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SHORT ABSTRACT:

Temporal-order judgments can be used to estimate processing speed parameters and
attentional weights and thereby to infer the mechanisms of attentional processing. This
methodology can be applied to a wide range of visual stimuli and works with many attention
manipulations.

LONG ABSTRACT:

This protocol describes how to conduct temporal-order experiments to measure visual
processing speed and the attentional resource distribution. The proposed method is based on a
new and synergistic combination of three components: the temporal-order judgments (TOJ)
paradigm, Bundesen’s Theory of Visual Attention (TVA), and a hierarchical Bayesian estimation
framework. The method provides readily interpretable parameters, which are supported by the
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theoretical and neurophysiological underpinnings of TVA. Using TOJs, TVA-based estimates can
be obtained for a broad range of stimuli, whereas traditional paradigms used with TVA are
mainly limited to letters and digits. Finally, the meaningful parameters of the proposed model
allow for the establishment of a hierarchical Bayesian model. Such a statistical model allows
assessing results in one coherent analysis both on the subject and the group level.

To demonstrate the feasibility and versatility of this new approach, three experiments are
reported with attention manipulations in synthetic pop-out displays, natural images, and a cued
letter-report paradigm.

INTRODUCTION:

How attention is distributed in space and time is one of the most important factors in human
visual perception. Objects that capture attention because of their conspicuity or importance are
typically processed faster and with higher accuracy. In behavioral research, such performance
benefits have been demonstrated in a variety of experimental paradigms. For instance,
allocating attention to the target location speeds up the reaction in probe detection tasks?.
Similarly, the accuracy of reporting letters is improved by attention?. Such findings prove that
attention enhances processing, but they remain hopelessly mute about how this enhancement
is established.

The present paper shows that low-level mechanisms behind attentional advantages can be
assessed by measuring the processing speed of individual stimuli in a model-based framework
that relates the measurements to fine-grained components of attention. With such a model,
the overall processing capacity and its distribution among the stimuli can be inferred from
processing speed measurements.

Bundesen's Theory of Visual Attention (TVA)3 provides a suitable model for this endeavor. It is
typically applied to data from letter report tasks. In the following, the fundamentals of TVA are
explained and it is shown they can be extended to model temporal-order judgment (TOJ) data
obtained with (almost) arbitrary stimuli. This novel method provides estimates of processing
speed and resource distribution which can be readily interpreted. The protocol in this article
explains how to plan and conduct such experiments and details how the data can be analyzed.

As mentioned above, the usual paradigm in TVA-based modeling and estimation of attention
parameters is the letter report task. Participants report the identities of a set of letters which is
briefly flashed and typically masked after a varying delay. Among other parameters, the rate at
which visual elements are encoded into visual short-term memory can be estimated. The
method has been successfully applied to questions in fundamental and clinical research. For
instance, Bublak and colleagues* assessed which attentional parameters are affected in
different stages of age-related cognitive deficits. In fundamental attention research, Petersen,
Kyllingsbaek, and Bundesen® used TVA to model the attentional dwell time effect, the observer's
difficulty in perceiving the second of two targets at certain time intervals. A major drawback of
the letter report paradigm is that it requires sufficiently overlearned and maskable stimuli. This
requirement limits the method to letters and digits. Other stimuli would require heavy training
of participants.
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The TOJ paradigm does not require specific stimuli or masking. It can be used with any kind of
stimuli for which the order of appearance can be judged. This extends the stimulus range to
pretty much everything that could be of interest, including direct cross-modal comparisons®.

Investigating attention with TOJs is based on the phenomenon of attentional prior entry which
is a measure of how much earlier an attended stimulus is perceived compared to an
unattended one. Unfortunately, the usual method for analyzing TOJ data, fitting observer
performance psychometric functions (such as cumulative Gaussian or logistic functions), cannot
distinguish whether attention increases the processing rate of the attended stimulus or if it
decreases the rate of the unattended stimulus’. This ambiguity is a major problem because the
guestion whether the perception of a stimulus is truly enhanced or if it benefits because of the
withdrawal of resources from a competing stimulus is a question of both fundamental and
practical relevance. For instance, for the design of human-machine interfaces it is highly
relevant to know if increasing the prominence of one element works at the expense of another
one.

The TOJ task usually proceeds as follows: A fixation mark is presented for a brief delay, typically
a randomly drawn interval shorter than a second. Then, the first target is presented, followed
after a variable stimulus onset asynchrony (SOA) by the second target. At negative SOAs, the
probe, the attended stimulus, is shown first. At positive SOAs, the reference, the unattended
stimulus, leads. At an SOA of zero, both targets are shown simultaneously.

Typically, presenting the target refers to switching the stimulus on. Under certain conditions,
however, other temporal events, such as a flicker of an already present target or offsets are
used?®.

In TOJs, responses are collected in an unspeeded manner, usually by keys mapped to the
stimulus identities and presentation orders (e.g., if stimuli are squares and diamonds, one key
indicates “square first” and another one “diamond first”). Importantly, for the evaluation, these
judgments must be converted to “probe first” (or “reference first”) judgments.

In the present work, a combination of the processing model of TVA and the TOJ experimental
paradigm is used to eliminate the problems in either individual domain. With this method,
readily interpretable speed parameters can be estimated for almost arbitrary visual stimuli,
enabling to infer how the observer's attention is allocated to competing visual elements.

The model is based on TVA's equations for the processing of individual stimuli, which will be
shortly explained in the following. The probability that one stimulus is encoded into visual
short-term memory before the other is interpreted as the probability of judging this stimulus as
appearing first. The individual encoding durations are exponentially distributed®:
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The maximum ineffective exposure duration t; is a threshold before which nothing is encoded
at all. According to TVA, the rate v, ; at which object x is encoded as member of a perceptual
category i (such as color or a shape) is given by the rate equation,

Uy = Ux,iﬁiﬁ- (2)

The strength of the sensory evidence that x belongs to category i is expressed in 7, ;, and f; is a
decision bias for categorizing stimuli as members of category i. This is multiplied by attentional
weights. Individual attentional weights w,, are divided by the attentional weights of all objects
in the visual field. Hence, the relative attentional weight is calculated as

Wy = My, TG, (3)

JER
where R represents all categories and 7, ; represents the sensory evidence that object x
belongs to category j. The value ; is called pertinence of category j and reflects a bias to make
categorizations in j. The overall processing capacity C is the sum of all processing rates for all

stimuli and categorizations. For a more detailed description of the TVA, refer to Bundesen and
Habekost’s book®.

