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Abstract

The different features that are present in the visual field, such as color, orientation and shape, are processed independently in specialized regions within the visual cortex, after which they are somehow integrated again to form the coherent, unified objects that dominate our conscious perception. A question that can be asked is whether this visual feature binding also takes places when an object is processed unconsciously. Previous studies have already presented some evidence for this, but more research is needed to validate these results and to create some generalizability of them. The present study therefore investigates whether the color and shape of an object are spontaneously bound when this object is suppressed from consciousness by interocular suppression. This was accomplished by means of continuous flash suppression (CFS), inducing a strong form of interocular suppression, in combination with a sequential priming paradigm. The results show that while consciously processed primes successfully affected the response that was given to the target, the primes that were suppressed from consciousness did not have any effect. As such, the present study fails to present evidence of the existence or inexistence of unconscious visual feature binding during interocular suppression. 






Introduction

In his essay On Vision and Colors (1816), Schopenhauer imagines a person who is deprived of his perceptual ability to bind all the different features that are present in a visual image, e.g. color, orientation and form, together into the ‘whole’ objects of the scene. According to him, that person’s view would be similar to the variety of color blobs on the palette of a painter, as it is the raw material that underlies the creation of a visual representation of that scene. This illustrative description, in fact, entails a question that has intrigued many researchers within the field of neuroscience to date: how does the brain integrate the different visual features, i.e. the painter’s color blobs, into coherent mental representations of objects in the visual world (Burwick, 2014; Shapiro, Caplovitz & Dixon, 2014; Zmigrod & Hommel, 2011)? In other words: how do people perceive a red square as a single experience rather than distinct ones for the form and color? The so-called ‘visual binding problem’ presented here derives from the fact that visual information that enters the brain is relayed to different regions processing different features such as shape, color, and motion (Di Lollo, 2012; Keizer, Hommel & Lamme, 2014). As such, the visual field is decomposed into those independent features, causing the relationship between them to be lost, and later has to be built up again to create the perception of coherent, unified objects (Di Lollo, 2012). 
	One of the first attempts to solve the visual binding problem came from Treisman (1996) by introducing the Feature Integration Theory (FIT). According to the FIT, a number of potential feature conjunctions is activated during an initial feedforward sweep in the processing of visual information, a process that is based upon expectation, semantic knowledge and cortical specialization (Lyyra, Mäkelä, Hietanen & Astikainen, 2014). Selection of the correct conjunction while suppressing others happens when attention is allocated towards the relevant location within the visual field (Humphreys, 2015; Treisman, 1996). In this way, the classical view on visual feature binding focuses on spatial attention being the key mechanism that selects the correct conjunctions and gives more detailed spatial information on the represented objects (Lyyra et al., 2014). 
	This classical view has received quite some criticism however. In an experiment on visual adaptation, it was found that conjunction-based visual aftereffects exist without the allocation of attention towards the adapting stimulus (Mordkoff & Halterman, 2008). This renounces the idea of spatial attention being the key mechanism underlying visual feature binding. In addition, there is evidence that specialized neurons throughout the visual cortex code for combinations of multiple features. Mandelli and Kiper (2005) found that neurons within V4 are concurrently selective for both red color and circular form or both green color and circular form. The suggestion is that representations of, for example, color and orientation conjunctions already exist in the early visual cortex (V1) (Seymour et al., 2010). These specialized neurons exist apart of the neurons that are most informative on the single features, which makes it likely that they play a specific role within the perception of bound features. According to Di Lollo (2012), the existence of such specialized neurons “renders the feature binding problem moot”: when there is no output that needs to be bound together, there is also no specific mechanism needed to accomplish this. It remains, however, far from clear how these conjunction-based cells contribute to the perception of unified objects (Seymour, Clifford, Logothetis,  & Bartels, 2010). Besides, the numerous specialized neurons that are needed to account for all possible combinations of feature conjunctions would certainly cross the boundaries of our neuronal capacity (Hommel & Colzato, 2009; Treisman, 1996). Therefore, the visual feature binding problem remains unresolved. 
	More recent ideas on the mechanism behind visual feature binding focus on a system based upon reentrant processing between early and higher visual areas (Koivisto & Silvanto, 2012; Mudrik, Faivre & Koch, 2014). Representations of feature conjunctions are formed during the initial feedforward sweep in visual processing, after which reentrant processing takes place in order to validate these bound features within the early visual areas. This idea derives from the fact that neurons within the early visual areas enjoy higher resolution and more precise localization due to their smaller receptive fields (Koivisto & Silvanto, 2012). Koivisto and Silvanto (2012) presented supporting experimental evidence for the importance of such reentrant processing by showing that correct binding requires a reentry signal from the parietal cortex back to V1 and V2. Without this signal, people are prone to be subject to ‘illusory conjunctions’ or ‘misbinding’ (Koivisto & Silvanto, 2012). Attention could still play a certain role here despite the previous presented evidence indicating that visual feature binding also takes place outside the focus of attention. According to Humphreys (2015), ‘preattentive binding’ is possible, but top-down modulatory attention is necessary to strengthen or alter the bottom-up binding of features. As such, preattentively bound features are assumed to arise from a coarse form of binding that is not sufficient for accurate conscious object recognition (Humphreys, 2015; Koivisto & Silvanto, 2012). 
	There are reasons to hypothesize that a tight relationship between this accurate conscious perception and visual feature binding exists (Keizer et al., 2014). First, our conscious experience is restricted to only some, often just one of the objects within our visual field, which indicates that consciously processed stimuli have reached a level of processing beyond ‘simple’ feature detection (Lamme, 2003; Zmigrod & Hommel, 2011). Second, both consciousness and feature binding seem to reflect the unified and holistic nature of our perception (Lamme, 2003; Mudrik et al., 2014; Keizer et al., 2014; Railo, Koivisto & Revonsuo, 2010). In addition, consciousness is thought to arise from reentrant processing that follows an initial, unconscious, feedforward sweep as well, which might be of a similar mechanism as the suggested reentrant signal in feature binding (Lin & He, 2009). This relationship, however, does not go uncontested (Yang, Brascamp, Kang & Blake, 2014). Yang and colleagues (2014) point to the fact that while not all information within our visual field reaches consciousness, information that does not can still be highly informative. It would be adaptive to process that information to the extent that we can monitor these possibly relevant sensory signals. 
