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ABSTRACT 
 
The pattern of the light that falls on the retina is a conflation of real-world sources such 
as illumination and reflectance.  Human observers often contend with the inherent 
ambiguity of the underlying sources by making assumptions about what real-world 
sources are most likely.  Here we examine whether the visual system’s assumptions about 
illumination match the statistical regularities of the real world. We used a custom-built 
multidirectional photometer to capture lighting relevant to the shading of Lambertian 
surfaces in hundreds of real-world scenes.  We quantify the diffuseness of these lighting 
measurements, and compare them to previous biases in human visual perception. We find 
that (1) natural lighting diffuseness falls over the same range as previous psychophysical 
estimates of the visual system’s assumptions on diffuseness, and  (2) natural lighting 
almost always provides lighting direction cues that are strong enough to override the 
human visual system’s well known assumption that light tends to come from above.  A 
consequence of these findings is that what seem to be errors in visual perception are often 
actually byproducts of the visual system knowing about and using reliable properties of 
real-world lighting when contending with ambiguous retinal images.   
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1. INTRODUCTION 
 

Visual perception is a computationally difficult task largely because images are highly 
ambiguous; different patterns of light can specify the same real-world object (Figure 1A) 
while the same pattern can specify a different object (Figure 1B).  To estimate an object’s 



physical properties from an ambiguous image, the human visual system must rely on 
assumptions about what interpretation of images is most likely to be correct.  It is well 
known that in order to assign 3-D shape to 2-D shaded images, the human visual system 
relies in part on an assumption that light comes from overhead, as it does in most real 
world scenes [1-3]. Given the importance of lighting in image formation, recent work has 
focused on what additional statistical regularities are present in natural lighting [4-9], and 
what assumptions the human visual system makes about lighting [10-18]. 
 
One important property of natural illumination that the visual system may rely on is 
diffuseness. Lighting can range from very diffuse to very direct. By diffuse light, we 
mean light that comes from a broad range of directions. In contrast, direct light comes 
from a single direction; it is caused by a single, small or distant source such as the sun. 
The level of a scene’s lighting diffuseness can drastically change the appearance of an 
object in an image (Figure 1A).  Thus, when the visual system is challenged with 
increased ambiguity (e.g., when viewing stimuli under reduced scene context or 
visibility), its assumptions about lighting diffuseness are critical for generating percepts 
that successfully contend with the inherent ambiguity in natural images.  In this paper, 
our interest is in whether human observers’ assumptions about lighting diffuseness arise 
from a strategy that is most likely lead to successful behaviors in the real world. To this 
end, we compare the human visual system’s assumptions about lighting diffuseness to the 
diffuseness of natural illumination (see also [9]).  
 
A         B 

 
 
Figure 1. Luminance values in retinal stimuli are highly ambiguous.  (A) Photographs 
showing the influence of lighting direction and diffuseness on object appearance.  (B) In this 
rendered scene, the diamond patches on the surface of the cubes have the same luminance (based 
on a demonstration from [29]).  Nonetheless, the diamond patches on each cube are perceived to 
be different in their lightness. Depending on illumination and a host of other factors, the same 
object in (A) can underlie different luminance patterns, while an object that is different in (B) can 
arise from the same luminance value. 
  



 
2. NATURAL LIGHTING DIFFUSENESS 

 
Surprisingly, despite the great variation in natural lighting, previous studies have shown 
that real-world illumination nevertheless has a high degree of statistical regularity [4-7]. 
These studies have described light in terms of the pattern of illumination arriving at one 
point in space P = (x, y, z) from every direction (θ,φ), where the polar angle θ ranges 
from 0 to π radians (rad), and azimuth φ ranges from 0 to 2π rad. Here we will refer to 
this pattern of light, following Debevec [19], as the light probe (Figure 2A). The light 
probe can be visualized as a collection of light rays originating from all directions and 
arriving at point P. 
 
Dror et al. [4] and Mury et al. [5] analyzed high dynamic range light probes that were 
produced by combining photographs, sometimes of mirrored balls, taken in different 
directions and at different exposures. Light probes produced with photographic methods 
are time consuming to produce, but capture both high and low spatial frequency patterns, 
faithfully representing sharp features such as edges and specularities. However, for some 
purposes, such as understanding the shading of Lambertian objects, a much coarser 
sample of the light probe is adequate, since a Lambertian surface acts as a low-pass filter 
on a light probe [20, 21].  With this in mind, Mury, Pont, and Koenderink [6, 7] built a 12 
photodiode multidirectional photometer (which they call the plenopter) that can quickly 
measure low-pass components of light probes.  We expanded on this earlier work. We 
collected a large number of low-resolution light probes in a range of environments using 
a custom-built multidirectional photometer (sections 2.1 and 2.2), developed 
independently of Mury et al. We characterized the diffuseness of light in these 
environments (section 2.3), and related the diffuseness of natural lighting to human 
psychophysics (sections 3 and 4).   
 

