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Abstract 

How the visual system resolves conflicting information in the construction of a stable and coherent 

conscious experience remains one of the central problems of vision science. One striking example of this 

resolution of conflict is known as object substitution masking (OSM). OSM describes the phenomenon 

whereby the representation of an initially presented stimulus (the target) is replaced by the representation 

of a subsequently presented stimulus (the mask). OSM has been used as evidence for a visual processing 

mechanism that evaluates emerging object representations based on incoming perceptual input. 

Specifically, if incoming perceptual information is found to be discrepant with previously presented 

information, the prior information will be replaced by the new information such that it never enters 

conscious awareness. OSM has typically been investigated by the simultaneous and brief (< 50 ms) 

presentation of a target object surrounded by four small dots (the mask). When the four dots persist after 

the offset of the target object, it is common for observers to only consciously perceive the mask and not 

the target. Leading theories of OSM explain failures in target awareness as the result of a discrete all-or-

none process in which target information is eliminated before it ever enters conscious awareness. 

However, OSM has to date only been assessed using forced choice methodologies. Thus, theories of 

OSM remain underspecified in the extent to which the target is processed before, during, and after the 

mechanism responsible for OSM occurs. The purpose of the experiments presented in this thesis was to 

understand the nature of target representation during OSM in order to understand the nature of conflict 

resolution in the visual processing stream during conscious object perception. In Chapter 2, OSM was 

found to both increase random guessing about, as well as decrease the precision of, a target object’s 

orientation. This finding of reduced precision provided novel evidence that OSM can impact object 

representations in a continuous, rather than discrete, manner. In Chapter 3, I presented target objects for 

durations far exceeding those of typical masking paradigms. In support of a temporal trimming account, 

OSM was found to reduce the perceived duration of a target (Experiment 1) and prematurely terminate 

the updating of a target’s orientation (Experiment 2). This finding strengthened the notion that the process 
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responsible for OSM is continuous in nature and further demonstrated that OSM can interfere with object 

representations following their formation as conscious percepts. These findings challenge existing 

theories of OSM and argue that the process responsible for OSM is the result of a continuous, rather than 

discrete all-or-none, process. Further, these studies extend the reach of OSM as a tool for investigating 

conscious vision beyond the processes involved during the formation of a conscious representation. 



iv 

 

Acknowledgements 

I’d like to thank my supervisor, Dr. Daryl Wilson, my co-author, colleague and friend, Jason Rajsic, my 

partner Christine, my parents Julia and Gary, my committee members for their insightful feedback and 

constructive criticism, and of course all of my friends and colleagues for their support and guidance 

throughout my tumultuous journey through academia so far.  



v 

 

Table of Contents 

Abstract ......................................................................................................................................................... ii 

Acknowledgements ...................................................................................................................................... iv 

List of Figures ............................................................................................................................................. vii 

Chapter 1 General Introduction..................................................................................................................... 1 

1.1 Overview ............................................................................................................................................. 1 

1.2 A brief history of object perception and visual masking .................................................................... 1 

1.3 An object substitution theory of visual masking ................................................................................. 3 

1.4 OSM as a tool to study re-entrant visual processes ............................................................................. 5 

1.5 Other theories of conscious percept formation following OSM ......................................................... 9 

1.5.1 Evidence for object-based interference as a unique characteristic of OSM: Object file theories 

of OSM.................................................................................................................................................. 9 

1.5.2 The attentional gating theory of OSM ....................................................................................... 13 

1.6 Objectives ......................................................................................................................................... 15 

Chapter 2 Object Substitution Masking Degrades the Quality of Conscious Object Representations ....... 18 

2.1 Abstract ............................................................................................................................................. 18 

2.2 Introduction ....................................................................................................................................... 18 

2.3 Experiment 1 ..................................................................................................................................... 21 

2.3.1 Method ....................................................................................................................................... 21 

2.3.1.1 Participants .......................................................................................................................... 21 

2.3.1.2 Apparatus ............................................................................................................................ 21 

2.3.1.3 Design and procedure .......................................................................................................... 22 

2.3.1.4 Data Analysis ...................................................................................................................... 23 

2.3.2 Results and Discussion............................................................................................................... 24 

2.4 Experiment 2 ..................................................................................................................................... 27 

2.4.1 Method ....................................................................................................................................... 27 

2.4.1.1 Participants .......................................................................................................................... 27 

2.4.1.2 Apparatus, Design, and Procedure ...................................................................................... 27 

2.4.2 Results and Discussion............................................................................................................... 27 

2.5 General Discussion ........................................................................................................................... 29 

Chapter 3 Temporal Trimming: Object substitution masking reduces the perceived duration of conscious 

object representations .................................................................................................................................. 32 

3.1 . Introduction ..................................................................................................................................... 32 



vi 

 

3.2 Experiment 1 ..................................................................................................................................... 34 

3.2.1 Method ....................................................................................................................................... 34 

3.2.1.1 Participants .......................................................................................................................... 34 

3.2.1.2 Apparatus ............................................................................................................................ 34 

3.2.1.3 Design and Procedure ......................................................................................................... 34 

3.2.1.4 Data Analysis ...................................................................................................................... 36 

3.2.2 Results and Discussion............................................................................................................... 37 

3.3 Experiment 2 ..................................................................................................................................... 39 

3.3.1 Method ....................................................................................................................................... 40 

3.3.1.1 Participants .......................................................................................................................... 40 

3.3.1.2 Apparatus ............................................................................................................................ 41 

3.3.1.3 Design and Procedure ......................................................................................................... 41 

3.3.1.4 Data Analysis ...................................................................................................................... 42 

3.3.2 Results and Discussion............................................................................................................... 43 

3.4 General Discussion ........................................................................................................................... 45 

Chapter 4 General Discussion ..................................................................................................................... 48 

4.1 Summary of findings ......................................................................................................................... 48 

4.2 Relating the present findings to theories of OSM ............................................................................. 49 

4.2.1 Di Lollo et al. (2000)’s theory of re-entrant hypothesis testing ................................................. 49 

4.2.2 Kahan and Lichtman (2006)’s theory of two object interference .............................................. 50 

4.2.3 Põder (2013)’s theory of attentional gating ............................................................................... 51 

4.3 The nature of masked target representations in OSM ....................................................................... 52 

4.4 Future Directions .............................................................................................................................. 54 

4.5 Conclusions ....................................................................................................................................... 55 

References ................................................................................................................................................... 56 

  

  



vii 

 

List of Figures 

Figure 1.1. Examples of a metacontrast (A) and four dot (B) mask surrounding a target. ........................... 4 

Figure 2.1. Example trial sequences (set size eight) for Experiments 1 (A) and 2 (B) ............................... 22 

Figure 2.2. Experiment 1 results: Effect of mask duration on proportion of target responses (A) and 

precision (B)................................................................................................................................................ 25 

Figure 2.3. Experiment 2 results: Effect of mask ISI on proportion of target responses (A) and precision 

(B). .............................................................................................................................................................. 29 

Figure 3.1. Example initial stimulus presentations for Experiment 1 (Experimental condition: A; Control 

condition: B) ............................................................................................................................................... 34 

Figure 3.2. Experiment 1 results: Effect of temporal offset asynchrony on the proportion of delayed 

masked target responses for Experiment and Control conditions (A), Expeirment and Control condition 

cdf function’s mean slope (B) and asymptote (C) estimates. ...................................................................... 38 

Figure 3.3. Example trial sequence for Experiment 2. ................................................................................ 41 



 

1 

 

Chapter 1 

General Introduction 

1.1 Overview 

This introduction will first provide a brief description of object perception and the 

experimental design and findings from classic visual masking studies. This will be followed by a 

description of four dot masking and a discussion of object substitution masking (OSM), a 

phenomenon that describes how the conscious experience of a target object can be erased and 

replaced by a subsequently presented object (the mask). Next I will summarize existing 

theoretical explanations of OSM and the evidence that supports them. I will then identify a 

critical limitation in existing theories of OSM and introduce the two approaches we have taken to 

investigate this limitation.  

1.2 A brief history of object perception and visual masking 

One of the fundamental goals in the study of perception is delineating the processes 

involved in transforming information from the senses to the “objects of consciousness”, which is 

defined as information that is accessible and reportable by other cognitive modules (Baars, 1997; 

Block, 2005; Lamme, 2006). Although a review of the theories of object perception is outside the 

scope of this introduction, I will provide a short summary of how the architecture of the visual 

system is thought to be involved in object perception. Object perception is thought to occur along 

the ventral pathway of the visual stream extending from area V1 (early sensory cortex) to later 

areas V2, V4, and ending in a collection of regions at the division between the occipital and 

temporal cortices known as the lateral occipital cortex (LOC; Goldstein, Humphreys, Shiffrar, & 

Yost, 2008). Visual information about an object is processed along this pathway in a hierarchical 
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fashion, with the initial stage of processing (in area V1) involving the processing of basic 

structural information (e.g., edges, lines), which continues into areas V2 and V4, where the 

processing of more complex individual features (e.g., colour) as well as the process of combining 

features (e.g., combining the edges and colours that belong to an object) takes place. Finally, the 

most complex task of object identification occurs in area LOC. This final stage is considered the 

most complex because determining object identity must ultimately be invariant to all object 

instances presented to the visual system. For example, a plane must be able to be identified as a 

plane no matter how close up or far away, or from whatever angle it is viewed at. Each stage of 

processing described above is critical to the ultimate goal of producing the conscious 

representation of an object.  

One of the most influential tools for learning about the initial stages involved in object 

perception is known as visual masking. Visual masking describes how the visibility of one object 

(the target) can be impaired by the presentation of a second object in close spatial and temporal 

proximity (Breitmeyer & Öğmen, 2006). Reductions in target awareness following standard 

masking procedures are explained through one of three mechanisms. First, the integration 

account proposes that the target and mask become amalgamated into a single indecipherable 

conscious percept (Di Lollo, 1980; Kahneman, 1968; Turvey, 1973). Second, the interruption 

account proposes that the mask’s presentation halts processing of the target before it can be 

consolidated into a higher level object representation (Michaels & Turvey, 1979; Spencer & 

Shuntich, 1970). Finally, the inhibitory contour interaction account proposes that competitive 

excitatory and inhibitory properties of neuronal firing in early visual areas explain disruptions in 

target processing (Breitmeyer & Ganz, 1976; Keysers & Perrett, 2002). Importantly, each of 

these explanations of visual masking relies on a disruption of early or low level visual processes 
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involved in the initial formation of the target object’s representation. We will refer to these three 

theories subsequently as the object formation theories of visual masking. The study of visual 

masking has been pivotal in establishing the spatial and temporal resolution with which the 

visual system can consolidate object representations for conscious awareness. Specifically, the 

object formation theories have characterized the limitations of the visual system in segregating 

the features of one object (the target) from the features of another (the mask) during the initial 

stages of perceptual processing. However, the object formation theories describe only the earliest 

mechanisms responsible for object perception. If masking only disrupts visual processing during 

its earliest stages, then the information about the target has been rendered inaccessible before it 

has been passed to later stages of processing. Thus, despite the utility of object formation 

theories for understanding how the early stages of the visual system deal with sensory input, 

these paradigms and their explanations are unable to inform our understanding of the 

mechanisms involved in any subsequent stages of processing.  

