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Abstract

The binding problem is fundamental to visual perception. It is the problem of associating an

object’s visual properties with itself and not with some other object. The problem is made particu-

lar difficult because different properties of an object, such as its color, shape, size, and motion,

are often processed independently, sometimes in different cortical areas. The results of these sepa-

rate analyses have to be combined before the object can be seen as a single coherent entity as

opposed to a collection of unconnected features. Visual bindings are typically initiated and

updated in a serial fashion, one object at a time. Here, we show that one type of binding, loca-

tion-identity bindings, can be updated in parallel. We do this by using two complementary tech-

niques, the simultaneous-sequential paradigm and systems factorial technology. These techniques

make different assumptions and rely on different behavioral measures, yet both came to the same

conclusion.

Keywords: Binding problem; Attention; Visual perception; Feature integration theory; Tracking;

Visual awareness

1. Introduction

The effortlessness of vision belies the challenges faced by the visual system. To accu-

rately perceive a single object, we need to distinguish its properties from those of other

objects in the visual scene and then associate its properties with itself, an issue known as

the binding problem (von der Malsburg, 1981; von der Malsburg & Schneider, 1986; Mil-

ner, 1974; Treisman, 1996). For example, when looking at Fig. 1, you are probably aware

that there are a number of crosses and that the colors red, blue, and green are present.

However, you are probably not aware whether a particular cross has both a green vertical

bar and a red horizontal bar without first attending to it and binding (i.e., associating) its

features together. Without binding you can be aware of the individual features present in
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the scene (Treisman & Gelade, 1980; Wolfe & Bennett, 1997), but binding is required

for you to be able to perceive whether or not an given object has a particular combination

of these features (von der Malsburg, 1981; von der Malsburg & Schneider, 1986; Milner,

1974; Treisman, 1996). The binding problem is ubiquitous to visual perception and

strongly constrains visual awareness (Crick & Koch, 1990; Howe, Evans, et al., 2009;

Wolfe, 2012).

It has been suggested that the binding problem is solved by the serial application of

attention (Treisman, 1996; Treisman & Gelade, 1980; Wolfe, 2012). In Fig. 1, you may

have found yourself inspecting the items one item at a time. According to feature integra-

tion theory, object features such as color, size, and shape are processed preattentively and

registered in parallel in separate feature maps. However, to perceive a complete object,

one must first bind together, across the separate feature maps, those features that belong

to the same object. Feature integration theory posits that this binding is achieved by

attending to the objects sequentially, one at a time. Because the visual system analyzes

only the features of the object to which it attends, this avoids the possibility of inadver-

tently combining features of different objects (Treisman & Gelade, 1980). Feature inte-

gration theory further predicts that if more than one object is simultaneously attended,

then properties of different objects may be perceptually combined, thereby forming illu-

sory conjunctions (Treisman & Schmidt, 1982). Consistent with this prediction, such illu-

sory conjunctions are perceived to occur in situations where it is difficult for observers to

confine their attention to just one object (Cohen & Ivry, 1989; Hazeltine, Prinzmetal, &

Elliott, 1997; Treisman & Schmidt, 1982).

The binding problem comes in a number of different forms (Di Lollo, 2012; Treisman,

1996). The property binding problem describes those situations where an observer needs

to associate different properties, or features, of the same object with each other (Treis-

man, 1996). For example, perceiving a red vertical bar requires the association of red

with vertical. Conversely, the location-identity binding problem describes those situati-

ons where an observer associates a particular object identity with a particular location

Fig. 1. In the first glance, you are probably aware that the scene contains a number of crosses and the colors

red, green, and blue. However, to see the colors that make up a particular cross, you need to bind those fea-

tures together. This process requires attention (Howe, Evans, et al., 2009; Treisman, 1996; Wolfe, 2012).
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(Treisman, 1996). For example, having found a red vertical, green horizontal cross, you

need to bind its identity with its location to be able to point to it. In this article, we will

concern ourselves with only the latter type of binding problem.

Here, we present evidence that shows that in some instances location-identity bindings

can be updated in parallel. We do this by using the multiple identity tracking (MIT) para-

digm (Horowitz et al., 2007; Oksama & Hy€on€a, 2004). This paradigm is closely related

to the more common multiple object tracking paradigm (Alvarez & Cavanagh, 2005;

Pylyshyn & Storm, 1988; Scholl, 2001; Yantis, 1992) but differs in that all the targets are

distinct and have to be tracked individually, thereby necessitating that their location-iden-

tity bindings are continuously updated. In MIT the observer is shown a number of distinct

objects, in our case different colored disks (Fig. 2). At the start of the trial four of them

are briefly ringed to indicate that these are targets to be tracked. The objects then move

around a computer monitor, and at the end of the trial the objects are briefly masked, all

become identical, and the observer is asked to locate each target in turn. For example,

the observer might first be asked to locate the target that was previously red. Because the

observer did not know when the trial was going to end, he can only locate each target if

he continuously associated each target with its ever-changing location. For this reason,

this task requires the observer to continuously solve the location-identity binding problem

for each target.

When tracking multiple objects, observers will often make eye movements. Often the

observers will fixate the centroid of the tracked objects but, depending on the number of

targets and the separation between the objects in the display, observers will sometimes

also track the targets by fixating each one in turn (Fehd & Seiffert, 2008; Fehd & Seifert,

2010; Huff et al., 2010; Zelinksy & Neider, 2008). The latter strategy necessarily intro-

duces a serial component into tracking. Because we were interesting in determining

whether location-identity bindings can ever be updated in parallel, we needed to prevent

Fig. 2. The multiple identity tracking (MIT) paradigm. In MIT, a subset of the objects is initially ringed to

indicate that these are the targets to be tracked. The objects then all move around. At the end of the trial,

they are briefly masked by multicolored masks and then all become identical. The observer is then asked to

locate a particular target (e.g., the blue one).
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observers from fixating each target in turn. Consequently, we studied MIT in a situation

where observers were required to maintain fixation on a fixation cross, so could not fixate

each target in turn.

