
 

 

 University of Groningen

Perceptual interactions in human vision and implications for information visualization
van den Berg, Ronald

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2009

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
van den Berg, R. (2009). Perceptual interactions in human vision and implications for information
visualization. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/f22a3742-6462-493a-ba4d-c3bad7da87f3


Chapter 7
General discussion and conclusion

The main motivation of the work presented in this thesis was to get a better un-
derstanding of perceptual interactions in human vision, both from a fundamental
and an applied point of view. The experimental results confirm that interactions
exist in the processing of different visual features of the same object (Chapters 2
and 3) as well as between features of different objects (Chapter 4). Possible impli-
cations of these findings for application domains were investigated by additional
studies. Based on the findings from a psychophysical experiment, a number of
guidelines for feature use in visualizations were proposed (Chapter 3). Further-
more, computational modeling suggested that visual clutter is closely related to
the crowding phenomenon, providing an additional set of guidelines for designing
effective information displays (Chapter 5). Finally, a modeling study (Chapter 6)
showed that the perceptual interactions due to crowding can to a great extent be
explained as the result of feature integration.

7.1 Perceptual interactions
The experimental results from Chapters 2 and 3 show that information about
orientations, sizes, and colors of objects is not processed independently. More
specifically, when color and size contrasts of objects are chosen such that they are
equally discriminable in a feature search task, then size and (especially) orienta-
tion discriminability becomes much lower than color discriminability in a conjunc-
tion search task.

Theory: crowding and conjunctively tuned cells

Two explanations were offered for the reported discriminability asymmetry in
conjunction search (Chapter 2). One explanation is that feature conjunctions may
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128 GENERAL DISCUSSION AND CONCLUSION 7.2

be processed by cells that are tuned to multiple feature dimensions (e.g., sensory
cells that are specific to both the color and orientation of an object), which would
be in agreement with earlier studies (e.g. [Beaudot & Mullen, 2005; von der Heydt
et al., 2003]). A second explanation for the observed discriminability asymmetry
is that the experimental stimuli may have been subject to crowding effects.

Two predictions follow from the crowding explanation of the conjunction
search asymmetry. The first prediction is that the crowding effect not only affects
perception of object shapes (such as letters) and orientations, but also affects
perception of object colors and sizes. Second, it predicts that the crowding effect
is strongest for object orientations, weaker for sizes and weakest for colors. Since
no data was available about crowding in other features besides shape and orien-
tation, a novel experiment was performed to study whether crowding also affects
perception of object colors and sizes (Chapter 4). Strong evidence of crowding
was found for both features, with (relative) effect strengths as predicted. These
results thus support the crowding explanation of the discriminability asymmetry
reported in Chapter 2. However, a possible contribution of ‘conjunctively tuned’
cells cannot completely be disregarded by these data. In order to disentangle the
effects of crowding and conjunctively tuned cells, the reported experiment could
be repeated but with object spacings large enough to avoid crowding effects.

Practical implications
Regardless of what the correct explanation of the reported perceptual interactions
is, they may have consequences for more applied fields, in particular information
visualization. The main purpose of information visualization (or ‘information
graphics’) is to present data in a way that facilitates understanding and task
execution. A common visualization technique is to map distinct dimensions of
a dataset to distinct visual features (e.g., [Healey & Enns, 1999; Weigle et al.,
2000]). If the represented data are supposed to get equal attention, then the
discriminability of the features to which these data are mapped should be mat-
ched. However, as became clear from the results presented in Chapter 2, this
may be quite difficult to achieve: if feature discriminabilities are matched for
‘single feature’ objects, they are possibly no longer matched when they are put
into conjunctions. Furthermore, the results from Chapter 3 indicate that while
object color and size are suitable features for encoding information, the usefulness
of orientation as an ‘information dimension’ seems very limited.

7.2 Crowding and clutter: perceptual interactions between dif-
ferent objects

Visual clutter is an important factor in the design of information displays. In
order to maximize the effectiveness of an information visualization, visual clutter
should be kept to a minimum. Since there seems to be quite a strong agreement
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between subjective judgments of clutter [Rosenholtz et al., 2005], it should be
possible to measure clutter in an algorithmic way. However, it is currently not
at all obvious what aspects of an image determine how cluttered it is. Previous
research has shown that the subjective notion of clutter correlates well with ‘fea-
ture congestion’, which is a measure of local feature variance [Rosenholtz et al.,
2005], and the ‘number of regions’ in an image [Bravo & Farid, 2007]. However,
the studies that led to these measures remain inconclusive about the perceptual
basis of clutter. In this thesis it was hypothesized that crowding is the under-
lying cause of clutter (Chapter 5). In order to test this hypothesis, a model was
developed to measure the amount of crowding in an image. It was found that the
predictions of this model are not only in agreement with crowding data, but also
correlate well with subjective judgments of clutter and accurately predict visual
search times.

