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Fig. 1: An overview of the seven volume illumination techniques which we implemented and tested. The renderings of a CT scan
of a human body differ only with respect to the illumination method, as other parameters remain constant.
Abstract—In this paper, we present a user study in which we have investigated the inﬂuence of seven state-of-the-art volumetric
illumination models on the spatial perception of volume rendered images. Within the study, we have compared gradient-based shading with half angle slicing, directional occlusion shading, multidirectional occlusion shading, shadow volume propagation, spherical
harmonic lighting as well as dynamic ambient occlusion. To evaluate these models, users had to solve three tasks relying on correct
depth as well as size perception. Our motivation for these three tasks was to ﬁnd relations between the used illumination model,
user accuracy and the elapsed time. In an additional task, users had to subjectively judge the output of the tested models. After ﬁrst
reviewing the models and their features, we will introduce the individual tasks and discuss their results. We discovered statistically
signiﬁcant differences in the testing performance of the techniques. Based on these ﬁndings, we have analyzed the models and
extracted those features which are possibly relevant for the improved spatial comprehension in a relational task. We believe that a
combination of these distinctive features could pave the way for a novel illumination model, which would be optimized based on our
ﬁndings.
Index Terms—Volumetric illumination, volume rendering, spatial comprehension.

1

I NTRODUCTION

In recent years, the development and improvement of off-the-shelve
GPUs has led to the proposition of several interactive advanced volumetric illumination models. While most researchers claim an improved perception of volume rendered images when using their technique, little work has been done verifying these claims and comparing the different approaches. In this paper, we present a user study
which evaluates the perceptual qualities of seven state-of-the-art volumetric illumination models. The evaluated models have been chosen based on their novelty, the number of citations as well as actual
spread in real-world applications. To ensure comparability, we focused solely on direct volume rendering (DVR) techniques. Besides
the conventional gradient-based Phong illumination model [17], which
we have selected due to its pervasiveness, we selected three models
based on slice compositing and three models which can be combined
with raycasting-based techniques. The slice-based techniques consist
of half angle slicing [14], which stands out with a high citation count,
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tidirectional occlusion shading [34]. Among the techniques not exclusively based on slicing, we have decided to evaluate the recently
proposed shadow volume propagation technique [26], spherical harmonic lighting [25] and dynamic ambient occlusion [27]. Fig. 1 shows
a comparison of the results of these seven techniques.
Since this is the ﬁrst study comparing advanced volumetric illumination models, we decided to minimize potential errors by reducing
the study complexity, while at the same time reaching as many users
as possible. We focused on static images instead of dynamic images
or interactive applications since they occur in many everyday tasks.
This also implies that no stereoscopic perception cues were available.
Therefore, the layman users who participated in our study had to rely
on the visual cues of monoscopic perception such as occlusion and cast
shadows. For the design of the conducted tests, we have considered the
perceptual processes relevant for scene comprehension. First, depth
perception is crucial to comprehend the arrangement of a scene [37],
as it allows the observer to judge the distance between an object and
himself as well as other structures in the image. A conceptually more
complex perceptual task required to judge scene arrangements is size
perception, which strongly depends on depth perception [5]. Consequently, both depth perception as well as size perception are essential
in order to judge the spatial relationships within a scene. Therefore, in
the ﬁrst two tasks, we tested the participants’ ability to recognize depth
in a volume rendered image, while the third task involved the cognition of the size of different features. Our goal was to reveal the perceptual advantages and disadvantages of the evaluated models based
on these tests. Besides this analysis of quantitative measurements, we
also examined which techniques were subjectively preferred by the
users when given the choice between two images. After describing all
conducted tests in detail, we will discuss our results and distill them to
Published by the IEEE Computer Society
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Table 1: A summary of the features of the surveyed illumination models.
Model

Rendering
paradigm

Uses
gradients

Light source
location

Pre-processing required

Simulated global
lighting phenomena

Whole dataset
affects lighting

Frequency
of shadows

Half angle slicing
Directional
occlusion
shading
Multidirectional
occlusion
shading
Dynamic
ambient
occlusion
Shadow volume
propagation
Spherical
harmonic
lighting
Phong lighting

slice-based
slice-based

no
no

no constraints
headlight only

no
no

shadows, scattering
shadows

yes
yes

very high
low

slice-based

no

user hemisphere

no

shadows

yes

low

independent

optional

no constraints

long, but only once
per dataset

shadows, color
bleeding

only voxel
neighbourhood

low

independent

yes

no constraints

shadows, scattering

yes

high

independent

optional

freely rotatable
area light source

shadows, color
bleeding, scattering

yes

very low

independent

yes

no constraints

yes, but hardly
noticeable
for every transfer
function change,
noticeable
no

none

no

-

identify perceptually relevant features of volumetric illumination models. Finally, we will present guidelines to select the right illumination
model for a given task.
2
2.1