In our novel method, Equation 1, which describes the encoding of individual stimuli, is
transformed into a model of TOJs. Assuming that selection biases and report categories are
constant within an experimental task, the processing rates v, and v, of the two target stimuli
probe (p) and reference (r) depend on C and the attentional weights in the form v,= C - w), and
V.= * W,, respectively. The new TOJ model expresses the success probability Ppm that a
participant judges the probe stimulus to be first as a function of the SOA and the processing
rates. It can be formalized as follows:

1 — e~vpISOAI 4 e—vaSOAI(U‘%) ifSOA<0
P T

e~ VrISOA| (v"%) otherwise. (4)
14 r

Ppm(vp, v, SOA) =
A more detailed description of how this equation is derived from the basic TVA equations was
described by Tlinnermann, Petersen, and Scharlau’.
For the sake of simplicity, the parameter t; is omitted in the model in equation 1. According to

the original TVA, t, should be identical for both targets in the TOJ task, and, therefore, it
cancels out. However, this assumption may sometimes be violated (see section Discussion).
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For fitting this equation to TOJ data, a hierarchical Bayesian estimation scheme?! is suggested.
This approach allows to estimate the attentional weights w), and w,. of the probe and reference
stimuli and the overall processing rate C. These parameters, the resulting uptake rates v, and
V., and attention-induced differences between them can be assessed on the subject and group
levels along with estimated uncertainties. The hierarchical model is illustrated in Figure 1.
During the planning stage for an experiment, convenient Bayesian power analysis can be
conducted.

The following protocol describes how to plan, execute and analyze TOJ experiments from which
processing speed parameters and attentional weights for visual stimuli can be obtained. The
protocol assumes that the researcher is interested in how an attentional manipulation
influences the processing speed of some targets of interest.

PROTOCOL:

NOTE: Some steps in this protocol can be accomplished using custom software provided (along
with installation instructions) at http://groups.upb.de/viat/TVATOJ. In the protocol, this
collection of programs and scripts is referred to as “TVATOJ”.

1. Selection of stimulus material

1.1) Select stimuli according to the research question.

NOTE: In general, two targets are shown at different locations on the screen. Stimuli that have
been used with the present method include, for example, shapes, digits, letters, singletons in
pop-out displays, and objects in natural images. The latter three types were used in this
protocol.

NOTE: Several different stimulus types are included in the TOJ plugin (“psylab_toj_stimulus”
provided with TVATOJ) for the experiment builder OpenSesame®2.

1.2) When creating new stimulus types, make sure that the properties of interest have to be
encoded for the judgment by making them important for the task or select stimuli where the
properties of interest are encoded automatically (e.g., singletons in pop-out displays).

2. Power estimation and planning

2.1) Perform a Bayesian power analysis by simulating data sets with the selected model,
planned design (SOA distribution and repetition), sample sizes, and hypothesized parameters.

NOTE: Estimate whether it is likely to reach the research goal (for instance, a certain difference

in the v parameters). If the power is not sufficient, alter the design by adding or shifting SOAs
or repetitions and repeat the analysis.
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2.1.1) To use the provided TVATOJ software, open and edit the script “expl-power.R”. Follow
the comments in the file to adjust it for the specific analysis. For general information on
Bayesian power estimation refer to Kruschke®3.

3. Specification or programming of the experiment

3.1) Use an experiment builder or psychophysical presentation library to implement the
experiment.

3.1.1) To use the OpenSesame TOJ plugin provided in TVATOJ, drag the “psylab_toj_stimulus”
plugin in a trial presentation loop. Alternatively, open the “simple-toj.osexp” example
experiment in OpenSesame.

3.1.2) Select the desired stimulus type from the dropdown menu “Stimulus type” in the
psylab_toj stimulus configuration. Follow the instructions in TVATOJ for adding new stimulus
types if required.

3.2) Specify the trials as described in the following steps.

3.2.1) For every experimental condition, create trials with the planned SOAs. When using the
psylab_toj_stimulus plugin and OpenSesame, add all varied factors as variables to the trial loop
(e.g. “SOA”).

3.2.2) Add rows to the table to realize all factor combinations (e.g., seven SOAs, from —100 to
100 ms, crossed with the experimental conditions “attention” and “neutral”). Adjust the loop’s
“Repeat” attribute to create sufficient repetitions (see protocol step 2 for determining the
distribution and repetition of SOAs).

NOTE: Typically, at most 800 trials can be presented within one hour. If more repetitions are
needed, consider splitting the experiment into several sessions. Make sure that the “Order”
attribute of the loop is set to “Random” before running the experiment.

3.2.3) In the psylab_toj_stimulus plugin configuration, add placeholders (e.g. “[SOA]”) for the
varied factors in the respective fields. Enter constant values in the fields of factors that are not
varied.

NOTE: Before running the experiment, make sure that accurate timing is guaranteed. If
appropriate timing behavior of newer monitors was not verified, use CRT monitors and
synchronize with vertical retrace signal*?.

4. Experimental Procedure

4.1) Welcoming and briefing of the participants
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4.1.1) Welcome the participants and inform them about the general form of the experiment
(computer-based perception experiment). Inform the participants about the prospective
duration of the experiment. Obtain the participants' informed consent to participate in the
experiment.

4.1.1.1) Ensure that the participants show normal or corrected-to-normal vision (optimally by
conducting short vision tests). Some deficits, such as color blindness, may be tolerable if they
do not interfere with the research question for the particular type of stimulus material.

4.1.1.2) Provide a quiet booth where the experiment is conducted. Adjust the chair, chin rest,
keyboard position, and so on, to ensure optimal viewing and response conditions for the
experiment.

4.1.2) Make the participants aware that the experiment requires attention and mental focus
and can be fatiguing. Ask them to take short breaks when required. It is, however, equally
important not to perform these simple tasks under strong attentional strain. Tell the
participants that it is okay to make some errors.

