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Abstract

The human visual system is continuously confronted with dynamic visual input. One
challenge that the visual system must solve, therefore, is recognising when two
distinct objects have appeared at a given location despite their brief presentation and
rapid succession, that is, temporal object segmentation. Here we examined the role of
magnocellular neurons in this process. We measured temporal object segmentation
via object substitution masking (OSM), which reflects the failure to distinguish the
target and mask as distinct objects through time. We isolated the selective role of
magnocellular neurons by comparing performance under conditions of pulsed
luminance pedestals, which are designed to saturate the magnocellular response, with
that in a steady-pedestal condition which leaves both magnocellular and parvocellular
channels available to process the target. Across two experiments, we found that OSM
magnitude was enhanced under pulsed-pedestal conditions, in which the
magnocellular response was impaired. This indicates that magnocellular neurons
contribute to temporal object segmentation. Given that temporal object segmentation
has consequences for which stimuli are consciously perceived, this demonstrates a
functional mechanism via which magnocellular neurons contribute to determining the
contents conscious perception. Implications for models of specialisation of dorsal and

ventral cortical streams are discussed.
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The human visual system is continuously confronted with dynamic visual input. This
means that the system must parse this ongoing input into discrete objects in order to
transform it into the coherent and stable visual scene that we consciously perceive.
For example, when walking down a crowded street, there are a large number of
people, who are moving, and can disappear temporarily behind other objects. From
this, the system needs to infer what stimulation belongs to a continuing object over
time (e.g., the same person, despite changes in their appearance due to viewpoint
variation and location), versus what belongs to distinct objects (e.g., two different
people who might occupy the same location between successive glances). The visual
system therefore regularly has to draw an inference of whether input from a given
location belongs to a continuous object identity through time (“sustained object
representation”), or two (or more) separate objects (“object segmentation”). Such
inferences occur prior to conscious perception, but ultimately determine our
subjective experience of the world. In this paper, we investigate the relative

contribution of the two major classes of visual cells in object segmentation.

There are two major cell types that selectively process different aspects of
visual stimuli: magnocellular (M) cells and parvocellular (P) cells. Compared with P
cells, M cells have faster conduction speeds, greater temporal sensitivity, that is,
sensitivity to rapid changes in luminance over time (onsets, offsets, motion), greater
sensitivity to luminance contrast, and process lower spatial frequencies (which
generally corresponds to the ‘gist” of a scene or stimulus), resulting in lower spatial

acuity (Derrington & Lennie, 1984; Legge, 1978; Livingstone & Hubel, 1988).
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M and P cells are aligned in channels, which connect the retina to the striate
cortex via the lateral geniculate nucleus (LGN), and which then connect
predominately to the dorsal and ventral cortical processing streams (Livingstone &
Hubel, 1988; Schiller & Logothetis, 1990). That is, although both M and P cells are
present in both cortical streams (Maunsell, Nealey, & DePriest, 1990; Merigan &
Maunsell, 1993; Nassi & Callaway, 2007), M cells represent the major input into the
dorsal cortical stream, and P cells the major input into the ventral stream. The dorsal
stream projections reach posterior parietal regions including the motor cortex,
whereas the ventral stream projects into the inferotemporal cortex in the temporal
lobe, where object-responsive regions lie (Gautheir, Tarr, Anderson, Skudlarski, &
Gore, 1999; Grill-Spector, Kourtzi, & Kanwisher, 2001; Grill-Spector, Tammar,
Hendler, & Malach, 2000; Kanwisher & Yovel, 2006). It has been proposed that the
P-ventral stream underlies conscious perception and identification of objects and the
M-dorsal stream subserves unconscious visually-guided action, such that that the
processing in this stream is impervious and inaccessible to conscious awareness

(Goodale, 2008; Goodale & Milner, 1992).

In support of the dissociation of function between the two streams, Goodale
and Milner (1992) pointed to the neuropsychological case study DF, who suffered
damage to ventral stream regions. This damage led to DF’s inability to explicitly
recognise an object or its properties (size, shape, or orientation, i.e., object agnosia),
yet she was nonetheless able to accurately adjust the width between her finger and
thumb to the appropriate size to grip the object. That is, DF demonstrated accurate
motor behaviour to interact with an object that she apparently did not consciously
perceive (Goodale, Milner, Jakobson, & Carey, 1991; James, Culham, Humphreys,

Milner, & Goodale, 2003). Similar such dissociations between the perception of
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objects (e.g., distorted by visual illusions) on the one hand and unimpaired motor
action on the other have also been reported with intact visual systems (e.g., Binsted,
Brownwell, Vorontsova, Heath, & Saucier, 2007; Haffenden, Schiff, & Goodale,
2001). In contrast, patients with optic ataxia resulting from damage to dorsal regions
can explicitly recognise objects, but are impaired in visually-guided interactions with
objects (e.g., reaching, grasping) (Jakobson, Archibald, Carey, & Goodale, 1991).
Altogether, this evidence suggests that the ventral stream is implicated in the
conscious perception of objects, and the dorsal stream in visually-guided action,

which can be dissociated from conscious perception.