1.3 An object substitution theory of visual masking 

Enns and Di Lollo, (1997) challenged the object formation theories of masking by 

highlighting two ways in which a standard metacontrast mask (see Figure 1.1A), and a mask 

made up of four small dots  (see Figure 1.1B) differentially impacted target awareness. The 

physical qualities needed for masking represented the first distinction between a metacontrast 

mask and a four dot mask. A metacontrast mask is a mask that does not directly overlap the 

target object, but needs to be directly surrounding, and of similar shape to the target in order to 

produce masking. In metacontrast masking, if the mask is made too thin (relative to the target), 

or if its border is not presented directly adjacent to the target’s border, the ability of this mask to 

interfere with target awareness is quickly reduced. Therefore, given the explanatory mechanisms 
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currently in place for metacontrast masking, the finding that a four dot mask with its greater 

spatial separation and distinct shape was able to produce impairments in target awareness was 

surprising.   

 

 

Figure 1.1. Examples of a metacontrast (A) and four dot (B) mask surrounding a target. 

 

 

The second distinction was that a four dot mask did not impair target awareness when a 

single target object was always presented at fixation (the center of the screen where participants 

were instructed to hold their gaze), but was able to produce masking if multiple objects were 

presented, or if a single target was presented at locations peripheral to fixation. This was in stark 

contrast to the metacontrast mask, whose effects on target awareness were present in all 

manipulations of presentation. This finding led the authors to conclude that in contrast to 

metacontrast masking, masking with four dots could only occur under conditions of distributed 

attention (i.e., when attention was not focused on the target). Although the authors noted that this 

is not the first demonstration of the role of attention in masking, they argued that it was the first 

case in which the mask shared a minimal contour with the target (a critical factor in the object 

formation theories). Further, the authors argued that masking with four dots occurred not as the 
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result of an interruption in processing (in line with object formation accounts), but as the result 

of processing of the target being substituted for that of the mask.  

1.4 OSM as a tool to study re-entrant visual processes 

 Shortly after the discovery of masking with four dots and the proposal of masking by 

object substitution, Di Lollo, Enns, and Rensink (2000) expanded upon the idea of OSM 

proposing that visual masking could be used as a tool for examining the role of communication 

between higher and lower areas of the visual system (re-entrant signaling) in the generation of 

conscious perception. The notion of re-entrant signaling emerged following the discovery that 

the cerebral cortex has extensive feedback connections across all levels of its hierarchy 

(Felleman & Van Essen, 1991). The discovery of re-entrant signaling in the visual system was in 

contrast to the then held consensus that vision entailed a feedforward propagation of information 

from early (lower) to late (higher) areas of the visual system. Shortly following this discovery, 

Mumford (1991, 1992) developed one of the first models to include a critical role for reentrant 

signaling in the formation of conscious object representations. This re-entrant signaling model of 

object perception characterized the visual system as perpetually producing and testing visual 

hypotheses in order to generate the contents of consciousness. Specifically, in Mumford’s model, 

visual information is first processed in early areas where basic featural information is processed 

(e.g., V1 and V2). This featural information then ascends up to higher levels which generate 

more abstract representations (e.g., V4 and IT). These abstract representations constitute the 

perceptual hypotheses of possible object representations. Finally, feedback connections from 

higher to lower areas of the visual system establish the communication of information between 

these two areas. This re-entrant signaling allows for the higher order representations to evaluate 

their perceptual hypotheses with respect to ongoing activity in lower levels. The hypotheses are 
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evaluated in a competitive manner so that the representations compete for access to conscious 

awareness, with the winning hypothesis resulting as conscious perception.  

Mumford’s (1991, 1992) model of conscious object perception was based on, at the time, 

advances in our understanding of the architecture of the visual stream. Not only the discovery of 

feedback connections, but that feedback connections appeared to be as extensive, if not more 

extensive, than previously discovered feedforward connections. It was evident at the time that 

these feedback connections needed to be incorporated into our understanding of the functional 

capabilities of the visual system. Notably, no neural evidence was put forward which described 

how feedback connections ‘evaluated’ perceptual hypotheses. This central component of the 

model was a mathematical solution to the problem of hypothesis selection but was not tied to any 

known neural process.  

In order to reconcile studies of visual masking with the claim that perception involves 

more than feedforward processes, Di Lollo and colleagues (2000) turned to findings from 

another form of masking known as common onset masking. In common onset masking, the 

target and mask are presented simultaneously and masking is produced by delaying the offset of 

the mask relative to the offset of the target (Bischof & Di Lollo, 1995; Di Lollo, Bischof, & 

Dixon, 1993). This finding posed problems for existing object formation theories, which argued 

that the onset of the mask following the target was critical in order for target processing to be 

interrupted. In contrast, Di Lollo and colleagues used the framework of Mumford’s reentrant 

model of conscious object perception to explain these new findings. Specifically, sensory input 

triggers processing of the target and mask together in early low level areas of the visual system. 

This activity is then propagated forward to generate hypotheses about the possible content of the 

sensory information being processed. The viability of each of these hypotheses is evaluated 
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through re-entrant signaling. If information in the lower areas conflicts with the hypotheses being 

tested, then the hypotheses are abandoned and the process starts over again. When the target and 

mask offset together, the re-entrant signaling communicates with persistent activity in lower 

levels of the visual stream still containing the target and mask. Finding no discrepancy between 

low and high levels of the system, the target’s representation is consolidated and granted access 

to conscious awareness. However, when the mask’s offset is delayed, the re-entrant 

communication identifies a mismatch between the hypotheses which contain mask and target 

information, and the information now present at lower levels which contains only the mask. This 

leads to the abandonment of the hypotheses which contained target information before they are 

granted access to consciousness. Following this, the process of hypothesis generation begins 

again and only newly generated hypotheses which contain the mask alone compete for access to 

consciousness.  

 Within this framework, object perception is an iterative process and successful conscious 

representation of the target is accomplished via a threshold number of re-entrant signals 

confirming a particular perceptual hypothesis. Di Lollo and colleagues argued that any 

manipulation which increases the number of re-entrant cycles necessary to confirm a particular 

hypothesis (i.e., the target’s identity) will lead to more instances of initial hypothesis 

abandonment. This in turn will lead to fewer instances of target awareness.  

In light of Enns and Di Lollo’s (1997) finding that OSM only occurs under conditions of 

distributed attention, Di Lollo and colleagues predicted that increasing the distribution of 

attention will increase the magnitude of OSM. A common way to manipulate the distribution of 

attention is to vary the set size—the number of objects presented along with the target (e.g., 

Treisman & Gelade, 1980). Di Lollo and colleagues argued that  increasing the number of 
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objects presented with the target should increase the time it takes for attention to locate the 

target. This increase in distracting objects was considered analogous to increasing the number of 

re-entrant cycles required to locate and confirm which object was the target object
1
. In line with 

previous findings (Enns and Di Lollo, 1997), Di Lollo and colleagues hypothesized that OSM 

should not occur at low set sizes but should occur at set sizes of three or greater and increase 

with increasing set sizes. Consistent with this hypothesis, Di Lollo and colleagues showed across 

several experiments that masking with OSM increases with increasing set size. Furthermore, they 

showed that OSM was reduced using pop-out search (i.e., when the target could be efficiently 

identified with limited need for attention) and when a spatial pre-cue (mask actually preceded the 

target) was used. In addition to the behavioural results, the role of re-entrant signaling was more 

directly supported by strong fits of the behavioural data from Experiments 2-6 by a 

computational model which employed re-entrant signaling between its higher and lower areas of 

processing (Di Lollo et al., 2000). Taken together, these findings demonstrated how OSM could 

be used to study the involvement of re-entrant processing in the construction of conscious object 

representations.  

Critically, conscious awareness of objects in Di Lollo et al.’s theory as well as their 

computational model was determined by an all-or-none threshold. Specifically, conscious 

awareness of the target is only achieved after a certain number of successful re-entrant signaling 

cycles are performed. Either this threshold is reached and the object is consciously perceived or 

the threshold number of cycles is not reached and conscious object perception fails.  

                                                      

1
 Although at the time this was a central aspect of the theory of re-entrant hypothesis testing of OSM which linked 

attention and the effects of set size to the common-onset delayed offset four dot mask studies of OSM, it will be 

discussed later in this review that this idea did not appropriately describe the attentional demands of the paradigm 

used since the four dot mask acts as a cue to facilitate attention to the target regardless of set size (Põder, 2013). 
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1.5 Other theories of conscious percept formation following OSM 

 Di Lollo et al.’s (2000) re-entrant hypothesis testing theory of OSM was the first in a 

series of explanations to describe how the visual system constructs a conscious percept when 

faced with discrepant information about that percept. We will first outline how the role of higher 

order levels of processing in OSM was supported to further differentiate OSM from object 

formation processes of masking. We will then summarize a recent criticism to the role of re-

entrant processing in OSM.  

1.5.1 Evidence for object-based interference as a unique characteristic of OSM: Object file 

theories of OSM 

At the same time that  Di Lollo and colleagues (2000) were publishing their seminal 

paper, others were cautioning that the findings of Enns and Di Lollo (1997) were not yet 

conclusive evidence that OSM was a new form of masking distinct from the standard low level 

object formation accounts (Breitmeyer & Ogmen, 2000). One of the principle claims of Di Lollo 

and colleagues’ (2000) theory of OSM is that OSM results from disruption to later stages of 

processing compared to the low level disruptions outlined in object formation theories. However, 

Di Lollo and colleagues provided no direct evidence that OSM involves information processing 

in higher levels of the visual stream. Instead, the authors outlined how manipulations of the 

distribution of attention uniquely affected common onset masking with four dots and how a 

reentrant signaling framework could best account for this finding.  

In order to directly test the involvement of higher level information in OSM, Lleras and 

Moore (2003) interpreted OSM within the theory of object files (Kahneman, Treisman, & Gibbs, 

1992). The object file theory explains how information about an object is maintained as it moves 

through space and changes across time. This is a particularly challenging task given the dynamic 
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nature of the input provided to our visual system. Movements of the eye and body, as well as the 

movement of objects in the external world, are constantly changing the relative position of 

objects on the retina. This means the visual system must find a way to parse out an object’s 

representation irrespective of its spatial location. Fortunately, one major distinction between 

information processing in low and high levels of the visual system is the degree to which 

information is tied to a particular spatial location. That is, low level processing is specific to the 

spatial location at which it is processed and higher level processing is more invariant to location.  

Within the object file framework, sensory input is first transformed into a higher level 

object representation (i.e., object file). Then re-entrant signals communicate with lower level 

perceptual information pertaining to an object in order to modify that object’s representation as it 

undergoes structural changes or moves through space. According to the object file framework, 

the delayed offset of the mask in OSM creates discrepant information between the original object 

file and the perceptual activity at lower levels. Namely, the object file contains information about 

the target and mask, whereas the lower level activity now contains information about only the 

mask. This lack of target information encourages updating of the initial object file to reflect a 

change in its structural information. Given the brief presentation duration of the target, 

reductions in target awareness caused by OSM reflect the updating of the original object file 

erasing information about the target before the object file is granted access to consciousness. 