4.2) Instruction and warm-up

4.2.1) Present onscreen instructions for the task, detailing the presentation sequence and
response collection procedure. Inform the participants that the task is to report the order in
which the targets arrived, and that this will be difficult in some trials. Ask the participants to
report their first impression when they cannot tell the order for certain and let them guess if
they have no such impression at all.

NOTE: In the binary TOJs used here, there is no option to indicate the perception of
simultaneity. To avoid excessive guessing, do not point out the presence of trials with
simultaneously presented targets explicitly. Let these simply be difficult trials with the
instructions outlined above.

4.2.2) To avoid eye movements during the trials, ask participants to fixate a mark whenever it is
shown on the screen. Ask them to rest their head on a chin rest.

4.2.3) Ask the participants to take short breaks if necessary. Let them know when breaks are
allowed and when they must be avoided (e.g., during the target presentation and before the
response).

4.2.4) Include a short training in which participants can get used to the task. To this end,
present a random subset of the experimental trials (see protocol step 3.2).

NOTE: Because the task itself is rather simple, ten to twenty trials are usually sufficient. It can

be advantageous to increase the participants' confidence in their performance in this task. This
can be done by slowing down the presentation and providing feedback.
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4.2.5) Obtain the participants' confirmation that they have understood the task (let them
explain it) and that they have no further questions.

4.3) Running the main experiment

NOTE: Let the experimental software start with the presentation of the main trials. Leave the
booth for the main experiment.

5 Model-based analysis of the TOJ data

5.1) Convert the raw data files into counts of “probe first” judgments for every SOA. For
instance, run the script “os2toj.py” provided with TVATOJ.

5.2) Run the Bayesian estimation procedure to estimate the main parameters w, and C, the
derived ones v, and v, and the differences of the parameters. For this purpose, run the script
“run-evaluation.R” after editing it according to the instructions provided in the file.

5.3) When the sampling has finished, the differences of interest for the research questions can
be assessed. Examples can be found in the following section.

REPRESENTATIVE RESULTS:

In the following, results obtained with the proposed method are reported. Three experiments
measured the influence of different attentional manipulations with three highly different types
of stimulus material. The stimuli are simple line segments in pop-out patterns, action space
objects in natural images, and cued letter targets.

Experiment 1: Salience in pop-out displays

Experiment 1 aimed at measuring the influence of visual salience on the processing speed of
line segments in a synthetic pattern. Subjects judged which of two target line segments (left or
right) in a background pattern of oriented line segments flickered first. In half of the trials, the
probe was a color pop-out (see Figure 2a). More background on TOJ-based assessment of pop-
out can be found in a study by Kriiger and colleagues®, where local orientation salience was
manipulated instead of color. The distribution and frequency of the SOAs are shown in Figure
2b.

A Bayesian power analysis was conducted as described in the protocol step 2. For typical group
overall rates C (M = 70 Hz, SD = 20) and a hypothetical advantage from about 7 Hz for the
salient target in the attention condition (resulting from an attentional weight of M = 0.55,
SD = 0.02), 200 simulations were performed. The success rate for detecting the advantage
was calculated for the lower boundary of the 95 % HDI being above 4 Hz and fulfilling
additional requirements regarding the difference to the control condition (see TVATOJ example
“power-expl.R” for all details). The success rate for reaching this goal under the hypothetical
conditions with 25 participants turned out to be 0.88 with a 95 % HDI ranging from 0.82 to
0.92.
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For the actual experiment, 30 participants were recruited. One participant was excluded from
the analysis because he did not follow the instructions but always pressed the same key.

[Place Figure 2 here]

The data was fitted with the TOJ model derived from TVA (as described in the Introduction)
using a hierarchical Bayesian procedure implemented in JAGS. Figure 2c shows three
exemplary subject-level plots of the raw data and posterior predictive estimates obtained from
subject-level samples of the fitted model. Group-level posterior predictive curves are shown in
Figure 2d and parameter estimates in Figure 2e and f. Depending on the research question,
parameters C and the relative attentional weights w, and w,. (Figure 2e) or the individual rate
parameters v, and v, (Figure 2f) can be assessed. If the overall processing capacity C was
changed by the manipulation, the latter parameters can show whether and how the individual
stimulus processing rates have changed.

The proposed hierarchical Bayesian estimation procedure offers a wealth of results. For
example, all parameters can be assessed for each participant on the subject level. Typically,
there is interest in tendencies in the population. Hence, the results on the group level are
discussed. The histograms show distributions over the parameter space. The modes of the
distributions are stated to indicate the parameters’ central tendencies. 95 % HDIs (highest
density intervals) mark the ranges in which the true values lie with a probability of 95 %
according to model and data (for further details on how to interpret the Bayesian statistics,
refer to Kruschke13).

Figure 2e shows estimates of the means across subjects for the weight and overall rate
parameters. An attentional benefit for the salient stimulus can be seen in the attention
condition. The central tendency of parameter wy, is 0.59, and its 95 %-HDI ranges from 0.55 to
0.63. Hence, salience shifted the attentional weight away from the neutral value of 0.5. In the
control condition, where none of the targets was salient, a neutral weight of w),, = 0.5 was
obtained (95 % HDI: 0.48 to 0.51). The corresponding row “Comparison” shows that the
difference between the w, weights across conditions is 0.09, and the 95 % HDI of this
difference ranges from —0.11 to 0.07. Hence, there is a reliable difference between the two
weights in favor of the salient stimulus.

However, does this mean that the salient target was processed faster? The difference in
weights together with the shared overall rate C in the attention condition indicate that it was
processed faster than the non-salient target in this condition. However, an important question
is whether it was also processed faster than the targets of the control condition. Taking the
estimates of the processing rates into account, the answer must be no. The C estimate shown
in Figure 2e is lower in the attention condition by a difference of almost 17 Hz. In the
corresponding “Comparison” plot, 0, no difference, is just at the fringe of the 95 % HDI; hence
it is highly unlikely. Considering the individual rates of the probe (v,) and reference (v;)
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stimulus in both conditions (Figure 2f), it is clear that the advantage of the salient stimulus
results from a 16 Hz reduction of the processing rate of the non-salient stimulus in the
attention condition. A possible interpretation of these results is that the salient target leads to a
suppression of the non-salient target in the attention condition and thereby benefits in relation.

