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Abstract
It has previously been shown that grouping by proximity is well described by a linear function relating the perceived orienta-
tion of a dot lattice to the ratio of the distances between the dots in the different orientations. Similarly, luminance influences 
how observers perceptually group stimuli. Using the dot lattice paradigm, it has been shown that proximity and luminance 
similarity interact additively, which means that their effects can be summed to predict an observers’ percept. In this study, 
we revisit the additive interplay between proximity and luminance similarity and we ask whether this pattern might be the 
result of inappropriately averaging different types of observers or the imbalance between the strength of proximity grouping 
and luminance similarity grouping. To address these questions, we first ran a replication of the original study reporting the 
additive interplay between proximity and luminance similarity. Our results showed a convincing replication at the aggregate 
and individual level. However, at the individual level, all observers showed grouping by proximity whereas some observers 
did not show grouping by luminance similarity. In response, we ran a second experiment with enlarged luminance differences 
to reinforce the strength of grouping by luminance similarity and balance the strength of the two grouping cues. Interest-
ingly, in this second experiment, additivity was not observed but instead a significant interaction was obtained. This disparity 
suggests that the additivity or interaction between two grouping cues in a visual stimulus is not a general rule of perceptual 
grouping but a consequence of relative grouping strength.

Keywords Perceptual organization · Perceptual grouping · Proximity · Luminance similarity

Introduction

It is well known that the visual system relies on a set of per-
ceptual grouping principles to organize the incoming visual 
input (Wagemans, 2018). One of the most fundamental and 
basic grouping cues is grouping by proximity. That is, ele-
ments that are closer to each other have a higher chance 
to be perceptually grouped together. Quantitative studies of 
grouping by proximity have shown that observers’ tendency 
to favor one perceptual organization over the other is a lin-
ear function of the ratio between the proximities that imply 
these perceptual organizations (Kubovy et al., 1998; Kubovy 

& Wagemans, 1995). Kubovy et al. (1998) coined this the 
pure distance law. This finding implies that it is possible 
to predict the percept of the whole stimulus from the dis-
tance between the local elements alone. Interestingly, this 
also implies that the whole is not more than the sum of its 
parts, because the global symmetry (invariance) properties 
of the different lattices did not play a role. This stands in 
stark contrast with the fundamental claim generally made 
by Gestalt psychologists that the whole is more than and/or 
different from the sum of its parts1 (Wagemans et al., 2012).

The pure distance law provides an excellent empirical and 
theoretical basis to assess how different grouping principles 
facilitate or compete with each other to determine the eventual 
percept of a stimulus. In their experiments, Kubovy, Wage-
mans, and colleagues consistently relied on multistable dot  * Elisabeth Van der Hulst 

 elisabeth.vanderhulst@kuleuven.be
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1 Note that this statement is based on Kubovy and van den Berg 
(2008). The interpretation of the whole and parts in a stimulus can 
vary.
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lattices as stimuli (e.g., Claessens & Wagemans, 2005, 2008; 
Gepshtein & Kubovy, 2000; Strother & Kubovy, 2006). Dot 
lattices are arrays of dots aligned with each other according to 
a specific base structure (Kubovy, 1994). When the base stimu-
lus is rectangular, a dot lattice simply consists of repetitions of 
this rectangular structure across the visual field. The width and 
height of this rectangle can then serve as a proximity manipula-
tion. Rectangular dot lattices are multistable since at least four 
different orientations can be perceived—namely, orientations 
along the width and height of the rectangle, and orientations 
consistent with the two diagonals of the rectangle (Fig. 1). 
When both the width and height are equal in distance, the ratio 
of these distances (aspect ratio) equals 1 and no preference for 
either orientation is observed. In proximity experiments, one 
distance is usually fixed while the other is manipulated. There-
fore, proximity manipulations are often expressed in terms of 
aspect ratios with the fixed distance as the denominator. When 
observers presented with such an ambiguous dot lattice have to 
indicate their perceived orientation, the pure distance law then 
refers to the fact that the preference of perceiving the dot lattice 
along orientation b decreases as the distance between dots along 
b increases relative to the shortest distance a.

Kubovy and van den Berg (2008) investigated how prox-
imity and luminance similarity compete in multistable dot 
lattices. The authors created dot lattices where luminance 
similarity was either consistent with the proximity princi-
ple (i.e., consistent with the orientation along the shortest 
distance a) or inconsistent with the proximity principle (i.e., 
consistent with the orientation along the distance b). Partici-
pants behaved as if they added the strengths of both prox-
imity and similarity cues together,2 which determined their 
preference for one or the other orientation in a dot lattice. 
When the similarity cue was congruent with distance a, this 
biased participants’ percept towards orientations along a and 
vice versa for distance b. As the strength of this similarity 
cue was increased (i.e., the size of the luminance difference 
between adjacent rows of dots), the strength of this biasing 
effect increased further. This observation is interesting in its 
own right as it again provides evidence that the whole equals 
the sum of its parts (i.e., additive instead of superadditive or 
subadditive effects). However, the conclusion that luminance 
similarity and proximity are combined additively to deter-
mine how dot lattices are perceptually organized was derived 
from a group-based analysis where data of individual partici-
pants were aggregated. It is therefore possible that the out-
come of this analysis stems from the aggregation procedure 
(e.g., combining data from participants with a superadditive 

pattern with participants with a subadditive pattern), rather 
than that both grouping principles are processed additively 
for each individual. Despite averaging being a routine oper-
ation, it requires strong assumptions to be met, which are 
rarely tested. Already in 1956, William Estes highlighted the 
problem of making inferences based on group data (Estes, 
1956). Only for a specific set of functions, the shape of the 
averaged data is the same as the shape of the individual data 
and aggregated data can be mapped onto individual behavior.

Crucially, a few studies have shown that this lack of gen-
eralizability has important ramifications for theory devel-
opment. For example, Gallistel et al. (2004) showed that 
the gradual nature of the learning curve is an artifact of 
group averaging. Individual learning curves show a step-
like change in performance, which has implications for the 
nature of the individual learning process. A second example 
pertains to the relationship between stimulus complexity and 
visual liking. Berlyne (1971) posited that there is an inverted 
U-curve relationship between complexity and liking. That 
is, individuals would like images with medium complexity 
most. Güçlütürk et al. (2016) showed that this pattern is 
only observed for group-averaged data. Individuals consist-
ently clustered in either of two patterns, associated with lik-
ing images of low or high complexity most. The average of 
these opposing linear trends then yielded a spurious inverted 
U-shaped pattern (see also Vissers et al., 2020).