Clearly, therefore, there is evidence for specialisation of function between the
dorsal and ventral streams. Additional evidence, however, does not support a rigid
demarcation whereby perception is the exclusive domain of the ventral stream, and
that functions subserved by the dorsal stream must necessarily be unconscious as
suggested by Goodale and colleagues (Goodale, 2008; Goodale & Milner, 1992;
Goodale & Westwood, 2004). For example, patient LM sustained damage to area
V5/MT+, leading to impaired motion perception (akinetopisa or “motion blindness”)
(Zihl, Von Cramon, & Mai, 1983). Area V5/MT+ is a component of the dorsal stream
(Born & Bradley, 2005), and yet it is LM’s conscious perception of a property of
objects (i.e., their motion) that is impaired. A similar such motion perception deficit
can also be transiently induced in otherwise healthy systems via transcranial magnetic
stimulation (TMS) applied to V5/MT+ (Beckers & Zeki, 1995). This suggests that the

dorsal stream also plays a role in conscious perception.

Although these motion studies implicate the dorsal stream in the conscious
perception of object motion, it might be argued that this is distinct from conscious

perception of object identity. Further evidence, however, also implicates M cells and



Temporal Object Segmentation 5
#

the dorsal stream in conscious perception of object identity for static objects. Some
such evidence arises from the literature on visual masking. Metacontrast masking, a
commonly-used form of visual masking in which a snugly-surrounding but non-
overlapping mask (e.g., an annulus) impairs perception of a target (e.g., a disc), is
thought to be the result of M-on-P inhibition. Metacontrast masking is strongest when
the mask follows the target in time by about 50-100ms (intermediate stimulus onset
asynchrony; SOA). This is because at this SOA the onset of the mask produces a
transient M channel response, which inhibits the slower P channel response
conveying information about the target. Masking is reduced if the target-mask SOA is
shorter, because then the rapid mask-induced M channel response occurs prior to the
slower target P channel response, and masking is also weaker when SOA is longer,
because this allows time for the P channel response to complete and a conscious
percept of the target formed prior to the inhibition induced by mask onset (Breitmeyer

& Ganz, 1976; Breitmeyer & Ogmen, 2006).

In addition to the temporal properties of metacontrast masking matching those
expected from M and P interactions, further evidence in favour of this M-on-P
inhibition account of metacontrast masking is that masking is attenuated by red
diffuse light (Breitmeyer & Williams, 1990), or the use of a red mask (Pammer &
Lovegrove, 2001). Red light has been established to inhibit M cells, due to the
presence of a subset (Type IV) of on-centre off-surround M cells whose surround is
inhibited by red light in the receptive field (de Monasterio, 1978; Dreher, Fukada, &
Rodieck, 1976; Wiesel & Hubel, 1966). The phenomenon of metacontrast masking
and it being the consequence of M-on-P inhibition demonstrates that M cells can
influence the conscious perception of objects. That is, it is the mask-induced M cell

response that determines whether P cell representation of the target is consciously
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perceived. Although on the surface this might appear to reflect a detrimental effect of
M cells on conscious perception, this is the product of the particular timing of the
metacontrast masking paradigm. Under normal viewing conditions, M channel and P
channel responses are initiated simultaneously in response to an object that is
ultimately consciously perceived, without interference from a mask. In fact, the M
channel may actually be essential in consolidating and rendering consciously-
accessible the representation in the P channel (Bachmann, 1984). Consistent with this,
more recent work has shown that the magnitude of priming effects derived from
reaction times to identify targets (as left or right pointing arrows) that are preceded by
a metacontrast-masked prime (either a left or right-pointing arrow) at different levels
of prime contrast have been found to be best predicted by the known contrast-
sensitivity functions of M cells, rather than P cells (Tapia & Breitmeyer, 2011). This
suggests that contrary to the notion of P cells monopolising conscious perception of

the target object, M cells also play an important role.

The evidence reviewed so far suggests that M cells influence the conscious
perception of object identity for static objects, via either enhancing or suppressing a
particular am object representation. This does not therefore imply that M cells
represent this content. This makes sense from a functional perspective given the
poorer spatial acuity of the M cells. However, there is some recent evidence that M
cells might even contribute to determining which object representation is selected for
representation in the first place. It is now widely accepted that feedback or re-entrant
processing from anterior to poster visual regions is critically involved in rendering
stimulus representations consciously accessible (Bullier, 2001; Di Lollo, 2010; Di
Lollo, Enns, & Rensink, 2000; Dux, Visser, Goodhew, & Lipp, 2010; Lamme &

Roelfsema, 2000). Typically, however, the notion of feedback processing is focussed
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on re-entrant processes within the ventral stream that occur after the initial
feedforward sweep initiated by a stimulus. But it has recently been shown that low
spatial frequencies conveyed via an M channel input direct into frontal regions
activate one or more candidate object template(s), representing preliminary guess(es)
about object identity, and then feedback into temporal areas then to be integrated with
the feedforward input, thereby facilitating explicit object recognition by constraining
the number of candidate object representations (Bar, 2003; Bar et al., 2006; Kveraga,
Boshyan, & Bar, 2007). However, while this suggests that M cells can bias the system
toward a particular object representation, it appears as though this is still mediated via

interactions within the ventral stream.

