that the cortical magnification factor is monotonic, which means it is unable on its own to explain both
the central and peripheral rises in saccadic latency. Secondly, in line with earlier estimates [31], the vast majority
of naturally occurring saccades (around 86% according to
[31]) have an amplitude of 15° or less. This figure is in
broad agreement with the stationary point of the saccadic
latency–eccentricity function, which lies in the region of
1–15° [1–7]. This suggests that we are fastest to make the
saccades we make most often.
If it is true that the latency–eccentricity function is
derived from the amplitude–frequency function, then Tatler
and Vincent’s results allow for the prediction of saccadic
latency for targets of different vertical eccentricities. Of
particular interest here is the asymmetry in frequency of
vertical saccades, with the distribution of positive (i.e.
upward) saccades being far more peaked than for negative
(i.e. downward) saccades. We predict, therefore, that the
vertical latency–eccentricity function will be a similar
inverse of the amplitude–frequency function, and that
upward saccades will be quicker than downward ones for
the mid-range. There is already some evidence for this
latter point: a number of studies have found that upwards
saccadic latencies are significantly faster than downward
saccadic latencies [32, 33]. The full vertical saccadic
latency–eccentricity function, however, remains to be
determined.

Conclusion and Summary
The experiment presented here tests and falsifies an
explanation of the shape of the saccadic latency–eccentricity function, which is based on the idea that it is driven
by diminished stimulus representation in the periphery.
Instead we find that saccadic latency is unaffected by target
size and so follows the same distinctive non-monotonic
function with eccentricity for consistently sized and
M–scaled targets. We suggest that this latency–eccentricity
function is embedded architecturally in the circuitry controlling eye movements as a result of the natural history of
eye movements, particularly the amplitude–frequency
function as revealed by [30].
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