Currently, there is only one model of MIT, the model of multiple identity tracking

(MOMIT; Oksama & Hy€on€a, 2008). According to this model, the identity-location bind-

ings are refreshed and maintained by a serial mechanism and this is how observers are

able to keep track of which target is where. MOMIT assumes that the observer can obtain

the location information of all objects continuously and in parallel. However, this infor-

mation is not indexed, so this cannot be used to determine which target is where. Instead,

identity-location bindings are maintained and updated in visual short-term memory

(VSTM) by the serial application of attention. To refresh a particular identity-location

binding, MOMIT first inspects whichever object is closest to the previously remembered

location for the target of the identity-location binding to be refreshed. If the inspected

object is in fact the target of that particular identity-location binding, then the binding is

refreshed with the new location information. Otherwise, MOMIT repeatedly attends to

the other objects in the scene until the target is found, at which point its identity-location

information is refreshed. While this procedure allows for a target to be recovered, the

cost is that it then takes longer to refresh the other identity-location bindings, making it

more likely that these targets will also be lost, so will also need to be recovered. This is

why MOMIT only has time to track a finite number of targets. In an extended study,

Oksama and Hy€on€a (2008) demonstrated that MOMIT can provide a good account of a

wide range of behavioral data on MIT.

The work by Oksama and Hy€on€a (2008) would therefore seem to strongly argue that

location-identity bindings are updated in series. However, related work in the multiple

object tracking (MOT) paradigm argues against this conclusion. MOT is very similar to

MIT except that in the former all the targets are identical to each other. At the start of an

MOT trial the observer is shown a number of objects and a subset are briefly highlighted

to indicate that these are the targets to be tracked. All the objects are physically the same,

for example, they might all be gray disks. The objects then all move about for a few sec-

onds after which the observer is asked to indicate the locations of the targets. Crucially,

the observer does not need to distinguish the targets from each other as he would in the

MIT paradigm.

There is considerable evidence that MOT occurs in parallel. For example, both Pyly-

shyn and Storm (1988) and Yantis (1992) attempted to construct serial models of MOT.

Like the MOMIT model, both sets of these models assumed that the targets are attended

to one at a time. When it was time to re-attend to a given target, the models assumed that

whichever object was closest to that target’s previous remembered position was the tar-

get. If the objects were moving too fast or the time taken to re-attend a target was too

long, then this assumption would not be valid and a distractor would be mistaken for a

target. Both studies concluded that serial models could not account for MOT performance

without assuming that attention could be switched between targets at an unrealistically

fast rate. Consequently, both studies rejected serial models in favor of a parallel account

of MOT.
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This conclusion was supported by two further studies. Alvarez and Cavanagh (2005)

demonstrated that tracking occurs essentially independently in the left and right hemi-

fields, a result that is inconsistent with a serial model that assumes a single focus of

attention. To explain this result a serial model would at a minimum have to assume two

independent attention foci, one for each hemifield (Cavanagh & Alvarez, 2005). Using

the simultaneous-sequential paradigm, discussed below, Howe, Cohen, Pinto, and Horo-

witz (2010) provided direct evidence even against this type of serial model, concluding

that in MOT tracking most likely occurs in parallel.

There is therefore an apparent contradiction in the literature. While there is strong evi-

dence that MOT occurs in parallel, there is also evidence that MIT occurs in series.

Given that the paradigms are so similar, it is unlikely that they would be achieved by dif-

ferent mechanisms. However, to date, no one has attempted to directly investigate

whether MIT is achieved by a serial or by a parallel process. That is the aim of this

study. By answering this question we will then be able to determine whether identity-

location bindings can be maintained in parallel as MIT necessitates the continuous updat-

ing of identity-locations bindings.

1.1. The simultaneous-sequential paradigm

We have adapted the simultaneous-sequential paradigm (Eriksen & Spencer, 1969;

Shiffrin & Gardner, 1972) to MIT, having previously applied it to MOT (Howe et al.,

2010). Unlike the conventional MIT paradigm, in the simultaneous-sequential paradigm

the disks do not move continuously. Instead, they repeatedly pause (Fig. 3). In the simul-
taneous condition, all the disks move and pause simultaneously. Conversely, in the

sequential condition, the disks are divided into two groups, each group containing half

the targets, and only one group moves at any one time. Crucially, in each condition, each

disk moves and pauses the same number of times, does so for the same duration and trav-

els the same total distance. In these respects the motion discontinuities are the same in

the two conditions.

To illustrate the utility of this paradigm, let us consider what predictions both a paral-

lel model with independent channels and a serial model with independent stages make.

These models are often referred to as the standard parallel model and the standard serial

model, respectively (Townsend & Asby, 1983). A standard parallel model assumes that

all objects are continuously and independently tracked regardless of their state of move-

ment (Alvarez & Franconeri, 2007; Pylyshyn & Storm, 1988). Thus, it would treat both

conditions the same and consequently predict that the observers’ tracking performance

would be the same in both conditions.