R ELATED W ORK
Advanced Volumetric Illumination Models

In recent years, several advanced illumination models for volumetric
data have been proposed [24]. However, due to time reasons and in order to keep the number of test images manageable for the user, we had
to limit ourselves to a subset of these. Therefore, we have included
mainly representatives from each group of DVR techniques, and those
techniques proposed within the last three years. Due to its high impact, the only exception is half angle slicing which has been proposed
as early as in 2002 [14]. Besides the tested approaches, the omitted
techniques are well worth mentioning, and should be brieﬂy described
in this subsection. We will explain the tested techniques in more detail
in Section 3.
Ambient occlusion is a shading method which produces a rather
rough approximation of global illumination by considering the surrounding structures of a given point. Several publications aim at using ambient occlusion in volume rendering. Stewart [31] was the
ﬁrst to extend this approach to volume rendering by proposing vicinity shading, which works only for displaying the structures belonging
to one isovalue. Similarly, Wyman et al. [40] as well as Penner and
Mitchell [22] have proposed techniques, which work for isosurfaces
only. However, there have been a number of DVR approaches realizing more general ambient occlusion in recent years. Hernell et al. [8]
integrate the opacity of each voxel in a surrounding sphere. These
values are then used to approximate the visibility of the voxel and
the amount of incoming light. Hernell et al. [9] further improved this
technique by reusing ambient occlusion results to efﬁciently compute
global shadows and ﬁrst order scattering effects with piecewise linear integration. Ljung et al. [18] obtain interactivity by exploiting a
multiresolution framework, even when reﬁning the transfer function.
Ruiz et al. [28] use a framework of obscurances to produce illustrative
renderings and saliency maps. Hadwiger et al. [7] adapted the Deep
Shadow Map approach to DVR with appealing results. In this approach, visibility functions are precomputed and compressed for each
texel from the point of view of the light position. Tao et al. [33] used
volumetric unsharp masking to modulate the local contrast of structures on volume rendered images in order to enhance depth perception.
Older techniques by Nulkar and Mueller [21] and Zhang and Crawﬁs [42] use splatting to produce shadows in volume rendering. Recently, Sundén et al. [32] proposed a technique which uses raycasting
combined with a plane-sweep approach to allow interactive advanced
lighting effects even for large datasets.

2.2

Perceptual Studies

The inﬂuence of lighting on the perception of a rendered scene in general has been the subject of extensive research. Due to the similarity
with the qualities of the tested illumination models, we mainly focus
on those studies investigating shadows or similar phenomena. Wanger
et al. found that the existence of shadows signiﬁcantly improved the
recognition of spatial features as well as object size [37]. Wanger conducted a further study on the inﬂuence of shadow quality on the recognition of spatial relationships, object size and object shape in computer
generated images [36]. In his tests, users were subjected to images of
objects with no shadows, soft shadows and hard shadows. His results
showed no signiﬁcant relation between spatial comprehension and the
softness of shadows. However, recognition of the shape of objects improved with hard shadows, but even decreased when using soft shadows as compared to using no shadows at all.
Hubona et al. [11] performed tests in which the subjects had to complete a symmetric arrangement of 3D shapes by either repositioning
or resizing an object under different circumstances. Among others,
tested variables included again the presence of shadows as well as the
number of light sources. It was found that in the repositioning test,
shadows increased accuracy, but caused longer response times, while
in the resizing test, no signiﬁcant improvement in accuracy could be
found when shadows were present. In both tests, the addition of a second light source and the resulting shadows decreased the performance
of the subjects.
Langer and Bülthoff [16] conducted tests on the efﬁciency of surface shading under diffuse lighting in tasks related to the perception of
depth and brightness. They found that the subjects performed generally as good when using a diffuse light source as when using a point
light source positioned at different locations. Their results further
support the hypothesis that humans beneﬁt from illumination models in which low luminance is correlated with depth (“dark means
deep”) [20]. However, based on the very good performance of test
subjects, they come to the conclusion that this rather simplistic model
is only a rough approximation of the complex mechanism of human
depth perception, which seems to employ more sophisticated procedures.
Hu et al. [10] performed two tests in which users had to judge the
distance between a block of wood and a table in a virtual environment.
In the ﬁrst test, users had to place the block themselves as close to the
table as possible without touching it. In the second test, users watched
as the block was lowered towards the table up to a certain point, then
had to estimate the remaining distance between the two objects. The
authors did not only focus on shadows, but also included stereoscopic
viewing as well as reﬂections on the table as visual cues. However,
their results conﬁrm that the addition of shadows had a positive effect
in all cases.
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With respect to volume rendering, perceptual studies are rather
scarce. Boucheny et al. [2] tested the depth perception of DVR images
containing transparent objects. They found that the perception was
poor when transparency was the only depth cue. It improved when the
test subjects had to detect the direction of rotation of a cylinder, but
only when carefully choosing luminance and opacity of the cylinder.
Chan et al. [4] focused on image saturation, shape enhancement and
transparency as visual cues. They have presented a framework to automatically optimize transfer function parameters for a more effective
user perception of DVR images. Wu et al. [39] have presented quantitative effectiveness measures for different volume rendering challenges such as the clarity of image contours or depth coherence. They
allow the user to receive feedback about the overall effectiveness of a
DVR image and provide the ability to further optimize rendering parameters.
Ropinski et al. [26] conducted a user study in which they evaluated
their shadow volume propagation technique. They compared their approach to conventional gradient-based shading, and found that their
global lighting approximation signiﬁcantly improved user speed and
accuracy of depth perception. Šoltészová et al. [35] introduced shadows with a chromatic blue-shift to volume rendering which avoid the
loss of information due to dark shadows when using a global illumination approach. They conducted a user study which showed that test
subjects had an improved perception of surface and contrast when using a bright chromatic shift. Weigle and Banks [38] investigated the
inﬂuence of global versus local illumination on the perception of complex 3D ﬂow data and found that global illumination had a strong positive inﬂuence on the participants in terms of depth and shape recognition. Gribble and Parker [6] introduced a user study design to explore
the perception of large particle datasets.
3

