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Saccade latencies are known to increase for targets presented close to fixation. Recently, it was shown
that not only target eccentricity, but the size of a proximal saccade target also plays a crucial role: laten-
cies increase rapidly with increasing target size. Interestingly, these latency increases are greater than
those typically found for other supra-threshold manipulations of target properties. Here we evaluate
to what extent this phenomenon is distinct from known delays in saccade initiation and whether the phe-
nomenon is truly related to the size of a proximal target. In Experiment 1 we focus on the importance of
the required amplitude. Employing a saccade adaptation paradigm we find that the required amplitude is
not a determining factor. Focusing on the role of size, in Experiment 2, we find that while latency
increases are strongest for targets elongated in the direction of the fovea, elongations perpendicular to
this direction also lead to an increase in latencies. Finally, in Experiment 3 we verify that the latency
increases are driven by the properties of the saccade target rather than visual input in general.
Together these experiments provide converging evidence that the current phenomenon is both novel
and a consequence of the relation between proximal target size and its eccentricity.

� 2016 Published by Elsevier Ltd.
1. Introduction

The limited resolution of the visual periphery and peripheral
crowding requires observers to make saccadic eye movements to
inspect objects of a scene in detail. While the typical latency of
eye movements to a new visual stimulus is around 200 ms (in lab-
oratory setups), it has been shown that this number rapidly
increases for targets within 2� of the current fixation. This phe-
nomenon was already revealed over four decades ago
(Kalesnykas & Hallett, 1994; Wyman & Steinman, 1973). However,
two recent studies have provided an important extension: Aside
from the required saccade amplitude, proximal target size appears
to also be a determining factor of the saccade latency (Harwood,
Madelain, Krauzlis, & Wallman, 2008; Madelain, Krauzlis, &
Wallman, 2005). In their experiments, observers were required to
attend to, and track two concentric rings of different sizes. The
two rings were made up of separate segments, allowing them to
rotate, and observers had to either attend to the larger ring or
the smaller ring. During the tracking, the rings would step and con-
tingent on the step the number of segments in the ring would
briefly change. Observers had to regain fixation and report the
number of segments after the step of the attended ring. It was
found that saccades contingent on the step had drastically different
latencies depending on which ring was attended: Latencies in the
attend-to large condition were considerably longer than in the
attend-to small condition (Madelain et al., 2005). Interestingly,
Harwood et al., 2008, uncovered a striking relation between the
latency, size and eccentricity of the target: While latencies vary
considerably depending on both absolute eccentricity and ring
size, evaluating latencies in terms of the amplitude of the step in
proportion to the size of the target there appears to be a consistent
response time according to this step-size ratio (See Fig. 1 for more
information).

As latency differences in Madelain et al. and Harwood et al. typ-
ically exceed 100 ms and reach as high as 200 ms, the fluctuations
associated with this size-latency phenomenon are considerable.
While large latency increases have been found previously by low-
ering the contrast of a saccade target (e.g. Ludwig, Gilchrist, &
McSorley, 2004), phenomena based on supra-threshold stimuli
typically cause increases on a more limited scale. Inhibition of
return, for instance, is typically associated with delays in saccade
execution between 10 and 40 ms (see for an overview: Klein,
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Fig. 1. Median latencies for stepping rings of 3 different sizes for a typical observer (data replotted from Harwood et al., 2008). Employing eight similar attentional paradigms
Harwood et al. extensively varied the combination of target size and eccentricity. While latencies for targets at a set eccentricity vary as a function of size, expressing the
saccade latency as a function of amplitude divided by ring size (step size ratio) results in highly similar curves for different ring sizes. For the plotted data, the observer had to
fixate a ring and make a saccade as soon as it stepped. The ring was segmented, allowing it to rotate, and the number of breaks changed for 150 ms contingent on a step away
from fixation. Observers had to report the transient number of breaks (2AFC) at the end of each trial. In A the median latencies are plotted as a function absolute step size for
each ring diameter. In B the same data is plotted as a function of step size divided by the ring diameter. As can be seen median latencies are highly similar for all three-ring
sizes when the step size is normalized by the stimulus size.
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2000). Remote distractors that onset around the time of the target
in the contralateral hemifield lead to a latency increase of around
20–30 ms in latencies (Walker, Kentridge, & Findlay, 1995;
Weber & Fischer, 1994). This increase just exceeds 50 ms when
the distractor is placed at fixation (Walker, Deubel, Schneider, &
Findlay, 1997). A manipulation that has been shown to cause more
considerable fluctuations in latencies is the gap effect. Here the
removal of the fixation marker 200 ms prior to target onset
decreases latencies considerably. However, while the initial find-
ings surrounding the gap effect showed latency decreases up to
100 ms (Saslow, 1967; Weber, Aiple, Fischer, & Latanov, 1992) later
findings reported much smaller effects (Reuter-Lorenz, Hughes, &
Fendrich, 1991). It is likely that aside from the benefit of releasing
inhibition at fixation, the offset serves as a warning signal for the
upcoming stimulus (Fendrich, Demirel, & Danziger, 1999; Reuter-
Lorenz, Oonk, Barnes, & Hughes, 1995). Hence, the great reduction
in latencies appears to be a compound of two effects. Considering
the relatively large latency differences associated with the current
phenomenon it is a highly interesting candidate for advancing
understanding of the sensorimotor decision process in general.