Therefore, given the accumulating evidence that M cells contribute to
conscious perception of both moving and static objects, here we tested one possible
instantiation for how this contribution could manifest. That is, while some previous
work has implicated M cells in conscious perception (Tapia & Breitmeyer, 2011) it
did not offer a definitive mechanism via which this would happen. The exception to
this is Bar’s model of object recognition, however, this work focussed on recognition
of isolated static object images. Yet one of the fundamental challenges of conscious
object perception is parsing ongoing, dynamic visual input into discrete object
representations. Here, therefore, we examined the role of M cells in this challenge.
We reasoned that temporal object segmentation, the crucial visual-cognitive process
of recognising two distinct objects despite their close spatiotemporal proximity,
would benefit from the greater temporal resolution of M cells. While P cells represent
the finer details of objects, their temporal resolution is poor (Derrington & Lennie,
1984; Legge, 1978; Livingstone & Hubel, 1988). It makes sense, therefore, for M

channel input to parse discrete objects through time from ongoing input. For example,
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if two, similar-looking objects occupy the same location at two points in time, then
the visual system should be more likely to recognise this with enhanced M channel
input (all other things being equal), whereas without this, the system should be more
inclined to treat them as a single object, continuing and varying slightly in appearance

over time.

In order to gauge this process of temporal object segmentation, we used object
substitution masking (OSM), in which perception of a briefly-presented target object
is impaired by a common-onsetting, temporally-trailing mask that neither overlaps nor
shares common contours with the target (Di Lollo, et al., 2000; Goodhew, Visser,
Lipp, & Dux, 2011; for a review see Goodhew, Pratt, Dux, & Ferber, 2013). Masking
magnitude is quantified by subtracting target identification accuracy for trials where
the mask temporally-trails after target offset (delayed mask offset condition), from
control condition trials in which the target and mask offset simultaneously
(simultaneous mask offset condition). OSM was chosen because extensive evidence
implicates a failure of temporal object segmentation as the cause of the masking. That
is, masking occurs when the target and four-dots from the target array and the trailing
mask are mistaken for a single object continuing through time, resulting in the
representation of the object for that location being updated to reflect the longer
trailing mask, at the expense of the target (Goodhew, Gozli, Ferber, & Pratt, 2013;
Goodhew, Pratt, et al., 2013; Guest, Gellatly, & Pilling, 2012; Hirose et al., 2007; Lim
& Chua, 2008; Lleras & Moore, 2003; Luiga & Bachmann, 2008; Moore & Lleras,
2005; Pilling & Gellatly, 2010). This means that OSM magnitude is inversely related
to temporal object segmentation. That is, the greater the magnitude of masking, the

greater the failure to segment (Goodhew, Pratt, et al., 2013).
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When the target and mask are presented in different colours or luminance
polarities, OSM magnitude is reduced (Luiga & Bachmann, 2008; Moore & Lleras,
2005). This supports the notion that OSM reflects overzealous temporal fusion of the
target and mask, as different colours or luminance polarities are spatial object
segmentation cues (Badcock, Clifford, & Khuu, 2005; Edwards, 2009; Wenderoth,
1996). Similarly, the extent to which a trailing mask impairs target perception is
dependent on whether its spatiotemporal properties are conducive to perceiving it as
the same object as the four-dots that were presented during the target array, and
thereby susceptible to object updating (Lleras & Moore, 2003). Finally, preview of
the mask prior to the onset of the target array attenuates masking, even though the
preview is not predictive of subsequent target location (e.g., four-dot masks
previewed at both target and all distractor locations). This preview advantage is
thought to be mediated by encouraging the visual system to treat the mask as an
object in its own right, preventing the target from being integrated with it (Neill,
Hutchison, & Graves, 2002). Altogether, then, OSM reflects object-updating, or the
failure to segment the target plus four dots of the target from the trailing four-dot

mask.

In order to examine the contribution of M cells to temporal object
segmentation, we employed a pulsed versus steady pedestal paradigm, which relies on
the differential contrast sensitivities of M and P cells. In both conditions, a pedestal (a
spatially-homogenous background) is presented at each stimulus location (e.g., four
locations around central fixation). The pedestals have a higher luminance than the
background, and thus their onset represents a rapid increase in luminance at the
stimulus locations. The key difference between the pulsed and steady pedestal

conditions is the timing of this luminance increase. Given that the M cells are more
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sensitive to rapid changes in luminance, when the pedestal onset occurs concurrently
with the target and mask stimuli (pulsed-pedestal), it saturates any object-selective M
cell response. Whereas when this increase occurs in advance (e.g. 1 second) of the
target (steady-pedestal), the transient response of M cells induced by its onset has had
time to diminish by the time of target-array onset, leaving both M and P channels
available to process the target and subsequent trailing mask. Comparing target
perception in these two conditions can therefore reveal the selective contribution of M
cells to perception (Leonova, Pokorny, & Smith, 2003; Pokorny, 2011; Yeshurun &

Sabo, 2012).

Given the temporal superiority of the M cells, and that the process of object
segmentation across time requires greater temporal precision, we predicted M cells
are implicated in this process. To test the role of M cells in temporal object
segmentation, we combined OSM — a metric of temporal object segmentation — with a
pedestal manipulation to selectively isolate the role of M cells. Specifically, we
thought that when the visual system is confronted with two events close in time,
(target + mask) and (mask only), the role of the M cells would be to encourage the
system to treat these two events as reflecting distinct objects, thereby facilitating the
conscious perception of them both. This means that when the contribution of the M
cells is diminished by the pulsed pedestal, the visual system should be more likely to
treat these two events as belonging to the same object. When this happens, since in
OSM the trailing mask is presented second in the sequence, and for longer than the
target, it will be consciously perceived at the expense of target, thereby increasing
masking magnitude. Thus, if M cells are critically involved in temporal object
segmentation, then the magnitude of masking should increase in the pulsed-pedestal

condition compared to the steady-pedestal condition.
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The purpose of Experiment 1 was to test the potential role of M cells in temporal
object segmentation. To do this, we compared the magnitude of OSM under steady
versus pulsed-pedestal conditions. If M cells underlie temporal object segmentation,
then OSM magnitude should be greater in the pulsed relative to the steady-pedestal

condition.