E VALUATED VOLUMETRIC I LLUMINATION M ODELS

While the list of used techniques is not exhaustive, we compiled it
with the intention to present a cross sectional study that includes a balanced selection of state-of-the-art volume illumination models. Three
of the tested techniques were based on texture slicing [3]. The other
techniques which do not require slicing were implemented using raycasting [29]. To be able to compare these two different rendering
paradigms, we used a rate of two samples per dataset voxel for all
renderings, independent of the viewing direction. For raycasting techniques, each ray was advanced for half the width of a voxel in each
step in our renderings. For slicing techniques, the number of slices
was twice the maximum number of voxels along the viewing axis.
This way, the amount of samples used for the generation of an image
was independent of the speciﬁc technique, which ensured a comparable image quality.
Another basic difference in the introduced techniques is whether or
not gradient information is incorporated in the illumination computation. Gradients can be helpful when considering the relation between
the orientation of a surface contained in the dataset and the location
of the light source. However, in noisy datasets (such as ultrasound
datasets) the gradients may not be clearly deﬁned and lead to artifacts and false lighting effects. Thus, the use of an illumination model
not depending on gradients can be an advantage. For this reason, we
avoided the use of gradients in all techniques if the option was available. For those techniques depending on gradients, we used an on-theﬂy central-difference approach.
Finally, the introduced illumination models vary in the quality of
the produced shadows. Usually, the terms high frequency and low
frequency are used to categorize illumination model features such as
shadows. When using a high frequency illumination model, even small
opaque features produce clearly deﬁned, sharp shadows which are cast
over the whole extent of the scene. Low frequency shadows are softer
and more subtle, but may appear more natural than high frequency
shadows since their appearance may suggest the existence of penumbral regions. However, in volume graphics, these soft shadows result
from light being scattered in the volumetric medium, or from the use
of area light sources. We will use the term “soft shadow” for both
of these kinds of lighting phenomena. Researchers concerned with

the inﬂuence of shadows have also differed between self-shadowing
of objects onto themselves and cast shadows of objects onto other objects [41]. We neglected this difference since the division of a scene
into objects cannot be applied in volume rendering, as a volume dataset
represents a single object as well as the whole scene.
While most of the techniques approximating global lighting focus
on shadowing, some of them are able to produce additional visual cues
such as scattering or color bleeding. However, as shadowing is the
only feature which all the tested advanced illumination models have
in common, our main focus was on the inﬂuence of shadows as a visual cue. Furthermore, a separate evaluation of different lighting phenomena would have introduced too much complexity to complete the
study effectively. We also did not include unshaded DVR images in the
study. While this case has its own beneﬁts as it allows intensity quantiﬁcation, our focus was on the improvement of perception of depth
and size due to volume illumination. Below, we brieﬂy introduce the
tested models. Their features are composed and summarized in Table
1.
Phong lighting [23] was ﬁrst applied to volume rendering by
Levoy [17], where voxel gradients are used as surface normals to calculate local lighting effects. For our images, we used a raycasting
implementation of this technique. Phong lighting was included in the
study since it serves as the default technique which is compared to
more sophisticated approaches.
Half angle slicing was introduced by Kniss et al. [14]. This slicebased approach performs two rendering passes for each slice, one from
the point of view of the observer and one from that of the light source.
This scheme allows the attenuation of each voxel with the amount of
light that arrives at its location, producing hard shadows in the ﬁnal
image. It was included as it is a popular, often-used model which produces the highest-frequency shadowing effects of the presented techniques.
Directional occlusion shading was introduced by Schott et al. [30].
As another slice-based technique, it exploits front-to-back rendering
of the view aligned textures. It employs an additional buffer in which
opacity from each voxel is blurred to inﬂuence neighboring voxels in
the following slice. Thus, it simulates shadows which a cone of light
originating at the camera position would produce. Due to the involved
blurring, the resulting shadows are rather soft. We included this technique in the study since we were interested in the potential of this
rather simple, efﬁcient approach compared to more complex models.
Multidirectional occlusion shading, introduced by Šoltészová et
al. [34], extends the directional occlusion technique to allow for a
more ﬂexible light source placement. This is achieved by replacing
the radial blurring used in directional occlusion shading by a freely
orientable elliptical blurring cone, allowing the user to select angle
and distance of the light source. This illumination model was included
in our study as it allows the direct analysis of the inﬂuence of the light
source position on the user performance when compared to directional
occlusion shading.
Shadow volume propagation is a technique that approximates the
light propagation direction in order to allow efﬁcient rendering [26].
It uses a light volume texture to store luminance and scattering information about the dataset with respect to the current transfer function.
During raycasting, the light volume is accessed to look up the luminance value of the current voxel and to attenuate the Phong shaded
color, producing high frequency shadows. We added this technique to
the survey since it is one of the few advanced shading models that are
slicing independent while not requiring a noticeable pre-processing.
Spherical harmonic lighting was originally used in volume rendering by Beason et al. [1] for isosurfaces. Ritschel suggested the
use of spherical harmonics for DVR with raycasting [25]. In a preprocess, occlusion information per voxel is projected into spherical
harmonic space (in our case, using 16 coefﬁcients). This process
has recently been improved for DVR, allowing for interactive transfer function changes [15]. During raycasting, the spherical integral
over the product of an area light source and voxel occlusion is efﬁciently computed using the pre-computed occlusion information. The
result is then used to attenuate the local voxel color, resulting in very
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soft shadows. We included this technique since it provides the possibility to test the effect of area light sources and more natural images on
the user, in contrast to the hard shadows of techniques like half angle
slicing.
Dynamic ambient occlusion has been proposed by Ropinski et
al. [27]. In a pre-processing stage, this technique computes local histograms for the local neighborhood of every voxel. During raycasting,
the appropriate histogram is looked up for the current voxel combined
with the transfer function color to produce an attenuated color. It was
included in our tests since it belongs to a group of techniques that
produce very subtle and subdued lighting effects, which may not be
prominent enough to have a notable effect on user performance.
4