Note that in this experiment, even though the appearances of probe and reference were
identical in the neutral condition, the delay between trial start and probe event was constant.
Therefore, participants could have directed attention towards this point in time, thus shifting
the attentional weight away from a neutral value 0.5. Consequently, the actual attentional
weight of the probe stimulus in the control condition must be estimated and cannot be fixed to
0.5. Fixing the parameter is possible when the participant cannot tell even in principle which is
the probe and which the reference stimulus, as in the control condition in Experiment 3.

Experiment 2: Action space advantages in natural images

The second experiment measured attentional advantages for objects in the action space in
natural images. From change blindness studies it is known that center-of-interest objects
benefit from meaning-driven orienting in natural images'*. This effect is absent when images
are obscured by upside-down presentation. In unpublished change blindness experiments, we
found an action space advantage with a set of images with changes in action-space and
background objects. (There is a published replication with similar stimulus material®®). We
hypothesize that these action space objects, which are close to the observer and possibly
graspable, exhibit a similar advantage in their processing rates.

Thus, the proposed TOJ-based method is tested with natural images. Action space (probe) and
more distant (reference) objects, which appeared abruptly in natural images, constituted the
targets for the TOJ procedure (see Figure 3a). In a between-subjects control condition, upside-
down versions of the same images were used. These are known to have reduced context effects
in change detection experiments'>'¢. The SOA between the onsets was varied according to the
distribution shown in Figure 3a.

A power estimation was performed exactly as for Experiment 1, except that between-subject
comparisons between experimental and control condition were conducted. The success rate for
achieving the goal was estimated with 0.92 (95 % HDI: 0.88 to 0.96) with 35 simulated
participants per condition (details can be found in the TVATOJ example “power-exp2.R”).

There were 39 subjects in the attention condition and 38 in the control condition of the actual
experiment. (Some subjects participated in both conditions. To our knowledge, this does not
compromise the Bayesian statistical analysis. Treating the mixed data as between-subjects
reduces the power compared to considering the within-subject differences.) Again, one
participant (the same person in both conditions) was removed from the analysis of each
condition, due to having given intentionally random responses throughout the experiment.

[Place Figure 3 here]
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This data was fitted in the same manner as in the first experiment. The only difference was that
because of the between-subjects design, parameter differences between the two conditions
could not be calculated during the sampling at the subject level. This reduces the power in
comparison to within-subject differences.

The exemplary subject-level and the group-level posterior predictive distributions in Figure 3c
show distributions that are barely shifted against each other. The two conditions overlap
almost perfectly in the group-level posterior predictive plot (Figure 3e), so that it may seem as if
the attention manipulation had not worked at all. Inspecting the posterior distributions of the
parameters, however, reveals that there indeed is an advantage for the action space objects.
The w,, estimate in the attention condition is shifted away from the neutral state of 0.5, which
is only at the very left end of the 95 % HDI. Curiously, however, it is also shifted in the control
condition, with the 95 % HDI even excluding 0.5, suggesting that the inversion of the images did
not remove the potential action space advantage.

Considering the comparison of the individual stimulus processing rates (Figure 3f,
“Comparison”), an effect of attention can be seen for the rate of the reference stimulus v,.
However, the difference points in the direction opposite to the hypothesis and is small,
reflecting a rate change of only 2 Hz (95 % HDI: —3.36 to 0.66).

Therefore, it must be concluded that either (a) the attentional advantage of action space
objects is due to a factor that is not affected by the scene inversion, such as salience or
visibility. Alternatively, (b) the scene inversion does not reduce the action space effects as
intended; or (c) the power of the present experiment was too small to detect the effect.
Explanations (a) and (b), or a combination, are the likely ones. In our unpublished change-
blindness experiments mentioned earlier, which were conducted with the same images, there
was still an advantage (though reduced) for the action space objects in inverted scenes.

In the context of this method-centered paper, alternative (c) may be the most interesting one.
Therefore, the magnitudes of possibly overlooked effects will be briefly discussed. Looking at
the comparison of the attentional weights, the lower bound of the 95 % HDI, which reflects the
hypothesized direction, is at —0.01. Hence, only weights larger by 0.01 in the attended
compared to the control condition are probable. This difference is small compared to the other
experiments, and the odds are against even such a small effect. This is reflected by the upper
HDI bound reaching 0.04. Looking at the processing rates is helpful because the rates in Hz can
be readily interpreted as processing speed.

The differences between the two conditions are shown in the “Comparison” row in Figure 3f.
Difference Av, between the reference stimuli is negative, —2.03 Hz, and the 95 % HDI excludes
0. The negative difference reflects an increase in the processing rate of the reference targets,
the background objects, which too is against the action space advantage hypothesis. A small
attentional advantage is still possible in the processing rates of the probe targets, Their
difference Av, is estimated close to zero, but the 95 % HDI ranges from —1.64 Hz to 1.51 Hz.
Even though a value close to zero is most probable, rate effects up to 1.64 Hz in favor of the
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hypothesis, and up to 1.51 Hz against it, remain possible concerning the 95 % HDI. Overall,
these results are not favorable for the original hypothesis, but their discussion showed how
meaningful sizes of possibly missed effects can be conveniently extracted from the results. Note
that for accepting null results, such as the lacking reduction of the action space advantage by
rotating the images, regions of practical equivalence can be defined and their overlap with the
95 % HDI can be tested!! (see Discussion section).

Experiment 3: Spatial cueing in letter recognition
The third experiment investigated the limits of the proposed TVA-based TOJ model and shows
how the model can be extended to deal with these difficulties.

What is it that gets the proposed method into trouble? In the two previous experiments, the
participants had to judge two temporal events. Now we add a third temporal event, a
peripheral cue that is shown 110 ms before the probe stimulus to direct attention toward it.
This third event presents difficulties to simple the TVA-based TOJ model, for which only two
stimuli are explicitly modeled.