The current paper evaluates whether the size-latency phe-
nomenon is distinct from previously reported phenomena in the lit-
erature and what the determining factors are. While the reported
measure is the saccade latency, in both the papers by Madelain
et al. and Harwood et al. the independent variable was encapsu-
lated in an additional attentional task. Potentially, observers
employing conscious strategies to cope with the attentional task
could have caused the latency difference.1 Therefore, it is important
to verify the existence of the phenomenon in simple saccade tasks.
Previous studies requiring only saccades towards spatially extended
targets have either reported no size-effect on saccade latency
(Kowler & Blaser, 1995; Mcgowan, Kowler, Sharma, & Chubb,
1998), or much weaker effects than found in the studies of Madelain
et al. and Harwood et al. (Dick, Ostendorf, Kraft, & Ploner, 2004;
1 For instance, when the small ring steps, the visual acuity of the target diminishes
to the extent where an observer may require a saccade to complete the segment
counting task. Conversely, when the large ring steps, the observer’s fixation is still
within the ring and the strategy may be to first complete the attentional task and to
only prepare the saccade afterwards, hence delaying the execution of the saccade in
the large ring condition.
Ploner, Ostendorf, & Dick, 2004). However, as we have argued previ-
ously, these absent or weak effects (latency differences < 25 ms)
were likely due to size-distance variations in the asymptotic short-
latency region of Fig. 1 (e.g. 13 out of 15 of the size/eccentricity con-
ditions in Ploner et al. (2004)). Finally, an indication that the current
phenomenon extends to regular saccade preparation (i.e. without
additional tasks) comes from latencies for two observers who per-
formed the ring task, without any additional attentional task
(Harwood et al., 2008, supplemental materials). The purpose of the
current paper is to evaluate whether the findings are indeed gener-
ally applicable (i.e. hold for saccades even in simple tasks) and
whether it is truly a novel phenomenon in the sense that it cannot
be explained by established inhibitory mechanisms of saccade
initiation.

Referring to the current phenomenon as the size-latency phe-
nomenon suggests that the phenomenon mainly relies on target
size. However, the strong latency increases found when reducing
saccade amplitudes raise the question to what extent the current
phenomenon is dependent on the required saccade amplitude. In
Experiment 1 we focus on this question by employing a saccade
adaptation paradigm. In two separate sessions, large proximal tar-
gets are either stepped backward or forward, upon saccade initia-
tion. Previewing these results we find that despite strongly
adapting amplitudes, latencies remain primarily unaffected. Given
the strong reliance on visual target properties in Experiment 2 we
evaluate whether it is correct to consider size as the determining
factor; we evaluate how increasing target size in different direc-
tions affects latencies. As this again shows a strong reliance on
visual input in general, in Experiment 3 we verify that the phe-
nomenon relies on the properties of the saccade target and not
visual input per se.
2. Experiment 1: required saccade amplitude

What is the role of the required saccade amplitude in the size-
latency phenomenon? As mentioned above, several studies have
already found that latencies increase for more proximal targets.
While the size-latency phenomenon appears distinct from this,
as it relies on target properties as well as eccentricity, it is unclear
what the role of the required saccade amplitude is. Therefore, in
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this experiment we evaluate the role of the saccade amplitude and
evaluate whether the latency increase is directly linked to the
required amplitude or solely based on preparing a saccade to a
proximal target. To this end, we employ a saccade adaptation para-
digm. In saccade adaptation experiments, a consistent saccadic
error caused by changing the target location during the saccade
leads to an adaptation of the executed amplitude (McLaughlin,
1967). If the required saccade amplitude is a determining factor
of latencies in the size-latency phenomenon we expect that sac-
cade adaptation will also lead to an adaptation of saccade latencies.
Thus saccade adaptation allows us to create a situation in which
the required saccade amplitude is adapted without altering the
pre-saccadic target appearance.

In line with the previous findings that amplitudes can affect
latency (Kalesnykas & Hallett, 1994; Wyman & Steinman, 1973)
the studies of Madelain et al. (2005) and Harwood et al. (2008)
took into account a potential role of saccade amplitude. Madelain
et al. showed that saccade amplitudes were principally determined
by the size of the step and that the size of the target did not give
systematic amplitude biases despite consistent effects on latency.
Moreover, Harwood et al. performed a multiple regression analysis
including amplitude and target eccentricity relative to its size. This
revealed only 4.3 ms of the latency difference could be accounted
for by amplitude. While this demonstrated that amplitude could
not explain the latency deviations in these studies, the question
whether the required amplitude is an intricate part of the size
latency phenomenon is still open. For a single ring size at different
target eccentricities both Madelain et al. and Harwood et al. find
vastly different latencies: Latencies steeply decrease when the tar-
get eccentricity is larger than its own amplitude. Does the size-
latency phenomenon rely purely on the eccentricity of the target
or is there a role for the required amplitude?

The current experiment includes two separate sessions: In the
forward-step condition the target appears close to fixation, but steps
forward towards a more eccentric location upon saccade initiation.
Conversely, in the backwards-step condition the target appears
more eccentric, but steps backward to the location close to fixation
upon saccade initiation. Thus initially target eccentricity is smaller
in the forward-step, compared to the backward-step condition.
Assuming successful adaptation, saccade amplitudes will be larger
in the forward-step compared to the backward-step condition.
Therefore, if the required saccade amplitude is a determining factor
in latencies in the size-latency phenomenon we expect that laten-
cies for adapted saccades will be longer in the backward-step com-
pared to the forward-step condition. However, if it is only the
target eccentricity that matters we expect that, despite the change
in amplitudes, latencies should still be longer in the forward-step
condition.

2.1. Methods

2.1.1. Observers
Ten observers (7 female) aged 23 through 40 (average:

30 years; sd: 4.6 years) participated in the experiment. Observers
either worked or studied at the City College of New York. Staff par-
ticipated on a voluntary basis while students were compensated in
the form of a monetary reward. All observers were naive to the
purpose of the experiment, except authors JV and RA. The methods
of the study were approved by the local review board of the City
College of New York. Prior to the experiment, observers were
informed of their rights and informed consent was obtained in
accordance with the guidelines of the Helsinki Declaration.