U SER S TUDY

The study’s goal was to test the inﬂuence of the techniques on the
ability of an average layman user to deal with the challenge of understanding volume rendered images. In order to include as many users
as possible to reach a representative subset of the population, we decided to realize the testing procedure by using a Java applet which
users could start in an internet browser on their ofﬁce or home computer. Due to the nature of this approach, we did not have direct control
over conditions in which the participants used the applet, like lighting,
distractions during testing, or monitor setup. Although users were advised to perform the test as focused as possible, an uncontrolled testing environment might affect user performance in unpredictable ways.
For instance, a badly calibrated monitor might display images with a
large amount of shadows as too dark, which could impede the users’
perception. In these cases, the Phong illumination model might actually be beneﬁcial, as it generally generates brighter images. On the
other hand, if the monitor contrast is not sufﬁcient, the advanced illumination models may be advantageous, since they usually incorporate
a higher degree of contrast. However, in most cases of bad testing
conditions (like distractions while running the applet), we believe that
every technique would be disadvantaged equally, due to the relatively
short time it took to complete the tests. This would lower the average user performance but would not favour a speciﬁc technique over
another. Furthermore, letting participants run the tests within their familiar working environments allowed for a stress-free atmosphere as
opposed to a clinical setup. As we regard this study as an entry point
for further tests, we think that our setup is sufﬁcient to reveal general
performance tendencies between the techniques which can later be explored in more detail in a more controlled user or even expert study.
The applet started with a short questionnaire in which participants
were asked for some information about themselves, including age,
gender, profession and quality of eyesight. This was followed by the
four tasks. Each of them consisted of a screen with instructions, followed by a ﬁrst easy to solve training problem and a subsequent series
of between 21 and 42 images, depending on the task. After completion, the results were transmitted back online. No medical or other
expert knowledge was required, as the exercises were kept simple. We
received a total number of 61 test results. Six of them were discarded
as the participants had either not solved the training problems correctly or had needed a large amount of time to complete the session.
The remaining 55 participants had diverse backgrounds, with their age
ranging from 17 to 62 years with an average of 27.3 years. 56% of the
participants were male. All had normal or corrected to normal vision,
with 53% wearing glasses or contact lenses. Most of the users had
limited 3D graphics experience or were complete laymen.
The applet used a within-subjects design as all participants took
part in all four tasks. The users did not receive any feedback on their
performance during or after the trials. The images for every task were
presented in random order to prevent an ordering bias. They were generated using CT, MR, ultrasound and synthetic datasets which were
illuminated using the different illumination models. Each dataset was
used two times at most per task to allow for a greater variety of data.
If a dataset appeared twice in one of the ﬁrst three tasks which were
aimed at depth and size perception, the lighting model, transfer function, camera position and light source position were changed between
images to prevent a learning effect. All images were rendered us-

Fig. 2: The evaluation applet used for the study during the relative
depth perception task. The user had to select the marker highlighting
the structure closer to the camera.

Fig. 3: Relative depth perception results with standard error. The bars
indicate the average percentage of correctly selected markers per participant when the respective technique was used.
ing perspective projection. The transfer function speciﬁcations ranged
from more transparent setups to surface-like representations, in order
to capture a wide range of possible images. Some of the datasets contained entities which layman users could recognize, such as scans of
body parts. However, we also included some datasets not familiar to
layman users to increase diversity, such as scans of an aneurysm or a
mouse heart.
A white point light source was applied in all trials, except for spherical harmonic lighting which requires an area light source. In this case,
a monochromatic spherical light distribution modeling light from the
sun at the zenith on a clear day was chosen, according to the CIE Clear
Sky standard which was proposed by Kittler [13]. For each image, a
light source position in the front-facing hemisphere from the point of
view of the observer was chosen. This allowed us to keep the position
of the light source between techniques as consistent as the illumination models restrictions allow, while also complying with directional
occlusion shading where the light position is not a changeable parameter (see Section 3). The participants were only informed about the
fact that different illumination models were used. Detailed information about the illumination models themselves was not given. The
users were advised to give their answers as quickly as possible and
not to think too long about the solution. One run of the whole session
typically lasted about 12 minutes.
After the tests had been completed, the average performance per
technique was calculated for every task and test subject. We investigated connections between illumination model, correctness of
the users’ answers and the time the users took to solve each trial.
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The results were ﬁrst evaluated using a one-way analysis of variance
(ANOVA) to reject the null hypothesis that all correctness means were
equal between techniques. If a conﬁdence level of p = 0.05 was
reached, a Bonferroni post-hoc test with the same acceptance level was
performed to reveal differences between the individual techniques.
This test was chosen as it compensates for error inﬂation caused by
the rather large amount of pairwise comparisons between the seven
lighting models. To test for a linear correlation between correctness
and time, we used Pearson’s r statistic. We will continue with a discussion of each of the four tasks as well as their respective outcomes,
before drawing conclusions.
4.1 Relative Depth Perception
4.1.1 Material and Methods
For this task, we prepared 42 volume rendered images which were
generated with the different illumination models. Each illumination
model appeared 6 times. In each image, two circular markers were
added which were located somewhere on the image region covered by
the dataset (see Fig. 2). The positions of the markers were selected
carefully for each used dataset and camera position to keep the difﬁculty level as consistent as possible between techniques. The users’
task was to select with the mouse the marker which highlighted the region of the dataset that seemed closer to them along the viewing axis.
Measured variables were the correctness of the choice as well as the
time the users took to process each trial.
4.1.2 Results
The ANOVA test showed a signiﬁcant difference in the average correctness for the different techniques (F(6, 378) = 9.809, p < 0.001).
The Bonferroni post-hoc test showed that directional occlusion shading with an average correctness of 64.8% performed signiﬁcantly better that multidirectional occlusion shading (50.2%), Phong lighting
(45.1%), half angle slicing (44.8%) and spherical harmonic lighting
(43.6%). Shadow volume propagation (60.3%) and dynamic ambient occlusion (60.0%) performed signiﬁcantly better than Phong lighting, half angle slicing and spherical harmonic lighting (see Fig. 3).
There were no signiﬁcant differences between techniques with respect
to the elapsed testing time (F(6, 378) = 0.512, p = 0.799). Furthermore, there was no clear relation between time and correctness of the
answers (Pearson’s r = −0.32). Users took an average of 3.0 seconds
for each trial.
4.1.3 Discussion
In general, the performance of users in this task was rather poor, as
even with the technique that had the best result, over one third of the
trials was solved falsely. This may be due to the fact that most users
were not familiar with volume rendering or the presented style of data.
The relatively good performance of directional occlusion shading may
indicate that rather simple shadows which introduce a natural front-toback hierarchy to dataset features can be beneﬁcial when one has to
distinguish the depth of different features in a volume rendered scene.
This hierarchy effect may be due to the fact that the blurriness as well
as the extent of a shadow from directional occlusion shading clearly
depict the relation of the fore- and background object to the viewer. In
Fig. 4, a headlight causes an object to cast a shadow onto a box as well
as a farther wall. Due to the shadow, the observer is able to distinguish
the depth of the box surface from the depth of the wall as the shadow
on the wall is bigger and softer. A similar effect is also exploited by the
depth darkening technique ﬁrst described by Luft et al. [19] who exploit blurring the depth buffer. Thus, both techniques comply with the
“dark means deep” paradigm [20]. The relatively weak performance
of multidirectional occlusion shading (of which directional occlusion
shading can be considered a subset) could mean that, in contrast to
what is stated by Šoltészová et al. [34], the possibility to freely place
the light source is not always an advantage. The separation of light
source position and point of view of the observer leads to an increasing amount of visible shadows which might confuse users rather than
help them, especially when the features that the user has to compare
are not located next to each other. On the other hand, it could also