[Place Figure 4 here]

Magnitudes of attentional benefits reported in the TOJ literature already hint at these
difficulties. The latency differences induced by peripheral cues are often as high as 50 % and
sometimes even as high as 80 % of the cueing interval®®. As illustrated in Figure 4, such a large
shift would require unlikely attentional weights close to w,, = 0.9 at typical processing rates.
Furthermore, such extreme weights lead to highly skewed psychometric distributions. These
would have a steep slope at one end and a shallow slope at the other end. In a weaker
manifestation, this can be seen in the posterior predictive plots of the first experiment (Figure
2c and d). Such strongly distorted curves are rarely reported. When the data from the present
peripheral cueing experiment is fitted with the TVA-based TOJ model, the posterior predicted
curves strongly deviate from the actual data pattern.

Importantly, however, peripheral cues produce the strongest and most reliable effects of
attention in psychophysical TOJ?°. Therefore, it is worthwhile to apply a model-based
assessment with an extended version of the proposed model. Alcald-Quintana and Garcia-
Pérez?! proposed a TOJ model based on general assumptions of exponential stimulus encoding.
This model contains an additional parameter that allows for large shifts without altering the
slopes of the psychometric curves. Alcala-Quintana and Garcia-Pérez used it for crossmodal
TOlJs, where such shifts originate from delays between modalities. Hence, to model data from
cued TOlJs, we include their parameter 7. A delay between the start of the encoding processes
could account for the expected large lateral shifts. The parameter T may even have a TVA-
compatible interpretation. However, this is not entirely unproblematic and will be discussed
later. To keep the model parsimonious, other parameters suggested by Alcala-Quintana and
Garcia-Pérez (response biases, lapses, and a minimum possible temporal resolution) were not
included.
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Formally, the original psychometric model in equation 4 is modified by replacing the term SOA
by an adjusted term SOA,q = SOA + 7. This adjustment also reflects the interpretation of 7:
the starts of exponential encoding processes are now not only separated by the SOA, but an
additional constant delay is added. In the hierarchical Bayesian model, subject level 7 is
sampled from a group-level normal distribution.

An explicit power analysis was not performed for this experiment. Because the within-subjects
design is similar to the one from Expriment 1, a similar power is expected for effects in the rates
and attentional weights. The expected large lateral shift to be captured by the t parameter is
much larger and more stable than the rate and weight effects typically are, so that no power
problem can be expected for detecting it either.

Data was collected for 32 participants (among them the three authors) according to the
experimental procedure described in the protocol step 4. Participants had to report the order
of two letters. In half of the trials the probe stimulus was preceded (110 ms) by a peripheral
four-dot cue (see Figure 5a). A detailed description of the stimulus material can be found in
Tinnermann, Petersen, and Scharlau’s study’. The SOAs and their frequencies are shown in
Figure 5b. Each participant performed one or two sessions.

[Place Figure 5 here]

The extended model as described above was applied in the hierarchical Bayesian estimation
procedure. (For participants who produced very steep psychometric curves in the first session,
smaller SOAs were used in the second session. This can be seen, for example, in the leftmost
plot Figure 5c, which contains additional data points at small SOAs.) Because of the more
complex model, the powerful NUTS sampler from Stan software package was employed in this
analysis?2.

In the other experiments, the probe stimulus could have a different processing rate than the
reference stimulus, even in the control condition. In Experiment 1, this was because the
participants could have allocated attention to its predictable point in time relative to the trial
onset. In Experiment 2, the inversion of images was not expected to entirely remove the
advantage of action space objects. In this letter-based cueing experiment, however,
participants would not even in principle be able to identify which is the probe and which the
reference stimulus, because the same random letters were used and the time between trial and
target onset did not allow to conclude the target type. Therefore, a truly neutral control
condition is expected and w,, fixed at 0.5 and 7 at zero in the neutral condition.

As can be seen in Figure 5c and d, the cue leads to a substantial shift of the psychometric
function compared to the other experiments. Furthermore, the posterior plots in Figure 5f
show that 7 is estimated as a 53.27 ms benefit for the cued target. The 95 % HDI on the
difference (“Comparison” row) excludes all differences smaller than 47.56 (or larger than
57.73), rendering them highgly improbable.
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Interestingly, there is a change in attentional weights in favor of the uncued target (Figure 5e).
The posterior distribution of w,, has its mode at 0.42. The neutral weigth of 0.5 is not included
in the 95 % HDI. For the C parameter, there is an increase by 4.69 Hz for the attention
condition. Expressed in v-parameters (Figure 5f), it is most notable that the rate v, of the
reference stimulus in the attention condition increases.

In the previous two experiments, it was observed that the attention manipulations increased
the attentional weight of the probe stimulus. In the present experiment, however, the pattern
could reflect an interference of the cue with the target, thereby reducing its rate in the race for
encoding. At the same time, the cued target benefits from the faster processing due to the t
parameter. The latter can be linked to the reduction of the cued target's delays before or after
the exponential races. Note, however, that concerning 7, an prolongation of a delay associated
with the uncued stimulus explains the relative difference equally well.

FIGURE LEGENDS:

Figure 1: Graphical model used in the Bayesian estimation procedure. Circles indicate
estimated distributions; double circles indicate deterministic nodes. Squares indicate data. The
relations are given on the right side of the figure. The nodes outside the rounded frames
(“plates”) represent mean and dispersion estimates of TVA parameters (see Introduction) on
the group level. In the “j Subjects” plate, it can be seen how attentional weights (w) are
combined with the overall processing rates (C) to from stimulus processing rates (v) on the
subject level. Plate “i SOAs” shows how these TVA parameters are then transformed (via the
function P ,1s¢ described in the Introduction) into the success probability (6) for the binomially
distributed responses at each SOA. Therefore, the 8 together with the repetitions of the SOA
(n) describe the data points (y).For more details on notation and interpretation of graphical
models, refer to Lee and Wagenmakers?3. Note that for the sake of clarity, the nodes that
represent differences of parameters have been omitted. These deterministic parameters are
indicated in the figures of the experimental results instead.

Figure 2: Experiment 1. (a) Targets (marked with circles for illustration) in the neutral (upper
part) and attention (lower part) condition. (b) SOA distributions. (c) Three exemplary subject-
level response counts (points) and posterior predictive curves (shaded area; intensity
represents likelihood with regard to 100 simulated repetitions at fine-grained SOAs). Blue
indicates control and green attention condition. (d) Group-level posterior predictive curves. (e)
Posterior distributions of the overall rate C and attentional weights w;, and w.. (f) Posterior
distributions of 1, and v, and their differences.