2.1.2. Stimulus and procedure
Each trial started with a small white fixation dot on a mid-grey

background placed on the horizontal line on the vertical center of
the screen randomly within a range extending 3.9� to the right and
3.9� to the left of the horizontal center of the screen. After a stable
fixation was detected the fixation dot was replaced with a large
white ring (diameter: 9�; thickness: 0.4�). A representation of the
trial chronology can be found in Fig. 2. After a period ranging from
500 to 1500 ms the ring stepped to the right (either 3�: forward-
step condition, or 6�: backward-step condition). Observers were
instructed to re-fixate the center of the ring as quickly as possible.
Approximately 400 ms after the initiation of their saccade the trial
would come to an end. The next trial would start automatically
after the observer refixated the fixation dot that would reappear
after the trial ended. However, to ensure validity of the calibration
every twenty trials a drift check was performed, at which point it
was required to press space while fixating the central dot.

In adapting trials the ring would step 3� upon saccade detection
(for detection parameters, see Apparatus and Eye Movement Anal-
ysis, below), either forward or backward, depending on the condi-
tion. Observers were made aware that regardless of any observed
movements that their task was simply to fixate the center. More-
over, it was emphasized not to anticipate any subsequent move-
ment. The adapting phase was followed by a post-adapting phase
without intra-saccadic step, similar to baseline, in order to evalu-
ate recovery from the adapted state.

Typically a considerable amount of time separates the different
adaptation conditions to allow the system to fully de-adapt, but
pilots demonstrated that adaptation and de-adaptation was rapid
for our proximal targets. Therefore, we decided to run both condi-
tions in close temporal contingency (a brief break, of 5 min or less,
was included between conditions) in order to allow for a within-
subject comparison of latencies between the conditions. To prevent
an influence of condition order, session order was counter-balanced
over the observers. A total of 220 trials were included in each
session, divided over three phases: 70 baseline, 100 adapting and
50 post-adapting trials.
2.1.3. Apparatus and eye movement analysis
Stimuli were presented on a 22 in. Viewsonic (P220f) at a reso-

lution of 1024 � 768, at a frame rate of 120 Hz. Stimuli were gen-
erated using the Psychtoolbox (Brainard, 1997; Kleiner, Brainard,
Pelli, et al., 2007; Pelli, 1997) on a Mac G5 and eye movement
recording was managed using the Eyelink toolbox (Cornelissen,
Peters, & Palmer, 2002). Movement of the eye was recorded using
an SR-Research EyeLink 1000 system at a sampling frequency of
1000 Hz. The observer’s head was placed in a chin-rest so that
the eyes were at a distance of 57 cm from the screen. Images were
viewed binocularly, but eye movements were recorded from the
right eye only. A 13-point calibration procedure was executed prior
to the forward step and backward step condition, individually.

Eye movement data were used both for online and off-line anal-
ysis. Online analysis was used to detect whether the eye had
returned to the central fixation and to detect saccades for the tim-
ing of the step. This was established by detecting when the eye
position returned to a position within 2.0� of the central fixation
for at least 150 ms. A saccade was detected when one of two crite-
ria was fulfilled; either the eye moved outside of an imaginary cir-
cle around the initial fixation of each trial with a radius of 1.6� or
the velocity of the eye exceeded 79�/s. For offline saccade detection
a velocity threshold of 20�/s was used, after which start and end-
point of the saccade were approximated by searching back and
forth until the velocity was two standard deviations higher than
the velocity during fixation (as in Smeets & Hooge, 2003). Saccades
with amplitudes smaller than 0.5�were removed from the analysis.
When a small saccade was removed, the fixations before and after
this saccade were added together. Fixations shorter than 25 ms
were excluded from further analysis.



Fig. 2. Horizontal displacement of ring during an adaptation trial of Experiment 1.
A 9-degree diameter ring started with its center on the horizontal line at the vertical
center of the screen. After a delay of 500–1500 ms the ring would step to the right,
either by 3� (forward-step condition), or by 6� (backward-step condition). In
adaptation trials the ring would step again upon detection of the initial saccade,
either 3� right (forward-step condition) or 3� left (backward-step condition). The
ring would disappear 400 ms after saccade detection. Or after 1000 ms from trial
onset if no saccade was detected.
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Finally, to only include trials where the observer executed the
correct behavior we applied 4 criteria on the basis of which we
excluded trials from further analysis: Trials where the observer’s
initial fixation was not within 1.5� of the center of the initial ring
(occurrence: 1.6%); trials where the saccade latency was either
shorter than 90 ms or longer than 700 ms (2.4%); trials where the
angular direction of the initial saccade deviated more than 60�
from the central position of the stepped ring (3.8%); finally, to
exclude saccades not aimed at the actual target we excluded sac-
cades with amplitudes outside of the range from 1 to 9� (2.9%).
The combination of these criteria led to an exclusion of 8.3% of
the trials. Note that this percentage is smaller than the summation
of the above percentages as more than one criterion could be vio-
lated on a single trial.

2.2. Results

2.2.1. Amplitude Adaptation
To evaluate the potential adaptation of latency, it is important

that amplitudes adapted strongly in the direction of the step dur-
ing the adaptation phase. To show the course of adaptation we
plotted the amplitude of the initial saccade for each trial averaged
over all observers, in the top row of Fig. 3 (in case an observer’s
trial was excluded, this observer’s trial was not taken into account
for the average of the specific trial). As the figure shows, the adap-
tation procedure rapidly altered saccadic amplitude during the
adapting phase in both the forward-step (left) and backward-step
session (right). While amplitudes do not have to adapt with the
same gain as the intra-saccadic step size, ideally, for the current
situation amplitudes in the forward-step condition exceed ampli-
tudes in backward-step condition. As adaptation typically is not
instantaneous (see for an overview: Hopp & Fuchs, 2004) we
excluded the first 30 trials and used only the last 70 trials for eval-
uating the amplitude of the adapted saccade. In the left column of
Fig. 4 we plotted the magnitude of adaptation for the forward step
condition. For each phase the average of the median amplitudes
per observer are displayed. To allow for further inspection of the
data also individual observer data has been plotted as circles for
each phase. Similarly, the right column of Fig. 4 contains the data
for the backward step condition. Comparing the amplitudes from
the baseline to the adapting phase there appears to be almost a
reversal of amplitudes. As our main interest lies in the adapted
phase we directly compare the adapted amplitude in the forward
step condition to the backward step condition. A t-test shows that
the adapted amplitudes in the forward step condition are signifi-
cantly greater than the adapted amplitudes in the backward step
condition (mean difference: 1.3�, t(9) = 2.93, p < 0.05). Thus despite
the fact that pre-saccadic amplitude of the ring is smaller in the
forward-step condition than in the backward-step condition, the
adapted saccade amplitude is larger in the forward-step condition.
Therefore, the adaptation magnitude fits the intention of the
manipulation well.