Fig. 4: When using directional occlusion shading, the blurriness and
the extent of shadows indicates relative depth, which helps to distinguish between dataset features.
indicate a headlight is closer to the optimal light source position than
several other light source positions, which have been chosen to lie randomly within the hemisphere pointing towards the user.
Spherical harmonic lighting and half angle slicing had the worst
performance, although they differ strongly in the frequency of the produced effects. This may indicate that the softness of shadows does not
directly inﬂuence user performance in this task. Therefore, we performed an additional ANOVA test in which we compared the average
correctness per user for soft shadow versus hard shadow techniques,
without including the Phong lighting model. The test did not yield a
result at a statistically signiﬁcant level (F(1, 108) = 1.107, p = 0.295).
This may indeed indicate that shadow frequency is not as important for
this task as other illumination attributes (such as shadow direction).
4.2 Absolute Depth Perception
4.2.1 Material and Methods
This task subjected users to 42 volume rendered images, with every
technique appearing 6 times. Each trial displayed the image with a
single circular marker along with a horizontal slider at the bottom (see
Fig. 5). Again, each marker was positioned with caution depending on
dataset and camera position to allow for a consistently fair challenge.
The users were asked to approximate the absolute depth of the marked
region on the slider in percent, in relation to the maximum distance
between the closest and the farthest point on the dataset from their
point of view. After making their choice, the users had to conﬁrm their
selection by clicking the OK button. We measured the error between
their choice and the actual absolute depth of the marked region as well
as the time the users took to complete each trial.
4.2.2 Results
The ANOVA test revealed a signiﬁcant difference in the average
discrepancy of the users’ guesses (F(6, 378) = 8.819, p < 0.001).
The Bonferroni post-hoc test showed that half angle slicing (18.5%),
shadow volume propagation (20.3%), directional occlusion shading
(21.0%) and multidirectional occlusion shading (21.0%) performed
signiﬁcantly better than Phong lighting (25.7%) and dynamic ambient
occlusion (26.0%). Additionally, spherical harmonic lighting at 21.8%
average discrepancy performed signiﬁcantly better than dynamic ambient occlusion (see Fig. 6). No signiﬁcant differences in time were
measured between techniques (F(6, 378) = 0.415, p = 0.869). There
was no clear relation between time and correctness of the answers
(Pearson’s r = 0.109). Users took an average of 6.7 seconds for each
trial.
4.2.3 Discussion
The results showed hardly any differences between the advanced techniques. The presence of global shadows seemed to help absolute depth
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perception, as Phong lighting and dynamic ambient occlusion had the
worst performance. Shadows projected onto a bounding shadow receiver (such as the walls of the synthetic dataset in Fig. 7) may have
helped subjects to better judge depth in this task. This resource is
missing when using dynamic ambient occlusion, as this technique
does not capture occlusion from objects which are not adjacent. Such
an effect may be of advantage when working with CT data, as they
potentially contain less noise and thus produce less, but better deﬁned shadows. Therefore, we evaluated the results for this modality
only. The ANOVA test revealed a signiﬁcant difference in means of
correctness (F(6, 378) = 11.397, p < 0.001), but not of elapsed time
(F(6, 378) = 0.272, p = 0.95). The post-hoc test showed that the correctness for half angle slicing was signiﬁcantly better than for spherical harmonic lighting, directional occlusion shading, Phong lighting
and dynamic ambient occlusion for this modality. The other techniques did not signiﬁcantly improve their performance compared to
their results for all modalities. This tendency towards a technique with
very hard shadows may be explained by the fact that these shadows
are cast across the whole extent of the scene. They may have the effect of a natural ruler when cast onto a homogeneous region of the
dataset, which are more often contained in high quality datasets such
as CT. Wanger [36] reported no signiﬁcant differences between soft
and hard shadows for an absolute depth perception task using nonvolume rendered images. To compare our results to his, we performed
the previous additional ANOVA test in which we compared the average discrepancy per user for soft shadow versus hard shadow techniques, without including the Phong illumination model. The result
showed that there is a small, but signiﬁcant difference in favor of hard
shadow techniques (F(1, 108) = 9.403, p = 0.003), with an average
discrepancy of 19.4% for hard shadows versus 21.9% for soft shadows. This may indicate that (at least for volume rendered images),
hard shadows provide a better frame of reference when judging the
absolute depth of features.
4.3 Relative Size Perception
4.3.1 Material and Methods
In this task, 21 volume rendered images were shown. Every illumination model appeared 3 times. The participants had to sort features
contained in the datasets by volume size, such as the different bones
in a CT scan of a human hand. The users had to sort the objects by
size with the help of drop-down combo-boxes at the bottom of the
image, which were labeled with the letter associated with the object.
They had to conﬁrm their choice with an OK button before proceeding. We selected and segmented different features which were labeled
in the images with letters and highlighted with different colors so the
users knew which parts of the dataset they were supposed to compare
(see Fig. 7). Ultrasound datasets were not used for this task as they
proved to contain too much noise to achieve a meaningful segmentation. Measured values were again the correctness of the ranking given
by the users, as well as the time they took for each trial. A trial was
evaluated as correct only if all objects were assigned the correct size
rank.
4.3.2 Results
Again, the differences in average correctness per user were statistically
signiﬁcant between illumination models according to the ANOVA
test (F(6, 378) = 33.88, p < 0.001). The post-hoc tests revealed that
directional occlusion shading performed signiﬁcantly better than all
other techniques with an average correctness of 86.4%. Shadow volume propagation (63.2%) performed signiﬁcantly better than multidirectional occlusion shading and dynamic ambient occlusion (both
48.4%), half angle slicing (42.7%) and Phong lighting (33.3%). Spherical harmonic lighting (56.9%) performed signiﬁcantly better than half
angle slicing and Phong lighting, while multidirectional occlusion
shading and dynamic ambient occlusion only delivered signiﬁcantly
better results than Phong lighting (see Fig. 8). Furthermore, a significant difference in timing could be measured (F(6, 378) = 4.332, p <
0.001). The Bonferroni post-hoc test showed that on average, trials
with directional occlusion shading were answered signiﬁcantly faster
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Fig. 5: The evaluation applet used for the study during the absolute
depth perception task. The user had to estimate the depth of the
marked structure in relation to the total extent of the scene.