Lleras and Moore (2003) referred to this explanation as the object updating account of OSM.  

In support of the object updating account, Lleras and Moore (2003) demonstrated another 

unique quality of OSM relative to object formation theories of masking. Specifically, OSM can 

occur when the mask is presented in a displaced location relative to the target. For example, 

when the original object containing target information was perceived to move to the mask’s new 
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location, target awareness was reduced. This was interpreted as the object file updating its spatial 

and structural information in order to reflect the new perceptual activity at lower levels. This 

object (file) updating process led to the target’s information being erased before the object file 

entered conscious awareness. A second prediction of the object updating account is that OSM 

should be modulated by the extent to which the target and mask are initially perceived as a single 

object. Support for this prediction came from Moore and Lleras, (2005) who found that OSM 

could be eliminated if the target and mask underwent desynchronized motion, or weakened if 

they were presented in different colours.  

The key distinction between Lleras and Moore (2003)’s object updating account and Di 

Lollo et al (2000)’s re-entrant hypothesis testing account of OSM is that the object updating 

account provides a unique explanation for how the visual system establishes the continuity of 

objects across space and over time. Although a re-entrant hypothesis testing framework is not 

incapable of explaining the findings described above, it would require modification analogous to 

the framework already provided by the object updating account. Rather than disconfirming the 

re-entrant hypothesis testing account, the object updating account provides an alternative 

theoretical framework for addressing additional conditions which lead (or don’t lead) to failures 

of target awareness caused by OSM.  

Although the observation of weakened or eliminated OSM under conditions which 

promote consolidation of the target and mask as separate objects has been supported in a wide 

range of OSM paradigms (Gellatly, Pilling, Carter, & Guest, 2010; Guest, Gellatly, & Pilling, 

2012), a series of experiments by Kahan and colleagues uncovered certain conditions under 

which OSM can still occur even when the target and mask are perceived as separate objects  

(Kahan & Enns, 2010; Kahan & Lichtman, 2006). Perhaps the strongest support for the idea that 



 

12 

 

OSM can occur from interference between separate objects was obtained by examining OSM 

under stereoscopic presentation (Kahan & Lichtman, 2006). When the relative depth of the target 

and mask was manipulated via stereoscopic presentation, OSM was observed when the mask was 

perceived to be in front of the mask, but not when the target was perceived to be in front of the 

mask. Kahan and Lichtman (2006) argued that the initial presentation of the target and mask in 

different depth planes encouraged separate object files to be created for the target and mask. 

Although incompatible within the object updating framework, within the object file framework 

interference could be generated between separate object files competing for structural 

information about their respective objects from the same spatial location. Thus, when the mask is 

perceived to be in front of the target, and the mask’s offset is delayed, the target’s information is 

occluded by the mask’s information and the mask wins out in the competition for information 

extraction. This leads to a failure in the formation of a conscious percept of the target.  

The notion that OSM can result from competition between separate object files was also 

supported under standard 2D presentation conditions (Kahan & Lichtman, 2006). Specifically, 

OSM was observed if the target and mask were initially presented in separate locations and the 

mask underwent apparent or continuous motion such that its trajectory terminated at the location 

of the target. OSM was not observed if the mask’s trajectory terminated in a non-target 

overlapping location suggesting again that OSM occurs when two separate object files compete 

for representation at the same spatial location. Rather than disconfirming the object updating 

account, these findings provide evidence for a second mechanism of object level interference in 

OSM. Specifically, if the target and mask are initially perceived unequivocally as separate 

objects, OSM can result from two separate object files trying to communicate with low level 

information about their respective objects from the same spatial location.  
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 Both object file theories of OSM argue for a process that involves the continuous 

sampling of information about the target object. However, when it comes to describing how 

OSM leads to failures in the generation of a conscious percept of the target, conscious target 

perception is portrayed as a discrete all-or-none event. Specifically, the target is erased from a 

single object file which originally contained the target and mask (Lleras & Moore, 2003; Moore 

& Lleras, 2005), or competition between two separate object files restricts the target’s object file 

from gathering enough information to produce a conscious percept (Kahan & Enns, 2010; Kahan 

& Lichtman, 2006). Thus, either the target’s representation enters conscious awareness such that 

it can inform a correct response, or it fails to do so. 

1.5.2 The attentional gating theory of OSM 

 In opposition to the re-entrant signaling theory and the object file theories described 

above, the role of re-entrant processing in OSM was recently challenged (Põder, 2013). First, 

only one study of OSM had attempted to directly implicate re-entrant processing in producing 

OSM (Dux, Visser, Goodhew, & Lipp, 2010). In this study, the magnitude of OSM was found to 

increase during a dual relative to a single task manipulation with the authors suggesting, much as 

Di Lollo and colleagues (2000) did, that their dual task manipulation increased attentional 

demands and thus the number of re-entrant cycles required to confirm a perceptual hypothesis. 

Dux et al., (2010) then considered this finding as evidence that delaying re-entrant processing 

can increase the magnitude of OSM. However, Põder suggested that this connection between 

attentional demands and re-entrant processing is highly indirect, which leaves the computational 

model developed by Di Lollo and colleagues (2000) as the only remaining support for a re-

entrant processing mechanism explanation of OSM.  
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Põder’s (2013) second challenge to the role of re-entrant processing in OSM was an 

evaluation of Di Lollo et al. (2000)’s computational model of object substition (CMOS). 

Although Di Lollo et al. argued that CMOS employed a re-entrant framework by evaluating the 

information in its higher level of processing based on the activity at lower levels, Põder (2013) 

determined that this process of communication between higher and lower levels of the model 

was in fact illusory. By rearranging the set of equations which made up CMOS he showed that 

the model was in fact a feedforward system. Following this observation, Põder argued that 

CMOS is more adequately described as an attentional gating model in which perception of a 

stimulus is the product of the sensory response from a stimulus and the amount of attention paid 

to that stimulus. He showed this by illustrating the similarity of the standard response functions 

of an attentional gating model and those of CMOS.  

 Põder (2013) then proposed a new attentional gating model which emphasized the role of 

selective attention in the production of classic OSM findings (i.e., those from Di Lollo et al.’s 

(2000) Experiments 2-6) rather than a process of feedback communication between higher and 

lower areas of the visual system. In this model, encoding of the target and mask are ongoing 

processes which can interfere with each other. When the mask’s offset is delayed, the strength of 

the mask’s representation continues to grow, which adds noise to the target’s representation. 

Attention serves to amplify the difference in the strength of the target’s and mask’s 

representations. Critically, a comparison of the attentional gating model and CMOS showed that 

the attentional gating model was able to provide better fits of the behavioural data from several 

OSM experiments. Põder notes that this model does not challenge the existence of re-entrant 

signaling or its role in conscious perception, but presents a strong challenge for the role of re-

entrant communication in OSM.   
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 Interestingly, like object file theories of OSM, Põder’s model argues for continuous 

information sampling about a target. The major distinction between his model and the re-entrant 

accounts of OSM is that the sampling of information about the target occurs within an area of 

processing, not across levels and not involving perceptual hypotheses being sent back for 

evaluation at lower levels. Põder’s model, like other theories of OSM, is designed to explain 

failures in the generation of a conscious representation of the target object following OSM. 

Surprisingly, even though the model describes information accumulation about the target as a 

continuous process, failures of target awareness are once again considered discrete all-or-none 

events. Either the target acquires a threshold amount of activation to inform a correct response, 

or it does not. 

1.6 Objectives 

 To date studies of OSM have used only coarse response measures to assess target 

awareness (e.g., was the gap in the target ring up, down, left, or right?). This approach has led to 

an important limitation in our understanding of OSM, and thus conscious object perception. 

Specifically, all of the theories are underspecified with respect to the perceptual consequences 

that result from a process which replaces or modifies an object’s representation. In fact, almost 

all discussion of OSM has described the removal of target information as a discrete all-or-none 

event; either the target’s representation is eliminated before awareness, or the target enters 

consciousness and can inform a participant’s response. Although this description might 

intuitively follow from the instantaneous nature of our experience of conscious vision, most 

processes involved in object perception involve the gradual accumulation of information. 

Ultimately, it is not clear at what stage of processing an object representation is susceptible to 
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OSM. Further, existing theories have argued for the discrete removal of target information before 

it enters conscious awareness but this has never been tested explicitly.  

 Thus, the present experiments were designed to assess whether OSM can impact object 

representations after they have entered conscious awareness, and whether this process is discrete 

or more gradual in nature. In Chapter 2, in order to assess whether OSM acts to remove a target’s 

representation from conscious awareness in a discrete or continuous manner, I adapted two 

common onset four dot masking paradigms to include continuous orientation response tasks. I 

analyzed responses using a technique that allows for the quantitative assessment of the precision 

of a consciously represented target feature, independent of random guessing. If OSM discretely 

eliminates a target’s representation there should be no impact on participants’ target precision. 

However, if OSM degrades a target’s representation in a more gradual fashion, precision 

estimates should decrease following a delayed mask offset. In order to extend the results of 

Chapter 2, in Chapter 3, I sought to examine whether OSM can be more adequately characterized 

as a process that interrupts the sampling of target information in a continuous manner. I also 

wanted to provide further evidence that OSM could affect objects following their representation 

within consciousness. To answer these questions, I extended the presentation duration of a 

standard four dot masking paradigm and modified the method of responding to include a relative 

duration judgment task (Chapter 3, Experiment 1) and a continuous orientation judgment task 

(Chapter 3, Experiment 2) similar to that employed in Chapter 2. If OSM acts to reduce the 

sampling of target information about consciously perceived objects, then participant reports 

should reflect a ‘temporal trimming’ in the updating of target information. Specifically, target 

duration estimates should be reduced and judgments about the orientation of a rotating object 
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should be shifted back in time (to reflect a loss of target orientation updating). Finally, in Chapter 

4 I discuss how these findings relate to existing theories of OSM.  
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Chapter 2 

Object Substitution Masking Degrades the Quality of Conscious Object 

Representations 

As published in: Harrison, GW, Rajsic, J, Wilson, DE (2015). Object-substitution masking 

degrades the quality of conscious object representations. Psychonomic Bulleting & Review, in 

press. DOI: 10.3758/s13423-015-0875-7. 

2.1 Abstract 

Object-substitution masking (OSM) is a unique paradigm for the examination of object updating 

processes. However, existing models of OSM are underspecified with respect to the impact of 

object updating on the quality of target representations. Using two paradigms of OSM combined 

with a mixture model analysis we examine the impact of post-perceptual processes on a target’s 

representational quality within conscious awareness. We conclude that object updating processes 

responsible for OSM cause degradation in the precision of object representations. These findings 

contribute to a growing body of research advocating for the application of mixture model 

analysis to the study of how cognitive processes impact the quality (i.e., precision) of object 

representations. 

2.2 Introduction 

A fundamental goal in the study of perception is the delineation of the processes that 

transform sensory information into objects of consciousness (Dehaene & Naccache, 2001). To 

that end, visual masking has been an influential tool in probing the boundaries between 

conscious and unconscious vision (Breitmeyer, 2007). Typically, masking refers to the disruption 

in processing of a target object by a temporally proximate second object (the mask) that either 
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overlaps or shares a contiguous spatial boundary with the target (Breitmeyer & Öğmen, 2006). 