Figure 3: Experiment 2. (a) Action space (marked with white arrows) and background (black
arrow) targets in the neutral (left) and attention (right) condition. (b) SOA distribution. (c) Two
exemplary subject-level plots from the neutral (blue) condition and two plots from the
attention condition (green) with response counts (points) and posterior predictive curves
shaded area; intensity represents likelihood with regard to 100 simulated repetitions at fine-
grained SOAs). (d) Posterior distributions of the overall rate C and attentional weights w,, and
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w;.. () Group-level posterior predictive curves. (f) Posterior distributions of v, and v, and their
differences.

Figure 4: Typical effects of cues on perceptual latencies. Magnitudes of attention effects
typically found in TOJs with peripheral cues (horizontal lines). Magnitudes predicted by the
TVA-based TOJ model for increasing attentional weights of the probe stimulus (curves). The
solid curve corresponds to typically observed parameters.

Figure 5: Experiment 3. (a) Targets, arbitrary designated as probe and reference in the the
neutral condition (upper part). In the attention condition (lower part) the probe stimulus was
preceded (110 ms) by a four-dot cue. (c) Three exemplary subject-level response counts
(points) and posterior predictive distributions (shaded area; intensity represents likelihood with
regard to 100 simulated repetitions at fine-grained SOAs). Blue represents the neutral and
green the attention condition. (d) Group-level posterior predictive curves. (e) Posterior
distributions of the overall rate C and attentional weights w,, and w;.. (f) Posterior distributions
of v, and v, and their differences.

DISCUSSION:

The protocol in this article describes how to conduct simple TOJs and fit the data with models
based on fundamental stimulus encoding. Three experiments demonstrated how the results
can be evaluated in a hierarchical Bayesian estimation framework to assess the influence of
attention in highly different stimulus material. Salience in pop-out displays led to increased
attentional weights. Also, increased weights were estimated for action space objects in natural
images. However, due to the persisting advantage when spatial relations were disturbed by
showing such images upside down, it is likely that another local attentional benefit leads to the
weight increase. A peripheral cue, as used in Experiment 3, exhibits a negative influence on the
attentional weight. However, it leads to a large effect in the T parameter, which models a delay
between the starting times of the encoding processes.

Most of the protocol follows common steps in conducting TOJs and perception experiments in
general. Note, however, that the interpretation of the results in terms of TVA is tied encoding
the stimuli into the visual short-term memory. The possibility of performing the TOJ by pure
onset detection should be reduced as much as possible. Therefore, as mentioned in protocol
step 1.2, it is crucial that the attributes of interest are either automatically encoded (which can
be assumed for certain stimuli, e.g., salience pop-outs) or encoding must be facilitated via the
task (e.g., reporting the stimulus identity).

It is advisable to inspect the summarized raw data (“probe first” counts across SOAs divided by
the number of repetitions) before running the final analysis. This data should follow an S-
shaped curve as shown in the psychometric functions in the figures of the Representative
Results section. Note that due to the binomially distributed responses, the data points
randomly deviate from the ideal path. The deviations increase with a decreasing number of
repetitions. With few repetitions, the deviations are often relatively large, obscuring the ideal S
shape. However, if the pattern clearly deviates from the usual curve, the mathematical model
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may need to be adjusted. For instance, when large lateral shifts are observed (as in Experiment
3 of this article), Garcia-Pérez and Alcala-Quintana’s T parameter can be included. If the curve
does not converge to one and zero at its ends, additional lapse parameters?! can be added.

It is possible to perform a formal model comparison as suggested in Alcala-Quintana and
Garcia-Pérez?! to decide between different models. Using models different from the one
outlined in the introduction, however, may affect whether results can be interpreted in terms
of TVA.

In the results reported in this article, we stated the central tendencies of estimated differences
along with their 95 % HDIs. However, in the Bayesian framework, it is possible to accept or
reject that there is no difference between two estimates. For this purpose, a ROPE (region of
practical relevance) must be specified*3. The rope indicates a small range around zero. Values
within in this range are considered practically equal to zero. If the ROPE does not overlap with
the HDI, the null hypothesis is rejected. Meaningful ROPE limits depend on the research
guestion or application. In contrast to TOJ analysis with traditional means, the TVA-based
approach can guide the establishment of meaningful ROPE limits: Due to their meaningful units,
the parameters can be related to estimates from other TVA paradigms (e.g., whole reports, see
ref. 3). Furthermore, processing rates can be converted into encoding durations (the expected
value of the encoding duration E, of stimulus x is 1/v,, see ref. 7) to inform ROPE limits. For
example, if researchers are interested in whether an attention manipulation contributes to a
reaction time reduction for a participant in a driving simulation, they could reason as follows:
Reaction times (including motor components) are in the range of a few hunderths of
milliseconds, therefore, if the attention manipulation changes the overall reaction only a few
thousands of a second the change would be practically zero. Hence a ROPE from -2 to +2 ms
could be applied to difference of reference and probe encoding duration (Er - Ep) If the ROPE
of this difference completely includes the HDI, the result that there is no difference can be
accepted. If HDI and ROPE do not overlap, the null hypothesis can be rejected. If neither is the
case, no such point decision can be made. Further details concerning the Bayesian evaluation
approach in general can be found, for instance, in Kruschke's book?3.