The question that then rises is: to what degree is visual information that does not reach consciousness processed (Suzuki, Wolfe, Horowitz & Noguchi, 2013)? Is it just as unified as our conscious experience, or similar to ‘the painter’s palette’? In other words: does visual feature binding  take place at an unconscious level? 
	A hypothesis that focuses on this question is the unconscious binding hypothesis: the unconscious mind is able to encode individual features and to temporally bind them in order to give rise to certain object presentations (Lin & He, 2009). This binding is quite fragile though, just as preattentive binding is assumed to be, with a limited scope that is marked by smaller integration windows, simpler associations and associations that are previously acquired consciously. Keizer and colleagues (2014) used a sequential priming paradigm with effective masking to investigate whether binding of location and orientation in visual stimuli is possible when processed unconsciously. Their results reflected certain ‘binding costs’: significant increases in reaction times during trials where the features of the first presentation, rendered unconscious by effective masking, are partially repeated in the second representation. In this way, it was found that repeating one feature generates better performance if the other feature was also repeated, but worse performance if it was alternated. This was explained by the automatic retrieval of the associated features of the first presentation that interfere with the perception of the second representation, inducing code conflict in the current processing (Hommel & Colzato, 2009). These results indicate that the orientation and location of the stimuli are integrated during presentation, even when they are not consciously perceived. Another study, conducted by Lin and Murray (2014), showed similar results, with participants responding slower towards different shapes than towards the same shapes when they were processed unconsciously. 
	Although these studies indicate that visual feature binding takes place unconsciously within the used setups, it is not clear whether this can be generalized to other feature combinations or experimental paradigms. The use of effective masking to investigate unconscious feature binding has some weaknesses when it comes to stimulus invisibility, the invariance of physical stimulation and the duration of prime presentation (Kim & Blake, 2005). In addition, the different paradigms that can be used to render stimuli invisible for conscious perception, e.g. visual masking, visual crowding, binocular rivalry and motion-induced blindness, focus on different systems within the human brain for which it is likely that they emphasize different aspects of visual processing (Faivre, Berthet & Kouider, 2012; Fogelson, Kohler, Miller, Granger & Tse, 2014; Kim & Blake, 2005; Railo et al., 2010). As such, the possibility exists that while one study shows the existence of unconscious feature binding, another study, using a different methodology, finds otherwise. Keizer and colleagues (2014) point to the fact that it would be beneficial to use different methodologies to validate the existence of unconscious feature binding that either do, or do not depend on the subject’s behavior. More research including different methodologies is needed to validate the unconscious binding hypothesis. Therefore, this research focuses on testing whether visual feature binding between form and color happens at an unconscious level induced by interocular suppression. 
	Within experiments that focus on interocular suppression, the visual information that is presented to one of the eyes is suppressed from consciousness while the information that is presented to the other eye flourishes (Lin & He, 2009). This state of mind can be achieved by applying a binocular rivalry paradigm in which two dissimilar images are presented to both eyes, generating a visual conflict in which they compete for perceptual dominance (Kim & Blake, 2005). Only the input of one eye is ‘seen’ at a time, rendering the input of the other eye ‘invisible’ but still processed unconsciously to some extent during that same time (Fogelson et al., 2014). The binocular rivalry technique allows for a longer duration of stimulus invisibility than for example forward or backward masking, but it is not known when exactly a switch in eye dominance will take place, making it quite unpredictable as well (Fogelson et al., 2014). This problem of unpredictability can be overcome by applying continuous flash suppression (CFS) to the paradigm. During CFS, one of the eyes is presented with rapidly flashing contour-rich patterns of high contrast while the stimulus of interest is presented to the other eye (Yang et al., 2014). The salience of the dynamic CFS pattern dominates conscious perception completely in most cases, making it possible to suppress certain stimuli from consciousness for a relative long duration, in some cases even more than three minutes (Fogelson et al., 2014). The main finding here is that stimuli that fail to reach consciousness are nevertheless able to produce significant neural activation and behavioral effects, which makes CFS a good method to investigate unconscious processing (Lin & He, 2009). 
	Regarding the fact that our conscious experience is limited to specific aspects of our visual field and that people are able to carry out multiple actions, requiring some sort of feature integration, at about the same time, the expectation rises that the neural activation triggered by an interocularly suppressed stimulus still reaches the point of feature binding (Keizer & Hommel, 2011). Therefore, it can be hypothesized that a stimulus comprised of a specific shape and color combination is processed as a whole rather than as two distinct features. By means of a similar sequential priming paradigm as the one used by Keizer and colleagues (2014), this research focuses on investigating the validity of this hypothesis. More concretely, this research will examine whether the presentation of an unconscious prime stimulus that comprises a specific shape and color combination will affect the response on a target stimulus that comprises either the same combination, a combination where only the color or shape is the same as in the prime stimulus or a totally different combination. A confirmation of the hypothesis can be made when repeating both features of the prime results in significantly greater response enhancement towards the target than repeating only the feature that is relevant to the task. In other words: evidence of unconscious visual feature binding during interocular suppression is found when repeating a task-irrelevant feature positively affects the response that is given towards another, repeated, feature of the target.  

Method

Participants 
A total of 21 volunteer participants between the age of 21 and 30 participated in the experiment in exchange for course credits. Participants with specific eye problems, such as a lazy eye, color blindness or a lack of stereoptic vision, were excluded from the experiment. 