Conversely, a standard serial model would predict tracking performance that should be

greater in the sequential condition. For example, according to MOMIT, the identity-loca-

tion bindings of the targets are updated in order of increasing location uncertainty, which

in the case of our experiment would mean that the moving targets would be updated pref-

erentially as their location uncertainty is usually the greatest. Thus, in the sequential con-

dition, MOMIT would preferentially attend to the two moving disks. So its effective
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tracking load would be approximately two disks. Conversely, in the simultaneous condi-

tion, it would need to attend to all four disks, thereby approximately doubling its effec-

tive tracking load. Because halving the effective tracking load allows MOMIT to track

disks at approximately double the speed than it could otherwise, MOMIT predicts that an

observer should be able to track the disks at approximately twice the speed in the sequen-

tial condition as it can in the simultaneous condition.

In the above analysis, we have focused on MOMIT as an example of a serial model of

MIT. However, a similar analysis would hold for any serial model that assumes that

attention is directed preferentially to the moving targets. Such an assumption is reason-

able for three reasons. First, it is known that motion onsets preferentially direct attention

to moving targets (Abrams & Christ, 2003). Second, there is both EEG (Drew, Horowitz,

Wolfe, & Vogel, 2011) and fMRI (Howe, Horowitz, Morocz, Wolfe, & Livingstone,

2009) evidence that during tracking attention is indeed preferentially directed to moving

targets as opposed to stationary ones. Third, a previous MIT study has shown that observ-

ers preferentially attend to those targets that are in danger of being lost (Iordanescu,

Fig. 3. Stimulus display used in the sequential and simultaneous conditions of Experiment 1. Four targets

were presented in four different colors (orange, green, blue, and purple), each with a color-matched distractor.

At the start of the trial, targets were briefly identified with black rings. All objects moved and paused alter-

nately. The duration of each movement/pause phase was 0.5 s. In the sequential condition, only half of the

objects moved at one time. In the simultaneous condition, all objects moved and paused in synchrony. Trial

length randomly varied between 8 and 16 s. At the end of each trial, objects were masked and observers

identified each target in turn in a random, unpredictable order.
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Grabowecky, & Suzuki, 2009), which in this case would typically be the moving targets.

Thus, while our analysis is expressed in terms of MOMIT, it is likely to apply to any

serial account of MIT.

1.2. Systems factorial technology

Although the simultaneous-sequential paradigm has been commonly used to determine

whether various psychological processes are serial or parallel (Eriksen & Spencer, 1969;

Howe et al., 2010; Huang, Treisman, & Pashler, 2007; Shiffrin & Gardner, 1972), it is

not definitive (Townsend & Asby, 1983). As discussed above, it relies on the assumption

that attention will be directed preferentially to moving objects. For this reason we sought

to obtain converging evidence by using a complementary approach, systems factorial

technology (Townsend, 1992; Townsend & Nozawa, 1995). Because these two

approaches make different assumptions and are based on different behavioral measures

(accuracy vs. reaction times), if both arrive at the same conclusion then that would con-

stitute very strong evidence for that conclusion.

Systems factorial technology is an extension of the Sternberg additive factors method-

ology (Sternberg, 1969) and is a common technique for distinguishing between parallel

and serial processing (Fific & Townsend, 2010; Fific, Townsend, & Eidels, 2008; Houpt

& Townsend, 2010; Nozawa, Reuter-Lorenz, & Hughes, 1994; Sung, 2008; Townsend &

Fific, 2004; Townsend & Nozawa, 1995; Yamani, McCarley, Mounts, & Kramer, 2012).

Consequently, we will give only a brief outline of how it works and refer the reader to

the original sources for mathematic proofs (Townsend & Nozawa, 1995; Townsend &

Wenger, 2004).

The observers perform an MIT experiment similar to before. Partway through the

movement phase, the two targets might darken either by a small (S) amount, by a large

(L) amount, or not at all (N). If either the targets darkened, the observer is instructed to

push a response button as quickly as possible. In the case that both targets did darken,

they may both do so by a large amount (the LL condition), one might darken by a large

amount and the other by a small amount (a mixed trial), or both might darken by a small

amount (the SS condition)1. The more salient the change, the faster it is likely to be pro-

cessed, and the faster the reaction time is likely to be. By measuring the reaction time

distributions it can be determined whether the two probed targets were processed in series

or in parallel (Townsend & Nozawa, 1995). A simple way to do this would be to measure

the mean reaction time for each of the three conditions and then calculate the mean inter-

action contrast (MIC; Houpt, Blaha, McIntire, Havig, & Townsend, 2013), sometimes

also referred to as the interaction contrast of the means (Townsend & Wenger, 2004):

MIC ¼ RTLL þ RTSS � 2RTmixed ð1Þ

where RTLL is the mean reaction time for the LL condition, etc. A serial model predicts

that since each target is analyzed in turn the total reaction time is equal to the sum of the

reaction times for the detection of the darkening of each of the two targets. It follows that
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the MIC would therefore be equal to zero (Townsend & Wenger, 2004). Conversely, a

MIC < 0 would exclude a serial account (Townsend & Wenger, 2004).

The problem with this analysis is that on its own the MIC cannot distinguish between

a parallel process and a coactive process. In a coactive process the decision threshold is

applied to the summation of the activity of the two inputs, rather than having a separate

decision threshold for each input (Houpt et al., 2013). To distinguish between coactive

processes and parallel processes, one needs to consider the survivor interaction contrast

(SIC) (Townsend & Nozawa, 1995).