Fig. 6: Absolute depth perception results with standard error. The bars
indicate the average discrepancy from the true depth of the marker per
participant when the respective technique was used.
at 4.8 seconds than trials with dynamic ambient occlusion (8.5 seconds) and shadow volume propagation (9.2 seconds). Additionally,
spherical harmonic lighting trials were solved signiﬁcantly faster at an
average of 5.6 seconds than shadow volume propagation trials. There
was no clear relation between time and correctness of the answers
(Pearson’s r = −0.04). Users took an average of 6.4 seconds for each
trial.
4.3.3

Discussion

The results of this task are similar to those of the relative depth perception task. The use of directional occlusion shading leads to a success rate of over 85%, followed with some distance by shadow volume
propagation. This is in line with previous research which indicates
that comprehension of depth is an important prerequisite for comprehension of size [5], as objects farther away from the viewer appear
smaller while having a potentially larger volume. As directional occlusion shading was the top-performing technique for relative depth
perception, it may have helped users to avoid false judgments based
on perspective. Furthermore, as the light direction is congruent with
the viewing direction using this technique, a shadow cast by an object close to the viewer was in most cases projected onto a shadow
receiver, since the camera was pointed at the center of the dataset in
almost all of our trials. Less information was lost since the shadows
did not “leave” the dataset.
Half angle slicing and multidirectional occlusion shading achieved
a similar ranking in the ﬁrst task. These techniques do not seem to
yield a considerable difference compared to the simple Phong illumi-
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nation model in this task. Spherical harmonic lighting, however, yields
considerably better results than in the ﬁrst task as it improves user
performance compared to the local lighting model. While very soft
shadows seem to be confusing rather than helpful when pin-pointing a
single point of depth in a scene, they could be better suited to approximate size. This may be due to the fact that single small features, which
were also often marked in the ﬁrst task, have almost nonexistent shadows when illuminated by a low-frequency illumination model, while
their projection is still clearly visible with high-frequency techniques
as half angle slicing. The size of the relatively large objects in this
task, however, can be possibly estimated rather well even with low
frequency techniques because they produce natural, volumetric soft
shadows to which users can relate. Since shape and volume of an object are closely related, this conclusion may seem to be in conﬂict with
the results of Wanger [36], who reported that diffuse shadowing was
detrimental to the subjects’ ability to perceive the shape of an object.
However, we did not ask the users to assign a shape to a single object,
but rather to ﬁnd a ranking in relative size between several objects.
This seems to be a different process in which individual shape recognition may not be the most important tool, but rather the shadowing of
the scene as a whole.
Dynamic ambient occlusion, another technique with rather lowfrequency effects, failed to reach a similar success rate as in the previously described relative depth task. This is probably due to the fact
that objects which are located relatively far from surrounding features
do not produce shadows at all with this technique, since they are not
included in the local voxel neighbourhood considered during the preprocess (see Section 3). Therefore, low-frequency lighting techniques
which still include the whole dataset in the occlusion calculation seem
to be a good choice in this context. This is also supported by the fact
that directional occlusion shading and spherical harmonic lighting trials were answered faster than trials involving other techniques, while
retaining a relatively high rate of correctness.
As the results from the previous absolute depth recognition task became less ambiguous when considering only images from high quality datasets, we again conducted an analysis of images from CT data
only. There was a signiﬁcant difference in the average correctness
(F(6, 378) = 24.615, p < 0.001). The success rate was generally
higher for this modality than when considering all modalities together,
except for Phong lighting with a success rate of only 7.3%. The posthoc test showed that even while considering only high quality CT data,
directional occlusion shading at a success rate of 83.6% still performed
signiﬁcantly better than dynamic ambient occlusion, half angle slicing and multidirectional occlusion shading, while spherical harmonic
lighting performed signiﬁcantly better than dynamic ambient occlusion. Additionally, all techniques performed signiﬁcantly better than
Phong lighting. The ANOVA test for timing results was also signiﬁcant for CT datasets (F(6, 378) = 3.357, p = 0.003). Directional occlusion shading performed signiﬁcantly better in this regard at an average time of 4.7 seconds than dynamic ambient occlusion (8.5 seconds),
Phong lighting (8.6 seconds) and multidirectional occlusion shading
(8.7 seconds). This result emphasizes the potential of directional occlusion shading and of advanced lighting in general for this task.
4.4 Subjective Evaluation
4.4.1 Material and Methods
In the ﬁnal task, users were presented with 26 pairs of images which
were each rendered with one volume dataset, but using two different
illumination models. The image pairs differed only in the used illumination model (see Fig. 9), and the users were asked to select that
image which they subjectively liked better. All 21 possible combinations of illumination models were included in the series. We measured
the percentage of times each illumination model was preferred.
4.4.2 Results
The ANOVA test showed a signiﬁcant difference in illumination model
preference (F(6, 378) = 61.655, p < 0.001). The Bonferroni post-hoc
test revealed that Phong lighting was favored signiﬁcantly more often by users than all other techniques at a rate of 81.2%, followed