The renewed attention to individual differences in this 
and other studies, is part of a broader evolution within vision 
science (de-Wit & Wagemans, 2014). At the start of Gestalt 
psychology, the main focus was on determining universal 
laws for perceptual grouping, such as the simplicity prin-
ciple, and individual differences were mainly regarded as 
noise. However, in the 20th century, the Embedded Fig-
ures Test (EFT; Witkin 1971) uncovered altered perceptual 
organization in autism (e.g., Shah & Frith, 1983; Van der 
Hallen et al., 2018) and schizophrenia (e.g., Cox & Lev-
enthal, 1978; Favrod et al., 2022; Place & Gilmore, 1980; 
overview in Uhlhaas & Silverstein, 2005). This trumped the 
idea of flawless universal laws and allowed for individual 
differences in vision. The role of the environment began to 
receive more attention as well as expertise, genes, and per-
sonality (de-Wit & Wagemans, 2014), and the search for one 
all-explaining factor underlying differences in local-global 
processing was launched (e.g., field-dependence vs. field-
independence; Witkin et al., 1962). Although this view has 
been nuanced (e.g., Chamberlain et al., 2017), the value of 
individual differences in vision research is still multifold. It 
allows to develop tasks, tailor stimuli to the individual, iden-
tify visual mechanisms, and so on (Mollon et al., 2017). As 
stated above, in our study, the use of individual differences 
is specifically aimed at avoiding overaveraging of results.

The goal of the current study was to assess whether the 
additivity of proximity and luminance similarity generalizes 

2 In this paper, we use the term “principle” to refer to the laws of 
grouping, in line with the Gestalt literature. When we refer to the 
operationalization of the stimulus aspect underlying the possible 
strength of this principle in the stimulus designs, we will use the term 
“cue”.
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to individual observers. In order to answer this question, we 
ran a replication of Experiment 3 from Kubovy and van den 
Berg (2008) to assess (1) whether the original results are rep-
licable at the group level and (2) whether all individuals show 
additive grouping by proximity and luminance similarity. 
We tackled both questions through Bayesian mixed-effects 
modeling, which allows to simultaneously assess group-level 
effects while taking into account interindividual variability 
(Bürkner 2017). To preview our results from a first experi-
ment, we convincingly replicated the observations reported 
by Kubovy and van den Berg (2008). Furthermore, we 
observed that all observers showed grouping by proximity, 
while some did not show grouping by luminance similarity. 
None of the observers showed superadditive or subadditive 
grouping (i.e., an interaction between grouping by proximity 
and luminance similarity). In response to these results, we 
designed a second experiment to assess whether the observed 
additivity was dependent on relative grouping strength. With 
this aim in mind, we repeated our first experiment with a 
wider range of luminance values, reinforcing the similarity 
principle. This adaptation resulted in a disappearance of the 
additivity both at the aggregated and individual level.

Experiment 1

Methods

Participants

We collected data from 25 participants. All participants 
were naive with respect to the purposes of the study, and 
had normal or corrected-to-normal vision. No descriptive 
information (age, gender) was withheld, but all participants 
were psychology students. Participants signed an informed 
consent prior to participating in the experiment. The experi-
ment was approved by the local ethics committee of the uni-
versity. All participants performed the experiment in return 
for course credit.

Apparatus and stimuli

Participants were seated in a darkened room at approxi-
mately 57 cm from a linearized monitor (resolution: 1,920 
× 1,200; refresh rate: 60 Hz; type: Monitor DELL U2410). 
We recreated the stimuli used in Experiment 3 of Kubovy 
and van den Berg (2008) as closely as possible. Rectan-
gular dot lattices were presented on a gray circular back-
ground (9.7° of visual angle, 19 cd/m2), itself drawn on 
a black background. The dots (diameter of 0.2° of visual 
angle) were only visible in the circular gray aperture. The 
dot lattices were always tilted randomly to avoid a possi-
ble confound with an inherent orientation bias. Proximity 

was manipulated by varying aspect ratio |b|/|a|, the ratio of a 
variable center-to-center distance between dots, b, and fixed 
center-to-center distance between dots, a. |a| was fixed to 
0.97° of visual angle. Luminance similarity was introduced 
by assigning odd columns one luminance value and even 
columns another. This similarity cue could either be consist-
ent along the a direction of the dot lattice, or the b direction. 
The strength of the similarity cue was manipulated by vary-
ing the luminance difference between alternate columns, as 
detailed below (Fig. 2).

Procedure and design

Observers completed the experiment in a dark room at 
approximately 57 cm viewing distance from the monitor. 
Each trial consisted of the presentation of a fixation cross 
(410 ms), the presentation of the dot lattice (300 ms), and 
three presentations of a mask (70 ms each), which consisted 
of the same number and type of dots as presented in the dot 
lattice but with completely randomized positions (within the 
circular aperture). Subsequently, a response screen was pre-
sented in which all four orientations that could be perceived 
were presented (see Figs. 1 and 3). Participants could use 
the left and right arrow keys to select the orientation they 
perceived after which they pressed the space bar to confirm. 
This initiated the intertrial interval (580 ms) during which an 
empty black screen was presented (Fig. 3).

The experiment consisted of 28 different conditions. 
Proximity (quantified as |b|/|a|) was varied from 1.0 to 1.3 
in steps of 0.1 (four levels in total). Luminance similarity 
was either absent (no luminance difference), consistent 
with the a direction with three varying strengths or con-
sistent with the b direction with three varying strengths 
(seven levels in total). The base luminance was 24 cd/
m2 for one set of columns and the other columns would 
either have the same luminance value, or values incre-
mented with 1, 2, or 3 cd/m2 (identical to Experiment 3 
in Kubovy & van den Berg, 2008), see Figure 2 for an 
overview of the different manipulations. The strongest 
similarity cue thus constituted a luminance difference of 
3 cd/m2. Gamma correction was applied to assure accurate 

Fig. 1  Example of the four perceivable orientations



1189Attention, Perception, & Psychophysics (2024) 86:1186–1205 

1 3

luminance measures on the specified monitor. Each con-
dition was repeated 50 times, resulting in a total of 1,400 
trials. Because this exceeded the conventional one-hour 
testing time, we split up the experiment in two identi-
cal sessions. Participants completed 25 repetitions of all 

conditions in one session and (roughly) 24 hours later they 
completed the second session. In addition, the combina-
tion of two sessions allows to quantify the test–retest reli-
ability, a requirement when investigating individual differ-
ences (Mollon et al., 2017).