The survivor function, S(t), is the probability that an event, such as an observer’s

response, has not happened by time t. Letting X designate the occurrence of an observer’s

response, we can write the survivor function as

SXðtÞ ¼ PrfX[ tg ð2Þ

Using the survivor functions for the three conditions listed above, we can calculate the

survivor interaction contrast:

SIC ¼ SLLðtÞ þ SSSðtÞ � 2SmixedðtÞ ð3Þ

In our experiment the observer was required to press a key whenever either target

darkened. It follows that if both targets darken, the observers need notice only the dark-

ening of just one of them before he can respond. In the literature such a task is described

as obeying a self-terminating stopping rule to signify that in some circumstances the

observer is able to make a decision without considering both inputs (Townsend & Noza-

wa, 1995). This stopping rule is sometimes also referred to as an OR stopping rule in

analogy to the OR logic gate (Houpt et al., 2013).

The alternative to the self-terminating stopping rule is the exhaustive stopping rule

(Townsend & Nozawa, 1995), otherwise known as the AND stopping rule (Houpt et al.,

2013). According to this stopping rule, the observer is required to inspect both inputs

before making a decision. Although our task did not require observers to do this, they

might still have done so. As discussed below, we can use the SIC function to determine

if this was the case.

In Fig. 4 we show the predicted SIC function for each of the two potential stopping

rules (exhaustive or self-terminating) and for both serial and parallel processing (Town-

send & Nozawa, 1995). Fig. 5 shows the prediction for the coactive model (Eidels, Hou-

pt, Altieri, Pei, & Townsend, 2011; Townsend & Nozawa, 1995). Because coactive

processing combines the two inputs before making a decision, it only ever makes just a

single decision, so the concept of a stopping rule does not apply in its case.

Another useful measure that can characterize the operation of a system is its capacity.

Capacity is a measure of the ability of a system to process stimuli simultaneously. It is

calculated by measuring the change in the processing speed of a stimulus when it is

simultaneously presented with additional stimuli. If there is no decrease in the speed of

processing of the first stimulus when a second stimulus is presented, the system is said to
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have unlimited capacity, denoted by a capacity coefficient of one. If the presentation of

additional stimuli slows the processing of the first stimulus, the system is said to have lim-

ited capacity, denoted by a capacity coefficient < 1, but > 0. Alternatively, the speed of pro-

cessing of the first stimulus might be increased by the presentation of additional stimuli.

Such a system is said to have super capacity, denoted by a capacity coefficient > 1.

The actual formula used to calculate the capacity coefficient depends on the stopping

rule required by the task. Because our task required an OR stopping rule, the formula we

used to calculate capacity is given below:

CORðtÞ ¼ H
_

1...nðtÞ
Pn

i¼1

H
_

i
ðtÞ

ð4Þ

where H
_

1...nðtÞ is the cumulative hazard function when all sources are present and

H
_

iðtÞ is the cumulative hazard function when only the ith source is present (Townsend &

Nozawa, 1995).

Fig. 4. Representative predictions for the survivor interaction contrast for serial and parallel processing for

each of the two potential stopping rules.

Fig. 5. Representative prediction for the survivor interaction contrast for a coactive process.
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2. Experiment 1: Simultaneous-sequential paradigm with targets whose unique
identities were continuously visible

The purpose of this experiment was to apply the simultaneous-sequential technique to

the MIT paradigm to determine whether the targets could be tracked in parallel. If they

can, this would show that identity-location bindings can be updated in parallel.

2.1. Participants

The study consisted of 15 participants (5 female) aged 18–30 years (M = 23.4) with

normal or corrected-to-normal visual acuity as verified by a Good-Lite near vision eye

chart. All reported having normal color vision. These were all University of Melbourne

undergraduate or graduate students, who were reimbursed $15/h for their time. All pro-

vided informed written consent and the experiments were approved by the Department of

Human Ethics Advisory Group in the School of Psychological Sciences at the University

of Melbourne.

2.2. Apparatus and stimuli

The Stimuli were presented using the Psychophysics toolbox version 3 (Brainard,

1997; Pelli, 1997) and were presented 60 cm from the observer on a CRT monitor with

30° by 40° white display area. The experiment utilized the simultaneous-sequential para-

digm as illustrated in Fig. 3. Eight disks, each subtending 1 degree (°) of visual angle,

were presented. Two were orange, two were green, two were blue, and two were purple.

A small, gray central fixation cross, subtending 1°91°, was visible throughout each trial.

2.3. Procedure

Each participant took part in a total of 10 practice trials and 80 experimental trials,

equally divided between the two conditions (simultaneous and sequential), presented in a

random order. Participants were encouraged to take breaks between trials as needed. Par-

ticipants were instructed to maintain fixation on the central cross throughout each trial to

ensure that they did not sequentially foveate the disks. (Had they not obeyed this instruc-

tion, performance would have been superior in the sequential condition, the opposite of

what was observed.) At the beginning of each trial, all objects were displayed and imme-

diately began moving. Four of the disks were ringed with black circles for 4 s to indicate

that these were the targets to be tracked. Each target was a different color. Disks moved

and paused alternately (in either simultaneous or sequential fashion, as described in

Fig. 3) for a random duration between 8 and 16 s. When in motion, disks moved in

straight lines except that each disk and the fixation cross was surrounded by an invisible

buffer that prevented the center-to-center separation of any two disks becoming < 4° or

any disk approaching within 4° of the fixation cross. At the end of each trial, all disks
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ceased moving and were masked with multicolor concentric ring masks for 0.25 s before

turning black. The participants were then asked to click on a particular color target (e.g.,

the blue one) via a text instruction at the top of the screen. This request was repeated so

that in total two targets were quizzed. The two targets to be quizzed were chosen ran-

domly on each trial. The faster the targets move, the harder it is to track them (Alvarez

& Franconeri, 2007; Bettencourt & Somers, 2009). The QUEST staircase routine (Watson

& Pelli, 1983) was used to find the maximum speed at which, for each observer, the tar-

gets could still be tracked in each condition. The maximum tracking speed was defined to

be that at which tracking accuracy was at 75%. Maximum tracking speed was used as the

measure of tracking performance because, as discussed above, serial models and parallel

models make very different predictions as to the maximum speed at which disks can be

successfully tracked in the two conditions. It has been argued that it is not the tracking

speed but the total distance traveled by the objects that determines the tracking accuracy

(Franconeri, Sumeeth, & Scimeca, 2010). Because the trial duration was held constant,

tracking speed correlated perfectly with the total distance traveled, so this possibility does

not materially affect our analysis.