Method

Participants

Twenty participants (13 female) were tested individually and provided written
informed consent prior to participation (Mean age = 20.95 years, SD = 2.33). All
reported normal or corrected-to-normal vision.
Stimuli and apparatus

Stimuli were presented on a cathode-ray tube (CRT) gamma-corrected
monitor with a 75Hz refresh rate. Viewing distance was fixed at 44cm with a chinrest.
Stimuli were programmed in Matlab using the Psychophysics Toolbox (Brainard,
1997). The background was dark-grey (9.6 c¢d/m?). Four lighter grey (56.7 cd/m?)
pedestals (1.7°x1.7°) arranged in a plus-sign configuration around a small white
fixation cross in the centre of the screen (distance from fixation to pedestal = 8.4°).
The target object was a black Landolt C (diameter = 1.4°, thickness = .3°, with four
black squares (.5°x.5°) on the corners of an imaginary square centred on the C. The
gap in the C was either on the left or the right of the object (size of gap = .3°), and the
target could appear in any of the four locations on a given trial, and distractors
appeared in the other three locations. Distractors were also Landolt Cs. The target was
differentiated from the distractors by the presence of the four-dot mask.

Procedure
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Each trial consisted of the following sequence: A fixation-cross screen was
displayed for 1000ms. This either did also contain the four pedestals (steady-pedestal
condition), or did not (pulsed-pedestal condition). Then the target array was presented
for 53ms (note that the steady and pulsed pedestal conditions involved identical
physical stimuli in the target array and from then on in the trial). On the delayed mask
offset trials, the four-dot mask and pedestals were presented for a further 160ms,
whereas on the simultaneous offset trials, blank pedestals were presented for a further
160ms. Next, in both conditions, blank pedestals were presented until a response was
registered. Participants’ task was to identify whether the gap in the target Landolt C
was on the left or right of the object (unspeeded). Response keys were the left and
right arrow keys on a standard keyboard. The inter-trial interval (during which the
screen was blank) was 1000ms (see Figure 1).

The orientation of the gap in the target, its location around fixation, and mask
duration (0 [simultaneous offset] or 160ms [delayed mask offset] trailing mask
durations) were randomly assigned for each trial with the constraint that there were an
equal number of trials per target identity, location, and mask duration within each
block. Pedestal condition was blocked within participants. Participants completed 128
trials per pedestal condition and rest breaks were provided halfway through and at the
end of each pedestal block, the length of which was at the discretion of the
participant.

Results & Discussion

The first five trials from each pedestal block were used as practice and thus were
removed from the analysis. Data from two participants were excluded from the
analysis because their accuracy was too poor to observe meaningful variation across

conditions that was not an artefact of floor effects (overall average accuracy <=60%



Temporal Object Segmentation 13
#

where chance is 50%). Average overall accuracy for the remaining 18 datasets was
71.25%.

One participant was also excluded due to showing strong reverse masking effects
in both conditions (average accuracy was 16% and 8% higher in the delayed than
simultaneous offset conditions in the steady and pulsed pedestal conditions
respectively). Although the mask duration by luminance pedestal interaction was
significant if this data were included (p = .028, npz = .253), given that we were
interested in how OSM is affected by luminance pedestals, the absence of a masking
effect meant that their data were uninformative.

The remaining 17 datasets were submitted to a 2 (pedestal condition) x 2 (mask
duration) repeated measures ANOVA (see Figure 2). This revealed a significant main
effect of mask duration, F(1,16) = 14.33, p = .002, np2 = .472, such that target
identification accuracy was higher on simultaneous mask offset trials (M = 74.32%)
than on delayed mask offset trials (M = 68.69%). The main effect of pedestal did not
reach significance, F(1,16) = 3.13, p =.096, npz =.163. The interaction between mask
duration and pedestal on target identification accuracy was significant, F(1,16) = 4.68,
p =.046, npz = .226. This interaction reflects that masking magnitude (simultaneous —
delayed mask offset accuracy) was greater in the pulsed pedestal condition (M =
7.61%) than in the steady pedestal condition (M = 3.64%). Planned comparisons
revealed that this masking magnitude was significant in the pulsed pedestal condition,
t(16) = 4.45, p < .001, d = .95", but not in the steady pedestal condition, t(16) = 2.81,
p=.053,d=47.