Fig. 2  Overview of the stimulus manipulations in Experiment 1 and 
2. The manipulations are shown separately for aspect ratio (proxim-
ity) and luminance (similarity). a Dominant percept based on group-
ing by proximity is expected to be more salient from left to right 
(with luminance fixed at 24 cd/m2). b Dominant percept based on 
grouping by luminance similarity is expected to be more salient from 

left to right (with proximity fixed at aspect ratio 1.0). c Similar to b, 
stronger effect due to stronger saliency is expected. d Proximity and 
similarity are either congruent (yielding cooperation between the two 
grouping principles) or incongruent (yielding competition between 
the two grouping principles). Note that the luminance values may 
appear differently depending on your device or print
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Data analysis

We used R3 for all our analyses. All analyses were performed 
in RStudio (RStudio Team, 2019). All code and data to 
reproduce the results we report in this paper can be found 
on the Open Science Framework (https:// osf. io/ p845j/).

The data essentially consist of the number of times an 
observer responded having perceived the a, b, c, and d direc-
tion. Following Kubovy and van den Berg (2008), we dis-
carded the relatively rare c and d responses (ranging from 
0.79% to 11.93% and from 0.43% to 11.29%) in further 
analyses. However, these percentages were used as an exclu-
sion criterion. The relatively high maximum percentage c 
and d responses stemmed from the same observer, but did 
not reach the criterion (>15%). All other observers showed 
percentages <7%. The remaining data set thus consisted of a 
and b responses only. For these responses, the pure distance 
law can be summarized as follows:

In words, the probability of responding along the b versus 
along the a direction decreases exponentially for increasing 
distances along the b direction (assuming a remains fixed). 
Taking the natural logarithm on both sides reduces this func-
tion to a linear function:

where s is the slope of the proximity function. When group-
ing by proximity holds, s will be < 0 and its value indi-
cates how strong grouping by proximity is. To incorporate 
grouping by luminance similarity, we simply assume that the 
similarity cue shifts the attraction function either upwards or 
downwards when the cues combine additively:

where � represents the luminance difference between the 
dots. If the cues combine interactively and thus not addi-
tively, an additional interaction term is needed to allow that 
similarity not only influences the intercept of the attraction 
function, but also its slope.

The description of the pure distance law as a linear 
function conveniently allows us to use standard regression 
modeling tools to estimate grouping by proximity and lumi-
nance similarity. Therefore, we converted the raw a and b 
responses for each unique condition as follows:
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Fig. 3  Example of a trial design

3 We relied on R (Version 4.2.2; R Core Team, 2022) and the 
R-packages brms (Version 2.19.0; Bürkner, 2017, 2018, 2021), 
broom (Version 1.0.4; Robinson et al., 2023), cowplot (Version 1.1.1; 
Wilke, 2020), dplyr (Version 1.1.0; Wickham et  al.,  2023a), forcats 
(Version 1.0.0; Wickham, 2023), ggplot2 (Version 3.4.1; Wickham, 
2016), ggpubr (Version 0.6.0; Kassambara, 2023), ggthemes (Ver-
sion 4.2.4; Arnold, 2021), jtools (Version 2.2.1; Long, 2022), lme4 
(Version 1.1.32; Bates et al. 2015), lmerTest (Version 3.1.3; Kuznet-
sova et al., 2017), lubridate (Version 1.9.2; Grolemund & Wickham, 
2011), Matrix (Version 1.5.1; Bates et  al., 2022), papaja (Version 
0.1.1; Aust & Barth, 2022), patchwork (Version 1.1.2; Pedersen, 
2022), purrr (Version 1.0.1; Wickham & Henry, 2023), Rcpp (Ver-
sion 1.0.10; Eddelbuettel & Balamuta, 2018; Eddelbuettel & François 
2011), readr (Version 2.1.4; Wickham et  al., 2023b), stringr (Ver-
sion 1.5.0; Wickham, 2022), tibble (Version 3.2.0; Müller & Wick-
ham, 2023), tidyr (Version 1.3.0; Wickham et  al., 2023c), tidyverse 
(Version 2.0.0; Wickham et al., 2019), and tinylabels (Version 0.2.3; 
Barth, 2022).

https://osf.io/p845j/
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where we added 1/6 to both the numerator and denominator 
to avoid that a particular set of responses would give rise to 
zeroes or consequently infinities (taken from Kubovy & van 
den Berg, 2008). In summary, each participant contributed 
a single log-odds ratio for each condition to the final data 
set. As we were interested in individual differences while 
combining proximity and luminance similarity we relied on 
Bayesian mixed-effects modeling. Mixed-effects modeling 
allows to simultaneously model the population-level (aggre-
gate) effects whilst allowing for individual differences in 
these population-level effects. In our model, we included a 
main effect of proximity, a main effect of luminance similar-
ity, and an interaction effect between proximity and lumi-
nance similarity (to allow for nonadditive grouping). An 
additional benefit of mixed-effects modeling is that it allows 
to model correlations between random effects. As such, we 
could explore a potential correlation between individual dif-
ferences in grouping by proximity and luminance similarity. 
We used the brms package (Bürkner 2018) to fit this model. 
We put a weak noninformative prior on all population-level 
parameters—namely, a zero-mean normal distribution with 
a standard deviation of 5. Estimation relies on Hamilto-
nian Markov chain Monte Carlo sampling, and each of four 
chains was set to 8,000 iterations, of which 4,000 were con-
sidered warm-up. Our final posterior distribution contained 
16,000 samples. We set the adapt_delta parameter to .95, as 
the standard .8 setting sometimes resulted in divergent tran-
sitions. For each population-level and individual parameter, 
we report the results as the mean of the posterior distribution 
along with the 95% quantile interval.

Results

Consistency across sessions

Before continuing to the statistical modeling of the data, it 
is important to verify whether participants actually showed 
similar grouping behavior across testing sessions. Figure 4 
shows scatterplots for every participant visualizing the cor-
relation between ln(p(b)/p(a)) for all stimuli for Sessions 1 
and 2, respectively. For most participants, both variables are 
correlated moderately to very strongly (min = 0.31, max = 
0.88), indicating that perceptual grouping behavior remains 
stable across testing sessions.