When piloting this experiment, it was found that some participants would sometimes

verbally recite the color names while performing the tracking task. To prevent the use of

this verbal rehearsal strategy, participants were required to continuously recite the word

“animal” aloud throughout the duration of each trial. Observers were continuously moni-

tored to ensure compliance with this verbal recitation task. Participants were not provided

with feedback on their performance.

2.4. Results

As discussed previously, a standard serial model would predict that the maximum

tracking speed in the sequential condition should be double that of the simultaneous con-

dition. The results are shown in Fig. 6 and contradict this prediction. A within-subjects

t-test showed no significant difference between the average maximum tracking speeds in

the simultaneous and sequential motion conditions, t(14) = 0.71, p = 0.492, Cohen’s
d = 0.217 (paired t-test, equal variance not assumed, predetermined alpha level = 0.05).

This finding is consistent with a parallel process.

3. Experiment 2: Simultaneous-sequential paradigm with targets whose unique
identities were not continuously visible

In the previous experiment the identities of the objects were continuously visible dur-

ing the tracking phase to mimic real life where the identities of objects are also continu-

ously visible. Most MIT experiments have adopted this procedure (Cohen, Pinto, Howe,

& Horowitz, 2011; Horowitz et al., 2007; Iordanescu et al., 2009; Oksama & Hy€on€a,
2008; Pinto, Howe, Cohen, & Horowitz, 2010). A drawback with this paradigm is that

there is the potential for the observer to realize when a tracking error has occurred and to
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rectify it. Indeed, MOMIT explicitly makes the assumption that observers will do this

(Oksama & Hy€on€a, 2008). Consequently, the observer’s performance on this task might

reflect not only the observer’s tracking ability but also his or her ability to recover from

errors. Because we wanted a pure measure of tracking ability, in Experiment 2 we used a

version of the MIT paradigm where all the objects became the same color after the initial

target identification phase so that during the tracking phase they were all identical (Hud-

son, Howe, & Little, 2012; Pylyshyn, 2004), thereby making it impossible for the obser-

ver to recover from tracking errors. It is important to note that tracking in this

experiment still required observers to continuously refresh the location-identity bindings

of the targets in VSTM. Just because the target identities are not visible does not mean

that location-identity bindings are not refreshed. Indeed, if observers were not able to

refresh (i.e., update) these bindings, then they would be unable to identify the targets at

the end of the trial.

We were also interested in determining if our results would depend on the number of

targets the observer tracked. We therefore varied the target number between two and four

targets and adopted a two-way factorial design target number (two or four tar-

gets) 9 motion condition (simultaneous vs. sequential).

3.1. Participants

Fifteen participants (six female) aged 18–33 years (M = 22.8) took part. As before, all

had normal or corrected-to-normal vision and gave informed consent. None had partici-

pated in the previous experiment.

3.2. Apparatus and stimuli

The apparatus was the same as before. To address the possibility that the verbal recita-

tion task used in Experiment 1 might have influenced tracking behavior, this verbal reci-

tation was not used in this experiment. As this made tracking easier, the number of disks

was increased to sixteen to maintain overall tracking difficulty. All disks were black

Fig. 6. Maximum speed at which the targets could be tracked in the two conditions in Experiment 1. Error

bars, both here and in figures for subsequent experiments, represent the Cousineau–Morey within-subjects

standard error of the mean (Cousineau, 2005; Morey, 2008).
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except at the start of the trial when either two or four disks briefly became colored, each

a different color, to indicate that these were the targets to be tracked. During the tracking

phase, all the disks were identical.

3.3. Procedure

The procedure was similar to before. Each participant took part in a total of 10 practice

trials and 160 experimental trials, equally divided between the four conditions, presented in

a random order. We employed a 2 9 2 design where we crossed type of motion (simulta-

neous vs. sequential) with number of targets (2 or 4). For each of the four conditions, the

QUEST staircase procedure was used to find the maximum tracking speed at which track-

ing accuracy was at 75%. As before, participants were instructed to maintain fixation on

the central cross throughout each trial to ensure they did not sequentially foveate the disks.

3.4. Results

The results are shown in Fig. 7. The dependent variable is tracking speed. A two-way

within-subjects analysis of variance (ANOVA) found a significant main effect for target

number, with tracking performance significantly better in the two target conditions than

in the four-target conditions, F(1, 14) = 75.12, p < .001, partial g2 = 0. 86. However, no

main effect was found for motion type (simultaneous or sequential), F(1, 14) = 0.01,

p = .93. Nor was there evidence of an interaction between motion type and target num-

ber, F(1, 14) = 0.02, p = .902.

This experiment confirmed the result of the previous experiment in that we found

tracking performance not to be significantly different in the simultaneous and sequential

conditions. This did not depend on the number of targets that were tracked. This null

result is unlikely to have been caused by our experiment being underpowered because we

were able to show a large effect of target number on tracking performance. As discussed

previously, a standard serial model would predict that type of motion (i.e., sequential vs.

simultaneous) should affect tracking performance as much as target number.