2.1 The multidirectional photometer 
 
We used a multidirectional photometer that makes fast and accurate measurements of 
real-world lighting relevant to Lambertian surfaces. The multidirectional photometer is a 
20 cm diameter aluminum sphere, mounted with 64 approximately evenly spaced 
photodiodes (Figure 2B). Each photodiode is filtered to match the photopic spectral 
sensitivity of the human visual system (Vλ), and fitted with an aperture that reduces its 
directional selectivity so as to provide the sharpest image possible with 64 sensors. The 
device measures light ranging from low-lit indoor scenes to direct sunlight, and makes 
several complete measurements per second.   
 

2.2 Measurements of lighting in the real-world 
 
We report two types of multidirectional photometer measurements. The first type was 
taken at or around the area of York University from 12:00 pm to 1:30 pm through the 
months of August to October, 2010. These months correspond to late summer and early 
autumn. Each new measurement site was selected so that the previous measurement sites 



could not be seen from the new spot. For these measurements, the centre of the 
photometer was 122 cm above the ground and was held in place by a microphone stand. 
We made 570 measurements in several environments, listed in the legend of Figure 3.  
The other 52 lighting measurements were taken over the course of a day. The photometer 
was always in the same location and light probe measurements were made approximately 
every 20 minutes, from sunrise to sunset. These measurements were taken on the roof of 
the Lassonde building at York University on November 20, 2010 where the sky 
conditions varied from sunny to slightly overcast to completely overcast. For these 
measurements, the centre of the photometer was placed at a lower position (104 cm 
above the ground) to ensure greater physical stability.  All measurements are available 
online (purl.org/NET/rfm/jov2014). 
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Figure 2. Capturing coarse samples of natural illumination.  (A) An example of a high-
resolution light probe from Debevec’s gallery [19].  The light probe is a spherical representation 
of illumination coming from all directions and arriving at a single point in space. (B) The 
multidirectional photometer was used to capture low-resolution light probes (e.g., (C)) that 
capture the lighting relevant to shading of Lambertian surfaces.  White regions in (C) indicates 
high luminance, and black indicates low luminance. 
 
 

2.3 Diffuseness of natural illumination 
 

We quantified the diffuseness of the low-resolution light probes captured by the 
photometer (Figure 2C) in terms of its illuminance contrast energy (ICE). As described in 
Morgenstern, Geisler and Murray [9], the ICE of a light probe is the mean contrast 
energy of the illuminance distribution E(θ,φ) over the surface of a sphere illuminated by 
the probe: 
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where E  is the mean illuminance over the sphere. The ICE of the light probe is the 
coefficient of variation of the illuminance over the sphere (i.e., its standard deviation 



divided by its mean). Low values of ICE correspond to diffuse light (i.e., a roughly 
constant illuminance pattern), and high values correspond to direct light (i.e., illuminance 
pattern depends on orientation relative to a dominant light source).  Thus, the terms 
“diffuseness” or “directness” of a light probe are simply opposites. 
 
Figure 3A shows the ICE values of our lighting measurement from several types of 
environments.  The histogram for each environment was scaled to a peak of 1.0.  Figure 
3A also shows two reference points based on simple lighting models in computer 
graphics; one dotted line represents the ICE for a distant point light source (an ICE value 
of 1.29), and another dotted line represents the default diffuseness level used in OpenGL, 
a point plus diffuse model where the ambient light is 1/5 as strong as the point light.  
Most environments have relatively diffuse lighting, with mean ICE at 0.54.   

 
 

3. HUMAN OBSERVERS’ ASSUMPTIONS ABOUT LIGHTING DIFFUSENESS 
 

The world is not random; it has much structure.  As an example, Figure 3A shows that 
there is regularity in lighting diffuseness in natural scenes.  In the face of ambiguity, 
observers who rely on these regularities, statistically speaking, are most likely to form 
successful behaviours in the world.  In this section, we explore whether human observers 
rely on the diffuseness of natural illumination. 
  

3.1 Lightness perception and the equivalent illuminant model 
 
Luminance is a conflation of surface reflectance and illumination.  Thus, there are many 
combinations of surface reflectance and illumination that underlie a particular luminance 
value.  To behave successfully in the face of inherently ambiguous luminance patterns, 
human vision is challenged to estimate lightness, the perceived reflectance value.  
 