2.2.2. Latency Adaptation
Given that the amplitude manipulation was successful we focus

on the potential change in latency to evaluate the role of the
required amplitude. In the lower row of Fig. 3 we plotted the
latency for each trial averaged over observers corresponding to
the amplitudes in the upper row of the figure. There appears to
be little change in latency with adaptation. Clearly, if the required
amplitude determined latencies, one would expect latencies to be
shorter in the forward-step condition than in the backward-step
condition. Conversely, if the latencies were unaffected or only min-
imally affected we should find latencies to be shorter in the
backward-step condition than in the forward-step condition. On
the lower row of Fig. 4 we show the median latencies correspond-
ing to the amplitudes on the upper row. Comparing the average
latency over observers from the adaptation phase we find that
the latencies in the forward-step condition are significantly longer
than in the backward-step condition (mean difference: 34 ms, t(9)
= 3.31, p < 0.01).

Critically, while amplitudes are significantly shorter in the
backward-step condition, latencies are still significantly longer in
the forward-step condition. This demonstrates that the required
amplitude is not directly linked to the latency increase. However,
it does not exclude the possibility that latencies do not adapt at
all. If latencies would have adapted with amplitude adaptation,
in the forward-step condition latencies should have decreased.
Conversely, during adaption in the backward-step condition laten-
cies should have increased. While the extent of the latency adapta-
tion could be of a varying magnitude, for an estimate, one could
use the latencies in the pre-adapt phase. Here we see that the dif-
ference in latencies prior to any adaptation averages 32.25 ms.
However, inspection of the average latencies in the adaptation
compared to the baseline phase reveals only minimal latency
changes in the direction opposite to expectation (forward-step
condition: 0.1 ms; backward-step condition �1.6 ms).

2.3. Discussion

The results suggest that the role of the required amplitude in
the size-latency phenomenon is minimal at best: Despite clear
adaptation in the saccade amplitudes, the latencies in the forward
step condition are still significantly longer than in the backward
step condition. One shortcoming of the critical statistical test is
that it does not explicitly demonstrate that latencies do not adapt
at all. However, as we expected latencies not to adapt, we wanted
to avoid obtaining a null result. Therefore we considered that sig-
nificantly longer latencies in light of a reversal of saccade ampli-
tudes would be a strong indication that the role of the required
saccade amplitude is minimal. While, the test does not allow us
to conclude that latencies are completely unaffected by the
required amplitude, it is clear that the pre-saccadic properties of
the proximal target are a more crucial factor. Importantly, the aver-
age latency during adaptation barely deviates from the average
latency pre-adapation in both the forward-step, as well as the
backward-step condition, providing further indication that laten-
cies are not related to the required amplitude of the saccade.

With this, the current data extend on previous analyses show-
ing that natural deviation in saccade amplitude for different target
sizes could not explain saccade latency differences (Harwood et al.,
2008; Madelain et al., 2005). The limited role of the required
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amplitude may indicate that previous interpretations of long
latencies accompanying short saccade amplitudes are worth revis-
iting. For instance, in Vlaskamp, Over, and Hoog (2005) longer
latencies in dense displays were speculated to be the result of
oculomotor limitations. However, the average amplitudes accom-
panying these latencies exceeded the small amplitudes typically
associated with increased latencies. Such latency increases may
be the result of the same mechanisms as those underlying the
size-latency phenomenon rather than a consequence of small sac-
cade amplitudes per se.



Fig. 5. Three examples of ring placement relative to fixation (the small dot). From
left to right the ring is placed at a step/size ratio of 1/6, 2/6 and 4/6. The 2/6
compared to 4/6 ratio resembles the situation in Experiment 1. Here one can see the
edges are closer to fixation in the 2/6 than in the 4/6. However, this difference is
minimal. For the situation with the ring placed at a step-size ratio of 1/6 the left
edge is further removed from fixation than when the ring placed at a ratio of 2/6.
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While saccade adaptation may take up to a 100 trials to con-
verge (e.g. Watanabe, Orgino, Nakamura, & Koizuka, 2003), in our
experiment this appears to occur more rapidly. This raises the
question to what extent the current adaptation relies on the same
mechanisms as typical saccade adaptation. One could argue that
rather than neuronal plasticity the current adaptation could be
the result of strategic re-aiming. In this light it is important to note
that observers were implored to make a speeded saccade toward
the target and not anticipate the step in any way. Also, character-
istic for saccade adaptation the gain decrease appears more com-
plete in the backwards condition than in the forward condition
(e.g. Deubel, Wolf, & Hauske, 1986). Importantly, it seems unlikely
that we are dealing with strategic re-aiming, as in such a case we
would expect that latencies in the forward step condition should
at least be considerably decreased during adaptation. Nevertheless,
we cannot say with certainty what underlies the current adapta-
tion. In general, there is considerable debate on what underlies
adaptation and, recently, it has become clear that adaptation does
not rely on a single mechanism (e.g. Cotti, Panouilleres, Munoz,
et al., 2009). Important to the current case is that we are only inter-
ested in saccade adaptation as a tool to manipulate required ampli-
tudes while keeping the saccade target constant.
3. Experiment 2: shape versus size