Due to the spatial contiguity between target and mask, these standard masking procedures disrupt 

low level or early visual processes by merging the target and mask into a single indecipherable 

percept. This feature makes standard masking procedures unsuitable for addressing the later 

perceptual processing mechanisms that underlie conscious awareness.  

Unlike standard masking procedures, object substitution masking (OSM), has properties 

that make it ideal for studying the later perceptual processing stages contributing to conscious 

awareness (Di Lollo et al., 2000; Goodhew, Pratt, Dux, & Ferber, 2013). Typically, an OSM 

paradigm involves the brief presentation of one or more objects with one of the objects (the 

target) surrounded by four small dots (the mask). On simultaneous mask trials, the target (and all 

other objects) and mask onset and offset together. On delayed mask trials, they onset together but 

the mask offset is delayed relative to the target and other objects. Effective masking is evidenced 

by reduced accuracy in reporting either the presence of, or some characteristic of, the target 

object in the delayed mask condition. Unlike other forms of masking whose results are explained 

primarily by disruptions to object formation mechanisms (see Enns, 2004, for a review), several 

unique characteristics of OSM (e.g., common onset of the target and mask, sparseness of the 

mask) support the notion that its effects result from conflict between object-based representations 

(Di Lollo et al., 2000; Lleras & Moore, 2003; Moore & Lleras, 2005; but see Põder, 2013). This 

object substitution account of masking describes a communicative process that resolves 

discrepancies between late and early stages of visual processing in an attempt to determine the 

appropriate conscious representation. In the case of OSM, this results in the target’s 

representation being updated with that of the mask, and the latter reflecting conscious 

experience. 
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To date, studies examining OSM have used only coarse measures of target awareness 

(e.g., present versus absent; oriented left versus right), an approach that has resulted in theories 

of OSM being underspecified with respect to the impact of OSM on the quality of target 

representations. In fact, object-mediated accounts of OSM contend that either the target 

representation is eliminated before a conscious representation is produced (e.g., Di Lollo et al., 

2000) or a conscious target representation is overwritten by the mask’s representation (e.g., 

Lleras & Moore, 2003). An outstanding question then, remains regarding whether OSM results 

in a complete loss of target information, or whether there is a partial loss such that the target is 

degraded but still accessible to consciousness.  

In the working memory (WM) literature, a novel method for measuring the quality of 

representation of object properties has recently gained traction (Bays, Catalao, & Husain, 2009; 

Zhang & Luck, 2008). This method requires participants to retrieve a particular feature of a 

memory item and to respond using a continuous scale. On a typical trial, participants might be 

instructed to remember the orientation of several memory items and, after a short delay, 

reproduce the orientation of one item. This means that unlike standard WM tasks, responses are 

not dichotomized as correct or incorrect. By fitting a mixture model, one can estimate the 

proportion of trials where responses came from a circular Gaussian distribution centred on the 

target’s orientation, guess trials where responses came from a uniform distribution, and non-

target trials in which responses came from a circular Gaussian centered on a different item. 

Critically, the standard deviation for the target responses’ distribution provides a quantifiable 

measure of the quality (i.e., precision) of the memory target feature.  

 To our knowledge, the mixture modelling approach has been applied to conscious 

perception in just one study. Asplund and colleagues (2014) showed that, during an attentional 
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blink, discrete representations are lost, but the precision of object representations is unaffected. 

This led to the conclusion that conscious perception may be all-or-none. However, the attentional 

blink and OSM may rely on distinct mechanisms of conscious perception (Giesbrecht, Bischof, 

& Kingstone, 2003). The goal of this paper then is to adapt the mixture model analysis to the 

OSM paradigm, and by doing so elucidate the impact of OSM on the quality of target 

representations. If OSM eliminates conscious object representations, as reported for the 

attentional blink, then the delayed mask should have no effect on target precision, but should 

reduce the proportion of target responses and increase the proportion of guess responses. 

However, if OSM operates by degrading conscious representations, then there should be a 

reduction in target precision.  

2.3 Experiment 1 

2.3.1 Method 

2.3.1.1 Participants 

Twenty-three undergraduate students from Queen’s University participated in exchange 

for credit in an introductory psychology course. All had normal or corrected-to-normal vision, 

and were naïve to the experiment’s purpose. 

2.3.1.2 Apparatus 

The experiment was conducted on a personal computer in a dimly-lit room. Stimuli were 

presented with Psychophysics Toolbox version 3.0.8 (Brainard, 1997) in MATLAB version 7.04 

on a 16-inch CRT monitor. A chin-rest kept viewing distance constant at 50 cm. Responding was 

done with a Logitech t650 touchpad and keyboard.  
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Figure 2.1. Example trial sequences (set size eight) for Experiments 1 (A) and 2 (B). A fixation screen 

was followed by a brief search display which contained either two, four or eight Landolt-Cs. The target 

object is identified by the four dot mask. Participants swiped fingers on a touchpad to recreate the target 

Landolt-C’s gap orientation. 

2.3.1.3 Design and procedure 

There were 6 blocks of 144 trials for a total of 864 trials. See Figure 2.1 for a typical trial 

sequence. Following a 500 ms fixation display, the initial display (17 ms duration) consisted of 

2, 4 or 8 circular Landolt-Cs (radius of 0.5°) presented on a dark-gray background equally 

distributed on an imaginary circle with a radius of 3.5° from a central fixation cross (subtending 

1.0°). The gap in each Landolt-C had an independent random orientation (0° to 359°) and was 

approximately one quarter the circumference of a completed circle. On each trial, one Landolt-C 
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(the target) was randomly selected to be surrounded by four small white dots (each subtending 

0.1°) forming the corners of a square (0.6° by 0.6°). The four-dot mask either offsets with the 

initial search array (simultaneous mask condition) or remained for an additional 150 or 300 ms 

(delayed mask conditions). Participants were instructed to produce a quick, accurate judgment of 

the target’s gap orientation by swiping their index finger along the touchpad as if they were 

passing it through the midpoint of the target’s gap from the center of the Landolt-C
2
. During 

responding, a Landolt-C was drawn at the target location with a gap angle that matched the 

finger’s movement trajectory allowing for fine-tuning of responses. Set size and mask conditions 

were randomized with an equal number of trials in each condition.  

2.3.1.4 Data Analysis 

For each trial, orientation error was the difference between the target’s actual and 

reported orientation in degrees. Orientation errors for each of the nine conditions (three set sizes 

and three mask durations) were fitted to the three-component model of Bays et al., (2009). This 

model assumes a weighted mixture of three response types: (1) target responses, defined as 

correctly reporting the target orientation, (2) guess responses, defined as randomly guessing an 

orientation value, and (3) non-target responses, defined as reporting the orientation of a non-

target object. Target and non-target responses were modelled with circular Gaussian distributions 

termed von Mises distributions, whereas guess responses were modeled with a uniform 

distribution. The concentration parameter (measure of spread) of each von Mises distribution 

was fit to the same parameter  and then converted to a standard deviation using a mathematical 

transformation described by Bays et al.. Thus, four parameter estimates were derived for each 

                                                      

2
 We also collected pilot data where participants used a mouse to produce their gap orientation response and clicked 

the left mouse button to confirm their response. Overall data patterns and statistical results did not differ across the 

two approaches but response variance estimates across conditions were more reliable and the total experiment time 

was reduced by approximately 15% by using the touchpad.  
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condition for each participant: (1) Target responses (PTarget) – proportion of trials in which there 

was memory of the target’s orientation, (2) Non-target responses (PNon-target) – proportion of trials 

in which a non-target’s orientation was reported, (3) Guess responses (PGuess) – proportion of 

trials in which there was no memory and orientation was guessed, and (4) gap variance (SD) – 

standard deviation of the circular Gaussian distribution component for the non-guess responses
3
. 

Note that SD is inversely related to precision. 

2.3.2 Results and Discussion 

Data from five participants was excluded due to poor performance (PTarget in 

simultaneous mask offset conditions < 50%). Four 3 (set size) X 3 (mask duration) repeated 

measures analyses of variance (ANOVAs) were conducted – one for each of the derived 

parameter estimates (PTarget, PNon-target, PGuess, and SD) (see Figure 2.2). The ANOVAs for both 

PTarget and PGuess showed main effects of set size and mask duration, and an interaction, all Fs > 

4.61, all ps < .002, all partial η
2
 > .21. To investigate the interaction, OSM magnitude for each 

set size was calculated as the difference between simultaneous and the average of the delayed 

mask conditions. OSM magnitude for PTarget increased from set size 2 (8.5%) to 4 (16.6%) and 

from set size 4 to 8 (25.8%), all ts > 2.88, all ps < .01. For PGuess, OSM magnitude did not differ 

between set sizes 2 (6.9%) and 4 (11.3%), t(17) = 1.51, p = .15, but increased from set size 4 to 8 

(20.4%), t(17) = 3.12, p = .006. 

                                                      

3
 We thank an anonymous reviewer for raising the possibility that an OSM paradigm may be better described with a 

model that does not assume equal precision for target and non-target (distractor) responses. When including a fifth 

parameter for the precision of non-target responses (SDNon-target) in the model, the impact of set size and mask 

duration on the other four estimates (PTarget, PNon-target, PGuess, SDTarget) was the same as observed in the original four 

parameter model.  Furthermore, no effects of set size and mask duration were observed on SDNon-target.  Because, 

PNon-target was near zero for many participants, making estimating non-target precision problematic (typically, a 

minimum of 50 trials is required for reliable precision estimates), and because application of the five parameter 

model, with separate parameters to estimate the precision of target and non-target responses, did not alter any of the 

effects in our results we opted to focus on the four-parameter model.  
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For PNon-target there was a main effect of mask duration, F(2,34) = 37.65, p < .001, partial 

η
2
 = .69; however there was no main effect of set size and no interaction, all Fs < 2.16, all ps > 

.13, all partial η
2
s < .11. Contrast analyses revealed that PNon-target increased linearly across mask 

durations, p = .003, partial η
2
s = .42.  

For SD (see Figure 2.2b), there was a main effect of set size, F(2,34) = 23.08, p < .001, 

partial η
2
 = .58, and mask duration, F(2,34) = 25.93, p < .001, partial η

2
 = .60; however, the 

interaction was not significant, F(1,280.07) = 2.69, p = .12, partial η
2
 = .14. Contrast analyses 

revealed a linear increase in variability (i.e., decrease in precision) across set sizes and mask 

durations, all ps < .001, all partial η
2
 > .68. However, post-hoc tests showed that there were no 

differences in SD between 150 and 300 ms delayed mask durations for any set sizes, all ts < .96, 

all ps > .35. 

 

Figure 2.2. Results for Experiment 1 of trial proportions for the three response types’ parameter estimates 

(a) and mean variability (b). Error bars represent standard errors of the mean. 

Importantly, our PTarget estimates mirror those from the OSM literature using either forced 

choice or presence/absence discrimination procedures (e.g., Di Lollo et al., 2000) in showing 
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both decreases in PTarget with increasing set size, and reduced PTarget for delayed relative to 

simultaneous offset mask conditions (and vice-versa for PGuess). Furthermore, the mixture model 

demonstrated that both of these reductions in PTarget (and increases in PGuess) were accompanied 

by an increase in SD (i.e. reduced precision). These results speak to the strength of applying a 

mixture modeling approach, as we were able to demonstrate that SD increased by over 25% from 

the simultaneous (22.28°) to the delayed mask offset conditions (28.97° and 28.43°).  