Apparatus, stimuli and design
The stimuli were presented on a LaCie electron 22 blue III monitor with a resolution of 1024 x 768 pixels and a refresh rate of 120 Hz. The experiment was generated by the use of Matlab 7.9.0 (R2009b), which was running on a Mac Pro 2.66 GHz Quad-Core Intel Xeon processor. A four-mirror stereoscope was used to establish the binocular rivalry setup, with the participant maintaining head position by the use of a chin rest. The viewing distance was 57 cm. 
Two different images, both surrounded by a frame (6.4° x 6.4° of visual angle, with a thickness of 0.7°) in order to facilitate fusion, were projected onto each eye through the mirror stereoscope. They were placed upon a grey background (brightness was 5.41 cd/). The fixation in both images was a black plus sign (0.6° x 0.6°). The dominant-eye image contained the achromatic CFS mask, which comprised 5° x 5° Mondrian patches that were constructed from random-size small patches (from 0.4° to 0.8° in rectangular size) that changed at a 10-Hz flashing rate. The stimuli that were either presented in the dominant-eye or nondominant-eye image consisted of four different color (cyan or magenta) and shape (square or diamond) combinations, leading to a magenta square, a magenta diamond, a cyan square and a cyan diamond (0.8° x 0.8°) for which the brightness was individually assigned. The stimuli were located either 1.2° horizontally left or right of fixation or 1.2° vertically above or below fixation. This was randomly assigned in order to make sure that no learning effect of location could take place (Chou & Yeh, 2012). See figure 1 for an illustrated depiction of the experimental setup.  
The four different stimuli served both as a prime and target in the sequential priming paradigm. This led to 16 possible prime-target combinations (4 x 4). When serving as a prime, the stimuli gradually gained opacity from 0% up until an individually assigned percentage in order to make sure that it did not break through the CFS mask. When serving as a target, the stimuli immediately had an opacity value of 100%. There were three main conditions based upon prime visibility: (1) a monocular, visible condition in which the prime was presented in the dominant-eye image on top of the CFS mask, (2) a binocular, suppressed condition in which the prime was presented 
[image: ]in the nondominant-eye image, and (3) a baseline condition in which no prime was presented. This generated 36 different types of trials (16 visible, 16 suppressed and 8 baseline) that were presented in a random order; with the inclusion of a differentiation between a task based upon the color of the target and a task based upon the shape of the target leading to 72 different types of trials. All trials were presented ten times, leading to a total amount of 720 trials. The location of the prime and target were the same during a trial, making any RT difference between the trials not attributable to location (Chou & Yeh, 2012). 
[image: ]There were four different types of prime-target relationships up for analysis regarding the focus on visual feature binding: (1) double congruent trials where the prime and target shared both the same shape and color, (2) task-relevant, single congruent trials where the prime and target shared only the feature of the task, (3) task-irrelevant, single congruent trials where the prime and target shared only the feature that was not included in the task and (4) incongruent trials where the prime and target shared neither shape nor color (Fig. 2). 


Procedure 
[image: ]Figure 3 depicts the procedure of the experiment. First, a dominant eye measurement was conducted to obtain knowledge of a participant’s dominant eye and to decide in which eye the CFS mask had to be presented. Second, a flicker photometry task was executed to generate perceptual equiluminance of the colors used in the experiment. This was done because the perception of brightness depends on individual and contextual differences, which makes it possible that some colors are perceived as being brighter than others, even while their luminance is physically equal (Kaiser & Comerford, 1975). Next, to make sure that the primes were genuinely suppressed from consciousness in the suppressed condition, a one-up-one-down staircase was applied in which the opacity of the primes changed, generating the individually assigned maximum opacity values of the primes in the sequential priming paradigm that followed. Each task started with a calibration check to make sure that the two images fell on the same place of both eye’s retinas in order to obtain a binocular rivalry situation. 

Calibration check. Two fixation-crosses were presented to the two eyes through the mirror stereoscope. Participants had to check whether these fixation-crosses were seen as a single fixation-cross, even when blinking with the eyes, to assure that the binocularly presented images of the task could successfully be fused. When this was not the case, the participant had to move the crosses horizontally closer together or further apart by pressing the up- and down-arrow keys until a single fixation-cross was seen. 

Eye dominance check. Participants were placed within the binocular rivalry setup and were presented with two separate images (2° x 2°) on a grey background (brightness was 16.72 cd/). These images contained a 75% contrast grating with a specific orientation surrounded by a small frame to facilitate image fusion. The grating had a spatial frequency of 3 c/deg. One eye was presented with a grating slightly tilted towards the left (45° counterclockwise) and the other eye was presented with a grating slightly tilted towards the right (45° clockwise). Following a two-alternative-forced-choice procedure, the participant had to indicate the orientation he or she perceived by continuing pressing the left or right arrow for as long as the belonging orientation was seen; when the perceived orientation switched because of a switch in eye dominance, the participant had to switch between buttons as well. This was done twice for 60 seconds with a switch in orientation-eye combination in between of the two trials. The eye of which the grating was mostly seen was treated as the dominant eye. 

Flicker photometry task. In this task, the luminance of a color was perceptually adjusted to the given luminance of another color. Participants were presented with a flickering square that switched between the two colors of interest at a frequency of 30 Hz. The intensity of one of the colors is adjusted by moving the mouse to the right or left until the perception of flicker is eliminated or minimized, indicating that the perceptual luminance of the colors was equal. At this point, the observed color is the additive color mixture of the two used colors (Bone & Landrum, 2004). Here, first the cyan and then the magenta color was adjusted to the luminance of the set background value (brightness was 5.41 cd/). This was done ten times over which the average was then computed.  

[image: ]Stimulus configuration task. A one-up-one-down two-interval-forced-choice staircase procedure was applied in which the opacity of the presented target was varied in 3% steps in order to find the threshold of visibility for each individual participant. Two staircases were applied, one of each color, because it could be possible that when the cyan stimuli were genuinely invisible, the magenta stimuli still rendered visible in some trials or vice versa. Previous CFS research executed by Hang and Blake (2009) showed that while the shape of a stimulus is fully suppressed, the color still manages to break through the mask. For this reason, the focus of this task lied solely on the two colors and not on the two different shapes the stimuli entail. 
Each trial began with a 1000ms fixation display containing the fixation-crosses and fusion frames. The participant was asked to fixate on the fixation-crosses throughout the entire task. Then, a CFS mask was presented twice for 1000ms, with an interval of 500ms. During either the first or the second CFS presentation, one of the four prime stimuli, serving as a target here, was presented in the nondominant-eye image for 500ms. This was randomly assigned. Subjects were instructed to indicate whether a stimulus was present within the first or second presentation by pressing the left- or right-arrow key after the presentation of the two CFS masks; at this point, only the fixation-crosses and fusion frames were presented again. A new trial started after a response was given by the participant. The task started with 4 practice trials for the participant to gain knowledge of the structure of the task. See figure 4 for an example of a trial. After 15 turning points between opacity drop and opacity increase, the stepsize changed from 3% to 1% in order to generate a more detailed overview of the opacity threshold. The staircases stopped after 20 turning points. The opacity thresholds for the visibility of the two colors were given at the end of the task, after which they were applied to the prime visibility of the sequential priming paradigm. To minimize the risk on false positives, the staircases were checked by means of a plot to see whether the last turning points genuinely resolved around a certain opacity value. If the staircase did not work for one of the colors, the participant was asked to do it again until an agreeable staircase was presented.