We refer to the phenomenon as the size-latency phenomenon
because in previous studies (Harwood et al., 2008; Madelain
et al., 2005) it appears that increasing target size is what causes
latency increases. However, Madelain et al. and Harwood et al. pri-
marily rely on size changes of circular rings to increase target size.
While increasing ring size does increase the area of the object, it
also places the near edge of the ring closer to fixation or even
beyond fixation in the direction opposite to the required saccade.
With the shape overlapping more of the central area previously
uncovered inhibitory mechanisms may be at play. For instance,
the overlap of fixation may delay saccades in a phenomenon akin
to the overlap effect as in (Saslow, 1967). However, at small eccen-
tricities the visual input (resulting from the edges) may actually be
further away from fixation compared to a more eccentric ring (see
Fig. 5 for an example). However, aside from delays caused by visual
input at fixation, irrelevant distractors in other locations are also
known to delay saccade initiation (Walker et al., 1995, 1997). With
such remote distractors causing the largest latency increase when
placed directly opposite to the target direction (angle >150�;
McSorley, McCloy, & Lyne, 2012) it is possible that edges extending
in the direction opposite to the saccade destination may be an
important factor driving the latency increase. As such it is still an
open question how increasing size in the various direction away
from the fovea affect latencies.

A notable exception to the ring experiments is Experiment 1B of
Harwood et al. where observers were required to attend to two
vertically separated lines and make a horizontal saccade towards
their middle. When the lines stood further apart, latencies did
increase. This is a good indication that increased size in directions
away from fixation lead to increased latencies. However, the
manipulation was not necessarily one of target size. The task in
Experiment 1B consisted of attending to the two separate lines
and judging their orientation while also making a saccade towards
their combined center. As increasing the distance between the
lines also increases the difficulty of the additional attentional task
it does not allow us to unequivocally conclude that latencies for
larger proximal objects are consistently increased.

In the current experiment no additional attentional require-
ments are present and target size is varied both on the axis extend-
ing from the fixation dot as well as orthogonal to it. In total four
primary conditions are included: The basic manipulation of a large
ring and small ring condition is contrasted by the introduction of
two ellipsoid conditions. Both ellipsoid conditions use an ellipsoid
covering an equal amount of surface area as the large ring; how-
ever, in the radial ellipse condition the long side of the ellipse will
coincide with the radial axis that travels through the fixation point
and the center of the ellipse. In the orthogonal ellipse condition the
long axis of the ellipse will coincide with the axis orthogonal to this
radial axis. Together this makes for four primary conditions; to
evaluate the typical proximity effect we also introduce three dis-
tance conditions.

3.1. Methods

3.1.1. Observers
Eight observers (4 females) participated in the experiment. The

number of observers deviates from Experiment 1 as the number of
observers was decided on for each experiment, individually. No
observer data was excluded from any of the experiments. The rea-
son fewer observers were included compared to Experiment 1 is
that while we were unsure of the consistency of amplitude adapta-
tion over observers, previous experiments on the size-latency phe-
nomena demonstrated it to be highly consistent over observers.
When the introduction of different shapes does not result in a sim-
ilar consistency over observers it may be an indication that the
subjective interpretation of the shape plays a role and a follow-
up experiment will be required. All observers had normal or cor-
rected to normal vision and ranged in age from 23 to 42 (mean:
31.6; sd: 6.0 years). Observers were sampled from the same pool
as in Experiment 1. All except authors JV, RA and MH were naive
to the purpose of the experiment.

3.1.2. Stimulus
All displays consisted of a single white annulus (be it circular or

ellipsoid) presented on a mid-grey background. Depending on the
condition the annulus was small and circular (diameter: 3.8�; small
ring condition; Fig. 6, top-left), large and circular (diameter: 7.5�;
large ring condition; Fig. 6, bottom-left), ellipsoid with the long
side lying on the radial axis (short diameter: 3.8� long diameter:
15.1�; radial ellipse condition; Fig. 6, top-right) or ellipsoid with
the long side lying on the orthogonal axis (short diameter: 3.8�
long diameter: 15.1�; orthogonal ellipse condition; Fig. 6,
bottom-right). Thickness of each annulus type was 0.25� and its
center was always placed randomly on an imaginary circle around
the fixation point with an eccentricity of 1.26, 2.51 or 5.03� (1/6,
2/6 or 4/6 of the diameter of the large ring).

3.1.3. Procedure
Observers were instructed to saccade towards the annulus as

quickly as possible upon its appearance. While observers were
instructed to keep in mind that this meant targeting the (per-
ceived) center of the annulus, it was also emphasized that they
should not sacrifice speed to do so. The annulus appeared after a
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Fig. 6. Overview of the annuli used in Experiment 2. Colors are inverted compared to the actual experiment where annuli were white on a mid-grey background. All four
types of possible annuli (left column: small and large ring; right column radial and orthogonal ellipse) are displayed relative to a fixation dot. In the experiment, however, the
fixation dot would disappear upon the onset of the ring. The task was to make a speeded saccade towards the ring’s center. In the current examples the fixation dot is
presented to the right of the annulus’s center except for all but the orthogonal ellipse (where the fixation dot appears directly above its center). In the experiment the center
of the annulus could appear at any position on an imaginary circle with a radius of one of three eccentricities (1.26�, 2.51�, or 5.03�).
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delay of 413–800 ms and trials were self-paced: once the observer
recommenced fixation of the fixation dot the delay of the next trial
would begin. The fixation dot disappeared upon annulus appear-
ance. Each of the four main conditions comprised of 180 trials
(60 trials for each different eccentricity) making for a total of 720
trials. All trial types were randomly mixed, however, to prevent
fatigue from influencing the results, the 720 were split in 2 blocks
and a short break was included between the blocks.

3.1.4. Apparatus and eye movement analysis
Parameters were mostly the same as in Experiment 1. Contrast-

ing to Experiment 1 the screen refresh rate was 75 Hz and the res-
olution was set to 1600 � 1200. Also the window for fixating the
fixation dot was 1.3 rather than 2�. Nevertheless, offline analysis
parameters were the same as in Experiment 1.