Surprisingly, PNon-target was both non-zero and increased as a result of OSM. Whether this 

represents true location-feature misbinding, or whether when participants had no target memory, 

they adopted a strategy of responding with a non-masked item’s orientation rather than guessing, 

is beyond the scope of this report. Importantly, less than 10% of trials were non-target trials and 

excluding this component from the model (i.e., using a two component model like the one 

proposed by Zhang and Luck, 2008) did not change the main finding that delayed mask 

conditions in OSM produce degradation in the precision of a target’s orientation.  

That OSM can degrade a target’s representation without it being ‘substituted’ or 

‘updated’ out of conscious awareness seems to be inconsistent with object-mediated accounts of 

OSM and is perhaps more in line with the feedforward account proposed by Põder (2013). 

Põder’s model shows that failures in target report in some OSM paradigms can be modeled by 

target degradation resulting from both signal decay and by the addition of mask noise to the 

target representation.  

To test Põder’s (2013) account, Jannati, Spalek, and Di Lollo, (2013) developed a novel 

OSM procedure that separated an initial “target plus mask” stimulus from a subsequent “mask 

only” stimulus. Because the contribution of noise by the mask is equated across conditions, and 

signal/target decay is assumed to decrease with increasing ISI, Põder’s model predicts that OSM 



 

27 

 

should increase with increasing ISI. However, Jannati et al. found that OSM peaked at an ISI of 

approximately 80 ms—an ISI close to the theorized time needed to execute communication 

between  low- and high-level visual processes (Fahrenfort, Scholte, & Lamme, 2007).  

2.4 Experiment 2 

The purpose was to first replicate the OSM effect on PTarget, PGuess, PNon-target, and SD 

using the procedure developed by Jannati et al. (2013), and second to determine whether the 

vitiating effects of OSM on target precision observed in Experiment 1 would generalize to a 

paradigm designed to isolate object updating mechanisms from possible feedforward 

mechanisms.  

2.4.1 Method 

2.4.1.1 Participants 

Twenty-three undergraduate students from Queen’s University participated in exchange 

for credit in an introductory psychology course. All participants had normal or corrected-to-

normal vision, and were naïve to the experiment’s purpose. 

2.4.1.2 Apparatus, Design, and Procedure 

 The apparatus, design and procedure were identical to Experiment 1 with the following 

exceptions (see Figure 2.1b). We replaced the three mask durations with three ISI conditions (0, 

80, 320 ms). ISI referred to the duration between the ‘target and mask’ offset and the mask-only 

onset, and were the same as those used in Experiment 3 of Jannatti et al. (2013). The duration of 

both the ‘target and mask’ display and mask-only display was fixed at 17 ms.  

2.4.2 Results and Discussion 
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Data from one participant were excluded due to poor performance (accuracy in 

simultaneous mask offset conditions < 50%). Four 3 (set size) X 3 (mask ISI) ANOVAs were 

conducted – one for each parameter estimate (PTarget, PNon-target, PGuess, and SD) derived from the 

mixture model (see Figure 2.3). As with Experiment 1, the ANOVAs for both PTarget and PGuess 

showed main effects of set size and ISI and an interaction, all Fs > 4.94, all ps < .002, all partial 

η
2
 > .19. To investigate the interaction, the magnitude of OSM for each set size was calculated as 

the difference between the critical 80 ms ISI and the average of the 0 and 320 ms ISI conditions. 

Paired samples t-tests revealed that OSM magnitude for PTarget did not differ between set sizes 2 

(5.3%) and 4 (7.3%), t(21) = 1.02, p = .32, but decreased from set size 4 to 8 (14.6%), t(21) = 

2.78, p = .011. Similarly, OSM magnitude for PGuess did not differ between set sizes 2 (5.1%) and 

4 (6.7%), t(21) = 0.89, p = .38, but increased from set size 4 to 8 (14.7%), t(21) = 2.73, p = .012. 

Results for PNon-target mirrored those of Experiment 1 in that there was a main effect of ISI, 

F(2,42) = 12.34, p < .001, partial η
2
 = .37, such that there was no difference between the 0 

(1.1%) and 80 ms (1.3%) ISI conditions, t(21) = 0.38, p = .71, but PNon-target increased from the 80 

to 320 ms ISI condition (3.2%), t(21) = 3.51, p = .002. There was no effect of set size and no 

interaction, all Fs < 2.82, all ps > .07, all partial η
2
s < .12.  

For SD (see Figure 2.3b), there was a main effect of set size, F(2,42) = 8.26, p = .001, 

partial η
2
 = .28, and mask duration, F(2,42) = 39.60, p < .001, partial η

2
 = .65, but no interaction, 

F(4,84) = 0.65, p = .63, partial η
2
 = .03. Contrast analyses revealed a linear increase in SD across 

set sizes, and a quadratic trend for ISI, all ps < .001, all partial η
2
 > .50. Critically, variance was 

greatest in the 80 ms ISI condition (28.74°) relative to the 0 ms (24.58°) and 320 ms (23.14°) 

conditions, all ps < .001.  



 

29 

 

As with Experiment 1, re-analysis with a two-component model did not alter the 

interpretation of the results. Crucially, these results corroborate the conclusion of Experiment 1 

that object-updating mechanisms resulting from OSM cause perceptual degradation of target 

representations. Furthermore, by eliminating the role that a sustained mask may play in adding 

noise to a target’s representation (as in the canonical OSM paradigm used in  Experiment 1), 

Experiment 2 isolated an object-mediated process as cause of the vitiating effect.  

 

Figure 2.3. Results for Experiment 2 of trial proportions for the three response types’ parameter estimates 

(a) and mean variability (b). Error bars represent standard errors of the mean. 

2.5 General Discussion 

Standard forced-choice methodologies have limited our understanding of the effect of 

OSM on the quality of target representations. By using a continuous report measure and a 

mixture modelling approach, we demonstrated that canonical impairments in accuracy during 

OSM tasks are the result of both the target’s elimination from consciousness as well as its 

deterioration within consciousness. We then replicated this result using a procedure that ruled out 

a feedforward account which could have accounted for the deterioration independent of object 
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oriented processing. The two experiments converge on the conclusion that object-updating 

mechanisms degrade target representations within conscious awareness.  

Our method of analysis revealed the now contentious interaction between set size and 

mask duration. Recently, Argyropoulos, Gellatly, Pilling, and Carter, (2013) showed that the 

interaction – normally attributed to attention – could be eliminated by applying a guessing 

correction. Our findings were thus surprising as the mixture model estimates the independent 

contribution of guess responses and in essence then corrects for guesses. However, converging 

evidence suggests that ceiling level performance drives the interaction, something our design did 

not adequately account for (Filmer, Mattingley, & Dux, 2014; Pilling, Gellatly, Argyropoulos, & 

Skarratt, 2014). Importantly, it was not the purpose of this paper to address the existence of this 

contentious aspect of OSM but to characterize the effect of OSM on the quality of target 

representation.  

Our results are consistent with previous results that showed an offset mask can cut off or 

“trim” a target without it being entirely eliminated from consciousness (Kahan & Enns, 2010). 

Our results extend this partial alteration of a conscious object by showing that object updating 

can also occur via a process of degradation. Notably, no theories of OSM (either object mediated 

or feedforward) in their current form describe how OSM might degrade the representation of a 

target. Thus, our findings call for elaboration of extant models of how object representations are 

modified when faced with discrepant perceptual input.  

 Given that precision decrements can result from inter-item competition (Ma, Husain, & 

Bays, 2014), our finding that a mask can deteriorate a conscious object’s representation may 

mean that, in the fight between target and mask for representation, OSM reflects mask 

prioritization due to its persistent perceptual input in the standard paradigm (Experiment 1), and 
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its presentation during a hypothesized window for communication between early and late visual 

processing areas (Experiment 2). Either way, mask prioritization leads to reduced sampling of 

the target object representation and a consequent reduction in representational quality. 

In conclusion, by applying a mixture model approach to two OSM paradigms, we have 

shown that the updating of object representations does not function in a discrete all-or-none 

fashion, but instead updating impacts the quality of object representations. This novel 

methodological approach and demonstration that object updating impacts the precision of object 

representations should provide new research avenues for the study of representation in conscious 

and unconscious vision. 
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Chapter 3 

Temporal Trimming: Object substitution masking reduces the perceived duration of 

conscious object representations 

3.1 . Introduction 

Although leading theories of OSM have sought to explain how failures occur in the 

formation of conscious object perception, in Chapter 2 I showed that OSM can lead to less 

precision in an object’s representation within consciousness (Harrison, Rajsic, & Wilson, 2015; 

Kahan & Enns, 2010). Further, this was taken as preliminary evidence that OSM does not 

necessarily impact target representation in a discrete, all-or-none fashion. The goal of the present 

study was to further investigate the gradual nature of OSM’s impact on a target’s representation 

and to examine other aspects of conscious perception amenable to alteration by OSM.  

Harrison et al. (2015) proposed that OSM shortens or cuts off the temporal window for 

perceptual sampling of target information on a probabilistic continuum. On trials in which the 

sampling window is greatly reduced, not enough information is acquired for the target’s 

representation to enter conscious awareness; consequently, these trials lead to an increase in 

random guessing about a target’s orientation. On other trials in which the sampling window is 

only slightly reduced, the target’s representation will enter consciousness, but with a weaker 

representation compared to simultaneous mask offset trials. These latter trials underlie the 

finding that OSM can reduce the precision of target representation. Critically, this finding of 

graded alteration of conscious representation suggests that OSM is able to produce modulation of 

object representations in a graded fashion. This makes sense, considering object representations 

must be updated constantly, as they move through space or change shape. Furthermore, if this 

process operates in a gradual fashion to update even briefly presented objects, then it might be 
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the case that the same process underlies the updating of more stable representations; that is, those 

already accessible to conscious awareness.  

Conscious vision is a process which requires encoding the continuity of objects as they 

move across space and through time. If OSM interrupts the sampling of information about a 

target object, then OSM should interfere with the continuity of that target’s representation over 

time. That is, if OSM leads to reduced sampling of target information, then features about an 

object which require continuous updating should be withheld from integration into the conscious 

experience associated with that object. For example, one feature that requires continuous 

updating is the perceived duration of an object. If OSM interferes with the integration of the 

perceptual presence of an object into conscious experience, then a delayed mask in OSM should 

reduce the perceived duration of an object. 