[image: ]The sequential priming paradigm. Each trial started with a 1000ms fixation display containing the fixation-cross and fusion frames. Then, a CFS mask was presented for 1000ms during which a prime stimulus could have been presented for 500ms to one of both eyes as well, which depended on whether the trial was part of the visible, suppressed or baseline condition. The prime stimulus gained opacity up until the value that was established in the staircase procedure, depending on the color that it entailed. A target stimulus was shown 100ms after the presentation of the CFS mask. The participants had to make a decision as quickly as possible about the color or form of the target stimulus by pressing the left or right key arrow. A new trial started after the participant gave response. First, all the trials in which the participant had to indicate the color were presented, then there was a short break after which the trials in which the participant had to indicate the shape were presented. Both parts of the experiment started with a few practice trials in which the participant had to give verbal response of the keypress in the presence of the experimenter. The exact amount of practice trials depended on the time it took for the participant to react correctly towards the target. See figure 5 for an illustrative depiction of the task.  

Data analysis 
The data analysis was based upon the reaction times of the participants in the sequential priming paradigm. The time, in milliseconds, was measured from the moment of target presentation up until the responding keypress. Wrong trials and trials where the participant was too fast, within 100ms, or too slow, above 1500ms, were excluded from analysis. These time limits were set because responses within 100ms could not be a genuine reaction on the target stimulus and responses after 1500ms indicated that the participant probably lost focus for a moment. For each condition, the median of the reaction times was calculated. This was done per subject. The reaction times of the visible and suppressed conditions were subtracted from the baseline condition with the corresponding target stimulus, as it was the case that some of the targets triggered a faster response in general than other targets. This generated values that represented the priming effect in milliseconds, which is the focus of interest of this study. These values were then averaged per subject for all conditions that shared the same task, the same type of visibility and the same type of congruency. A repeated measures ANOVA was conducted with three within subject factors: task (color or shape), visibility (visible or suppressed) and congruency (double congruent, relevant congruent, irrelevant congruent or incongruent) leading to a 2 x 2 x 4 design. The Sidak correction for multiple comparisons was applied to post hoc comparisons. When Mauchly’s Test of Sphericity was significant, the degrees of freedom were adjusted to the values of the Greenhouse-Geisser test. In addition, eight one sample t-tests with an adjusted alpha value (α < .00625) were conducted to indicate which priming effects were significantly different from zero and which were not.  






Results

[image: Macintosh HD:Users:nathalieimmerzeel:Figure6.png]Stimulus configuration task 
There were great intersubject differences concerning the visibility of the prime stimuli: genuine suppression followed a maximum opacity range from 2% to 95%. Suppression was greater for cyan stimuli (Mean opacity = 75.6; SD = 17.2) than for magenta stimuli (Mean opacity = 36.7; SD = 30.4), with participants resolving more around an average opacity value as well. No correlation was found between stimulus suppression and the strength of the participant’s eye dominance, both when looking at the individual average opacity of the two colors (p = .515) and when looking at cyan (p = .480) and magenta (p = .208) apart. See figure 6 for a distribution overview of the opacity values and Table 1 in the Appendix for an overview of the individual eye dominance and maximum opacity values of the participants. In the end, one of the participants was excluded from further examination, because this participant did see the both the cyan and magenta targets up until a point where they were almost invisible even within the monocular, visible, condition (20% for cyan and 5% for magenta). 

Sequential priming paradigm 
The repeated measures ANOVA with task, visibility and congruency as factors revealed a main effect of visibility (F (1, 17) = 17.417, p = .001, partial η² = .506) and congruency (F (3, 51) = 4.515, p = .007, partial η² = .210). The average priming effect was considerably larger in the visible condition (Mean = 27.96; SE = 5.36) than in the suppressed condition (Mean = 5.33; SE = 3.75). Priming was greatest for double congruent prime-target relationships (Mean = 25; SE = 4.43), followed by irrelevant congruent (Mean = 18.8; SE = 4.7), relevant congruent (Mean = 13.73; SE = 4.95) and then incongruent (Mean = 9.05; SE = 4.59) prime-target relationships. No main effect of task (F (1, 17) = .108, p = .746, partial η² = .006) was shown. This indicates that a priming effect was present, but that further analysis was needed to gain knowledge of the specificity of this effect. The interaction task x visibility was not significant (F (1, 17) = 1.064, p = .317, partial η² = .059), but task x congruency (F (3, 51) = 5.525, p = .002, partial η² = .245) and visibility x congruency (F (3, 51) = 7.574, p < .001, partial η² = .308) were. The three-way interaction, task x visibility x congruency, was not significant (F (3, 51) = 1.203, p = .318, partial η² = .066). Due to the fact that the interaction between task and congruency was significant, a separate analysis was conducted for the two tasks. 