Recent studies have measured the lightness of a surface as a function of its slant [10-14].  
In these studies, observers’ lightness constancy was poor: observers estimated lightness 
accurately for near-frontoparallel patch orientations, but underestimated lightness when 
the patch was highly oblique relative to the light source.  A simple normative model, an 
equivalent illuminant model [15], fit to the human data estimated the relative magnitude 
between a diffuse and direct light.  The fitted parameters of this model showed that the 
pattern of human results is, qualitatively, what one would expect if observers followed a 
strategy that estimated scene variables such as reflectance, orientation, and lighting (an 
inverse-optics strategy), but overestimated the diffuseness of the lighting.   
 
 
Figure 3B shows the level of diffuseness estimated from the model that is needed to 
explain each observer’s lightness judgments.  Human observer biases in real scenes 
match the diffuseness of natural illumination [10, 11]. On the other hand, human observer 
diffuseness biases in Boyaci et al.’s computer rendered scenes (i.e., shown on a computer 
monitor) are much lower than the diffuseness of natural illumination [12-14].  One  



 
 
Figure 3. Comparing the diffuseness of natural illumination and human observers’ 
assumptions about lighting diffuseness.  (A) Histograms of the diffuseness of natural light in 
terms of ICE.  The “time of day” histogram shows the measurements made over the course of a 
day.  The dashed vertical lines show the diffuseness of a light source matched to Morgenstern et 
al.’s [28] “weak cue” condition (the line labeled “light-from-above prior”), the default OpenGL 
lighting, and a distant point light source.  The thick vertical blue line shows the mean diffuseness 
level across all measurements. (B) Psychophysical estimates of observers’ assumptions about 
diffuseness. Small vertical blue lines show the ICE assumptions of individual observers. Blue 
dots show averages across observers. In Bloj et al. and Boyaci et al., the red lines show the ICE of 
the actual illuminants in the experiments. Schofield et al. ran their experiments in the dark and 
and Cuttle et al. had observers change the diffuseness of the lighting in their scenes, so we do not 
show a red line indicating an ICE value for their lighting.  Except for Cuttle et al. (1967), the y-
axis label refers to the experiment number in the corresponding published papers.  We refer to 
“Cuttle et al. (1967) expt 1” as the experiment that reports human observers’ light settings under 
changing levels of the overall magnitude of the ambient light (their Figure 12).  The light setting 
of ‘a’ refers to the condition when observers set scene lighting so that they could not adequately 
see the experimenter’s facial features.  The light setting of ‘b’ is when observers set scene 
lighting so that they adequately see the facial features.  The light setting of ‘c’ was lighting that 
was too harsh to reveal the facial features.  Each letter corresponds to the average of 40 results 
from 20 observers in different levels of ambient light. We refer to “Cuttle et al. (1967) expt 2” as 
their measurements showing the range of preferred lighting across altitude and azimuth changes 
in the direction of the dominant lighting source (their Figure 17).  
 
 
potential reason for this poorer correspondence with the average diffuseness in natural 
scenes is that observers may not have seen these computer-generated scenes as 
completely realistic.  Consistent with this view, previous work has found that lightness 
constancy is weaker in computer-generated scenes [22], and scenes with dark 
backgrounds, small frameworks, and lower articulation [23], which are factors that may 
contribute to the weaker constancy in Boyaci et al.’s scenes.  
 



3.2 Lighting diffuseness assumption when interpreting shape-from-shading 
 
The perception of 3-D shape from 2-D shading is inherently ambiguous; any given 2-D 
image could have been generated from any of an infinite number of 3-D scenes (Figure 
4A; See also: [24, 25]).  To investigate the assumptions human observers use to resolve 
this ambiguity, Schofield, Rock and Georgeson [16] measured human observers’ 3-D 
shape interpretation for 2-D images of sinusoidal modulating surfaces.  They found that 
observers’ shape percept changed as a function of grating orientation, which is what one 
would except if observers’ assumed a particular ratio of diffuse to direct lighting.   Figure 
3B shows that their human observers’ assumed diffuseness levels that overlap with the 
range of diffuseness found in natural illumination. 
 