To exclude erroneous trials we again employ several criteria to
ensure a saccade was indeed directed at the ring or ellipse. Starting
point had to be within 1.5� of the fixation dot and latencies had to
lie between a minimum of 90 and maximum of 700 ms. Depending
on the annulus type it is well possible that amplitudes could be
very different. To not exclude saccades that were indeed correctly
aiming for the target, but slightly off the center, we employ a
rather liberal distance criterion: A saccade had to land within 3�
of the target’s center. However, to ensure that it was directed to
the target we combined the liberal distance criterion with a radial
criterion stating that the saccade direction was not allowed to
deviate more than 60 angular degrees from the direction of target’s
center. The combination of the above criteria led to an exclusion of
2.9% of the trials.

3.2. Results

Because latencies have been shown to rise with shorter eccen-
tricities we first verify that amplitudes are similar for each condi-
tion. In Fig. 7A we plot the amplitudes of the saccades for each
condition. Here we see that amplitudes for the radial ellipse are
longest. If latencies for these ellipses are shorter this could be
due to the increased amplitude, however, this does not lie within
the expectation. To evaluate how the size changes affect latencies
we plot latency as a function of eccentricity in Fig. 7B for each con-
dition, separately. A two-way repeated measures ANOVA with
annulus type and eccentricity as factors and latency as a measure
showed a significant main effect of the annulus type (F
(1.31, 9.18) = 83.04, p < 0.000005; Greenhouse-Geisser correction
applied due to violation of sphericity assumption) and a significant
main effect of eccentricity (F(1.14, 7.97) = 152.64, p < 0.000005;
Greenhouse-Geisser correction applied due to violation of spheric-
ity assumption). Moreover, a significant interaction between annu-
lus type and eccentricity was also found (F(6, 42) = 13.27,
p < 0.00001). Pairwise comparisons (bonferroni corrected p values)
clearly show that the time it takes to initiate a saccade towards the
radial ellipsoid are longest (radial versus large ring, p < 0.0005;
radial versus orthogonal ellipse, p < 0.005; radial ellipse versus
small ring, p < 0.00005). This is followed by the saccades targeting
the large ring (large versus orthogonal ring, p < 0.05; large versus
small ring, p < 0.00005). Finally, the orthogonal ring elicited longer
latency saccades than the small ring (p < 0.0005). Interestingly,
here latencies were always shortest for the small ring, for each
observer, at each eccentricity, individually.

Finally, in Fig. 7C we plot latencies as a function of radial ratio.
Radial ratio is calculated by dividing the eccentricity of the annu-
lus’s center by the radial diameter (annulus diameter with respect
to the radial axis extending through the fixation dot). In this plot
we can see that while latencies for the radial ellipse were longer
than those for the large ring as function of absolute eccentricity
they were not as long as one would expect if the radial diameter
were the only determining factor in the increasing latencies in
the size-latency phenomenon.

3.3. Discussion Experiment 2

The results paint a dual picture. First, they provide evidence
that increasing target size in any direction increases latencies.
Importantly this happens without any direct need to use the full
shape of the ellipse: Even though the orthogonal ellipse extends
away from fixation observers were free to adopt strategies using
only input closest to fixation. Nevertheless, for each of the eight
observers median latencies were longer for this orthogonal ellipse
than for the small ring at each eccentricity, individually. Con-
versely, for some observers the median latency for the orthogonal
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Fig. 7. Saccade characteristics for Experiment 2. A) Amplitudes as a function of target eccentricity per condition, averaged over observers. B) Median latencies as a function of
target eccentricity per condition, averaged over observers. C) Same median latencies as in B but now as a function of radial ratio. Radial ratio is calculated by dividing the
eccentricity of the annulus by the diameter of the annulus in the radial direction (the direction of the required saccade vector respective to the central fixation). Error bars
represent standard error of the mean.
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ellipse was longer than the latency for the large ring at the longest
eccentricity. Second, we also find that latencies in the radial ellipse
condition are longer than in the large ring condition even though
the ellipse and the large ring encompass the same area size. Thus
it appears that stretching an object in the direction of the fovea
does lead to the greatest increase in latencies.
4. Experiment 3: general visual input or target appearance

Given that many models of saccade preparation incorporating
inhibitory mechanisms are able to explain the fixational delay
and the remote distractor effect (e.g. Trappenberg, Dorris, Munoz,
& Klein, 2001; Wilimzig, Schneider, & Schöner, 2006) the question
arises whether such models cannot simply explain the current
results? Indeed it is well possible that the results from Experiment
1 and 2 can be described by models that inhibit saccade initiation
based on activation of inhibitory mechanisms due to the presence
of the visual input. However, such models would not predict the
findings by Madelain et al. (2005) and Harwood et al. (2008) where
both a small and a large target were presented simultaneously. In
these previous two studies latency differences were the result of
only the instruction to attend to either a large or small target,
while visual parameters were held constant. This provides a strong
indication that the size-latency phenomenon cannot be explained
by the above-mentioned models. However, despite a similar
latency effect, one may speculate that the current results are dis-
tinct from those in the Madelain and Harwood study as in those
studies the additional attentional task might have caused the
latency difference.

To verify that the current findings and those of Madelain et al.
(2005) and Harwood et al. (2008) indeed pertain to the same phe-
nomenon we run a two-alternative forced choice task: While keep-
ing displays constant, observers have to saccade towards a
previously designated ring: either the large one (large ring condi-
tion) or small one (small ring condition). In this manner visual
stimulation is kept constant as in the previous studies, but no addi-
tional task is present.
4.1. Methods

Most of the methods overlap with those described in Experi-
ment 2; below we only discuss differences.
4.1.1. Observers
Seven observers (4 females) aged 24 through 34 (average:

28.9 years; sd: 3.3 years) participated. Considering the simple nat-
ure of the task and the expected large and consistent latency differ-
ence only 7 observers were included in the final experiment.
Observers JV and RA are both authors on this paper. Observers
were sampled from the same pool as the previous experiments.