Color task. A repeated measures ANOVA with visibility and congruency as factors revealed both a main effect of visibility (F (1, 18) = 42.777, p  < .001, partial η² = .704) and congruency (F (3, 54) = 3.351, p = .026, partial η² = .157) in the color task. The average priming effect was considerably larger in the visible condition (Mean = 29,8; SE = 5.69) than in the suppressed condition (Mean = 1.56; SE = 6.14). Priming was greatest for relevant congruent prime-target relationships (Mean = 22.54; SE = 7.18), followed by double congruent (Mean = 21.31; SE = 6.18), irrelevant congruent (Mean = 12.12; SE = 5.65) and then incongruent (Mean = 6.76; SE = 7.14) prime-target relationships. The interaction visibility x congruency was significant as well (F (3, 54) = 5,142, p = .003, partial η² = .222). This indicates that, in the color task, the effect of congruency differed for the visible and suppressed conditions, which is why separate analyses were conducted. 
[image: Macintosh HD:Users:nathalieimmerzeel:Figure7.png]A repeated measures ANOVA revealed a main effect of congruency (F (3, 54) = 6.256, p = .001, partial η² = .258) in the visible condition. See figure 7 and Table 2 for the mean priming effects and their distribution. Doubly congruency differed significantly from irrelevant congruency (p = .016) and incongruency (p = .012).  No significant difference was found between double congruency and relevant congruency (p = .809), relevant congruency and irrelevant congruency (p = .073), relevant congruency and incongruency (p = .269) and irrelevant congruency and incongruency (p = 1.000). The repeated measures ANOVA for the suppressed condition did not reveal a main effect of congruency (F (3, 54) = 1.690, p = .180, partial η² = .086) (see Fig. 7). 
[image: Macintosh HD:Users:nathalieimmerzeel:Tabel2.png]	The eight one sample t-tests (α < .00625) revealed that only the priming effects of double congruency (p < .001) and relevant congruency (p < .001) in the visible conditions were significant (see Table 2). 

Shape task. A repeated measures ANOVA with visibility and congruency as factors revealed both a main effect of visibility (F (1, 18) = 6.167, p = .023, partial η² = .255) and congruency (F (3, 54) = 7.995, p < .001, partial η² = .308) in the shape task. The average priming effect was considerably larger in the visible condition (Mean = 32.83; SE = 10.09) than in the suppressed condition (Mean = 6.3; SE = 6.98). Priming was greatest for double congruent prime-target relationships (Mean = 33.67; SE = 8.69), followed by irrelevant congruent (Mean = 26.98; SE = 8.17), incongruent (Mean = 12.45; SE = 8.34) and then relevant congruent (Mean = 5.17; SE = 6.27) prime-target relationships. The interaction visibility x congruency (F (3, 54) = 5.203, p = .003, partial η² = .224) was significant as well so a separate analysis was executed for the visible and suppressed conditions. 
[image: Macintosh HD:Users:nathalieimmerzeel:Figure8.png]	A repeated measures ANOVA revealed a main effect of congruency (F (2.111, 37.990) = 11.016, p < .001, partial η² = .380) in the visible condition. See figure 8 and Table 3 for the mean priming effects in the different congruency conditions. Double congruency differed significantly from relevant congruency (p < .001) and incongruency (p = .001). No significant difference was found between double congruency and irrelevant congruency (p = .264), relevant congruency and irrelevant congruency (p = .107), relevant congruency and incongruency (p = .900) and irrelevant congruency and incongruency (p .486). The repeated measures ANOVA for the suppressed condition did not reveal a main effect of congruency (F (3, 54) = 1.470, p = .233, partial η² = .076) (see Fig. 8). 
[image: Macintosh HD:Users:nathalieimmerzeel:Tabel3.png]	The eight one sample t-tests (α < .00625) revealed that only the priming effect of double congruency (p < .001) in the visible condition was significant and that the priming effect of irrelevant congruency was marginal (p = .009) (see Table 3).  


Analysis with opacity threshold. It could be possible that the lack of priming effects in the suppressed condition is the result of the prime opacity values being too low to generate any effect here, which is especially the case for the magenta primes (see Fig. 6). In addition, the large individual differences of the maximum opacity value for magenta primes made them quite unreliable in a way that it could be possible that relatively high magenta opacity values sometimes managed to break through the CFS mask in some trials. For this reason, another repeated measures ANOVA with task, visibility and congruency as factors was conducted with the exclusion of trials with a magenta colored prime. In addition, an opacity threshold was used: participants with a maximum opacity value of cyan primes below 50% were excluded from analysis. These adjustments resulted in one more participant being excluded from further analysis. 
The repeated measures ANOVA revealed no main effect of task (F (1, 17) = .628, p = .439, partial η² = .036) and congruency (F (1.618, 27.510) = 1.095, p = .337, partial η² = .061), but there was a main effect of visibility (F (1, 17) = 13.551, p = .002, partial η² = .444). The average priming effect was considerably larger in the visible condition (Mean = 33.39; SE = 7.08) than in the suppressed condition (Mean = 2.38; SE = 4.93). The interactions task x visibility (F (1, 17) = 1.203, p = .288, partial η² = .066) and task x congruency (F (1.803, 30.647) = 2.140, p = .139, partial η² = .112) were not significant but visibility x congruency (F (3, 51) = 5.892, p = .002, partial η² = .257) was. The three-way interaction effect was not significant (F (3, 511) = 2.041, p = .120, partial η² = .107). 
No separate analysis for the two tasks was conducted, because task showed both no main effect and no interaction effect. Although congruency was not significant, the interaction between congruency and visibility was, which is why separated repeated measures ANOVA’s for the visible and suppressed conditions were conducted. A repeated measures ANOVA revealed that congruency was significant (F (1.667, 28.336) = 4.228, p = .031, partial η² = .199) in the visible condition. See figure 9 and Table 4 for the mean priming effects in the different congruency conditions. Double congruency differed significantly from relevant congruency (p = .003) and incongruency (p = .026). No significant differences were found between double congruency and irrelevant congruency (p = [image: Macintosh HD:Users:nathalieimmerzeel:Figure9.png].671), relevant congruency and irrelevant congruency (p = .984), relevant congruency and incongruency (p = .990) and irrelevant congruency and incongruency (p = .272). The repeated measures ANOVA that was conducted on the suppressed condition did not show a main effect of congruency (F (2.005, 34.091) = .406, p = .670, partial η² = .023) (see Fig. 9). 
[image: Macintosh HD:Users:nathalieimmerzeel:Tabel4.png]	The eight one sample t-tests (α < .00625) revealed that the priming effects of double congruency (p < .001), relevant congruency (p = .004) and irrelevant congruency (p = .006) were significant (see Table 4). 

