Informativeness of visual features guides search
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Abstract
While visual search is known to be heavily guided by visual features similar to those in
the search target, little is known about how we select the feature dimensions — such as
luminance or orientation - to guide search so efficiently. Here we introduce a novel
measure of the informativeness of individual feature dimensions for a given search task.
By analyzing human eye movements during search in real-world scenes, we show that
guidance is heavily determined by the statistical differences in informativeness across

feature dimensions for everyday search.



The ability to quickly locate objects in visual space is crucial for the tasks of everyday
life. Besides contextual inferences as to where search ‘targets’ may be (e.g., “cars are
more likely found on streets than on trees”, see Neider & Zelinsky, 2006; Torralba, Oliva,
Castelhano & Henderson, 2006), it is the guidance of visual attention by low-level visual
features of the target such as its color or texture (for instance, restricting search to just the
blue items in the scene when the target is known to be blue) that makes search so
efficient (e.g., Chen & Zelinsky, 2006; Rutishauser & Koch, 2007; Wolfe, 1994; 1998).
However, since targets usually contain a variety of features along several feature
dimensions, how do we weight these dimensions for guiding attention?

Two major factors need to be considered: First, the physiology of the visual
system - features in individual dimensions are processed by distinct neural pathways,
leading to differences in the latency, resolution, and accuracy of their perception (e.g.,
Moutoussis & Zeki,1997; Hegdé, 2008). Attentional control may rely on the dimensions
that can be processed most efficiently in order to maximize search performance. Second,
the informativeness of feature dimensions - for instance, when searching for a blue object,
color is highly informative if there is only one blue object in the scene and is less
informative if most objects in the scene are blue. Previous studies have suggested that in
a given display observers facilitate search by attending less to a more frequent target
feature, despite the need for assessing cross-dimensional informativeness at search onset
(Pomplun, 2006; Shen, Reingold & Pomplun, 2000).

In order to study how the visual system tunes guidance across feature dimensions,
we had human subjects perform visual search in real-world displays. The influence of

contextual factors was reduced by rotating the displays and using randomly chosen



cutouts from the displays as search targets (Figure 1a), while preserving the natural low-
level features (see Pomplun, 2006). For each image, subjects first memorized the target
and then searched for it in the large display while their eye movements were recorded.
During search tasks, eye movements closely reflect shifts of attention (Findlay, 2004;
Motter & Holsapple, 2007) and can reveal their bias toward visual features in the display
that match those in the target, thereby indicating visual guidance (Findlay, 1997;
Navalpakkam & Itti, 2007; Pomplun, 2006; Rutishauser & Koch, 2007; Shen, Reingold

& Pomplun, 2000).

Method

We used 160 colored photographs of real-world scenes (800x800 pixels, 13° visual
angle), randomly rotated by 90°, 180°, or 270°, as search displays. Search targets (64x64
pixels, 1°) were chosen randomly from the rotated displays, excluding the central screen
region of 3°x3°. Several targets were newly chosen to avoid uninformative or
semantically rich locations.

Thirty subjects aged 19 to 35 viewed the stimuli on a 19-inch Dell P992 monitor
(1280x1024 pixels at 85 Hz). Their eye movements were tracked using an EyeLink-11
(SR Research Ltd., Canada) system with a sampling frequency of 500 Hz and accuracy of
approximately 0.5°. Subjects performed four blocks of 40 trials in which they first
viewed the target at the center of the screen for two seconds, followed by the search

display for a maximum duration of six seconds. The subjects’ task was to find the target,



fixate on it and press a button on a game-pad to terminate the trial. Fixation-density maps
were generated by convolving the distribution of fixations with a 2D Gaussian kernel (¢
= 1° to approximate the human fovea size). For each trial, we excluded from analysis the
initial and final three fixations due to their strong bias toward central, conspicuous image
features and toward the search target, respectively, which would have diluted the
measurement of feature guidance (Pomplun, 2006).