Turning to more general issues, for the success of this protocol, it is crucial that there are only
two stimuli that generate temporal signals at the target location. For example, a peripheral cue
(as in Experiment 3) or masks’ lead to large lateral shifts that cannot be accounted for by the
current TVA-based model. Such situations are not uncommon and it was shown how to model
them by incorporating a parameter suggested by Alcalda-Quintana and Garcia-Pérez?!. In this
extended model, the T component cannot be clearly linked to a TVA mechanism. There is
tentative connection between 7 and TVA, but there are some unsolved problems. Indeed, TVA
assumes a short delay before encoding starts. Parameter t;, which was discussed in the
Introduction, is the maximum ineffective exposure duration before which nothing is encoded at
all. The difference ¢, — to,, could be understood as . However, t; is typically small, around 10

to 20 ms. Furthermore, the theory does not assume that it is influenced by attention.
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Nevertheless, t, reductions have been observed in letter recognition’?*. If one accepts this
possibility, a further commitment must be made. Parameter 7 was measured around 50 ms.
Given the fact that top of the cued stimulus can maximally be decreased by 10 to 20 ms

because it is not larger in the first place, most of 7 would come from increasing t,,. of the
uncued to 50 to 60 ms. This magnitude is way beyond what sometimes is observed (around 10
ms). As a consequence of 7’s unclear relation to TVA, some important questions cannot be
answered. For example, it cannot be decided whether the delays of attended stimuli are
reduced or if those of the unattended stimuli are prolonged (resulting in the observed t
difference).

Advantages of the protocol are the simplicity of the TOJ task which can utilize almost arbitrary
stimuli, the thorough theoretical underpinning by TVA, and the Bayesian evaluation scheme.
The TVA-based model is a large step forward from traditional model-free approaches. In the
past, mostly generic psychometric functions have been fitted to TOJ data. Changes in their
summary parameters PSS (point of subjective simultaneity) and DL (difference limen; a measure
of discrimination performance) have been linked to attentional manipulations. At times, these
parameters are over-interpreted. For example, it is frequently claimed that attention
accelerates processing of the attended stimulus, whereas it could also be the case that the
unattended stimulus is slowed’. In addition to this weakness, these parameters are rather
indirect. They describe the performance in the task and do not characterize the processes that
produce it. The model-based analysis of TOJs improves on these drawbacks by providing
meaningful parameters based on TVA.

The limitations of the technique mentioned above arise from the fact that only two stimuli are
explicitly modeled with TVA. To improve on this, future research aims at extending the TVA-
based model to more than two stimuli. In particular, explicitly modeling the cue in cued TOJ
with TVA is an important objective of future work?>.
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Author(s):

ltem 1 (check one box): The Author elects to have the Materials be made available (as described at
P =

|

http://www.jove.com/publish ) via: ]

Item 2 (check one box):

tandard Access

“\ The Author is NOT a United States government employee.

___| The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No  Derivs 3.0  Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE”
means MyJove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s) made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other parties,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JOVE agreeing
to publish the Article, the Author hereby grants to JoVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetual (for the full term of copyright in the Article,
including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Article in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Works (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in Item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
Iltem 1 above. In consideration of JOVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,

picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE’s attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JOVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder. This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.

CORRESPONDING AUTHOR:
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Please submit a signed and dated copy of this license by one of the following three methods:
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;

2) Faxthe document to +1.866.381.2236;

3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051
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Rebuttal Comments Click here to download Rebuttal Comments

reviewer_responses.pdf

Reviewers' comments.
Responses in green.

Reviewer #1:

Manuscript Summary:

This manuscript presents methods that could prove useful to many people who
study visual attention.

My review focuses on the Bayesian analyses and the R scripts (and some minor
editorial remarks). | leave it to other reviewers to assess the content regarding the
TVA model.

Major points are marked by triple asterisks, ***. Minor points are marked by single
asterisks, *.

Suggestions for the interpretation of the Bayesian analyses.

Thank you for reviewing the manuscript. We improved the manuscript
concerning the issues raised in your comments as described below for each
point.

(1)

*** Top of p. 10: "... 0, no difference, is just at the fringe [of] the 95% HDI, hence
it is highly unlikely, but there is a larger-that-5% probability that the real difference
Is zero." This is not correct as stated. For a continuous posterior distribution,
probability statements can only be made about intervals of parameter values.
Presumably what is intended is a statement about the proportion of the posterior
distribution that is near zero, for some interval near zero. Thus, what is needed is
the specification of a ROPE (region of practical equivalence, see Kruschke, ref. 13)
around zero. Then a statement can be made about the proportion of the posterior
distribution in the ROPE around zero. (If the manuscript was trying to indicate how
much of the posterior distribution was below 0, then the statement should be
phrased as such. But I do not think that information has any value. Saying that most
of the posterior distribution falls on one side of 0 does not indicate how far from 0
it falls. A ROPE is needed to decide that the deviation from 0 is meaningful.)
Thanks for the clarification. The sentence has been changed to not claim the
“larger-than-5%"> part. See also response to next comment ...

(2)

*** |n general, when interpreting continuous posterior distributions, it's best to
focus on their central tendency and HDI, because those are direct summaries of the
posterior distribution. If an analyst wants to go further and make a decision about
whether or not to reject a difference of zero, then a ROPE must be specified. It
would be useful for the manuscript to discuss what would be a reasonable ROPE

I+
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around zero. (Or, instead the analyst can venture into Bayesian hypothesis testing
with Bayes factors, but that requires further careful specification of meaningfully
informed null and alternative hypotheses.)

At several locations in the text, “point estimate” has been changed to “central
tendency” to highlight that the reported number describes a distribution.
Furthermore, a paragraph briefly explaining the concept of ROPEs was added
to the discussion, including an example how a rope could be set up for
differences of TVA-based estimates.

(3)

*** P 16, 2nd paragraph: "In the Bayesian framework suggested here, it is allowed
to ... collect further data without ... increasing the chances of false alarms."” This is
not correct. False alarm rates for hypothesis testing are influenced by the stopping
rule, even in a Bayesian framework. See e.g., Ch. 13 of Kruschke (ref. 13), and
more recent articles in the literature such as Schonbrodt, Wagenmakers,
Zehetleitner, and Perugini (2015) Psychological Methods. The issue of optional
stopping is subtle and shouldn't be dismissed so easily.

As the issue would require further explanation (and the manuscript is already
at JoVEs length limits; especially after adding the ROPE section), the claim
was now simply removed. Kruschke’s book and other resources are referenced
throughout the article as a source for interpreting Bayesian statistics for the
interested reader.

Suggestions for the R scripts: (I only tried a few of the R scripts.)
First of all, many thanks for trying out the scripts and suggesting
Improvements.