4.1.2. Stimulus and procedure
Each display consisted of two white rings, one small (diameter:

1.5�, thickness: 0.25�) and one large (diameter: 7.5�, thickness:
0.25�). See Fig. 8 for an example of a trial display. The first ring
was drawn with its center at a random point on an imaginary circle
(radius: 2.5�) centered on the fixation dot. The second ring was
drawn on the same circle within an angular range extending from
90 to 270� clockwise from the center of the first ring. Therefore,
minimal angular separation between the centers was 90� and max-
imum angular separation was 180� (directly opposite to the other
ring).

Upon initiation of the trial (triggered in the same way as the
previous experiments) after a delay of 507–1000 ms the fixation
would disappear and the rings would appear. The instruction
was to make a saccade towards the designated target. The desig-
nated target changed over blocks: Each observer completed 4
sequential blocks, alternating by the instruction to go to the large
ring or the small ring. Whether the first block started with the
instruction to go to the small ring or go to the large ring was alter-
nated over observers. Each block consisted of 38 trials making for
76 trials per condition and a total of 152 trials. Note that through-
out all the blocks the parameters of the stimulus generation were
constant.

4.2. Results and discussion

The key question is whether latencies vary based on target con-
dition. In Fig. 9A we plot median latencies averaged over observers.
This quickly reveals a considerable difference (67 ms) between
latencies for saccades towards the small ring compared to those
aiming for the large ring. A t-test confirms a significant difference
(t(6) = 6.57 p < 0.001). Moreover, in Fig. 9B we plot the latency dis-
tribution collapsed over observers. To account for potential differ-
ences in latencies between observers we have divided all
individual latencies by the median latency of each observer in



Fig. 8. Representation of a trial in Experiment 3 (colors are inverted colors; in the
experiment the ring was white on a mid-grey background). The small and large ring
were both present on each trial, and always appeared simultaneously upon the
disappearance of the fixation dot. Depending on the current block observers either
had to saccade towards the center of the small or the large ring, which always stood
at an eccentricity of 2.5� from the fixation point (vectors varied in direction once
again, see Methods). The small ring was 1.5� in diameter and the large ring 7.5�.
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the small ring condition. This clearly demonstrates that despite
using constant parameters to generate stimulus displays, the target
instructed to the observer determined the latency of the saccade.
While this does not negate the possibility that the presence of a
large ring in general delays saccade initiation, the current experi-
ment clearly demonstrates that the size-latency phenomenon
exists besides the typical delays as a result of visual input inhibit-
ing saccade initiation.
5. General discussion

In the current paper we set out to explore whether the saccade
latency increases reported in Madelain et al. (2005) and Harwood
et al. (2008) are best explained by the size of the saccade target,
applicable to saccades in general and whether we are dealing with
a truly novel phenomenon rather than an extension of already
known saccade phenomena. Interestingly, in Experiment 1 we find
the phenomenon is not directly coupled to the required amplitude,
but target eccentricity appears the main determining factor. This
clearly distinguishes the phenomenon from previous reports
showing that short amplitudes cause an increase in latencies. Thus
there is a strong reliance on the visual properties of the proximal
Fig. 9. Latencies from Experiment 3. A) Median latencies averaged over observers for the
B) Histogram of all saccade latencies collapsed over observers. Latencies have been norma
the initial saccade latency of each trial is divided by the median latency in the small rin
saccade target. To further evaluate the importance of the target
size we manipulated the shape of the target while (except for the
small ring condition) keeping surface area the same (Experiment
2). This revealed that while a target overlapping more of the obser-
ver’s central vision leads to the longest latencies, increasing target
size in the orthogonal direction also prolongs the accompanying
saccade latencies. While the previous studies already demon-
strated that it is the properties of the specific saccade target and
not the presence of stimulus elements per se that influence the
latencies, the findings of Experiment 1 and 2 could potentially be
explained by biologically inspired models incorporating inhibitory
properties in the saccade map (e.g. Trappenberg et al., 2001;
Wilimzig et al., 2006). Therefore, in Experiment 3 we verified that
it is truly the size of the saccade target that drives the large latency
difference, rather than visual input. As such, inhibitory responses
to visual input cannot explain the phenomenon.

Importantly, the three experiments also emphasize that the
findings from the studies by Madelain et al. (2005) and Harwood
et al. (2008) are not limited to dual tasks where a demanding
attentional task is added to the saccade task. In combination with
these studies, the current results provide strong evidence that the
size of a proximal target is crucial in determining saccade latencies.
We should note that this does not refute the previously made claim
that scaling of attention is the cause of the latency increase. How-
ever, it emphasizes that the size-latency phenomenon is likely to
occur in a broad range of situations, beyond those where explicit
attentional tasks are present. While the current experiments each
have their own specific purpose, if we consider the individual tasks
they stretch a considerable range: In Experiment 1 a saccade has to
be made based on a stepping ring; in Experiment 2 a saccade has to
be made towards a sudden onset and, finally, in Experiment 3 a
saccade has to be made towards one of two available targets. In
all of these tasks we find considerably effects of latency. As such,
it is highly likely that in an observer’s interactions in daily life, sac-
cades will be subjected to the size-latency phenomenon. Given the
robustness of the phenomenon and the drastic latency increases
the question arises what underlies this phenomenon. Below we
discus this question from three different perspectives with respect
to mechanism, uncertainty and functionality.
small ring and large ring condition. Error bars represent standard errors of the mean.
lized on the basis of median latencies in the small ring condition: For each observer
g condition.
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We can only speculate on the mechanism behind the size-
latency phenomenon. However, the results from Experiment 2
clearly show that stretching an element in the direction of the
observer’s central vision and to the side opposite of the required
saccade direction increases latencies strongest. This pattern is rem-
iniscent of the fact that fixational neurons at the rostral pole of the
superior colliculus have been found to inhibit saccade initiation
(e.g. Munoz & Guitton, 1989). However, in behavioral studies,
latency increases are typically a result of visual stimulation. Con-
trastingly, Experiment 3 demonstrates that the size-latency phe-
nomenon is not driven by overall visual stimulation, but purely
by the properties of the saccade target. Moreover, the visual stim-
ulation associated with the rings used in the current experiments
is produced only by its edges, which, for rings at the short eccen-
tricities can be further removed from fixation than for rings farther
from fixation (see also Fig. 5). Nevertheless, as motor preparation
should result in a saccade to the ring’s center, neurons with recep-
tive fields inside the ring are likely also involved. Therefore, the
physiological representation of the whole target overlapping the
fovea is potentially an important factor in determining latencies.
As such, it is likely that the dynamics of cells representing the cen-
tral area around the rostral pole of the superior colliculus play an
important role even if they are not directly stimulated by visual
input. The high density of small receptive fields means that many
of these cells could be involved in determining the landing-point of
the upcoming saccade. While inhibitory neurons with receptive
fields only at the fovea would not directly explain why larger rings
extending away from the fovea also lead to such large increase
latencies, there is evidence that these fixational neurons also
respond to larger saccades (Munoz & Wurtz, 1995). Potentially,
the programming of a saccade toward a target that is represented
in the superior colliculus by neurons that are also active in the pre-
vention of saccade initiation leads to delayed initiation beyond that
of general non-target visual stimulation.