It is noteworthy that the magnitude of the masking in the steady-pedestal
condition here was small (3.64%) and not quite significant (p = .053). There are two

major possible reasons for this. Firstly, it could be that the experiment was simply
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under-powered. Secondly, it could be that in the steady-pedestal condition, the
pedestals visible during the fixation screen could have served as an object
segmentation cue. It has been established that prior exposure to the four-dot mask,
even when not predictive of subsequent target location, reduces masking (Lim &
Chua, 2008; Neill, et al., 2002), as does prior presentation of ‘placeholder’ stimuli at
subsequent target and distractor locations, even though this is not informative of
target identity (e.g., rings at stimulus locations, which later have parts offset to reveal
a Landolt C) (Gellatly, Pilling, Carter, & Guest, 2010; Guest, et al., 2012). It is
possible, therefore, that the pedestals in the sustained-pedestal condition served to
encourage the system to treat the stimuli at that location as different to the subsequent
trailing mask, thus reducing masking. Such an effect would not have been observed in
the pulsed-pedestal condition, because here there was no preview of the pedestal prior
to the onset of the target array. These possibilities were tested in Experiment 2, where
we designed a steady versus pulsed pedestal paradigm where placeholders were
present in both conditions, increased the number of trials in each condition, and a
practice block was introduced.
EXPERIMENT 2

The main purpose of Experiment 2 was to test whether the interaction between
pedestal condition and mask duration obtained in Experiment 1, such that masking
magnitude was greater with the pulsed pedestal, could be replicated under conditions
that eliminated any potential placeholder difference between the two pedestal
conditions. To do this, now both the pulsed and steady pedestal conditions included
placeholders during the fixation display. In order to still permit a rapid increase in
luminance of the pedestal in the pulsed-pedestal condition, the pedestals displayed

during the one-second fixation display in this condition were grey, and then changed
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to white simultaneous with the onset of the target array. In the steady-pedestal
condition, in contrast, the pedestals were white throughout the fixation as well as the
target array displays (thus no change in luminance). We also increased the sensitivity
of Experiment 2 by including practice prior to the experiment and doubled the number
of trials per condition that each observer contributed. If M cells underlie temporal
object segmentation, then masking magnitude should be greater under pulsed
compared to steady pedestal conditions.
Method

Participants

Twenty-two participants (21 female) were tested individually and provided
written informed consent prior to participation (Mean age = 20.95 years, SD = 2.44).
All reported normal or corrected-to-normal vision.
Stimuli and apparatus

Stimuli and apparatus were identical to Experiment 1 with the following
exceptions. In the pulsed-pedestal condition, pedestals were grey (56.7 cd/m?) during
the fixation display, and changed to white (108.5 cd/m?) in the target array. In the
steady-pedestal condition, pedestals were white throughout the trial. Crucially,
therefore, from the onset of the target array onwards, the two pedestal conditions were
identical. Once again, it was only the presentation during the fixation display and thus
the change in luminance concurrent with the onset of the target array that differed
between the two pedestal conditions.
Procedure

The procedure for Experiment 2 was identical to Experiment 1 with the following

exceptions. On each trial, a fixation-cross screen was still displayed for 1000ms,

however now this invariably contained four pedestals, which were either white
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(steady-pedestal condition), or grey (pulsed-pedestal condition) (see Figure 3). Also,
prior to commencing an experimental block, participants completed a practice block,
whereby target exposure duration began very slowly and progressively sped up every
two trials until 12 trials were completed during which participants were given
feedback on the screen on each trial as to whether their response was correct or
incorrect. If a participant scored less than 75% correct on the practice block, then they
completed it again (until they reached an average of at least 75% correct). For the
experiment proper, participants completed 256 trials per pedestal condition, and again
rest breaks were provided halfway through and at the end of each pedestal block, the
length of which was at the discretion of the participant.

Results & Discussion

Data from one participant was excluded from the analysis because they only
completed half as many trials as the other participants, and one participant was also
excluded due to showing strong reverse masking effects in both conditions (average
accuracy was 14% and 2% higher in the delayed than simultaneous offset conditions
in the steady and pulsed pedestal conditions respectively). Although the mask
duration by luminance pedestal interaction was actually stronger if this participant’s
data were included (p = .014, np2 =.268), given that we were interested in how OSM
is affected by luminance pedestals, the absence of a masking effect meant that their
data were uninformative.

The remaining 20 datasets were submitted to a 2 (pedestal condition) x 2 (mask
duration) repeated measures ANOVA (see Figure 4). This revealed a significant main
effect of mask duration, F(1,19) = 25.47, p <.001, npz = .573, such that target
identification accuracy was higher on simultaneous mask offset trials (M = 69.98%)

than on delayed mask offset trials (M = 65.98%). The main effect of pedestal
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condition was not significant (F<1). The interaction between mask duration and
pedestal on target identification accuracy was significant, F(1,19) = 5.74, p = .027, np2
= .232. This interaction is driven by the fact that masking magnitude (simultaneous —
delayed mask offset accuracy) was larger in the pulsed pedestal condition (M =
5.43%) than in the steady pedestal condition (M = 2.58%). Planned comparisons
revealed that this masking magnitude was significant in the pulsed pedestal condition,
t(19)=4.97, p <.001, d = .59 and also in the steady pedestal condition, t(19) =2.93, p
= .009, d = .39 (see Figure 5). There was no significant difference in accuracy
between the pedestal conditions at either the simultaneous, t(19) = 1.27, p =.220,d =
.30, or delayed mask offset conditions, t(19) = .51, p =.619, d = .10, revealing that it
was selectively masking magnitude that was affected, rather than accuracy
differentially at either particular mask duration.