Consequently, if we can find very strong evidence for the latter, we should be able to find

Fig. 7. Maximum tracking speed for the four conditions in Experiment 2.
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evidence for the former had tracking been serial. Thus, this experiment also argues

against a serial account of identity tracking.

4. Experiment 3: Converging evidence using systems factorial technology

The previous two experiments both used the same technique, the simultaneous-sequen-

tial paradigm, and found evidence that MIT occurs in parallel. In this experiment we used

a complementary technique, systems factorial technology, to investigate the same ques-

tion. To use systems factorial technology it was necessary to make all the objects identi-

cal during the tracking stage. However, this does not mean that observers did not need to

continuously refresh the identity-location bindings. As explained earlier, unless the obser-

ver continuously refreshed these identity-location bindings, the observer will not know

where the targets are at the end of the trial.

4.1. Participants

There were three participants (two female) aged 22–37 years (M = 27.0), with one of

the authors (PH) participating. As before, all had normal or corrected-to-normal vision and

had provided informed consent. None had participated in the previous two experiments.

4.2. Apparatus and stimuli

The apparatus was the same as before. There were two sets of four disks, with each

set of disks confined to stay within its own 10° 9 10° white square, bounded on all sides

by a light gray border, located either to the left or right of a black 1° 9 1° fixation cross.

Each disk subtended 0.75° and moved at a preset speed 4°/s (i.e., the disks all moved

continuously, they did not pause, and no QUEST staircase procedure was used in this

experiment). Disks were surrounded by invisible buffers that prevented the center-to-cen-

ter spacing between two disks becoming < 1.5°. Except at the beginning of the trial, all

disks were light gray and identical to each other.

4.3. Procedure

At the start of the trial one disk turned red and another disk turned green to indicate

that these were the targets to be tracked. Because it has previously been shown that track-

ing occurs quasi-independently in the left and right visual hemifields (Alvarez & Cava-

nagh, 2005; Hudson et al., 2012), both targets always occupied the same hemifield to

avoid any possible hemifield-independence effects. Both disks then reverted to gray, so

were identical to the other disks in the display and to each other. They then continued to

move around the display. No verbal recitation task was used.

During the movement phase, each of the two target disks could darken by either a

large amount (L), a small amount (S) or might not darken at all (N). (In each trial each
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disk could darken only once and if both target disks darkened they would do so simulta-

neously). We employed a double factorial paradigm, so in total there were nine condi-

tions, as illustrated below. In total, each observer completed 2,250 trials with each

condition being presented equally often. This ensured that there was no correlation

between the darkening of one target and the darkening of the other target. The double

factorial paradigm is a standard, recommended procedure, which allows us to calculate

the mean interaction contrast, the survivor interaction contrast, and the capacity all from

a single data set (Townsend & Nozawa, 1995). As discussed previously, in the moving

phase there was no physical difference between the two target disks and they were each

equally likely to occupy any region of the hemifield. For this reason, the LS condition

and the SL condition are equivalent, so were combined and are referred to as a mixed

trial in our subsequent analysis (Table 1).

If either of the disks that darkened were targets, then the observer was instructed to push

a response button as quickly as possible. The response time was defined as the time from

the initial darkening of the disk to the time the observer pushed the response button. If the

observer pushed the response button, all the disks then stopped moving and the observer

was asked to identify the location of a particular target, for example, the green one. In each

trial, only one darkening episode occurred. After each trial, feedback was provided.

In the case that both the disks that darkened were targets, there were three possibilities.

Either both target disks darkened by a large amount (a LL trial), one target darkened by

a large amount and the other by a small amount (a mixed trial), or both targets darkened

by only a small amount (a SS trial). For each of the three trial types the distribution of

reaction times was recorded and converted into survivor functions and analyzed using the

sft toolbox in the R statistical processing package (Houpt et al., 2013).

4.4. Results

Observers were able to identify the location of the queried target at the end of the trial

with 95% accuracy averaged across the three observers, indicating that observers dili-

gently maintained the identity-location binding for each target. We discarded any trial

where the observer failed to correctly identify the location of the queried target at the

end of the trial or where the observer responded but neither the targets had darkened (the

average false-positive rate was just 2.7%). This ensured that we considered only trials

where the observers had managed to maintain accurate identity-location bindings.

Central to systems factorial technology is the assumption that the manipulation of an

input will affect the processing of that input but will not affect the processing of the other

Table 1

Showing the nine different conditions of the double factorial paradigm. Targets might darken by a large

amount (L), a small amount (S), or might not darken at all (N)

Target 1, Target 2 L,L L,S L,N

S,L S,S S,N

N,L N,S N,N
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input. This assumption is usually referred to as effective selective influence (Townsend &

Nozawa, 1995). For our experiments, it means that the darkening of one of the targets

should affect the processing of that target, that is, the detection of the darkening of that

target, but not the processing of the other target. Effect selective influence implies that

the survivor functions should be ordered as follows:

SLLðtÞ\SmixedðtÞ\SSSðtÞ ð5Þ

Because it is not possible to directly test for selective influence, it is instead necessary

to test for the implied ordering of survivor functions (Houpt et al., 2013). The survivor

functions for the three observers are shown in top row of Fig. 8. For each observer we

performed a series of Kolmogorov–Smirnov tests to test for the above predicted ordering,

relative to the null hypothesis of equivalence. At the 0.05 level of significance we found

that, for all observers, SLL < Smixed and Smixed < SSS (see the appendix for the results of

the individual observers). We also found that for none of the observers were either of the

following tests significant: SLL > Smixed and Smixed > SSS. This demonstrates the ordering

implied by effective selective influence.