Alternatively, there is an ongoing discussion over whether the
fixational zone at the rostral pole of the superior colliculus is truly
functionally independent from its surroundings (for a discussion
see: Hafed & Krauzlis, 2012; Sugiuchi, Izawa, Takahashi, et al.,
2007). Based on measurements showing that neurons in the rostral
pole of the superior colliculus increase their activity before and
during microsaccades (Hafed, Goffart, & Krauzlis, 2009), it has been
hypothesized that fixation is maintained through a balance in acti-
vation of neurons coding for microsaccades (Gandhi & Katnani,
2011; Hafed et al., 2009). Consequently, when programming a sac-
cade to a large ring (overlapping fixation) involves cells that code
for small saccades in opposite directions, this could potentially
explain why a large ring extending in all directions from fixation
results in the largest latency increase.

On a computational level it may be argued that increasing
object size may lead to greater uncertainty about the exact location
of an object’s center. It is possible that the phenomenon can best be
explained as a delay directly related to an increased time required
in establishing the saccade target’s center. If we assume that
uncertainty of the center on the radial axis (the axis aligned with
the saccade vector) is the strongest determining factor, this could
explain the ordering of latencies for the four types of rings in
Experiment 2. The small target is associated with the least uncer-
tainty, followed by the orthogonal ellipse, the large ring and the
radial ellipse, respectively. However, we should note that increas-
ing latencies could be seen as a deviation from how uncertainty is
typically dealt with in the saccadic system. That is, scanning at a
faster pace is often prioritized over slowing saccades to ensure
accuracy (Araujo, Kowler, & Pavel, 2001; Kowler & Pavel, 2013;
Wu, Kwon, & Kowler, 2010). Rather if we turn to the many studies
showing speeded saccades are often attracted by onsets or salient
distractors (e.g. de Vries, Hooge, Wiering, & Verstraten, 2011;
Theeuwes, Kramer, Hahn, & Irwin, 1998; van Zoest & Donk,
2006) one could argue sacrificing accuracy for speed to be a feature
of the system. From this point of view it can be considered atypical
that uncertainty about a target’s center would cause a large delay
in saccade latencies. Nevertheless, this does not exclude the possi-
bility that the uncertainty for large targets at short eccentricities
has to be resolved to execute a saccade. Further research will have
to demonstrate whether this explanation is indeed the best suited
to describe the current phenomenon.

The question of why saccades towards larger objects should be
delayed brings us to an explanation of the phenomenon on a func-
tional level. As Harwood et al. (2008) points out it is possible that
the delay may be a way of prioritizing actions. While the benefit of
executing a saccade is that it enhances the ability to extract visual
details from a newly fixated location, it also comes at a cost: the
temporary loss of vision. Thus making a saccade is a trade-off
between processing input at a lower resolution in the periphery
and sacrificing temporary vision loss in order to process an object
at a higher resolution at the fovea. While for a small object in the
far periphery the benefits of making a saccade clearly outweigh the
temporal vision loss associated with making a saccade, for large
objects close to fixation the benefit of making a saccade is limited
and thus the cost compared to the benefits are much higher. Delay-
ing such saccades may be a way of the saccadic system to prioritize
not only fixation over movement, but also one movement over
another. Until now, little research has been performed on the pos-
sibility that latencies are related to a cost-benefit ratio of the exe-
cution of the saccade. Nevertheless, some reports of diminished
saccade frequency in light of larger targets exist. For instance, in
Wu et al. (2010), where sequences of saccades to multiple targets
were required, it was found that when the distance to the target
after the execution of primary saccades was smaller relative to
the size of the target, the occurrence of secondary saccades
decreased and accompanying latencies increased.

In conclusion the current paper demonstrates that the phe-
nomenon in which latencies rise drastically with increasing
saccade target size is well described as the size-latency phe-
nomenon and, that this phenomenon, is distinct from previous
reports on delays in saccade latency in literature. Therefore, the
phenomenon provides an important addition to literature. On the
one hand, the robustness of the phenomenon shows it is likely to
apply to many eye movements made in daily life. On the other
hand, the novelty is interesting from a fundamental perspective:
The timing of saccades is still ill-understood and it is not yet
known why the saccade latency lasts as long as it does (see for
instance: Ludwig, Gilchrist, McSorley, & Baddeley, 2005). Under-
standing the nature of the size-latency phenomenon may be cru-
cial to a better understanding of the events leading up to the
execution of the saccade.
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