Crucially, the present results demonstrate that even when both pedestal
conditions have placeholders visible during the fixation display, masking is still
stronger when the selective contribution of M cells is impaired via the pulsed
pedestal. This indicates that the interaction obtained in Experiment 1 is not an artefact
of the steady-pedestal condition providing placeholders that signalled the location of
stimuli in the upcoming target array. Instead, it reflects the fact that masking
magnitude is increased when the contribution of M cells is attenuated. This suggests
that M cells are involved in temporal object segmentation. Moreover, significant
masking was now present in both conditions, also revealing that the interaction does
not necessarily reflect the presence of masking in the pulsed versus its absence in the
steady-pedestal condition, but can be a product of differences in masking magnitude
that are each significant in their own right.

General Discussion
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Here we tested the role of M cells in temporal object segmentation, that is, the
conscious perception of two distinct objects at a given location in rapid succession.
To do this, we examined OSM magnitude, which reflects a failure of temporal
segmentation (e.g., Goodhew, Pratt, et al., 2013), under conditions pulsed-pedestals,
which selectively saturate the M cells with that under steady pedestals which leaves
both the M and P responses intact (Leonova, et al., 2003; Pokorny, 2011; Yeshurun &
Sabo, 2012). Both Experiment 1 and Experiment 2 revealed an interaction between
the type of pedestal (steady versus pulsed), and mask duration. This interaction
reflected the fact that masking magnitude was enhanced when a pulsed-pedestal
compared to when a steady-pedestal was used. Given that a pulsed-pedestal saturates
M cells with luminance at the same time that the target and mask appear, thereby
impairing any object-selective response, this implicates M cells in facilitating the
visual system recognising the target and mask in OSM as distinct objects despite their
close spatiotemporal proximity. That is, M cells facilitate temporal object
segmentation. Given that the non-conscious inference that the target and mask reflect
a single object in OSM results in a failure to consciously perceive the target, this
implicates M cells in conscious object perception.

It is important to note that there was no evidence for an M channel (or dorsal
stream) representation of the target object in our experiments. This is because there
was no main effect of pedestal-type on target identification accuracy. That is,
participants were on average no better at identifying the target with a steady than with
a pulsed pedestal. Instead, the pulsed pedestal selectively affected the magnitude of
masking (and therefore temporal object segmentation). Given the broadbrand spatial
frequency profile of our target object Landolt Cs, it makes sense that representation of

the target object would instead be subserved by P cells and the ventral stream. The



Temporal Object Segmentation 19
#

role of M cells was to help the system to help ‘pull apart’ or differentiate two object
representations vying access to consciousness and thereby represent them both, rather
than merely representing one at the expense of the other. Our results, therefore, are
consistent with previous suggestions that M cells are indeed influencing the contents
of conscious perception of static objects (e.g., Tapia & Breitmeyer, 2011). Our
results, however, extend on notion of merely being ‘involved’, to suggest that they are
implicated in temporal object segmentation — a fundamental visual-cognitive process
in our construction of the world around us from dynamic input.
Relationships between temporal object segmentation measured via OSM and
dorsal simultanagnosia

M cells represent the major input into the dorsal cortical stream, and P cells
the major input into the ventral stream (Derrington & Lennie, 1984; Legge, 1978).
Given the role of M cells in conscious object perception, it might therefore be
expected that the dorsal cortical stream has an influence too. Interestingly,
simultanagosnia resulting from dorsal-stream damage is a neuropsychological
condition characterised by markedly slowed visual processing producing an inability
to consciously perceive more than one object at a given point in time (e.g., Duncan et
al., 2003; Luria, 1959). Dorsal simultanagnosia, therefore, could be conceptualised as
an extreme version of a failure to segment objects close in space and time, which we
can simulate in healthy individuals via OSM. This suggests that the dorsal cortical
stream, in addition to M cells, may also contribute to temporal object segmentation.
Implications for models of specialisation of cortical function

The findings that M cells underlie temporal object segmentation suggests that
the absolute dichotomy whereby P cells and the ventral cortical stream have an

exclusive monopoly on conscious object perception (e.g., Goodale, 2008; Goodale &
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Milner, 1992) is untenable. Instead, while there is clearly functional specialisation,
conscious object perception recruits the spatial acuity of P cells to represent objects
and the temporal resolution of M cells to resolve object representations across time.
This is consistent with recent suggestions that the perception versus action
dissociation and its mapping onto the ventral and dorsal streams has been over-stated
(Hesse, Ball, & Schenk, 2012; McIntosh & Schenk, 2009). Historically, prior to
Goodale and Milner (1992), it had been suggested that the ventral stream is the
“what” pathway and the dorsal stream the “where” pathway (Mishkin & Ungerleider,
1982; Mishkin, Ungerleider, & Macko, 1983). That is, the ventral and dorsal streams
subserved stimulus identification and spatial localisation respectively. Our results are
more consistent with this conceptualisation, if the where in space is extended to
incorporate where in time an object begins and ends.
The competing demands of segmentation and integration in everyday vision
Temporal object segmentation is a crucially important visual-cognitive
process. However, it reflects just one possible outcome of an inference the visual
system needs to frequently and rapidly draw. If the visual system indiscriminately
segmented all available input, then we would be unable to perceive an object that
continues across time and space. For example, when walking down a crowded street,
it is possible that a new person occupies previously-attended location replacing
another person, but sometimes the same object continues at that location, or even
appears in a new location. If the visual system invariably segmented, then we would
be unable to recognise such a continuing object. OSM is designed such that the
correct response to identify the target requires segmentation of the target from the
trailing mask. But rather than a ‘failure’ of vision, masking reflects the visual system

reaching a particular non-conscious inference given the stimulus conditions it is
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confronted with. That is, it reflects the operation of the same functional mechanism
that allows us to perceive a continuing object identity across time and space.