Discussion

The aim of this study was to investigate whether the color and shape of an object are bound even when this object is processed unconsciously. This was accomplished by means of a sequential priming paradigm within a CFS setup, which generated a level of unconsciousness induced by interocular suppression. A confirmation of the unconscious state was based upon an individual two-interval-forced-choice task, thereby eliminating any possible strategy the participants could have used in a two-alternative-categorization task and generating a better accuracy than in a yes-no task (Kim & Blake, 2005; Lin & He, 2009; Yang et al., 2014). The underlying assumption of this is that accuracy is significantly better when participants are forced to choose between two situations of absence and presence than when simply telling that nothing can be seen. The results showed no effects of priming, being an increase or decrease in target-response time after the presentation of a specific prime, when the primes were not consciously perceived. When the primes were consciously perceived, however, significant priming effects and significant differences in these priming effects were found. 

Feature binding during conscious processing
Regarding the consciously processed primes in the visible condition, it needs to be taken into account that the existence of a priming effect does not necessarily indicate that there is an effect of visual feature binding as well. Previous studies using a sequential priming paradigm presented evidence of binding by showing that performance enhancement was significantly greater when both features were repeated in the second presentation than when one feature was repeated but the other feature, even though task-irrelevant, was alternated (Hommel, 2004; Keizer, Colzato & Hommel, 2008; Keizer et al., 2014). The suggestion is that the partial repetition of the object-features induced the perceptual retrieval of the previous, no longer valid, feature conjunction. This then disturbs the current coding processes and induces a code conflict between the reactivated task-irrelevant feature and the alternated version, leading to response impairment (Hommel & Colzato, 2009; Keizer, Hommel & Lamme, 2014). Similarly, the results of the present study show that repeating both object-features enhances performance on both the response that is given towards the color and the shape of the object. However, these results also show that repeating only the color of the object while altering the shape of it results in similar enhanced performance, even when the task is focused on the shape of the object. More concretely, response enhancement was greater when a target was preceded by a prime with the same color than when it was preceded by a prime with a different color, regardless of their shapes. Participants were for example faster in responding towards the shape of a magenta square when it followed a magenta diamond than when it followed a cyan square, which is reflected in the relatively high bar for irrelevant congruent trials in the graph of figure 8. Although it seems as if there is some sort of visual feature binding found in the present study, making participants faster in responding towards the shape of an object by priming it upon color, this effect does not seem to fit with evidence of previous literature where partial repeated features impaired performance. 
A possible explanation for the enhanced response towards the target’s shape by priming it upon color can be found when looking at the theory proposed by Di Lollo (2012) concerning the mechanism behind visual feature binding. He claims that an initial feedforward sweep in the processing of visual input activates a number of ‘perceptual hypotheses’, i.e. mental object-representations, in higher visual areas that comprise a specific conjunction of features. Through reentrant processing, these perceptual hypotheses then descend to lower levels of visual processing in an attempt to match with the neural activation there that serves as an ‘active blackboard’. The hypothesis with the highest correlation is confirmed and eventually enters conscious awareness. Additionally, repeated encounters of specific feature conjunctions might strengthen the connection between the areas coding for these features, resulting in well-defined neural representations and stronger activation of the perceptual hypotheses belonging to familiar objects (Di Lollo, 2012; Hommel & Colzato, 2009; Humphreys, 2015). 
It could be possible that the used shape-color combinations in the present study gained perceptual familiarity after repeatedly encountering them during target presentations. The color of the primes in following trials then led to the activation of two perceptual hypotheses in particular, the same color combined with both possible shapes, making it that the participants were faster in responding towards the shape of the target even though it differed from the prime when the color was repeated. For example, a magenta prime could have triggered both the activation of a magenta square and a magenta diamond as familiar perceptual hypotheses. The shape of the prime itself wasn’t salient enough to serve as a trigger for activation, perhaps because of the lowered prime opacity or because of the shape similarity with the CFS mask on which it was placed (Hong & Blake, 2009; Yang et al., 2014). It was solely the color of the primes that had an effect on the response that was given to the following target, generating the assumption that the color of an object is especially salient when compared to other features such as shape. Interestingly, the existence of this familiarity aspect after repeated encounter with the shape-color combinations of the targets would indicate that these features are in fact integrated. This means that, if this theory is indeed applicable, visual feature binding did take place in the visible condition. 