Aggregated data

Figure 5 shows the aggregated results of the experiment. 
As predicted by the pure distance law, the logarithm of the 
probability of preferring grouping along b over grouping 
along a declines as a function of increasing distance along b 
(keeping the distance along a fixed). The influence of lumi-
nance similarity is clear as well. The stronger the difference 

in luminance between the dots (i.e., larger absolute value), 
the stronger the influence of luminance similarity. When 
similarity works along with the shortest a distance (i.e., 
positive value), observers group the dot lattice more along 
this axis. When the similarity cue is aligned with the b dis-
tance (i.e., negative value), observers more strongly prefer to 
group along the b-axis in comparison to the baseline, inde-
pendently of proximity.

Individual data

Figure 6 depicts the same data, but now for each individ-
ual separately. From this figure, it is clear that everyone is 
influenced by the proximity cue, yet to a varying degree. 
Furthermore, the influence of luminance similarity is less 
pronounced, but can be appreciated when scrutinizing the 
different panels. For some observers, however, it appears to 
be completely absent (see below).

Bayesian multilevel modelling

Before delving into the results of the individual-level esti-
mates, we first discuss the population-level results.

Estimated population‑level effects Table 1 shows the popu-
lation-level estimates of the main variables of interest. Since 
we are working with a Bayesian model, the estimates refer 
to the mean of the posterior distribution for each variable. 
The 95% posterior credible interval indicates the interval 
that includes the true but unknown estimate with a prob-
ability of 95% (estimated based on the observed data). The 
intercept indicates the expected log-odds for a stimulus with-
out a proximity or a luminance similarity cue. As would be 
expected, the intercept is very close to zero, indicating no 
preference for the a or b direction. The estimate for proxim-
ity (as well as the posterior 95% credible interval) is strongly 
negative, convincingly indicating a strong influence of the 
proximity cue. The estimate for luminance similarity is neg-
ative, indicating that for luminance similarity consistent with 
a preferences are further pushed towards a, and similarly 
so for luminance similarity consistent with b. The interac-
tion between proximity and luminance similarity is close to 
zero, and the 95% posterior credible interval includes zero. 
This indicates that we succeeded in replicating the results 
of Kubovy and van den Berg (2008)—namely, additivity at 
the group level.

Table 2 shows a summary of the posterior distributions 
of the random effects. The rows including sd() indicate 
estimated standard deviations around the population-level 
effects. The rows including cor() show the posterior correla-
tions between these varying effects. Notably, only the cor-
relation between proximity and luminance similarity stands 
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out. This correlation indicates that the higher (or lower) the 
estimate of proximity is, the higher (or lower) the estimate 
of luminance similarity is. We discuss this result further in 
the discussion of Experiment 2.

Estimated individual effects Figure 7 shows a summary 
of the model coefficients, estimated for each individual. 
Panel (a) shows that, for all participants, the 95% posterior 
credible interval includes zero. This implies that there is 

no preference to categorize the dot lattice along the a- or 
b-axis when the distances along a and b are equal. Panel (b) 
shows that there is a strong effect of the proximity cue, for 
all participants. That is, although there is large interpartici-
pant variability in the size of the effect (Table 2), all coeffi-
cients are strongly negative and different from zero. In Panel 
(c) a slightly more nuanced picture is displayed on the effect 
of the luminance similarity cue. All estimates are negative, 
indicating that the similarity cue has the predicted effect 

Fig. 4  Experiment 1: Consistency across sessions. The dots in the graph are ln(p(b)/p(a)) for Sessions 1 and 2, respectively. For the majority of 
participants, behavior in both sessions is strongly correlated
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of facilitation and competition, yet despite having a small 
standard deviation (Table 2), for five participants the cred-
ible interval includes zero (see Discussion). From Panel (d) 
it is clear that none of the participants shows an interaction 
between grouping by proximity and grouping by luminance 
similarity and thus all participants show additivity.

Discussion

Additivity

The goal of this study was to investigate whether the addi-
tive effect of grouping by proximity and luminance simi-
larity reported in Kubovy and van den Berg (2008) was 
due to an aggregation of individual data, or whether this 
additivity holds for all individuals. We repeated Experiment 
3 reported in Kubovy and van den Berg (2008) and con-
vincingly replicated the results they reported. Furthermore, 
when analyzing the individual estimates of the effects of 
proximity grouping and luminance similarity we observed 
that (1) everyone showed grouping by proximity, (2) nearly 
all observers showed grouping by luminance similarity, and 
(3) none of the observers showed any interaction between 
grouping principles. In sum, we can conclude that the 
results reported in Kubovy and van den Berg (2008) are 
not due to an aggregation artifact, and that they generalize 
to individual observers. This observation is important as it 
has been shown by Fisher et al. (2018) that mapping group 
behavior onto individual behavior is nontrivial, and often 
one cannot generalize from the group-level results to the 

individual-level results. Since psychophysics has always pri-
marily relied on intensive measures of a small set of observ-
ers, it enables individual analyses. Typical experiments in 
which observers are measured on a few hundred trials only 
cannot be approached in such a way, simply because only 
after aggregating data statistical power is sufficiently high 
to show the experimental effects of interest. The Bayesian 
multilevel approach we employ here can be thought of as a 
potential compromise between the individual psychophysi-
cal approach and the group-level traditional experimental 
approach. Due to the hierarchical model structure, individual 
estimates are still informed by each other (partial pooling), 
resulting in better estimates for each individual (Efron & 
Morris, 1977). We therefore highly recommend that future 
studies start adopting this approach, by not only reporting 
aggregated data but also considering how these data gener-
alize to the individual. Only then it is reasonable to claim 
that a particular experimental effect has taught us anything 
about individual behavior. Additionally, Van Geert et al. 
(2022) provide evidence to the value of Bayesian multilevel 
modelling in perceptual grouping. They obtained large, con-
sistent, interindividual differences in the size of hysteresis 
and adaptation effects using a multistable dot lattice design. 
This provides substantial empirical evidence for the notion 
that individuals can perceive and group an identical stimulus 
differently, supporting our choice for a Bayesian multilevel 
approach. An interesting elaboration of this approach is the 
work on implementing constraints in statistical models by 
Julia Haaf and Jeff Rouder (2017). In their approach, Haaf 
and Rouder explicitly model whether all observers show an 
effect in the same direction or not, and they developed Bayes 
factors to quantify the evidence for either model as well. 
Such an approach thus allows to incorporate different types 
of individual difference structures and to assess with which 
structure the data are most consistent. For the type of models 
used here, no validated approach has been developed yet, 
and therefore we did not rely on this approach here.