Low-level visual features along eight dimensions, chosen for their relevance to
the processing of texture, shape, and color, were measured within a 64x64 pixel window
at 48x48 evenly spaced display positions and in the target. Six of these dimensions were
represented by eight-bin feature histograms: The red-green, blue-yellow, and luminance
dimensions of the Derrington-Krauskopf-Lennie (DKL) color space (Derrington,
Krauskopf & Lennie, 1984), elevation of spatial frequency bands, orientation of edges (cf.
Pomplun, 2006), and luminance gradient (average luminance differences between
neighboring pixels in all eight directions). Target-similarity of a local display position
along these dimensions was computed by intersecting the display and target histograms
after scaling them linearly to set their maximum values to one. Two additional
dimensions, luminance contrast (standard deviation of luminance) and luminance entropy
(Shannon entropy of luminance) were computed as scalar variables. Their target
similarity was computed as the negative absolute difference between their values for the
target and the local display area.

Visual guidance by a given dimension was obtained as the Pearson correlation
between target similarity and fixation density at all measurement positions across all

displays. As a control measure, the Receiver Operating Characteristic (ROC) was



computed by finding a set of thresholds with 0%, 1%, ..., 100% of the display area
having target-similarity values above them (Tatler, Baddeley & Gilchrist, 2005). For each
threshold, the proportion of all subjects’ fixations hitting above-threshold display areas
was measured. When plotting this fixation proportion as a function of the above-
threshold display proportion, the area below the function is the ROC measure. A value of
0.5 indicates prediction of fixation density by target similarity at chance level (no

guidance), whereas 1 is the theoretical maximum for prediction and guidance.

Results and Discussion

We collapsed all subjects’ gaze fixations to create fixation-density maps (Figure 1b).
Furthermore, for each display we created eight target-similarity maps indicating the
similarity of each display location to the search target along eight selected dimensions
(see Methods). All dimensions were found to exert guidance (Figure 2a), defined as the
spatial correlation between their target-similarity maps and the corresponding fixation-
density maps (all rs > 0.18, ps < 0.0001). As discussed above, a more informative
dimension is indicated by a smaller proportion of the display being similar to the target in
that dimension — or a larger proportion differing from it. We thus defined informativeness
as the proportion of the display that differs from the target, i.e., whose target similarity is
below 50% of its maximum. Across dimensions, mean informativeness and mean
guidance showed a very strong positive correlation (r = 0.97, p < 0.0001). To
demonstrate the independence of this result from any specific guidance measure, we also
applied the common ROC measure (cf. Tatler, Baddeley & Gilchrist, 2005) and obtained

similar results (r = 0.96, p < 0.0005).



Within each dimension, guidance was positively correlated with informativeness
(all rs ranging from 0.18 to 0.42, all ps < 0.05), indicating some adaptation of guidance to
informativeness in individual trials. To test the hypothesis that guidance by a feature
dimension entirely depends on its informativeness in a given display, we analyzed
guidance for each dimension in those 80 displays in which it was most informative. If
guidance were completely determined by informativeness in individual displays, we
would expect the informativeness-guidance markers to lie on the same regression line as
in Figure 2a. However, as shown in Figure 2b, guidance in these displays remained
significantly below this prediction, t(7) = 4.16, p < 0.005. Guidance due to
informativeness is therefore accounted for partially, but not entirely, by informativeness
within the context of specific search scenes.

The present data indicate that visual guidance it is heavily determined by the
informativeness of feature dimensions for real-world search, conceivably through long-
term adaptation. While guidance can be adapted to exploit informativeness in individual
search displays, this mechanism cannot entirely override the long-term bias. To allow
efficient search, the assessment of informativeness in individual tasks may be rather
coarse, and guidance may rely to a large extent on the long-term heuristic. Since average
real-world informativeness of a feature dimension is a powerful predictor of its

contribution to guiding search, we conclude that either guidance is largely independent of



physiological bias, or our visual system evolved to exploit informativeness for efficient

search.
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Figure Captions

Figure 1. (a) Example of a search display and its target. (b) The same display with its
luminance multiplied by the fixation-density map, highlighting the subjects’ combined

distribution of gaze fixations during search.

Figure 2. Informativeness and guidance for eight different feature dimensions. Error bars
indicate standard error. (a) Values across all 160 displays with linear regression
(guidance = 0.72-informativeness + 0.04); (b) values for the 80 most informative displays

in each dimension with same line as in (a).
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