In the current experiment, to test whether OSM affects the perceived duration of a target 

object, we utilize a duration judgment task [adapted from the temporal order judgment (TOJ) 

literature (Allik & Kreegipuu, 1998; Shore, Spence, & Klein, 2001)] in which one target is 

presented for a standard duration and a second target is presented for a range of durations—some 

shorter and some longer than the standard. The psychophysical function relating the duration 

judgment as a function of the temporal offset of the two targets allows for an estimation of the 

point of subjective equality (PSE) – the point at which the two targets are perceived to be of 

equal duration. In the Experimental condition, participants will be presented with 8 objects 

around fixation with two target objects surrounded by four dot masks. The participant’s task will 

be to judge the relative duration of the two targets. On every trial, one mask will be a 

simultaneous mask (mask’s offset simultaneous with its target), while the other mask will be a 

delayed mask (mask’s offset delayed relative to its target). If delaying the offset of a four dot 
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mask reduces the perceived duration of that target, then the PSE for the Experimental condition 

should be shifted. Specifically, a shift in the PSE in the Experimental condition will reflect the 

additional duration that a target with a delayed mask needs to be presented in order for it to be 

perceived as having an equal duration as a target with a simultaneously offsetting mask. 

3.2 Experiment 1 

3.2.1 Method 

3.2.1.1 Participants 

Twenty Queen’s University students participated for financial compensation. All were 

volunteers, had normal or corrected-to-normal vision, and were naïve to OSM and the 

experiment’s purpose. 

3.2.1.2 Apparatus 

The experiment was conducted on a personal computer in a dimly-lit room. Stimuli were 

presented with Psychophysics Toolbox version 3.0.8 (Brainard, 1997) in Matlab on a 16-inch 

CRT monitor. Participants responded using a keyboard.  

3.2.1.3 Design and Procedure 

 

Figure 3.1. Example initial stimulus presentations for Experiment 1 (Experimental condition: A; Control 

condition: B). See Method section for details on trial progression and relevant stimulus durations. 
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The experiment consisted of 12 blocks of 144 trials for a total of 1728 experimental trials, 

preceded by 2 blocks of 20 practice trials. An example of the initial stimulus presentation is 

presented in Figure 3.1. Each trial began with the presentation of a small white fixation point 

(radius 0.15°) at the center of a dark-gray background for 500 ms. This was followed by the 

presentation of 8 shapes on an imaginary circle (radius 3.5°) such that each shape was equidistant 

from the fixation point. The targets were always two diamonds (approximately 0.5°) amongst 6 

other shapes (2 squares, 2 circles, and 2 triangles, all approximately 0.5°). To facilitate target 

detection the two diamonds were drawn in a slightly brighter white (RGB values = [230 230 

230]) than the non-target shapes, the masks, and the fixation point (RGB values = [200 200 

200]). One target’s location was selected randomly from 10-169° along the imaginary circle and 

the second target always presented at the opposite location (+180°). This separation of the targets 

ensured that the targets could easily be identified as belonging to the left or right side of the 

screen. The remaining six shapes were positioned such that the two targets and the six non-

targets were equally spaced on the imaginary circle (45° apart). For Experimental condition 

trials, the two diamonds (the targets) were surrounded by four small white dots (each 

approximately 0.1°), which made up the corners of an imaginary square (centered 3.5° from 

fixation). In the Control condition the two masks surrounded two of the non-target shapes. The 

six non-target shapes had offsets 240 ms after presentation. One of the target diamonds, referred 

to as the standard target, also had an offset 240 ms after presentation. The other target is referred 

to as the varied target as its offset was varied relative to the standard target by one of 9 Temporal 

Offset values (-136, -102, -68, -34, 0, 34, 68, 102, 136 ms, where 0 corresponds to the standard 

240 ms offset). One of the masks had a simultaneous offset with its associated target 

(simultaneous mask) and the other mask’s offset was always delayed by 300 ms relative to its 
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target (delayed mask). Participants made a duration judgment such that half were instructed to 

respond as to whether the left (using the ‘z’ key) or right (using the ‘m’ key) target was presented 

for a shorter duration and half responded as to which target was presented for a longer duration. 

Participants were instructed that they could respond about either the relative duration of the 

targets or which disappeared first (or last).  

All combinations of Temporal Offset values, whether they were applied to the left or 

right target and whether they were applied to the target which was paired with a simultaneous or 

delayed mask, were counterbalanced within a block and their orders of presentation randomized.  

3.2.1.4 Data Analysis 

Mean responses were calculated as the proportion of responses in which a participant 

judged the target associated with the delayed mask (either overlapping the target in the 

Experimental condition or on the same side as the target in the Control condition) to have lasted 

longer (responses were re-coded for participants making ‘lasted shorter’ responses). Mean 

responses were calculated for each participant for each of 18 conditions (9 Temporal Offset x 2 

Mask Overlap conditions). The temporal offsets were calculated as the duration of the target with 

a delayed mask minus the duration of the target with the simultaneous mask. For each Mask 

Overlap condition (Experimental and Control), participant’s mean responses were fit with a 

cumulative normal density function (cdf) using Matlab’s fminsearch to minimize the error of the 

4 parameters of the function (the mean, the slope and the upper and lower asymptotes). Based on 

the derived parameters for each of a participant’s Mask Overlap conditions, the point of 

subjective equality (the temporal offset at which the mean proportion of responses was equal to 

50%; PSE) was calculated.  



 

37 

 

Ideally, when the masks are not overlapping the targets (Control condition), the 

simultaneous and delayed masks should have no impact on perception of the targets and the 

perceived duration of the targets should be equivalent with the PSE equal to a temporal offset of 

0. More importantly, the Experimental condition will allow us to determine whether a delayed 

mask can produce temporal trimming—a reduction in the perceived temporal duration of a 

target. Specifically, when the masks overlap their targets (Experimental condition) we predict 

that the perceived duration of the target with the delayed mask will be reduced. The magnitude 

of this reduction in perceived duration should then be evident as a positive shift in the PSE of 

equal magnitude.  

3.2.2 Results and Discussion 

Two one sample t-tests were conducted to determine whether the PSE values for the two 

Mask Overlap conditions differed from 0. The Experimental condition’s t-test was significantly 

different from 0 with a shift in the positive direction, (M = 9.84, SEM = 3.28), t(19) = 3.00, p = 

.007, d = 0.67. Surprisingly, the Control condition’s PSE was marginally different from 0, (M = 

2.35, SEM = 1.22), t(19) = 1.93, p = .069, d = 0.43. A paired samples t-test confirmed that these 

two values also differed from each other, t(10) = 2.37, p = .029, d = 0.53. A paired samples t-test 

also revealed a significant difference in the average slopes between the two Mask Overlap 

conditions, t(19) = 3.34, p = .003, d = 0.75, such that the variance of the Control condition’s cdf 

(M = .098, SEM = .015) was greater than the variance of the Experimental condition’s cdf (M = 

.073, SEM = .006). An increase in the variance of a cdf is analogous to a shallower slope (see 

Figure 3.2b), indicating poorer temporal discrimination performance in the Control condition. 
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Figure 3.2. Results for Experiment 1. (A) Mean proportion of responses in which participants judged the 

target with a delayed mask offset to have lasted longer for the 9 Temporal Offsets (calculated as the 

duration of the target with the delayed mask offset subtracted from the duration of the target with the 

simultaneous mask offset). Calculations were done separately for each of the two Mask Overlap 

conditions. (B) Mean variability of the normal cdfs across the two Mask Overlap conditions. (C) Mean 

PSE values for the two Mask Overlap conditions. 

 

Consistent with our temporal trimming prediction, in the Experimental condition, when 

masks overlapped their targets, the target whose mask had a delayed offset was perceived as 

having been present on the screen for less time relative to the target whose mask had a 

simultaneous offset. This was indicated by a positive shift in the PSE for the Experimental 

condition which was significantly different from both 0 and the PSE of the Control condition. 

Specifically, for the two targets to be perceived of equal duration the target with a delayed mask 

offset needed to be presented approximately 10 ms longer than the target with a simultaneous 

mask offset.  

In both the Experimental and Control conditions, participants identified the targets based 

on shape and luminance (i.e., diamonds were displayed in a brighter white than all other objects). 
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Thus, the masks could effectively be ignored based on both the homogeneity of their luminance 

with all other distractor objects, and the fact that they were completely irrelevant to the task.  

However, the mask with a delayed offset would be the last object present in the display 

and thus could produce a response bias which may have influenced performance irrespective of 

perceived target durations. To account for the possibility of a delayed mask response bias, the 

Control condition was included so any mask related response bias should be present in both 

conditions. That is, if there was a delayed mask response bias which affected relative duration 

judgments of the targets then both conditions should be affected equally. There was a small, but 

marginally significant, response bias in the Control condition such that a delayed mask 

proximate to a target object produced a small reduction in that target’s perceived duration. 

Although direct spatial overlap between the target and mask produces the most robust masking, 

reductions in the awareness of a target object by non-overlapping but adjacent four dot masks 

has been observed (e.g., Jiang & Chun, 2001). Thus, it is possible that this small positive shift in 

the PSE of the Control condition reflects an attenuated version of OSM observed in the 

Experimental condition rather than the result of a response bias. Furthermore, the Control 

condition’s PSE shift was much smaller than the shift in the Experimental condition’s PSE (2.4 

compared to 9.8 ms). Therefore, even if a delayed mask produced a small response bias (in both 

conditions), this difference between the Experimental and Control conditions PSE shifts suggests 

that, there is a true masking effect over and above that of any response bias.  

3.3 Experiment 2 

Experiment 1 demonstrated that a four dot mask whose offset is delayed from the target 

object it surrounds can interfere with the perceived duration of that object’s representation within 

consciousness. Specifically, the duration of a target with a delayed mask offset is perceived to be 
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roughly 7-10 ms shorter than a target with a simultaneous mask offset. Furthermore, the finding 

that the PSE shift in a Control condition was smaller than in the Experimental condition provided 

evidence that the temporal trimming observed in the Experimental condition was not consistent 

with a response bias account. However, the possibility remains that the PSE shift observed in the 

Experimental condition could be a mask response bias if the response bias has a larger 

expression in the Experimental than in the Control condition. Therefore, to further discount the 

possibility of response bias and provide converging evidence for the impact of OSM on the 

continuity of conscious object representations, we sought to extend our finding from Experiment 

1 to another feature that requires continuous updating. Using methodology similar to that of 

Harrison et al. (2015), we ran a second experiment in which we had participants observe two 

rotating targets for approximately one second and report the final orientation of one of the targets 

after either simultaneous or delayed mask offset conditions. Because this task requires an 

orientation response, rather than a temporal duration response as in Experiment 1, the temporal 

difference between the delayed and simultaneous masks should not produce any response bias. 

We predicted that in addition to increased guessing and increased response variability in the 

delayed mask offset condition as reported by Harrison et al. (2015), the mean reported target 

angle of non-guess responses should be shifted to reflect a loss of approximately 7-10 ms in 

perceived rotational motion (i.e., a negative shift in mean orientation).  

3.3.1 Method 

3.3.1.1 Participants 

Twenty-one students from Queen’s University participated in exchange for cash. All had 

normal or corrected-to-normal vision, and were naïve to OSM and the experiment’s purpose. 
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3.3.1.2 Apparatus 

The experiment was conducted on a personal computer in a dimly-lit room. Stimuli were 

presented with Psychophysics Toolbox version 3.0.8 (Brainard, 1997) in Matlab on a 16-inch 

CRT monitor. Participants responded using a keyboard.  

3.3.1.3 Design and Procedure  

 

Figure 3.3. Example trial sequence for Experiment 2. A fixation screen was followed by an initial static 

display. Participants tracked both triangles as they moved in a circle around fixation with the triangles 

also spinning around their midpoints. Masks had either simultaneous or delayed offsets. Responding was 

cued by the presentation of the mouse cursor over the final position of the response-relevant triangle. 