Correlation between proximity and luminance similarity 
effect

Interestingly, on top of grouping by proximity and lumi-
nance similarity, we also observed a correlation between 
how strongly observers were influenced by proximity and 
luminance similarity cues (mean posterior correlation of 
0.43, Fig. 8). That is, the more strongly they were influ-
enced by proximity, the more strongly they were influenced 
by luminance similarity as well. It could be argued that this 
result points towards an underlying “grouping sensitivity” 
factor on which individuals vary. We will discuss this further 
in the context of Experiment 2.

As a last point of discussion, one might wonder how to 
interpret the absence of an effect of luminance similarity in 

Fig. 5  Experiment 1: Aggregated data. ln(p(b)/p(a)) as a function 
of |b|/|a| and luminance similarity. The similarity value refers to the 
difference between the luminance values of the dots in the lattices. 
When similarity > 0, both cues worked in the same direction. When 
similarity < 0, both grouping cues were in competition. When simi-
larity = 0, there was no luminance similarity cue and all dots had the 
same luminance value. (Color figure online)
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five observers. Do these observers genuinely show no hints of 
similarity grouping or were the stimuli of such nature that they 
were not able to discern the similarity cue as it was a subtle 
cue? Secondly, is the discovered additivity influenced by or 
even dependent on this strong imbalance in grouping strength? 
To address this question, we set up a follow-up experiment in 

which we expanded the parameter space that was used in the 
current experiment. This would allow us to examine whether 
literally everyone shows grouping by luminance similarity 
when this cue is increased in its strength. In addition, it allows 
us to examine the boundary conditions of the additivity of 
both grouping cues (for more discussion, see Experiment 2).

Fig. 6  Experiment 1: Individual data. ln(p(b)/p(a)) as a function 
of |b|/|a| and luminance similarity. The similarity value refers to the 
difference between the luminance values of the dots in the lattices. 
When similarity > 0, both cues worked in the same direction. When 

similarity < 0, both grouping cues were in competition. When simi-
larity = 0, there was no luminance similarity cue and all dots had the 
same luminance value. (Color figure online)
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Experiment 2

To investigate whether the results in Experiment 1 are a 
consequence of the strong imbalance in grouping strength 
between proximity and luminance similarity, a second experi-
ment was set up. In this experiment, the strength of the lumi-
nance grouping cues was enlarged to rule out the strong 
imbalance in grouping strength (proximity >> similarity) and 
to create conditions with roughly equal grouping strength. 
If the additivity found in Kubovy and van den Berg (2008) 
and in Experiment 1 is a general rule of how two grouping 
principles are perceptually combined, then we expect it to 
generalize to two grouping principles with more or less equal 
grouping strength. In contrast, if the additivity in Kubovy and 
van den Berg (2008) and Experiment 1 results from the weak 
influence of one grouping principle, we expect this additivity 
to disappear when both grouping cues are roughly equal in 
strength, and an interaction should arise.

Methods

Participants

We collected data from 26 participants from the same subject 
pool to match the sample from Experiment 1. All partici-
pants were psychology students (23 women, three men; aged 

between 18 and 29 years). All participants were naive with 
respect to the purposes of the study, and had normal or cor-
rected-to-normal vision, the same requirements as in Experi-
ment 1. Participants who had already taken part in Experi-
ment 1 were not eligible. Participants signed an informed 
consent prior to participating in the experiment. All partici-
pants performed the experiment in return for course credit.

Experimental design

The apparatus as well as the experimental procedure were 
identical to Experiment 1. The only adjustment was the 
manipulation of luminance differences. Again, the base lumi-
nance was fixed at 24 cd/m2 for one set of columns, but the 
increment for the other columns was enlarged to 3, 6, or 9 cd/
m2 (in comparison with 1, 2 and 3 cd/m2 in Experiment 1 and 
Kubovy & van den Berg, 2008). The smallest increment in 
Experiment 2 was thus identical to the strongest similarity cue 
in Experiment 1 (Fig. 2). Based on pilot research, these values 
should result in equal or slightly higher grouping strength for 
luminance similarity in comparison to the proximity cues, 
thereby correcting the earlier imbalance in grouping strength. 
Luminance similarity was again either absent (no luminance 
difference), consistent with the a direction with three varying 
strengths or consistent with the b direction with three varying 
strengths. All other manipulations were maintained.

Results

Consistency across sessions

Based on relatively high c and d responses, two observ-
ers were excluded from the participant set (Participant 9 
with, respectively, 26.29% c and 23.79% d responses, and 
participant 12 with 18.14% c and 16.57% d responses). All 
other participants responded with the c or d orientation 
in less than 10% of the trials and their c and d responses 

Table 1  Experiment 1: Overview of estimated population-level 
effects

Predictor Estimate l-95% CI u-95% CI

Intercept 0.02 −0.05 0.10
Proximity −8.64 −10.24 −6.98
Luminance similarity −0.17 −0.22 −0.11
Proximity × Luminance 

similarity
0.07 −0.12 0.27

Table 2  Experiment 1: Overview of estimated random effects

Predictor Estimate l-95% CI u-95% CI

sd(Intercept) 0.04 0.00 0.11
sd(Proximity) 4.00 3.00 5.33
sd(Luminance similarity) 0.12 0.08 0.17
sd(Proximity × Luminance similarity) 0.17 0.01 0.44
cor(Intercept, Proximity) −0.07 −0.82 0.78
cor(Intercept, Luminance similarity) −0.08 −0.83 0.75
cor(Proximity, Luminance similarity) 0.43 0.03 0.75
cor(Intercept, Proximity × Luminance similarity) 0.02 −0.79 0.83
cor(Proximity, Proximity × Luminance similarity) −0.14 −0.81 0.67
cor(Luminance similarity, Proximity × Luminance similarity) −0.01 −0.73 0.76