Fig. 7: The evaluation applet used for the study during the relative size
perception task. The user had to sort the labeled objects by size, from
biggest to smallest.

Fig. 8: Relative size perception results with standard error. The bars
indicate the average percentage of correctly ranked objects per participant when the respective technique was used.
by half angle slicing at 68.0% being favored signiﬁcantly more often than the remaining approaches. The middle ranks were occupied
by shadow volume propagation (54.0%) and spherical harmonic lighting (52.9%), which performed signiﬁcantly better than the subjacent
techniques. Directional occlusion shading (37.9%) and dynamic ambient occlusion (37.3%) were preferred signiﬁcantly more often than
multidirectional occlusion shading at a preference rate of 21.8% (see
Fig. 10).
4.4.3

Discussion

It is rather surprising that the Phong illumination model performed
so well in this task, compared to the previous results. There are no
shadows present, and the resulting images have a more artiﬁcial appearance than those rendered with the other techniques. On the other
hand, spherical harmonic lighting, which could be considered the most
realistic of the used illumination models due to a natural area light
source and diffuse shadows, delivered a rather average result. It is
worth noting that we did not specify what quality of the image the
users were supposed to judge (such as “Which image appears more
realistic to you?”), but asked only which image appealed more to them
aesthetically. Phong images are generally brighter and more colorful due to the missing shadows and have a more illustrative quality.
This may have a positive effect on the user if such an image is placed
next to one including shadows. The participants also seemed to prefer
high-frequency hard shadows over low-frequency techniques, with the
half angle slicing and shadow volume propagation illumination models
reaching considerably better results than the other advanced illumina-
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tion models. This was conﬁrmed by an additional ANOVA test of soft
shadowing versus hard shadowing techniques without considering the
cases involving the Phong model, which showed a signiﬁcant difference in preference rates (F(1, 108) = 101.14, p < 0.001). Altogether,
techniques with hard shadows were preferred in 65.6% of those trials,
while techniques with soft shadows consequently had a preference rate
of only 34.3%. Hard shadows with no penumbral region do not appear
often in daily life since a point light source with an otherwise dark
environment would be necessary to produce them. This might indicate a general tendency of users to prefer rather artiﬁcial, illustrative
representations of a scene over more natural, realistic approximations.
5 R ESULTS AND D ISCUSSION
5.1 Summary of Results
Our user study shows that depth and size perception in volume rendering is signiﬁcantly improved by exploiting advanced lighting approximations, since the local technique (Phong) delivers worse results
than almost all global models in all related tasks. This result is backed
up by previous studies with a similar outcome in polygonal rendering [11, 37]. Therefore, it seems to be preferable to use an illumination model which provides additional cues such as shadows when
conducting volume data analysis. Of course, an interesting result is
the discrepancy between effectiveness and appeal of the illumination
models, as the Phong illumination model was most often favored by
the test subjects. Apparently, there is an inverse relationship between
realism and preferableness of an illumination model. It may be caused
by the presence of too much visual information in the images with
shadows, in contrast to the relative simplicity of the Phong model images. Furthermore, this model produces specular highlights. They
further brighten the images and let areas of equal density seem more
like surfaces. Due to this, the unfamiliar semi-transparent cloud-like
appearance of volume rendered images is partially suppressed, which
may have a positive inﬂuence on user acceptance. This effect may also
be connected to the general familiarity of rendered images that were
generated with Phong lighting, since it can be considered as a longestablished standard used in many computer-based scenarios. This
could be exploited when not analysis, but rather presentation of data
is important. For instance, the Phong illumination model (or a similar
basic shading method) could be used to illustrate medical information
during a doctor / patient communication.
The choice of the applied advanced illumination model should depend on the required task as well as the quality of the volumetric data.
With respect to relative depth recognition, it seems that positioning the
light source at the point of view of the user is beneﬁcial in the tested
cases. Directional occlusion shading seems to help the user best in
distinguishing the depth of dataset features from another, because the
muted shadowing effects produced by this technique introduce a hierarchical order. It seems that cast shadows from the shadow volume
propagation, half angle slicing and multidirectional occlusion shading
techniques can in same cases be confusing rather than helpful if the
shadow direction deviates from the viewing axis. This is especially interesting as medical illustrators prefer a placement of the light source
at the top left corner of the ﬁeld of vision to enhance image perception [34]. Our results are generally not in line with this assumption,
which becomes clear in particular when comparing the performance of
directional occlusion shading versus multidirectional occlusion shading. Here, the difference lies not in the quality of the shadows, but in
their direction and amount. Thus, while shadows are beneﬁcial for relative depth perception in general, our ﬁndings indicate that one should
use them in a rather subtle manner when confronted with this kind
of task to reach the best results. The relatively good performance of
dynamic ambient occlusion in the ﬁrst task also supports this claim.
The shadows of this technique do not depend on a light source position at all, but only reﬂect the local scene geometry around each voxel.
Of course, in all of the presented techniques the light source could be
placed at (or around) the point of view of the observer to prevent excessive shadowing, which may be a point of interest for future studies.
Using directional occlusion shading to achieve a better relative feature
perception has the additional advantage that this technique is indepen-