If clutter is indeed closely related to crowding, as suggested by these results,
then a number of implications follow for information visualization. Most impor-
tantly, it can be predicted that the subjective notion of clutter has the same
properties as crowding. As a consequence, it should be possible to reduce clutter
by increasing object spacing or feature contrast. Furthermore, the finding that
perception of object color and size is less strongly affected by crowding than per-
ception of object orientations (Chapter 4) would be another reason to avoid the
use of orientation as an information dimension.

Although our modeling results provide supporting evidence for the hypothesis
that clutter is closely related to crowding, they should still be interpreted with
some care. Despite the progress that has been made in the past several years,
crowding is still not fully understood (see also chapter 6). Hence, it is likely that
our model will not have captured all relevant aspects of crowding. As a conse-
quence, the generality of the predictions of the model needs further verification.

7.3 Towards a quantitative and unifying theory of crowding
The purpose of this thesis was to get a better understanding of perceptual in-
teractions in human vision. As far as spatial interactions are concerned, visual
crowding is probably the most important effect to study. In Chapter 6 of this
thesis a mathematical formulation of the feature integration theory of crowding
was presented, based on the principles of population coding. It was found that
this biologically plausible model reproduces many of the reported behavioral pro-
perties of crowding, including the properties related to the ‘critical spacing’ of
crowding [Pelli et al., 2004], the ‘compulsory averaging’ effect [Parkes et al., 2001],
and an ‘inward/outward anisotropy’ [Petrov & Popple, 2007]. Furthermore, since
the population coding approach can be applied to any feature domain, this ex-
planation can in principle also account for the ‘generality’ of the crowding effect
across different visual features. These findings strongly support the theory that
crowding is a result of feature integration. This interpretation of crowding raises
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two important questions. The first question relates to the functional origin of
crowding: if crowding is an undesired ‘by-product’ of feature integration, why is
there feature integration in the first place? Second, how to account for the expe-
rimental data that suggest that attention and location uncertainty are important
factors as well?

Concerning the question about the functional origin of crowding, there are
several reasons why feature integration could be a useful operation in visual per-
ception. The first reason is that feature integration could serve as a ‘binding’
operation and play a role in object perception, as proposed by Pelli & Tillman
(2008). One limitation of this theory is that it does not explain why crowding is
strongest when objects are very similar, i.e., why similar features have a higher
chance of being integrated than dissimilar features. Another interpretation of
feature integration is that it makes us perceive ‘global image statistics’ (texture
perception) at the cost of perceiving object details (crowding). Hence, it has
been put forward that crowding is ‘texture perception when we do not wish it to
occur’ [Parkes et al., 2001]. However, one could wonder whether this hypothesis
is not simply begging the question (“crowding serves texture perception because
it seems to result in texture perception”). Finally, the results from Chapter 6 of
this thesis give rise to a novel view on crowding, namely that it is a by-product
of a mechanism that improves signal-to-noise ratios (SNR). Combining different
noisy signals from the same ‘source’ (e.g., two signals that encode neighboring
parts of the same edge) will lead to a decrease in noise and, thus, to an improved
SNR. However, if two signals from unrelated sources are integrated, then the SNR
will get worse and crowding will occur. In order to test this hypothesis, it would
be interesting to experimentally investigate whether feature integration indeed
improves SNRs when there is no crowding.

If crowding can largely be explained as the result of feature integration, how
should we account for the reported effects of attention and location uncertainty?
The integration, attention, and location uncertainty explanations of crowding
are often presented as rivaling theories. However, since all three factors appear
to find support in experimental data, it is quite conceivable that all of them
contribute to the effect. Based on arguments from evolution, we can expect that
the size of the integration fields is in some sense optimal. As we hypothesized
in Chapter 6, location uncertainty and, indirectly, attention may be important
factors determining the optimal size of an integration field. If signals that are likely
to originate from the same location should be integrated, then the likelihood of
integration will depend on the amount of uncertainty about object locations.

The quantitative model that was presented in Chapter 6 may serve as a star-
ting point for a unified theory of crowding. The large number of predictions made
by the model provides good opportunities to experimentally evaluate this theory.
It would be interesting, for example, to perform psychophysical experiments to
study how the reported averaging effect and inward/outward anisotropy relate to
stimulus factors such as distractor spacing, contrast, size, and variability. Fur-
thermore, physiological experiments could provide a very direct way of testing
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the integration hypothesis. If crowding is indeed a result of population code sum-
mation, then it should be possible to locate ‘integration cells’ by using single-cell
recording methods. Another interesting direction for further research would be to
look for neural correlates of integration fields, for example by using neuroimaging
methods such as fMRI.

7.4 Conclusion
Based on the results presented in this thesis, I conclude that perceptual inter-
actions are common in vision and that most of them are probably due to the
crowding effect (Chapters 2, 3, and 4). Furthermore, I conclude that there are
good reasons to propose that visual clutter, a concept used in information visua-
lization, finds its origin in crowding (Chapter 5). Finally, the modeling results
from Chapter 6 strongly support the hypothesis that crowding is the result of fea-
ture integration, and I believe that the model presented in this thesis may serve
as a starting point for a unified, quantitative, and biologically feasible model of
crowding.