(4)

*** The assumptions of the power analysis need a more explanation. In particular,
how is the hypothesis specified? In the script power-expl.R, what are the
mysterious variables SOAs, reps, C_mean_sd_subsd, w_probe_mean_sd_a,
w_probe_mean_sd_n, and so on? The comments in the R script are not sufficient to
understand what is going on.

The comments have been improved. However, highly common terms (as SOA)
have not been explained within the scripts.

*** |n the scripts power-expl.R and In the script power-exp2.R, line 62 must be
changed. Currently, line 62 is

print(nSimulations)

which only presents the total number of simulations to be run. Instead, it should be
changed to something like this:

print( paste( "Completed Simulation" , sim, "of" , nSimulations ) )

This was a leftover debugging statement and was removed now. The number
of completed simulations is shown in the (now improved) output.



* In the scripts power-expl.R and In the script power-exp2.R, something seems to
be wrong with the production of the output line consisting of "~~~~~~~ L
followed by "100%". | assume it's supposed to be representing the proportlon of
simulations completed, but it's not functioning properly.

| was not able to reproduce the problem. The “~~~" indeed are a progress bar
which works for me in Rstudio and command line R. | have the suspicion,
however, that a missing line break before the progress bar could have lead to
the problem on some systems. Now the output was improved (inserting breaks
above and below the progress bar). See image below.

(7)

* It would be nice if the power scripts produced an ongoing summary of the

estimated power on screen, instead of putting the progress only in a saved file.
This was
added:

Console ~/D/TVATO)/simulation-and-power-estimation/

B e R R R R R R R R R R R

Simulating...

Compiling model graph
Resolving undeclared variables
&1locating nodes
Graph Size: 6376

Initializing model

T L o o o I 11 1
Burning in the MCMC chain...
|**************t§§ti*!tttttt*!!********************| lﬂﬂ%

Sampling final MCMC chain...

|**************tiiii*iitiiii*ii********************| 1@@%

Current power estimate: 1 after 2 simulations.
(95%-HDI: 0.37 to 1 )

Sim. time: 19.0430800000881
Lower HDI bound of v_s_diff_mean
Lower HDI bound of v_p_diff_mean = -0.0121409551662035
Upper HDI bound of v_r_diff_mean = -08.212587723810551
The goal was achieved in this simulation!

4.75825332901142

e A 0 B R 1 T

(8)
* The R scripts need to be better formatted so that they display nicely when opened
in RStudio. Presently, the lines are not formatted for standard 80-character wide



displays; consequently wrapped lines are very difficult to visually group and
section indentation is not evident. If these R scripts are supposed to be used by
others, they should be more reader friendly.

The code has been reformatted. We would be glad if it is helpful to others.
It still does not have the best usability, but should be easier to read and
understand now. We are currently working on highly usable python-based
framework to replace the R scripts in the future.

(9)

* R code: It's good practice to use full TRUE and FALSE and not just T and F,
because the single letters T and F can be inadvertently used as variable names and
given other values.

Thanks for pointing this out. It was fixed.
Suggestions for the figures:

(10)

*** Eigure 1 is redundant at best and confusing at worst. It should be omitted
entirely. The diagram is meaningless without the list of equations at its side, and
the content of the equations is not elucidated by the diagram. Moreover, the
diagrammatic conventions are not explained (circle vs square vs double circle, gray
vs white, plates, etc.). Perhaps retain the list of equations with some explanatory
text to provide the details of the model, but omit the diagram.

Thank you for pointing out the difficulty with this figure. We find the diagram
rather helpful; it was intended to illustrate the hierarchical structure in the
model (group->subject->SOA). Therefore, we kept the diagram but extended
the explanation in the figure legend to improve on this issue.

(11)
*** In Figures 2, 3, and 5, the sigmoidal curves need their axes to be labeled!
This has been corrected.

(12)

Suggestions for spelling or grammar:

Thank you for pointing out these mistakes; they have been corrected.
Additional language improvements have been made.

* The first time "TOJ" is used in the main text it has not yet been used in its
expanded form in the main text. That is, the expanded form only occurs in the
abstract.

* Page 3, margin line 92: Insert "stimulus" --- "... processing rate of the attended
STIMULUS ..."



* page 4, equation 4: Not "else". Instead, "otherwise".

* page 10, final line: Not "intendedly". Instead, "intentionally".

* page 11, line 411: "compared TO the control condition"

* page 15, line 584: Not "mathematically model". Instead, "mathematical model".

* Figure 4, horizontal axis: Not "requiered". Instead, "required".

Thank you for the opportunity to review this manuscript.

Major Concerns:
N/A

Minor Concerns:
N/A

Additional Comments to Authors:
N/A

Reviewer #2:

Manuscript Summary:

The authors describe how to design, carry out and analyze temporal order
judgements where participants have to judge which of two presented stimuli came
first. The demonstrate how the use of Bundesen theory of visual attention (TVA)
can be used to gain more interpretory security about the underlying processes
determining TOJ (i.e. processing speed for stimulus one and two).

The presented contents are scientifically highly interesting and especially the
combination of TOJ experiments with the presented computational analyses are
innovative. It is convincingly stated that TOJ experiments provide a critical
advantage compared to standard TVA-based whole and partial report experiments
in that they are not limited to the presentation of verbal stimuli. On the other hand,
TOJ experiments, although influential in psychological research, have a central
weekness that is well documented by the authors. That is, without the use of
computational modelling provided by TVA, it can not be answered whether the
attended stimulus is processed faster or the unattended stimulus is slowed. This
question is central and can be solved by this critical combination.

Interested viewers will be able to replicate these experiments based on highly
appropriate explanation and visualization. Examples for representative



experimental questions and related results are given. Viewers will, on the basis of
these example, be able to generate a wide range of new research questions and |
think that the video can inspire such studies.

Major Concerns:
| do not have any major concerns.

Minor Concerns:
The loudness of the speakers varies.

Additional Comments to Authors:
N/A

Thank you for reviewing the manuscript and pointing out the loudness issue.
We will improve on this when submitting the high-quality version of the video
to the journal.



Video Produced by Author - Low resolution ONLY (less than 50
mb)

Click here to access/download
Video Produced by Author - Low resolution ONLY (less
than 50 mb)
Tuennermann_et_al_JoVE54856R1.mp4
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