3.3 Preferred lighting diffuseness in architectural spaces 
 
With the purpose of designing architectural spaces that enhance visual experience of 
objects in space, Cuttle, Valentine, Lynes and Burt [26] measured a human observer’s 
preferred level of lighting diffuseness. In their study, observers sat in an enclosed room in 
which a wide variety of possible lighting conditions could be simulated.  The observers 
sat across the room from the experimenter and used a gauge to set the level of lighting 
diffuseness so that the features on the experimenter’s face were (a) too soft to adequately 
see, (b) preferred, or (c) too harsh to be acceptable.  In one experiment (their Figure 12), 
Cuttle et al. manipulated the magnitude of the diffuse light. Regardless of the magnitude, 
observers set the preferred level of lighting diffuseness to be about constant.  When we 
convert their measurements in terms of the scalar-vector ratio [27] to ICE (see Appendix 
F in [9] for conversion), the preferred lighting (criterion b) falls just under the mean 
diffuseness level for natural illumination, while lighting too soft (criterion a) or strong 
(criterion c) falls on inner and outer limits of the diffuseness values found in indoor 
scenes (Figure 3), such as those in which Cuttle et al.’s measurements were made.   In 
another experiment from Cuttle et al. (their Figure 17), observers judged their preferred 
diffuseness levels under directional lighting with different azimuth and altitude angles. 
Regardless of the direction of maximum light energy, the preferred level of lighting 
diffuseness fell within the range of natural lighting diffuseness (Figure 3).  These results 
suggest that humans have some quantitative sense of the typical levels of diffuseness that 
occur in natural scenes.  
 

 
4. ESTIMATING THE DIFFUSENESS OF THE LIGHT FROM ABOVE PRIOR 

 
One of the most well known regularities in the natural world is that light usually comes 
from overhead.  Human observers make this assumption when interpreting ambiguous 
visual input. Take, for example, the shaded disks in Figure 4A.  Each shaded disk could 
be an image of a bump illuminated from one direction, or a dent illuminated from the 
opposite direction.  Human observers reliably see the disks as whichever shape, bump or 
dent, is consistent with illumination from above.  If the figure is turned upside down, the 



perceived shape of each disk changes from bump to dent and vice versa, preserving the 
impression of illumination from above.   
 
Recent work shows that even barely perceptible lighting direction cues override the 
overhead light assumption [28].  However this does not necessarily mean that in everyday 
scenes the assumption plays a minor role in shape perception. Whether the assumption’s 
role is minor depends on how strong are directional lighting cues in natural scenes. If 
typically the lighting at each point in natural scenes is highly directional and provides 
strong lighting direction cues, then the light-from-above assumption will have a minor 
role. On the other hand, if natural lighting is highly diffuse, and provides only weak 
lighting direction cues, then the assumption’s role in shape perception may be more 
significant. 
 
 
A      B 

 
 
Figure 4.  The light from above assumption is weak.  (A) Except for a 180° rotation, the 
shading of the circular patches in the odd and even columns is identical.  Human observers tend 
to interpret the shape of the images in the odd columns as bumps and even columns as dents, 
consistent with an overhead lighting assumption.  (B) Example of “weak cue” condition from 
Morgenstern et al. [28] that matches the strength of the light-from-above prior.  The diffuseness 
of the weak cue condition is on the low end of natural lighting diffuseness (shown as a reference 
line called ‘light-from-above prior’ in Figure 3A).  
 
 
One way to evaluate the assumption’s role in everyday scenes is to compare the strength 
of the prior to the strength of lighting direction cues in natural scenes. Morgenstern et al. 
[28] found that their “weak cue” condition (Figure 4B) is matched to the light-from-
above assumption: Lighting conditions that provide stronger lighting direction cues than 
this matched condition override the prior, and lighting conditions that provide weaker 



cues do not.  We compared the directness of the illumination in the weak cue stimulus to 
the directness of natural illumination, to see whether we can expect lighting cues in 
natural scenes to usually override the light-from-above prior. As shown by the “light-
from-above prior” reference line in Figure 3A, lighting conditions matched to the 
overhead assumption have much lower ICE value than almost any of the natural 
illuminants that we measured with the multidirectional photometer. This suggests that 
natural lighting almost always provides lighting direction cues that are stronger than the 
light-from-above assumption, and hence that the prior plays a minor role in shape 
perception in everyday scenes. 
 
There is a strong relationship between image shading and the underlying object shape and 
the lighting position in a scene.  Thus, relying on a weak overhead lighting assumption is 
a rational strategy for estimating an object’s properties (such as its shape) in a world 
where successful behavior towards shapes from image shading requires knowing the 
current lighting direction. 
 

 
5. CONCLUSIONS 

 
A fundamental problem in visual perception is how human observers resolve ambiguity.  
In the present work, we measured regularities in the diffuseness of natural illumination 
and examined how these measurements overlap with human observers’ biases.  Using 
this approach, we found that lighting regularities can explain some otherwise mysterious 
properties of visual perception (e.g., lightness constancy errors, weak overhead lighting 
assumptions, preferred lighting for viewing objects).  This suggests that the visual system 
uses an efficient evolutionary strategy to estimate an object’s properties from ambiguous 
images. 
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