Participants used a mouse to match the orientation of a redrawn triangle to the final orientation of the 

response-relevant triangle. 

The experiment consisted of 4 blocks of 60 trials for a total of 240 experimental trials. 

The experimental trials were preceded by 2 blocks of 10 practice trials. An example of a trial 

sequence is presented in Figure 3.3. Each trial began with the presentation of a small white 

fixation point (radius 0.15°) at the center of a dark-gray background accompanied by two white 

outlines of isosceles triangles (0.5°) surrounded by four small white dots (each 0.1°) forming the 

corners of a square (0.6° by 0.6°). The two triangles were presented at equidistant locations from 

fixation at two angles along an imaginary circle (radius 3.5°). The starting position of one 

triangle was randomly selected from 10-170° and the second triangle’s location was always 

presented at the opposite location (+180°). This initial static display was presented for 1 second. 
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The target triangles underwent two forms of motion. First, the triangles’ rotated at 720°/s. The 

direction (clockwise versus counterclockwise) of each triangle’s rotation was selected randomly. 

Second, the triangles along with their masks translated along the imaginary circle that 

surrounded fixation at 90°/s. Both masks’ offsets were either simultaneous with their targets or 

delayed by 300 ms. During delayed mask trials, the masks continued to translate at the same 

speed after the triangles had disappeared. The duration of both aspects of motion was randomly 

chosen from a set of 5 values separated by 100 ms intervals between 800 and 1200 ms. One of 

the triangles was randomly chosen to be probed for a continuous orientation response. The 

response interval began by presenting a mouse cursor over the final location of one of the 

triangles. Participants responded by moving the mouse which drew a triangle based on the 

orientation of the mouse from the center of the triangles location and submitted their response by 

clicking the left mouse button. Trials were separated by a 500 ms inter-trial interval. There were 

an equal number of simultaneous and delayed mask offset trials, counterbalanced within a block 

and presented in a random order.  

3.3.1.4 Data Analysis 

For each trial, orientation error was calculated as the difference between the probed 

target’s actual and reported orientation in degrees. Direction of motion was accounted for by 

multiplying the response angle by -1 for counterclockwise motion. Using this orientation 

measure, each participant’s performance in the simultaneous and delayed mask offset conditions 

was modelled as a weighted mixture of two distributions: (1) Guess responses, defined as 

randomly selecting an orientation value, and (2) Non-guess responses, defined as correctly 

reporting the orientation of the probed target. Guess responses were modeled using a uniform 

distribution and Non-guess responses were modeled using a circular Gaussian distribution—the 
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von Mises distribution. Parameter estimates were obtained using a maximum likelihood 

procedure; iteratively adjusting parameters to minimize the negative Log-Likelihood using the 

fminsearch function in Matlab. The von Mises distribution has two parameters, its mean and its 

concentration (κ, a measure of spread). We converted concentration to standard deviation using a 

mathematical transformation described by Bays, Catalao, and Husain (2009). Thus, three 

parameter estimates were derived for each condition of each participant: (1) Guess responses 

(PGuess) – defined the proportion of responses accounted for by the uniform distribution, (2) Non-

guess response variability (SD) – the standard deviation of the von Mises distribution and (3) the 

mean shift – the displacement, in degrees, of the mean of the von Mises distribution from 0. 

Critically, from these three parameters it will be possible to observe both standard masking 

effects, evidenced by increased guessing and increased response variability, as well as a 

reduction in the sampling of target information, evidenced by a shift in the mean of the von 

Mises distribution. Specifically, if OSM reduces the amount of information sampled about a 

target by approximately 7-10 ms then a negative shift of approximately 5-7 degrees should be 

observed.  

3.3.2 Results and Discussion 

Three paired samples t-tests were conducted to determine whether the three parameter 

estimates differed between the two masking conditions (simultaneous and delayed mask offsets). 

PGuess was significantly higher in the delayed mask (M = 39.5%, SEM = 3.3%) than simultaneous 

mask (M = 31.8%, SEM = 3.0%) condition, t(21) = 3.42, p = .003, d = 0.73. SD was also 

significantly higher in the delayed mask (M = 21.01°, SEM = 1.0°) than simultaneous mask (M = 

16.9°, SEM = 0.8°) condition, t(21) = 3.49, p = .002, d = 0.75. A one tailed paired samples t-test 

conducted to test for a negative shift in the delayed (M = -1.7°, SEM = 0.8°) relative to 
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simultaneous (M = -0.4°, SEM = 0.5°) mask offset condition revealed a marginal difference, t(21) 

= 1.46, p = .08, d = 0.31. However, two one sample t-tests were conducted to determine whether 

the mean shifts for the two mask offset conditions differed from 0. The delayed mask offset 

conditions mean was significantly different from 0, t(20) = 2.05, p = .05, d = 0.44. In contrast, 

the simultaneous mask offset mean did not significantly differ from 0, t(20) = 0.80, p = .43, d = 

0.17. 

In line with our prediction, delaying the offset of a four dot mask surrounding a moving 

and rotating target object produced increases in both PGuess and SD about a target’s orientation 

relative to a simultaneous mask offset condition. Importantly, these masking effects are highly 

similar to those observed by Harrison et al. (2015), providing additional support that the current 

paradigm is indeed capable of producing OSM. More critically, in support of our hypothesis 

regarding reduction in target sampling by OSM, a delayed mask offset also produced a negative 

shift in the mean of the non-guess response distribution.  

Although the mean shift of the delayed mask offset condition was significantly different 

from 0, the observed shift of 2°, a reduction in the perceived duration of motion of approximately 

3 ms, was smaller in magnitude than our predicted value of 5°. The smaller shift (or smaller 

reduction in the perceived duration of motion) compared to Experiment 1 could be attributed to a 

critical difference between the two tasks. In Experiment 1, there were 6 distractors presented 

along with the two target objects. Increased set size (number of objects presented in the display) 

increases the magnitude of OSM (e.g., Di Lollo et al., 2000). Thus, with only the two objects in 

Experiment 2, the masking effect may have been weaker producing a smaller reduction in 

perceived duration. Regardless of the difference in magnitude of the effect across the two 

experiments, the results of these experiments provide converging evidence in support of our 
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hypothesis that OSM leads to reduced sampling of perceptual information about a target object, a 

process involved in both the generation and maintenance of an object’s representation within 

consciousness.  

3.4 General Discussion 

OSM has provided key insights into how the visual system resolves situations of conflict 

during the formation of conscious object perception. However, our current understanding of how 

OSM impacts conscious visual experience is limited. Building on recent work showing that OSM 

can impact conscious representations following their formation (Harrison et al., 2015), in the 

present study we have extended the domain of OSM to include the modification of perceived 

duration of conscious object representations. We accomplished this by demonstrating across two 

experiments that delaying the offset of a four dot mask acts to reduce the perceived duration of a 

target object by approximately 3 (Experiment 2) to 10 (Experiment 1) ms. We interpret this 

finding within a framework in which OSM prematurely terminates the sampling of perceptual 

information pertaining to a target object. This framework emerged from a recent finding from 

Harrison et al., (2015) which suggested that OSM’s termination of target sampling occurs along 

a continuum, such that it acts both before and after a target object enters conscious awareness. 

The present study then provides supporting evidence that OSM disrupts the continuity of an 

object’s representation within consciousness. 

Although there are differences between the current experimental design and existing 

paradigms used to investigate OSM, there are several reasons to believe the same mechanism is 

involved. First, it could be argued that attention is focused on the two targets in the current task, 

whereas it is thought that OSM only occurs when attention is distributed across space (e.g., Di 

Lollo et al., 2000) or otherwise taxed in some way (e.g., Dux et al., 2011). However, because in 
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the current experiments the two targets are always presented on opposite sides of fixation, 

attention should be divided between these targets throughout their presentation duration. Further, 

a recent study has shown that OSM can actually be obtained for an attended and centrally 

presented target at fixation (Filmer, Mattingley, & Dux, 2015). That OSM can be obtained when 

attention is directed at a target challenges the necessity of divided attention in producing OSM 

and strengthens our conclusion that OSM can be obtained following sustained attention to two 

target objects.  

Second, the present results are consistent with the results of two other OSM studies that 

examined OSM following extended target presentation durations (Gellatly et al., 2010; Guest et 

al., 2012). For example, in Gellatly et al. (2010)’s Experiment 1, eight objects were presented for 

17, 200 or 500 ms. The target object was identified either simultaneous with its onset or 17 ms 

before its offset. Critically, when the target was not identified until 17 ms before its offset, 

awareness of the target’s response relevant feature (the location of a gap in a Landolt-C) was 

reduced under delayed mask offset conditions. This reduction in target feature awareness was not 

observed if the target was identified at its onset in the 200 or 500 ms presentation duration 

conditions. Similar results were obtained by Guest and colleagues (2012) who found OSM for 

long duration targets as long as the target object was not identified from surrounding objects 

until shortly before its offset (200-830 ms). Despite the fact that the measure (target feature 

discrimination) used to assess the effect of OSM on conscious representation in these two studies 

differed from the relative duration judgement used in the present investigation, a common 

explanation exists: delaying the offset of a four dot mask causes premature termination of 

perceptual sampling of the target information. In both cases, this causes information about a 

target immediately prior to the target’s offset to be withheld from conscious experience. Finally, 
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the replication of Harrison et al. (2015)’s effect that a delayed mask produces both increased 

PGuess and SD of orientation responses in Experiment 2 suggest that OSM can occur for objects 

presented for extended durations as long as the information required for behavioural response is 

continuously changing across time.  

 Across two experiments, we assessed whether delaying the offset of a four dot mask 

surrounding a consciously perceived target object could affect the perception of continuously 

updating information about a target. We found evidence that OSM can reduce the perceived 

duration of a conscious object’s representation and cause a negative temporal shift in the 

perception of continuously updating orientation information. We interpret this finding as the 

result of OSM disrupting a process of continuous information sampling about an object. 

Importantly, to date theories of OSM have only dealt with the effect of OSM on the emergence 

of conscious object representations. These theories will need to be modified to incorporate an 

explanation of the present results showing that OSM can impact conscious objects and modify 

their representations within conscious awareness. 
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Chapter 4 

General Discussion 

4.1 Summary of findings 

 Taken together, our results show that OSM is not an all-or-none discrete process. First, 

we found that OSM can reduce the precision of an object’s representation within conscious 

awareness (Chapter 2). Second, we found that OSM can reduce the perceived duration of a target 

(Experiment 1) and prematurely terminate the updating of a target’s orientation (Experiment 2) all 

within conscious awareness (Chapter 3). Although Kahan and Enns (2010) provided preliminary 

evidence that OSM could modify object representations without entirely removing them from 

consciousness, their results were problematic for two reasons. Namely their ‘object trimming’ 

effects were found in both simultaneous and delayed mask offset conditions and Guest et al. 

(2011) were unable to replicate their finding. The current results then provide the strongest 

evidence that OSM can modify conscious object representations in a graded fashion. We 

interpret the current results within a modified object updating framework. Specifically, in the 

presence of discrepant visual information regarding an object, OSM reflects the premature 

termination in the sampling of lower level perceptual information by higher order areas 

responsible for encoding that object.  