1196 Attention, Perception, & Psychophysics (2024) 86:1186–1205

1 3

Fig. 7  Experiment 1: Estimated model coefficients for all partici-
pants. All estimates (the dots in each panel) are based on the posterior 
mean. The variability of these estimates is visualized through depict-
ing the 2.5% and 97.5% quantiles of the posterior distribution of the 
individual coefficients. a None of the participants shows an intercept 

different from zero. b All participants show grouping by proximity. 
c All but five participants show grouping by luminance similarity. d 
None of the participants shows an interaction between proximity and 
luminance similarity

Fig. 8  Estimated correlation between grouping by proximity and 
luminance similarity. a Each dot indicates the posterior mean esti-
mate for grouping by proximity and luminance similarity for a single 
participant. Error bars denote 95% posterior credible intervals. The 
thick black line shows the mean posterior correlation, whereas the 

thin black lines show a subset from the full posterior distribution of 
correlations. b Full posterior distribution of the correlation between 
grouping by proximity and luminance similarity. The black dot indi-
cates the mean posterior correlation, and the black line the 95% pos-
terior credible interval



1197Attention, Perception, & Psychophysics (2024) 86:1186–1205 

1 3

were discarded. In addition, Participant 9 showed negative 
correlations between the two sessions (r = −0.390), indi-
cating high inconsistency, which is interpreted as either 
not understanding the task or responding randomly. For all 
other participants, both variables correlated very strongly 
(min = 0.88, max = 0.97), indicating that perceptual group-
ing behavior remains stable across testing sessions (Fig. 9). 
The increased consistency in comparison to Experiment 1 
might be due to the enlargement of the parameter space.

Aggregated data

Figure  10 shows the aggregated results of Experiment 
2. Again, we replicated the pure distance law, similar to 
Experiment 1. The graph evidences a much wider range of 
luminance effects compared with Experiment 1, as expected 
from the larger luminance differences that were introduced. 
Congruency and incongruency of luminance and proximity 
had a comparable effect to Experiment 1 with congruency 

Fig. 9  Experiment 2: Consistency across sessions. The dots in the 
graph are ln(p(b)/p(a)) for sessions 1 and 2 respectively. For the 
majority of participants, behavior in both sessions is strongly corre-

lated. The participant with negative correlation between the two ses-
sions was excluded from further analyses
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supporting the a orientation compared with a neutral lumi-
nance level and incongruency supporting the b orientation.

Individual data

Figure 11 depicts the same data, for each individual sepa-
rately. From this figure, the difference with Experiment 1 
becomes clear. The observers demonstrate less variability in 
grouping than in Experiment 1, meaning that all observers 
show strong similarity effects. Nevertheless, large interin-
dividual differences remain in the specific grouping trends, 
as well as the relative strength of proximity and luminance 
similarity grouping. This confirms that the increased lumi-
nance cues have the desired effect and result in grouping by 
luminance similarity for everyone (see full statistical analy-
sis below). At the same time, those results strengthen our 
idea that an individual approach remains necessary.

Bayesian multilevel modelling

Estimated population‑level effects Table 3 shows the pop-
ulation-level estimates of the main variables of interest. In 
line with Experiment 1, the intercept is very close to zero, 
indicating no inherent preference for the a or b direction. The 
estimate for proximity (as well as the posterior 95% credible 
interval) is strongly negative, yet somewhat smaller than in 
Experiment 1, still convincingly indicating a strong influ-
ence of the proximity cue. The estimate for luminance simi-
larity is negative, indicating that for luminance similarity 

consistent with a preferences responses are further pushed 
towards a, and similarly towards b for luminance similarity 
consistent with b. The effect of luminance similarity is much 
stronger than in Experiment 1, as expected from our manipu-
lations. In contrast to Experiment 1, the interaction between 
proximity and luminance similarity is positive and the 95% 
posterior credible interval excludes zero. This positive esti-
mate evidences a larger proximity effect for large incongru-
ent luminance differences, in comparison to a smaller prox-
imity effect for large congruent luminance differences. This 
indicates an asymmetry between the integration of proximity 
and similarity in a congruent and incongruent manner and 
contradicts the additivity of Experiment 1 and Kubovy and 
van den Berg (2008) at the group level.

Table 4 shows a summary of the posterior distributions of 
the random effects. The rows including sd() indicate esti-
mated standard deviations around the population-level 
effects. The rows including cor() show the posterior cor-
relations between these varying effects. The noted positive 
correlation between proximity and luminance similarity 
from Experiment 1, is not observed at the group level in this 
experiment, weakening the explanation in terms of a general 
“grouping sensitivity.” What is even more striking is that the 
correlation seems to go towards a negative trend instead of a 
positive correlation, which would be in line with some kind 
of trade-off, although the credible interval includes zero (see 
more in discussion).

Estimated individual effects Figure 12 shows a summary 
of the model coefficients, estimated for each individual. 
Panel (a) and (b) resemble the results from Experiment 1, 
showing no bias without manipulation and a strong effect 
of the proximity cue for all participants (strongly negative 
and different from zero). In Panel (c), in contrast to Experi-
ment 1, for all participants strongly negative coefficient 
estimates are observed on the effect of luminance similar-
ity. This confirms our expectation that enlarging the incre-
ment for luminance manipulation would result in grouping 
by luminance similarity for everyone. Lastly, in Panel (d) 
we observe positive estimates (excluding zero) for all par-
ticipants, confirming the interaction at the individual level.