Feature binding during unconscious processing
Unfortunately, the present study was unable to show evidence of visual feature binding during unconscious processing. The suggestion is that this is the result of the study’s experimental constrains regarding prime suppression rather than that unconscious feature binding does not exist, as the suppressed condition did not reveal any effect of priming at all. The absence of priming effects here might have something to do with the idea that manipulations of consciousness involve a decrease in stimulus strength while at the same time, the unconscious processing of that stimulus is contingent on factors such as stimulus saliency and attentional capacity (Lin & He, 2009; Mudrik et al., 2014). CFS is found to induce a strong form of interocular suppression, which makes the effectiveness of a suppressed prime particularly weak (Yang et al., 2014). The use of CFS in combination with the opacity alterations of the primes, which made them even less salient, to make suppression possible in the present study probably interrupted the processing of these primes almost completely; thereby eliminating any effect these primes could have had on the responses that were given to the targets. Substantial evidence for this comes from the fact that even the double congruent primes in the study failed to elicit response enhancement towards the target, which would have certainly been otherwise when the suppressed primes were genuinely processed. In addition, the primes in the visible condition always reduced the target-response time, even when they were incongruent with the target, while the primes in the suppressed condition did not (see Fig. 7, 8 and 9). This can be related to the direction of spatial attention: the visible primes directed spatial attention towards the location in the visual field where the target would appear as well, making it that participants were faster in responding towards the target than when attention still needed to be directed (Posner, Snyder & Davidson, 1980). Previous research found that a suppressed stimulus can still serve as an implicit cue to guide attention, but this was apparently not the case in the present study (Lin & He, 2009). This indicates that the primes were probably not even processed to the point where they would trigger spatial attention.  
Because the results of the present study did not show any effect of priming in the suppressed condition, no conclusions can be made on the existence or of visual feature binding during unconscious processing. It needs to be taken into account here that this also indicates that no evidence against the existence of unconscious visual feature binding is found. Therefore, the assumption remains that suppressed objects can be processed to the extent that the individual features are bound. A growing body of evidence shows that feature binding can take place in the absence of consciousness, even when it is about rather complex stimuli such as faces and tools (Keizer et al., 2008; Keizer et al., 2014; Lin & He, 2009; Lin & Murray, 2014). The unconscious binding hypothesis claims that temporal and fragile binding is possible during unconscious processing when two requisites are met: (1) correctly registering the critical features of the object and (2) attentively grouping those features. Object processing is not possible when either one of those processes is disrupted. 
It could be possible that interocular suppression by the use of CFS to render an object unconscious disrupts either one of those processes or even both. CFS appears to have a strong suppressive impact on the neural activity within the object-selective areas in the ventral pathway of the visual system (Fang & He, 2005; Lin & He, 2009). Additionally, the largest suppression of CFS appears to occur relatively early in this pathway, which probably reduces signal processing in visual areas dealing with object recognition to a substantial amount in some cases (Faivre et al., 2012). Therefore, it can be suggested that CFS sometimes disrupts object recognition, either by interrupting the processing of one or more features or by interrupting the integration of these features. This cannot be clarified on the basis of the results in the present study however, which is why it would be beneficial to replicate the study of Keizer and colleagues (2014) with CFS as a substitution for effective masking to render the stimuli unconscious. In this way, it can be investigated what the effect of CFS on feature binding is when compared to effective masking, possibly generating the assumption that CFS indeed interrupts visual feature binding. 

Procedural limitations
Interestingly, this study presents a major limitation of CFS when it comes to its suppressive impact on color. Two stimulus alterations concerning stimulus saliency were needed to make color suppression possible here: (1) an opacity ramp in which the stimuli slowly gained opacity and (2) a maximum opacity value. The results of the stimulus configuration task show that the maximum opacity value of the primes sometimes had to be reduced for more than 90% in order to make color suppression possible, leaving nothing more than a faint cloud of magenta or cyan that is deprived of its shape. This ‘faint cloud-aspect’ of the primes is reflected in the priming effects that are found in the visible condition: the color of the prime still had an effect on the response that is given towards the target while the shape of it had lost its effect completely. Although it could have been expected that stronger eye dominance also resulted in stronger interocular color suppression of the primes, it appeared that there was no correlation between the two (see Fig. 6). 
The problems with color suppression faced in the present study are in concordance with the results of Hong and Blake (2009). They found that the color of an object still breaks through the CFS mask when other features, such as the shape of it, are rendered completely invisible. Their suggestion is that CFS has a relatively weak suppressive impact on the neural mechanisms involved in color perception (Hong & Blake, 2009). Regarding the assumption that CFS especially suppresses the neural activity within object-selective areas in the ventral pathway, where color composition is mainly processed as well, it would have been expected otherwise (Fang & He, 2005; Lin & He, 2009). Why then is the suppressive impact of CFS on color weaker than other features that are coded in the ventral pathway as well? And why was cyan better suppressed than magenta even though they were perceptual equiluminant? A possible explanation for the first question comes from Pierce and colleagues (2008). They found that the color selective cells within the visual cortex are primarily binocular: when two differently colored lights enter the eyes at the same place of both retinas, the perception will be a fuse of these colors rather than that a competition for dominance takes places. As such, interocular suppression of color is probably weakened because of this binocular nature of the cells. It could be possible that the faint cloud of color that is perceived on top of the CFS mask in the present study and in the study of Hong and Blake (2005) is a combination of the color of the suppressed stimulus and the achromatic Mondrian patches. 
In conclusion, color is an especially salient object-feature that is hard to suppress from consciousness and sometimes even extends the boundaries of the object to which it belongs (Hong & Blake, 2009). It needs to be taken into account here that the CFS mask might have been more effective if it was chromatic instead of achromatic, with the use of colored Mondrian patches that lie closely to the colors of the stimuli, as it is known that CFS is most effective when it resembles the stimuli that need to be suppressed (Hong & Blake, 2009; Lin & He, 2009; Moors, Wagemans & Wit, 2014). In this way, it would probably not have been necessary to bring down the salience of the prime stimuli by the use of both an opacity ramp and maximum opacity when a chromatic CFS mask was used. The use of a chromatic CFS mask was not possible in the present study however, because the colors of the mask would have probably interfered with the effect of priming. 
Finally, it could be possible that the maximum opacity values of the primes do not genuinely reflect the participants’ thresholds of prime visibility. Kim and Blake (2005) point to the fact that while subjects often claim that they are just guessing, their performance on a two-alternative-forced-choice task is significantly above chance. In this, the subliminal processing of the prime influences the responses that are given to the targets, making it that subjects are responding above chance level towards stimuli they are genuinely unaware of (Kim & Blake, 2005; Kouider & Deheane, 2007; Yang et al., 2014). Although the greater accuracy of the objective measurement of a two-alternative-forced-choice procedure appears to be beneficial for studies in which a stimulus needs to be suppressed from consciousness, the result could be that the salience of this stimulus is brought down more than strictly needed due to the subliminal processing of it. In the present study, this could have led to maximum opacity values that lie below the visibility threshold of the participants, which could eventually have made the difference in the absence or presence of priming effects. Yang and colleagues (2014) argue that a combination of objective measures and subjective reports is needed to determine the point at which a stimulus is genuinely suppressed from consciousness. 