For each observer, we calculated the mean interaction contrast (MIC). For all observers this

was > 0 at the 0.05 significance level (adjusted rank transform test, average MIC = 0.0455).

This allows us to reject serial processing but does not allow us to distinguish between parallel

and coactive processing. To do this, we need to consider the survivor interaction contrasts

shown in the bottom row of Fig. 8. Performing the Houpt–Townsend KS-SIC test at a signifi-

cance level of 0.05 showed that each of these was at some point significantly > 0, but none

of them was ever significantly < 0 (see Appendix). This allowed us to rule out coactive

Fig. 8. Top row: survivor functions. The black dots represent the LL condition, the green crosses represent

the mixed condition, and the blue circles represent the SS condition. Bottom row: survivor interaction

contrasts.
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processing and conclude that the processing was parallel with a self-terminating stopping rule,

that is, an OR stopping rule (see Fig. 4 for further details).

We then calculated the capacity coefficient (Fig. 9). For all three observers, the capacity

coefficient was found to be significantly < 0 under the Houpt–Townsend UCIP test. As

such, our data are compatible both with an inhibitory, interactive parallel system (Eidels

et al., 2011) and with a limited capacity independent parallel system (Townsend & Asby,

1983). Our data cannot be used to distinguish between these two types of model. This find-

ing of a limited capacity is consistent with other studies that have also showed that tracking

capacity is limited in that increasing the number of objects to be tracked; that is, increasing

the tracking load makes it harder to keep track of the objects (Alvarez & Franconeri, 2007).

5. Discussion

The above three experiments have demonstrated that multiple identity tracking (MIT)

is mediated by a parallel process. As MIT necessitates the continuous updating of iden-

tity-location bindings, this shows that identity-location bindings can be updated in paral-

lel. This is surprising because other forms of the binding problem, such as the property

binding problem, which is the mutual association of two properties of the same object,

are thought to be mediated by a serial process in which only one object is attended at a

time, thereby preventing attributes of different objects being conjoined (Treisman, 1996).

Experiments 1 and 2 utilized the simultaneous-sequential technique. This technique

rests on the assumption that attention will be directed preferentially to the moving

objects. On the one hand, it is known that motion onsets preferentially direct attention to

moving targets (Abrams & Christ, 2003), and a previous MIT study has shown that

observers preferentially attend to those targets that are in danger of being lost (Iordanescu

et al., 2009), which in this case would be the moving targets. On the other hand,

directing attention to the moving targets would require attention to be switched between

the targets every 250 ms. While this would certainly imply rapid switching, the required

switching frequency is not implausible (Egeth & Yantis, 1997; Horowitz, Wolfe, Alvarez,

Cohen, & Kuzmova, 2009; Saarinen & Julesz, 1991; Wolfe, Alvarez, & Horowitz, 2000).

Fig. 9. The capacity coefficient as a function of time for the three observers.
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In fact, Hogendoorn, Carlson, and Verstraten (2007) have provided evidence for much

faster attentional switching times in the context of tracking, reporting that attention can

sometimes be shifted between objects in as little as 30 ms.

Another possibility is that although observers can switch their attention between targets

in a rapid fashion, they might not be able to direct their attention preferentially to the

moving targets because they still need to continuously refresh the location-identity

bindings of the stationary targets. We believe that this possibility is unlikely as the loca-

tion-identity binding would need to be refreshed more often for moving targets as their

location information becomes outdated more rapidly (Oksama & Hy€on€a, 2008). Consis-
tent with this assumption, there is both EEG (Drew et al., 2011) and fMRI (Howe, Horo-

witz et al., 2009) evidence that during tracking attention is preferentially directed to

moving targets as opposed to stationary ones. As such, Experiments 1 and 2 argued

strongly against a serial account of identity tracking and in favor of a parallel account,

albeit one with a limited capacity.

Experiment 3 utilized a different paradigm, systems factorial technology (Townsend &

Nozawa, 1995), to address the same question from a different perspective. As discussed

previously, this approach is complementary in that it makes different assumptions to the

previous paradigm. In this paradigm the observer needed to both track and monitor the

two targets, pressing a key whenever either of them darkened. Using this paradigm, we

were able to demonstrate that both targets were attended simultaneously (Townsend &

Wenger, 2004). Because it is generally accepted that tracking is mediated by attention

(Cavanagh & Alvarez, 2005; Oksama & Hy€on€a, 2008), this data argue also against a

serial account of MIT. For example, the MOMIT model explicitly assumes that tracking

is achieved by attending to each target in turn, one target at a time, in a serial fashion.

As such, it cannot account for our finding that the two targets were attended simulta-

neously. Indeed, no previously proposed serial model of tracking can account for our data

because they all assume that attention is directed to only one object at a time (Pylyshyn

& Storm, 1988; Tripathy, Ogmen, & Narasimhan, 2011; Yantis, 1992).

From our data, it is clear that the targets are both attended and tracked in parallel.

There are a number of models of tracking that would appear to be consistent with this

finding (Alvarez & Franconeri, 2007; Bettencourt & Somers, 2009; Cavanagh & Alvarez,

2005; Kazanovich & Borisyuk, 2006; Vul, Frank, Tenebbaum, & Alvarez, 2009). How-

ever, these models were designed only to address the MOT paradigm, so in their current

state are unable to assign a unique identity to each target as is required for MIT. In prin-

ciple there seems to be no reason why they could not be extended to do so.