Our theory of target sampling interruption in OSM represents an important extension to 

existing theories for two reasons. First, existing theories of OSM have only described how four 

dot masking can lead to failures in the formation of a conscious percept. In contrast, we have 

extended OSM’s impact by showing that OSM can modulate conscious percepts that are already 

within conscious awareness, showing that OSM impacts visual processing beyond the initial 

formation of conscious representations. Second, contrary to all existing theories of OSM which 
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describe failures of target awareness as a discrete all-or-none event, we have provided 

preliminary evidence that OSM impacts conscious representation in a continuous, rather than 

discrete manner. 

4.2 Relating the present findings to theories of OSM 

 We have interpreted our findings within the object updating theory of OSM. However, 

the differences between the object updating framework and the two other re-entrant processing 

accounts of OSM are relatively nuanced. We believe interpretation of the present findings is 

most amenable to the object updating framework of OSM. However, we will outline in this 

section how each of the other three theories of OSM might be able to explain our findings. 

4.2.1 Di Lollo et al. (2000)’s theory of re-entrant hypothesis testing 

 To account for the present findings, we believe the re-entrant hypothesis testing account 

of OSM would need to make two central modifications to its framework. First, the iterative 

process of re-entrant hypothesis testing (Di Lollo et al., 2000; Jannati et al., 2013) would require 

a lower threshold for ‘successful’ generation of a conscious target representation. This early 

conscious representation would be very fragile or weak producing a very low precision response 

as measured in a continuous report paradigm (see methods Chapter 2). The target’s 

representational strength could then be increased by subsequent re-entrant cycles. This process 

ultimately becomes very similar to what we have described within the object updating account. 

Whether the ‘winning’ hypothesis would contain the mask’s information or only the target’s 

information was never specified in Di Lollo et al. (2000)’s framework. To explain the results of 

Chapter 3, it is possible that a re-entrant testing process similar to the one involved in the 

formation of conscious representations could be employed for encoding the termination of 

conscious representations. However, this is highly speculative as neither Di Lollo et al. (2000)’s 
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account of OSM nor the original re-entrant hypothesis testing framework of Mumford (1991; 

1992) addressed the role of re-entrant processing following the generation of a conscious 

percept. Additionally, re-entrant cycles have been proposed to occur every 60-100 ms 

(depending on which areas are communicating and the type of information being communicated; 

Fahrenfort et al., 2007) so the small temporal magnitude of the shifts observed in Chapter 3 are 

difficult to reconcile within such an account. However, following consolidation of a conscious 

object representation by re-entrant signals another more continuous process could be responsible 

for the maintenance and more continuous updating of information regarding that percept. Once 

again, this explanation essentially calls for Di Lollo et al.’s account to take on many of the 

principles of Lleras and Moore’s (2003) object updating account. Ultimately, modification of the 

re-entrant hypothesis testing framework would require elaboration on how the re-entrant 

hypothesis testing mechanism can produce gradations in the strength of conscious 

representations as well as how it could be used to maintain those representations within 

consciousness.  

4.2.2 Kahan and Lichtman (2006)’s theory of two object interference 

This theory was designed to explain the result that OSM can occur under conditions 

which encourage encoding of the target and mask as separate object files. In our experiments, the 

target and mask were always presented in overlapping locations in addition to undergoing 

synchronized motion (Chapter 3 Experiment 2), something that has been shown to further 

encourage bound consolidation of the target and mask. Thus, we believe our conditions are best 

explained within the single object account of the object file theories of OSM. However, it is 

possible that the design of the temporal duration judgment task (Chapter 3 Experiment 1) might 

encourage separate encoding of the target and mask. In this case, our temporal trimming effect 



 

51 

 

might be the result of separate object files of the target and mask competing for featural 

information at the same location. That is, delaying the offset of a four dot mask could interfere 

with the continuous updating process through spatial competition between separate object 

representations of the target and mask. This might explain why a significant (though smaller) 

reduction in the perceived duration of a target object was observed in Chapter 3 Experiment 1’s 

Control condition.  

4.2.3 Põder (2013)’s theory of attentional gating 

 Compared to all previous theories of OSM, Põder (2013)’s account challenges the role of 

re-entrant processing in OSM. Although Põder’s computational model provided very strong fits 

to the data from several canonical OSM experiments, no attempt was made to explain findings 

from the object updating account. This is a major limitation of Põder’s model, as it relies on the 

increased duration of the mask relative to the target to reduce the strength of the target’s 

representation (i.e., produce OSM). This is a problem because several experiments have shown 

that two identical delayed mask offset conditions can fail to produce OSM if prior perceptual 

information about the target and mask leads to them being perceived as separate objects (Gellatly 

et al., 2010; Guest et al., 2012; Moore & Lleras, 2005).  

 The finding of decreased target precision using the Jannati et al. (2013) modified OSM 

paradigm (see Experiment 2 of Chapter 2) also poses a challenge for Põder’s (2013) model 

because there is only a minimal increase in the duration of the mask relative to the target’s 

duration. However, Põder (2014) has argued that the subsequent presentation of the mask in the 

Jannati et al. (2013) paradigm is within the temporal window that attention would arrive at the 

target’s (and mask’s) location. One function of attention in attentional gating models is to 

increase the strength of the attended signal. Thus, the mask’s presence during attention’s arrival 
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would increase the interference (noise) from the mask on the target’s representation. Notably, he 

did not actually amend his model to test this theoretical explanation. Nonetheless, if Põder’s 

(2013) model could account for the Jannati et al. (2013) paradigm in the way Põder (2014) has 

described, then it is possible his model could explain the results of Chapter 2.  

A second issue is that his model is also only designed to deal with forced choice response 

paradigms, and so would need to be modified to account for continuous responses. Similar to the 

object updating explanation, Põder’s model could be adapted such that information sampling 

regarding the target’s offset would be prematurely terminated by the persistence of the mask. 

Simply put, the major distinction between Põder’s model and the object updating account of 

OSM is whether or not information sampling about the target’s representation occurs within one 

area of processing or between higher-order object areas and lower-order feature-based 

processing areas. Thus, we believe Põder’s framework is capable of being modified to explain 

our results.  

4.3 The nature of masked target representations in OSM 

In the present work I have expanded our understanding of how a delayed mask in OSM 

affects a target’s representations within conscious awareness. Specifically, we have presented 

evidence suggesting that rather than discretely removing the target’s representation before it 

enters conscious awareness, OSM acts to degrade the target along a continuum. Further, we have 

argued that the process of object updating, as assessed by OSM, can occur to objects within 

conscious awareness and that the mechanism of object updating is accomplished through the 

premature termination of the integration of information about the target into an associated higher 

order object representation. By showing that masked representations exist along a continuum and 

are modifiable, we now have a better understanding of the nature of these representations. 
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However, a further question remains as to the processing stage at which these representations 

exist. 

Object updating, or any of the other theories described above, proposes that the target is 

processed and stored before subsequent processing of the mask leads to its degradation or 

elimination. Interestingly, some of the functional division between early perceptual processing 

and memory has been based on findings from the study of visual masking. The transition from an 

early perceptual store to short term memory (STM), is largely defined by the resistance of STM 

representations to masking procedures (Phillips, 1974). That is, once an iconic memory 

representation transitions to STM, it is no longer susceptible to interference from the presentation 

of a mask. This appears to be the case for targets in OSM as well since ERP evidence suggests 

that on delayed-offset trials, incorrect responses were found to be the result of a failure to encode 

the target object into STM (Prime, Pluchino, Eimer, Dell’acqua, & Jolicœur, 2011).  

Iconic memory involves a high capacity storage system of perceptual information that 

decays rapidly after the offset of the stimulus (Phillips, 1974). This system is typically assessed 

using a delayed report paradigm in which a large set of items is briefly presented and participants 

are asked to recall items after a delay period (e.g., Sperling, 1960). STM capacity is identified by 

performance in the full report condition, where regardless of the size of the full set, participants 

are able to identify roughly 3-4 items (Luck & Vogel, 1997). However, when participants are 

given a report cue identifying a smaller subset of the display (partial report condition), near 

perfect performance is obtained (extrapolated capacity estimates of roughly 16 to 32 items), but 

only if this report cue is provided within 100-200 ms of the offset of the display (Sligte, Scholte, 

& Lamme, 2008). This finding shows both the large capacity of iconic memory and its rapid 

decay. Although this large capacity store is highly susceptible to standard masking procedures, 
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we know that OSM can be produced by masks that do not spatially overlap the target. Thus, it 

seems unlikely that interference in OSM is acting on iconic representations.  

Importantly, recent evidence suggests the existence of an intermediate store known as 

fragile STM (Sligte et al., 2008). This memory system is intermediate to iconic and STM stores 

in both capacity limits (roughly 8-12 items) and susceptibility to interference—fragile STM 

representations are less vulnerable to interference than iconic representations, but more 

vulnerable than traditional STM representations. This intermediate vulnerability to interference 

dovetails nicely with our findings from Chapter 2 and Experiment 2 of Chapter 3. Additional 

support for the existence of fragile STM comes from recent neural imaging evidence showing 

that fragile STM representations can be distinguished from other memory systems by 

information in an intermediate visual area (V4; Sligte, Scholte, & Lamme, 2009). Thus, future 

research should seek to investigate where target representations amenable to degradation by 

OSM are encoded in the brain.  

4.4 Future Directions 

If it is true that OSM selectively targets object representations in a fragile STM store, 

then this technique provides an opportunity to investigate the ontogeny of stable STM 

representations from their earliest perceptual origins. One limitation of the paradigm used in 

Chapter 2 is that it does not allow for identification of particular trials which were either 

‘guesses’ or ‘non-guesses’. This makes the application of neural imaging procedures to this 

paradigm problematic. However, one possible solution would be to pair the objective continuous 

orientation reports with a categorical subjective report on every trial. For example, using a 4 

point scale known as the perceptual awareness scale (Overgaard, Rote, Mouridsen, & Ramszoy, 

2006) participants would report the level of their perceptual awareness on every trial which 
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would allow for post-hoc classification of trials which contained stronger or weaker target 

percepts. This procedure combined with electroencephalography (EEG) could be used to identify 

the brain areas that encode the target’s representation, and particular neural signatures whose 

strengths’ correlate with the strength of the objective precision of the target’s representation.  

4.5 Conclusions 

 The present findings have extended our understanding of how the visual system resolves 

discrepancy between initial and subsequent input in the construction of conscious object 

perception. Specifically, using OSM we have provided novel evidence that discrepant visual 

input can reduce the quality of object representations (Chapter 2) and prematurely terminate the 

integration of an object’s dynamic information into conscious awareness (Chapter 3). Although 

we have not provided direct evidence for the role of re-entrant processing in our results, given 

the neurophysiological evidence implicating re-entrant processing in conscious vision and the 

modification of re-entrant processing by masking paradigms, we believe re-entrant processing is 

likely to play a role. Further, although we did not seek to determine the validity of one theory of 

OSM over another, we believe they all require elaboration in order to accommodate our results. 

In so doing, these findings have advanced our understanding of OSM, but more importantly they 

have helped inform our understanding of the nature of conscious object perception.  
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