Discussion

Additivity

In the second experiment, we aimed to examine possible 
constraints on the observed additivity between grouping by 
proximity and luminance similarity from Experiment 1. We 
expanded the strength of the luminance similarity cues to 
create a balanced set of grouping cues from proximity and 
luminance similarity. We observed (1) grouping by proximity 

Fig. 10  Experiment 2: Aggregated data. ln(p(b)/p(a)) as a function 
of |b|/|a| and luminance similarity. The similarity value refers to the 
difference between the luminance values of the dots in the lattices. 
When similarity > 0, both cues worked in the same direction. When 
similarity < 0, both grouping cues were in competition. When simi-
larity = 0, there was no luminance similarity cue and all dots had the 
same luminance value. (Color figure online)
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for everyone, (2) strong grouping by luminance similarity 
for everyone, and (3) an interaction between proximity and 
similarity. This is in contrast with Experiment 1 where, (1) 
grouping by proximity was slightly stronger, (2) grouping by 
luminance similarity did not occur for five participants, and 
(3) no one showed interaction. From this, we can conclude 
that the additivity observed in Experiment 1 is a consequence 

of the strong proximity cues in comparison to the weak lumi-
nance similarity cues and not a general perceptual rule. When 
this imbalance is resolved, the additive effect disappears. In 
other words, when the grouping cues are made similarly 
strong/salient, they interact. This observation was made on 
both the group and the individual level. More specifically, 
large luminance differences incongruent with the proximity 

Fig. 11  Experiment 2: Individual data. ln(p(b)/p(a)) as a function 
of |b|/|a| and luminance similarity. The similarity value refers to the 
difference between the luminance values of the dots in the lattices. 
When similarity >0, both cues worked in the same direction. When 

similarity <0, both grouping cues were in competition. When similar-
ity = 0, there was no luminance similarity cue and all dots had the 
same luminance value. (Color figure online)



1200 Attention, Perception, & Psychophysics (2024) 86:1186–1205

1 3

cues resulted in a smaller proximity effect in comparison to 
large luminance differences congruent with proximity. This 
implies that grouping principles cooperate when congruent 
and compete when incongruent and that the effect of con-
gruency (cooperation) versus incongruency (competition) 
between grouping principles on grouping is not symmetrical.

It could be argued that the observed interaction in 
Experiment 2 is the result of a ceiling effect in the condi-
tions with the strongest similarity cues. Indeed, in those 
conditions (e.g., −3, 3), as a consequence of the limited 
number of trials per condition, for some participants the 
a- or b-orientation is rarely or never chosen. However, even 
in those conditions, we still see a proximity effect in the 
incongruent condition, while this effect has disappeared in 
the congruent conditions. This asymmetry refutes the idea 
of a ceiling effect. Moreover, analysis with exclusion of the 
strongest luminance conditions resulted in the same con-
clusions as the original experiment with the full data set.

Correlation between grouping by proximity and luminance 
similarity

As can be seen in Fig. 13, the positive correlation between 
grouping by proximity and luminance similarity from Experi-
ment 1 is not obtained in Experiment 2. In contrast, a large part 
of the posterior distribution includes negative values, thereby 

supporting a negative correlation between grouping by proxim-
ity and luminance similarity. This observation supports some 
kind of trade-off between both grouping principles, meaning 
that if one principle has a strong influence, the other princi-
ple has a weaker influence, thereby invalidating the idea of an 
underlying “grouping sensitivity”. When interpreting these 
results, it is important to be aware that the observed correlations 
are calculated over all conditions, and thus they do not reflect 
the combination of two specific grouping cues only (e.g., strong 
vs. weak). Nevertheless, we can postulate that the differences in 
observations between both experiments are still a consequence 
of the stimulus set. In Experiment 2, the grouping strength 
of both proximity and luminance similarity is roughly equal 
over the entire set of conditions. This creates the potential for 
more competition between both principles in comparison with 
Experiment 1. When there is competition between principles 
with equal grouping strength, it can be expected to result in the 
choice of one over the other—hence, the negative correlation. 
The absence of a negative correlation in Experiment 1 can also 
be explained in this way (no real competition because one is 
so much more salient than the other). What is more difficult 
to explain is the emergence of a positive correlation instead 
of the absence of a negative correlation. It is possible that the 
slight luminance differences in Experiment 1 are difficult to 
pick up, as reflected in the absence of a luminance effect in 
some participants. Perhaps observers who are not sensitive to 
these cues also have more difficulties picking up small differ-
ences in proximity. This would then give rise to what seems to 
be a general sensitivity to differences between different values 
of grouping cues. However, these speculations should be tested 
in other studies on the integration of grouping principles. 

As an additional reflection on the correlation from 
Experiment 1, it is informative to say that many recent 
studies have failed to find strong correlations between 
basic visual tasks (Cappe et al., 2014; Chamberlain et al., 
2017), strength of visual illusions (Grzeczkowski et al., 
2017), or emergent features (Samaey et al., 2020). These 

Table 3  Experiment 2: Overview of estimated population-level 
effects

Predictor Estimate l-95% CI u-95% CI

Intercept 0.01 −0.14 0.15
Proximity −7.14 −8.00 −6.26
Luminance similarity −0.58 −0.63 −0.54
Proximity × Luminance 

similarity
0.49 0.35 0.63

Table 4  Experiment 2: Overview of estimated random effects

Predictor Estimate l-95% CI u-95% CI

sd(Intercept) 0.07 0.00 0.20
sd(Proximity) 1.03 0.19 1.89
sd(Luminance similarity) 0.09 0.06 0.13
sd(Proximity× Luminance similarity) 0.12 0.01 0.30
cor(Intercept, Proximity) -0.11 -0.86 0.76
cor(Intercept, Luminance similarity) -0.10 -0.84 0.76
cor(Proximity, Luminance similarity) -0.46 -0.89 0.20
cor(Intercept, Proximity × Luminance similarity) 0.04 -0.79 0.83
cor(Proximity, Proximity × Luminance similarity) 0.17 −0.68 0.85
cor(Luminance similarity, Proximity × Luminance similarity) −0.49 −0.94 0.46
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studies seeking very specific associations can be con-
trasted with studies consisting of large test batteries meas-
ured on large sets of individuals. Here, the general trend is 
that visual processing factors emerge, but they are rather 
specific and only a few tasks load on the specific factors 
(Bosten et al., 2017; Buckley et al., 2018; Chamberlain 
et al., 2017; Huygelier et al., 2018; Milne & Szczerbinski, 
2009; Ward et al., 2017). Nevertheless, what we find here 
is different. We do find correlations in our experiments, 
where we test two grouping principles in a single experi-
mental task, which is quite different from testing different 
perceptual organization principles in different visual illu-
sions or different tasks.