Conclusions

The results of this study reflect a discrepancy between the processing of stimuli that reach consciousness and the processing of stimuli when the processing stages that give rise to consciousness are interrupted by interocular suppression. The prime stimuli that reached consciousness were processed to the extent that the color of it enhanced performance on target categorization, even when the task was focused upon the shape. This was probably the result of a perceptual familiarity aspect after repeated encounter with the color and shape combinations that were present in this study, which indicates that the features were bound and that the color of the prime activated these familiar combinations. The prime stimuli that did not reach consciousness might have not been processed at all, as the suppressed condition did not reveal any effect of priming. This was probably the result of experimental constrains rather than that visual feature binding does not take place when an object is suppressed from consciousness. More concretely: the use of CFS in combination with the necessary stimulus alterations to make suppression possible made the stimuli too weak to even trigger spatial attention, resulting in the absence of any priming effect. As of this, no conclusions can be made about the existence or even inexistence of unconscious visual feature binding during interocular suppression. More research needs to be executed to gain more knowledge on the exact effect of CFS on the processing of objects to indicate whether it disrupts unconscious visual feature binding or not. 
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Appendix 

	Participant nr
	Dominant eye
	Eye dominance
	Cyan opacity
	Magenta opacity

	1
	Right
	53%
	90%
	30%

	2
	Right
	95%
	85%
	12%

	3
	Left
	53%
	80%
	13%

	4
	Left
	61%
	70%
	80%

	5
	Left
	56%
	85%
	20%

	6
	Left
	60%
	85%
	70%

	7
	Right
	66%
	23%
	90%

	8
	Right
	68%
	95%
	10%

	9
	Left
	55%
	90%
	50%

	10
	Right
	57%
	80%
	85%

	11
	Right
	59%
	80%
	9%

	12
	Left
	79%
	80%
	2%

	13
	Left
	77%
	90%
	25%

	14
	Right
	52%
	60%
	9%

	15
	Left
	65%
	90%
	75%

	16
	Left
	53%
	60%
	6%

	17
	Left
	58%
	20%
	5%

	18
	Right
	52%
	85%
	15%

	19
	Right
	70%
	60%
	70%

	20
	Right
	67%
	55%
	20%

	21
	Left
	52%
	60%
	20%



Table 1 Eye dominance and maximum prime opacity values per subject.  	
Relevance of the current study for AI

The field of artificial intelligence focuses on the study and design of ‘intelligent agents’: systems that act successfully on the perceived environment. Central to this is the discovering and understanding of neurological mechanisms that support perceptual processing, learning and intelligence of the human brain, which entails the focus of the present study as well. The information that is gained within this study can be used for the design of intelligent agents that match human intelligence concerning the processing of visual information. A question that can be asked here is whether the stepwise processing of visual information, i.e. decomposing the visual field into its independent object features, processing them separately and integrating them again to form unified objects, is actually more beneficial than an immediate mental reflection. In other words: what exactly are the advantages of this stepwise processing and would it contribute to the successfulness of a designed intelligent agent? To generate an answer to this question, detailed knowledge is needed on the exact sequences and processing stages of visual processing, including the mechanism behind visual feature binding. 
An additional question that can be asked is whether it is necessary and even possible for a designed agent to stop visual processing at a certain point. Is it beneficial to make a distinction between conscious and unconscious processing in artificial intelligence rather than rendering it all conscious? What would the importance of unconscious information be for such an agent and how should this information be processed and brought to use? Low-level neural activity within the human brain that does not reach consciousness can still elicit reactions to dangerous and important changes in the environment. Is unconscious visual feature binding of the sensory input that elicits this neural activity necessary to elicit a genuine reaction or is ‘the painter’s palette’ as imagined by Schopenhauer sufficient? The aim of this study was to gain some more knowledge on the extent of unconscious object-processing in a way that it could eventually lead to some answers to these questions. These answers can then be used in the design of intelligent agents in a way that they can act correctly on the by them perceived environment. 




1

image2.png
Prime »
Target ¥

|
*
|

*

Double
congruent

Relevant
congruent

Irrelevant
congruent

Incongruent

*

Relevant
congruent

Double
congruent

Incongruent

Irrelevant
congruent

Irrelevant
congruent

Incongruent

Double
congruent

Relevant
congruent

*

Incongruent

Irrelevant
congruent

Relevant
congruent

Double
congruent

Fig. 2 Schematic overview of prime-target relationships
in the color task, applicable to both the visible and
suppressed main condition.
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Fig. 7 Distribution of mean priming effects (Ms) and standard errors (SEs) in
the color task, both for the visible and suppressed condition.
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Condition Visible Suppressed

M (ms)  SE(ms) p-value M (ms)  SE(ms) p-value
Double congruent 47,58 8,45 <.001* -497 6,44 450
Relevant congruent 37,46 7,30 <.001* 7,62 9,64 440
Irrelevant congruent 16,48 7,66 .045 7,75 6,31 235
Incongruent 17,68 7,62 032 -4,17 8,10 614

* Significant p-value

Table 2 Mean priming effects (Ms), standard errors (SEs) and significance from
zero (p—values) in the color task, both for the visible and suppressed condition.
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Fig. 8 Distribution of mean priming effects (Ms) and standard errors (SEs) in
the shape task, both for the visible and suppressed condition.
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Condition Visible Suppressed

M (ms)  SE(ms) p-value M (ms)  SE(ms) p-value
Double congruent 60,15 12,55 <.001* 7,20 8,76 422
Relevant congruent 12,81 8,89 167 -2,48 7,95 759
Irrelevant congruent 39,39 13,39 .009 14,57 8,44 101
Incongruent 18,98 10,82 .096 591 9,13 526

* Significant p-value

Table 3 Mean priming effects (Ms), standard errors (SEs) and significance from
zero (p—values) in the shape task, both for the visible and suppressed condition.
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Condition Visible Suppressed

M (ms)  SE(ms) p-value M (ms)  SE(ms) p-value
Double congruent 55,15 9,75 <.001* -3,14 7,86 .694
Relevant congruent 25,22 7,57 .004* 4,01 9,78 .687
Irrelevant congruent 34,32 10,96 .006* 9,08 9,10 332
Incongruent 18,89 10,29  .084 -0,43 8,28 960

* Significant p-value

Table 4 Mean priming effects (Ms), standard errors (SEs) and significance from
zero (p—values) in the analysis with opacity threshold, both for the visible and
suppressed condition.
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Fig 1. Stimuli rendered invisible with the continuous flash suppression (CFS) paradigm.
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