Here we have found that M cells are conducive to temporal object
segmentation. Given that P cells have a more sustained response, it seems plausible
that they would facilitate a sustained object representation, for example, keeping track
of an object identity across occlusion or interruption (e.g., Burke, 1952; Hein &
Moore, 2012; Hollingworth & Franconeri, 2009; Pylyshyn & Storm, 1988; Richard,
Luck, & Hollingworth, 2008). It remains to be comprehensively established whether
the system has default biases toward segmentation versus sustaining representations
under particular conditions, for example, task demands or recent visual experience,
and the time-course of such biases. Recent evidence suggests that perihand or near-
hand space (the visual field around an observer’s hands) is the purview of upregulated
M cell input, which facilitates temporal object segmentation inferences (Brockmole,
Davoli, Abrams, & Witt, 2013; Goodhew, Gozli, et al., 2013; Gozli, West, & Pratt,
2012; a pattern first identified by Previc, 1990). This suggests that there are at least
some circumstances where a default bias to segment exists, but it remains to be seen
how flexibly the system can switch between such states, and the repertoire of factors
that elicit such states. For example, whether it is limited to stimulus factors (such as
luminance pedestals) and the proximity of observer’s hands, or whether more
cognitive factors such as task demands and recent visual experience also have an
effect.

Implications for OSM as a form of visual masking

One aspect of the present results that is worth discussing is what might be

considered the modest magnitude of the masking effects, particularly in Experiment 2.

We see three possible explanations for this. First, it is possible that this arose from the
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use of the pedestals, which necessarily mark the location of the upcoming stimuli in
the target array. Although the pedestals appeared in all four possible stimulus
locations, and therefore never served as a spatial cue to differentiate the location of
the target from distractors, they did provide a visual marker that delineates the subset
of locations within the visual field in which stimuli (targets + distractors) will appear.
While prior OSM studies have most commonly used fixed stimulus locations, these
were not demarcated with visual a signal, as was necessary here with the pedestal
design. This may have allowed the ‘spotlight’ of attention to be precisely focussed at
a particular location (Eriksen & Hoffman, 1972; Posner & Cohen, 1984), increasing
the likelihood of the target location being attended, or perhaps participants were able
to split their attention amongst the four non-contiguous locations (multiple spotlights;
M. Muller, Malinowski, Gruber, & Hillyard, 2003). Alternatively, the pedestals may
have permitted observers to adopt a diffuse attentional set such that resources were
applied uniformly to all of the stimulus locations as well as the space in between them
(distributed zoom lens; Eriksen & St. James, 1986; Eriksen & Yeh, 1985; N. G.
Muller, Bartelt, Donner, Villringer, & Brandt, 2003). Any of these attentional effects
could have led to an attenuated masking magnitude (see Neill, et al., 2002). We are
currently investigating the relationship between different attentional modes or styles,
and their implications for temporal object segmentation as measured by OSM.
Second, the decrease in masking magnitude from Experiments 1 to 2 could
reflect the fact that in Experiment 1, the contrast between the target and the
background was lower (black on grey) than Experiment 2 (black on white). While
previous research has found that masking magnitude is modulated by the similarity in
luminance between the target and mask (Luiga & Bachmann, 2008), there has been no

systematic investigation of the similarity in luminance between the target and the
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background on which it appears. It could be that the object-updating mechanism that
characterises OSM is influenced by the relationship between objects in the foreground
and their background, such that masking is facilitated when the target is more similar
to the background. Future research should explore systematically test this possibility,
as it would provide important new insight into the factors that affect OSM and
temporal object segmentation more broadly.

Third, Experiment 2 had twice as many trials as Experiment 1 and also
included a practice block. If masking magnitude is susceptible to practice or training
effects, then this would be interesting as it would tell us that the temporal object
segmentation processes are susceptible to such cognitive context as recent experience.
Future research could disentangle these possible explanations, as they each have the
potential to advance our theoretical understanding of OSM as the visual-cognitive
mechanisms it reflects. For the present purposes, however, the masking magnitudes
obtained were sufficiently large and statistically reliable to demonstrate that masking
magnitude is increased when the M-cell contribution is impaired by a pulsed pedestal,
indicating that M-cells subserve temporal object segmentation.

Finally, our results also suggestive of important implications for OSM itself
and the functional mechanisms it taps in relation to other forms of visual masking. It
is striking that the effect of M cells here on OSM is qualitatively different to effects in
metacontrast masking. That is, OSM is a relatively recent addition to the family of
visual masking techniques (Enns & Di Lollo, 2000), whose use spans centuries in
experimental psychology (Alpern, 1952, 1953; Baxt, 1871, 1982; Werner, 1935). It
has been debated, therefore, whether OSM is in fact a variant of the more traditional
metacontrast masking, which also employs a mask that does not spatially overlap the