5.1. Capacity limitations

Our third experiment demonstrated a capacity limitation: detecting a change to one target

reduced the observer’s ability to detect a change to a second target. This finding is consistent

with previous studies that have shown that tracking one target makes it harder to track a

second target, implying that tracking in general is capacity limited (Alvarez & Franconeri,

2007). It has previously been suggested that although targets are tracked in parallel, they are
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not attended continuously (Vul et al., 2009). Instead, they are periodically sampled with

tracking accuracy determined by the sampling frequency. If this sampling frequency were to

decrease as more targets were tracked, this would explain why tracking difficulty increases

with an increasing number of targets (Vul et al., 2009). At least two previous studies have

found evidence that attentional sampling frequencies do in fact decrease with increasing

number of targets (Holcombe & Chen, 2013; Howard, Masom, & Holcombe, 2011).

5.2. Formation versus maintenance of identity-location bindings

While this study has shown that identity-location bindings can be maintained in paral-

lel, this does not speak to the issue of whether their initial formation occurs in parallel.

An experiment by Huang et al. (2007) addressed this issue using the simultaneous-

sequential paradigm. Observers were briefly presented with two disks, each having a dif-

ferent color. These disks were either presented simultaneously or sequentially. After this

initial presentation, the disks were masked, and the observer was shown a color and asked

if either disks matched this color. It was found that accuracy was higher in the sequential

condition than in the simultaneous condition, implying that the two disks were analyzed

sequentially (Huang et al., 2007). Although there is now some debate whether this result

applies when there are only two objects in the scene (Mance, Becker, & Liu, 2012), there

seems to be general agreement that the processing is serial if there are more than two

objects, providing each object has a different color. Thus, it seems that the initial analysis

of objects generally occurs sequentially.

This finding could be explained in terms of object files (Kahneman, Treisman, & Gibbs,

1992). Object files are proposed to be episodic representations, distinct from long-term

memory, within which successive states of an object are linked and integrated. An object file

can contain a range of information about a specific object such as its features and location,

but is addressed only via its location. It is assumed that the set-up of an object file is deter-

mined by attention (Kahneman et al., 1992) and occurs in a serial manner, one object at a

time (Treisman & Gelade, 1980). The perception of multiple objects would require the con-

struction of multiple object files, one for each object, so would be a serial processes, consis-

tent with the findings of Huang et al. (2007). After the initial set-up, each object file would

need to be continuously refreshed so that it could accurately represent the current state of

the object, including any location changes. If the refreshing of the location information in

these object files could occur in parallel, then this would explain the finding of our study that

multiple identity-locations bindings can be maintained in parallel. Further work is needed to

test this speculation. In particular, one would need to use systems factorial technology to test

the claim that the initial representations of objects can be formed only one object at a time.

6. Conclusion

When an object is viewed, different features of that object are processed independently

(Treisman & Gelade, 1980; Wolfe, 2012). To achieve a valid perception, the features of an
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object must be cognitively associated with it and distinguished from those of other objects

(Treisman, 1996; Wolfe & Cave, 1999). It is assumed that such binding can generally occur

only one object at a time (Treisman, 1996; Treisman & Gelade, 1980). As MIT requires the

binding of each target’s unique identity to its constantly changing location, it was assumed

that this too could only be achieved one item at time, necessitating tracking to occur in a

serial fashion as formalized, for example, by the MOMIT model (Oksama & Hy€on€a, 2008).
We tested this assumption using both the simultaneous-sequential paradigm (Eriksen &

Spencer, 1969; Shiffrin & Gardner, 1972) and systems factorial technology (Townsend &

Nozawa, 1995; Townsend & Wenger, 2004). Because these two techniques make different

assumptions and are based on different behavioral measures, if they both arrive at the same

conclusion then this would amount to strong evidence for that conclusion. Both showed that

identity tracking, and thus the updating of location-identity bindings, can occur in parallel.
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Note

1. Traditionally one distinguishes between the LS condition, where the first target

darkens by a large amount and the second darkens by a small amount, and the SL

condition where the converse occurs. Because in our experiments both targets were

equivalent in that they could both move anywhere within the visual hemifield, this

distinction is not helpful. These two conditions were therefore combined and jointly

referred to as the “mixed” condition.
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Appendix
Test for ordering of survivor functions (Kolmogorov–Smirnov test)

Subject Test Statistic p Value

PH SLL < SLS 0.097 .049

SLS < SSS 0.360 <.001
SLL > SLS 0.028 .775

SLS > SSS 0.009 .975

MW SLL < SLS 0.184 <.001
SLS < SSS 0.381 <.001
SLL > SLS 0.004 .995

SLS > SSS <0.001 1.000

AB SLL < SLS 0.118 .011

SLS < SSS 0.392 <.001
SLL > SLS 0.041 .582

SLS > SSS <0.001 1.000

These tests show that for all three observers the ordering of the survivor functions is

consistent with effective selective influence.
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Tests of SIC (Houpt–Townsend KS-SIC test)

Subject Test Statistic p value

PH SIC > 0 0.325 <.001
SIC < 0 0.009 .990

MIC 0.065 <.001
MW SIC > 0 0.266 <.001

SIC < 0 0.029 .905

MIC 0.033 <.001
AB SIC > 0 0.408 <.001

SIC < 0 0.041 .816

MIC 0.043 <.001

These statistics show that for all three observers the survivor interaction contrast (SIC)

contained a significant positive component but not a significant negative component. The

mean interaction contrast (MIC) was significantly different from zero. Combined, these

two sets of statistics allow us to conclude that observers used a parallel processing strat-

egy and a self-terminating stopping rule.

Capacity (OR version—Houpt–Townsend UCIP test)

Subject Test Statistic p Value

PH �5.07 < .001

MW �4.22 < .001

AB �5.57 < .001

For all three observers, the capacity was significantly < 0, demonstrating that the system

has limited capacity.
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