General discussion

In this study, we performed two experiments to assess the 
additivity between grouping by proximity and luminance 
similarity, discovered in earlier research (Kubovy & van den 

Berg, 2008), on an individual level. We uncovered that the 
integration of two grouping principles is dependent on their 
relative grouping strength. The integration of two roughly 
equal grouping cues leads to an interaction, while consist-
ent dominance of one cue over the other generates an addi-
tive combination. The additivity observed in Kubovy and 
van den Berg (2008) has been supported in other studies on 
the integration of grouping principles, with a variable set of 
principles (see Peterson & Kimchi, 2013; e.g., proximity and 
collinearity in Claessens & Wagemans, 2005; proximity and 
color similarity in a reanalysis of Quinlan & Wilton, 1998, 
by Kubovy & van den Berg, 2008; proximity and luminance 
similarity in Kubovy & van den Berg, 2008), and little to 
no research exists that supports an interactive integration. 
However, most studies employ proximity as one of their 
grouping principles. This principle is deemed the strongest 
of the classic Gestalt principles (Peterson& Kimchi, 2013) 
and is therefore prone to dominance, which could conceal a 
potential interactive integration. By executing two experi-
ments, only differing in relative grouping strength, this study 

Fig. 12  Experiment 2: Estimated model coefficients for all partici-
pants. All estimates (the dots in each panel) are based on the posterior 
mean. The variability of these estimates is visualized through depict-
ing the 2.5% and 97.5% quantiles of the posterior distribution of the 
individual coefficients. a None of the participants shows an intercept 

different from zero. b All participants show grouping by proximity, 
but to a lesser extent than in Experiment 1. c All participants show 
grouping by luminance similarity as expected from our manipula-
tions. d None of the participants show additivity between proximity 
and luminance similarity
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avoids the above issue, confirms the additivity in existing 
research, and clarifies how equal grouping strength can 
generate interactions. Future research could challenge the 
generalizability of this claim. In addition, caution should be 
taken when interpreting these results.

First, the conclusion from Experiment 2 (i.e., additivity 
of grouping principles is dependent on relative grouping 
strength) by no means undermines the results from Experi-
ment 1 or Kubovy and van den Berg (2008) as invalid or 
meaningless. Our replication of Kubovy and van den Berg 
(2008) obtained the same result as the original study when 
operating with the same parameter values. Only when 
we employed drastically different parameter values and 
included conditions with competition between grouping 
cues, did we obtain strikingly different results. Along the 
same lines, our results should be interpreted as advice 
to be attentive to the potential role of relative grouping 
strength when interpreting and generalizing results. One 
of the drawbacks of perceptual organization research is 
its effortful and time-consuming nature, requiring many 
trials and, when integrating an individual approach, many 
participants. This makes the integration of a broad range 
of parameter values virtually impossible within one study. 
In the scope of this paper, we will not provide a compre-
hensive solution to this issue.

Second, in this study, we provided absolute estimates of 
the different grouping effects. However, it is important to 
note that those effects can only be interpreted relative to 
each other. While in proximity, we work with steps of 0.1 
and in luminance similarity in steps of, respectively, 1 or 

3, it would be incorrect to state that equalizing those step 
sizes would provide us with absolute, comparable measures. 
Namely, we do not know whether both grouping principles 
follow the same scale (e.g., linear or not, which step size). 
What we can say from this research is which of our cues is 
stronger in each condition and how they interact. Brooks 
(2014) already mentioned this issue by stating that the well-
known grouping principles are “ceteribus paribus” rules, 
literally translated as “other things being equal.” Moreover, 
Rashal et al. (2017) emphasized that hierarchy of grouping 
principles in competition or conjoinment is dependent on the 
choice of the parameter values.

Lastly, one might wonder how these results fit in the 
larger literature on grouping strength and how they gen-
eralize to other grouping principles. As mentioned ear-
lier, Claessens and Wagemans (2005) found an additive 
interplay between proximity and collinearity in a dot lat-
tice paradigm with Gabor patches. It is, however, difficult 
to determine the strength of each principle, since align-
ment was treated as a factor rather than a parameter with 
multiple values. Therefore, we cannot determine whether 
the additive effect was a consequence of an imbalance in 
grouping strength. Beside this study, the use of dot lat-
tice stimuli in a 4 alternative forced choice paradigm is 
limited. Nevertheless, other paradigms have been used 
to assess the integration of grouping cues. Sometimes, 
other paradigms were chosen to fit the research question. 
For example, Rashal and Wagemans (2022) employed an 
inattention paradigm to assess grouping by depth from 
blur under inattention. In other cases, the paradigm is a 

Fig. 13  Estimated correlation between grouping by proximity and 
luminance similarity. a Each dot indicates the posterior mean esti-
mate for grouping by proximity and luminance similarity for a single 
participant. Error bars denote 95% posterior credible intervals. The 
thick black line shows the mean posterior correlation, whereas the 

thin black lines show a subset from the full posterior distribution of 
correlations. b Full posterior distribution of the correlation between 
grouping by proximity and luminance similarity. The black dot indi-
cates the mean posterior correlation, and the black line the 95% pos-
terior credible interval
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methodological choice of the researchers. As a downside, 
in these paradigms, separate grouping strength is often 
not accurately measured. Rashal et al. (2017) employed 
dot lattice stimuli in a priming task and observed the 
cancellation of priming by one grouping organization 
when proximity and luminance similarity were depicted 
orthogonally. According to the authors, this reflected the 
presence of multiple grouping representations at different 
priming durations, compatible with additivity of grouping 
principles. This additivity was not observed when compar-
ing connectedness and luminance similarity. Priming of 
the separate grouping principles (proximity, similarity and 
connectedness) in isolation did not evidence significant 
differences in grouping strength, although this measure-
ment is not very sensitive. Therefore, it is not clear what 
drives the differential results.4 With these variable results 
in mind, research with other grouping principles is neces-
sary to test the generalization of our conclusions to other 
grouping principles. Montoro and Luna (2015) were the 
first in this field to assess the role of relative grouping 
strength in relation to the integration of grouping prin-
ciples. They discovered additivity when both cues were 
of similar strength, but no strong convincing support for 
additivity when one cue was stronger than the other. Those 
results stand in stark contrast to our study. Nevertheless, 
the researchers used the criteria proposed in Kubovy and 
van den Berg (2008) to define additivity. Those criteria 
for additivity (i.e., in a competing stimulus grouping is 
weaker than the strength of either principle and in a con-
joining stimulus, grouping is stronger than the strength 
of either principle) are very broad and do not delineate 
clear statistical measures. Moreover, the researchers did 
not assess these results on an individual level. Our hierar-
chical Bayesian model provides a statistically strong and 
extensive approach to the interaction between proximity 
and luminance similarity with exact measures of both 
interaction in congruent and incongruent conditions, as 
well as individual estimates.
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