target (Breitmeyer & Ogmen, 2000; Francis & Hermens, 2002). More recently, there
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has some evidence for at least degrees of dissociation (i.e., quantitative differences)
between metacontrast masking and OSM. For example, the distribution of attention
during target-array exposure is a necessary condition for OSM (Di Lollo, et al., 2000;
Dux, et al., 2010; Goodhew, Pratt, et al., 2013; but see also Argyropoulos, Gellatly,
Pilling, & Carter, 2013), whereas metacontrast masking occurs with a fixed target
location (Breitmeyer & Ogmen, 2006), and instead its magnitude is merely modulated
by attention (Boyer & Ro, 2007; Ramachandran & Cobb, 1995; Shelley-Tremblay &
Mack, 1999). Similarly, metacontrast masks applied to flankers in a crowding
paradigm (e.g., Bouma, 1970; Pelli & Tillman, 2008) will eliminate the detrimental
effect of flankers of target perception, whereas OSM masks applied to these same
flankers will not (Chakravarthi & Cavanagh, 2009). However, these could be
interpreted as OSM simply reflecting a weaker version of metacontrast masking,
especially given the more sparse contours of the four-dot mask compared to, for
example, an annulus mask in metacontrast masking. Here, however, we found that
saturating M cells with luminance increased OSM magnitude, whereas it has been
shown that inhibiting M cells with red diffuse light reduces metacontrast masking
(Breitmeyer & Williams, 1990). That is, this is the first evidence that the same
functional manipulation (selectively impairing the response of M cells) produces
qualitatively different results in OSM and metacontrast masking. This would appear
to suggest that they are indeed distinct forms of visual masking with different
underlying mechanisms. However, further research should directly compare
metacontrast masking and OSM with a single manipulation targeted to affect M cells
to establish this more definitively.

Avenues for future research into M-cell contributions to conscious perception
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It could be suggested that the pulsed pedestal manipulation in the present
experiment was interfering with the receptor level response. This is unlikely for
several reasons. Pokorny’s work (Leonova, et al., 2003; Pokorny, 2011) provides
compelling evidence that the pulsed pedestal selectively affects M-cells, and the
pedestal paradigm has been used to infer M and P contributions to other cognitive
processes (such as exogenous attention favouring P cell processing at the attended
location; Yeshurun & Sabo, 2012). Second, if the pulsed pedestal were interfering
with responses at the receptor level in the present experiments, then this would be
evident in overall effects on target perception, that is, lower target identification
accuracy under pulsed pedestal conditions. But in neither experiment did we observe
an overall effect of the pulsed pedestal on target identification. Instead, it selectively
affected masking magnitude, implicating M cells in temporal object segmentation and
therefore conscious object perception. However, future research could rule out the
possibility of receptor-level contributions definitively by replicating the present
results with dichoptic or interocular stimulus presentations.

Although the present result is clear evidence that M cells contribute to
temporal object segmentation, of course, having evidence from a variety of methods
provides the strongest evidence for a particular conclusion. Converging evidence for
the role of M cells in temporal object segmentation could be obtained from a number
of methods. For example, as mentioned previously, red diffuse light attenuates M cell
responses (de Monasterio, 1978; Dreher, et al., 1976; Wiesel & Hubel, 1966), and
therefore OSM magnitude should be increased when stimuli are presented on a red
background compared to when they are presented on a luminance-matched green
background. Similarly, adapting to high temporal frequency flicker, which

temporarily diminishes the functioning of M cells, should increase masking. Finally,
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there is growing evidence that the presentation of an image of a human face
displaying a fearful expression induces a transient bias to M-cell over P-cell
processing (Bocanegra & Zeelenberg, 2009, 2011). In this case, masking magnitude
should be reduced after the presentation of a fearful face image. These manipulations
could provide converging evidence for the role of M cells in temporal object
segmentation.
Conclusion

To summarise, M cells contribute to temporal object segmentation, that is, our
ability to consciously perceive two distinct stimuli, despite their close spatiotemporal
proximity. Temporal object segmentation has consequences for conscious visual
perception, in that a failure to segment results in the loss of conscious perception of
an object. This, therefore, implicates M cells and possibly the dorsal cortical stream in

conscious object perception.
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Notes
We calculated Cohen’s d using the online calculator provided by Becker

(2000) for correlated samples calculated from means and standard deviations.
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Figure 1. A schematic illustrations of A) a pulsed-pedestal and B) a steady-
pedestal trial in Experiment 1. Participants’ task was to identify the location of
the gap in the target Landolt C (left vs right). Both rows represent delayed-
mask offset trials. For simultaneous mask offset trials (0 ms trailing mask),

panel 3 would consist of blank pedestals for 160ms.
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Figure 2
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Figure 2. Percent correct for steady and pulsed pedestal conditions as a
function of trailing mask duration (Oms = simultaneous target and mask offset,
160ms = delayed mask offset) in Experiment 1. Error bars are within-subjects
error bars, using the correction originally described by Cousineau (2005) and

updated by Morey (2008).
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Figure 3
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Figure 3. A schematic illustrations of A) a pulsed-pedestal and B) a steady-
pedestal trial in Experiment 2. Participants’ task was to identify the location of
the gap in the target Landolt C (left vs right). Both rows represent delayed-
mask offset trials. For simultaneous mask offset trials (0 ms trailing mask),

panel 3 would consist of blank pedestals for 160ms.
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Figure 4. Percent correct for steady and pulsed pedestal conditions as a
function of trailing mask duration (Oms = simultaneous target and mask offset,
160ms = delayed mask offset) in Experiment 2. Error bars are within-subjects

error bars, using the correction originally described by Cousineau (2005) and

updated by Morey (2008).