Fig. 9: The evaluation applet used for the study during the subjective
preference task. The user had to select the image which he subjectively
preferred.

Fig. 10: Subjective preference results with standard error. The bars
indicate the average percentage of times per participant in which the
respective technique was preferred over the other shown technique.
dent of gradients and does not require a noticeable pre-processing. For
these reasons, we recommend directional occlusion shading for tasks
related to relative depth perception in combination with all modalities.
In turn, if the classiﬁcation of the absolute depth of a dataset feature
is required, our results suggest that an illumination model should be
preferred which produces shadows that are not aligned with the viewing axis. Half angle slicing, a global lighting approximation with hard
shadows, may have reached better results than others, since it provides
a frame of reference by casting clearly outlined shadows onto other
dataset features. This effect, however, is not as noticeable as the apparent positive inﬂuence of a head light on feature ranking tasks. It seems
to strongly depend on the quality of the given data, as the test results
were less ambiguous when considering CT data only. The addition of
a reference ruler indicating the total extent of a dataset in addition to
an advanced lighting model could improve user performance. In the
absolute depth task of Wanger [36] in which he included a ruler, test
subjects reached far better results than in our version of this task. However, considering the higher complexity of volume rendered images
used by us compared to Wanger’s images of simple non-volumetric
objects, the potential beneﬁt of this device is at least doubtful. Our
tests should be repeated with a ruler in the future to determine if such
a tool would improve user accuracy and yield a clearer result even for
noisy data. Until this has been investigated, we recommend half angle slicing for CT and other clearly structured volumetric data, as it
reached the best test result and requires no long pre-processing.
Finally, the recognition of relative feature size seems to beneﬁt from
soft lighting effects as well as shadows which are cast over the whole
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scene and not just towards neighbouring features. This is indicated
by the good performance of shadow volume propagation and spherical
harmonic lighting as well as the very good performance of directional
occlusion shading, which combines both attributes. In addition, the
recognition of relative size is a more complex procedure which takes
more time to complete than the other experiments. This may have
led to a more distinct difference in timing results than in the other
tasks. Directional occlusion shading also performed well in this regard, as users needed signiﬁcantly less time to complete the task with
this technique compared to several other models. Therefore, we recommend directional occlusion shading for all modalities for this kind
of task, since it combines the best testing results for the quality and the
timing of the participants’ answers.
5.2 Derived Guidelines
Based on our results, we recommend the following guidelines for the
application of volume illumination techniques to improve image comprehension:
• In general, keep lighting as subtle as possible - the principle “less
is more” seems to apply.
• A lighting model that does not dominate the appearance of the
scene should be used as a default. The image should be enhanced, not distorted.
• To enable the user to understand the relation between all structures in a scene, the lighting model should ideally include the
whole dataset when producing lighting effects.
• We recommend an initial light source position at the point of
view of the observer, as the produced visual cues are less likely
to be obtrusive. If this default conﬁguration does not provide
enough information, an optimal model should enable the user
to produce more noticeable effects by changing parameters like
light source position and shadow frequency.
Directional occlusion shading complies with most of these guidelines
and could be used as a starting point. We believe that multidirectional
occlusion shading is a valuable ﬁrst step to enhance this technique.
Other properties such as the frequency of effects could be added as
a changeable parameter in the future to allow for the adjustment of
lighting properties according to the given circumstances.
6 C ONCLUSIONS AND F UTURE W ORK
We have presented a study in which we tested and compared the effectiveness of standard as well as advanced illumination models for
DVR. Based on the results, we derived guidelines for choosing an illumination model. Our survey has shown that global illumination models make a difference when it is necessary to assess depth or size in
images. Although the time the users took to complete the individual
trials was hardly inﬂuenced by the use of a particular model, the level
of correctness improved signiﬁcantly. Furthermore, the position of the
light source seems to play a pivotal role. Depending on the situation,
the direction of shadows can signiﬁcantly inﬂuence depth perception.
We believe directional occlusion shading performed so well because the users were intuitively aware of the exact light source position
at the point of observation, whereas an arbitrarily placed light source
provides an additional factor of uncertainty. While modern hardware
allows the inclusion of most of the tested illumination models in realtime, we think that there is a strong indication that at least a relatively
simple illumination model as the directional occlusion shading should
be employed in the professional analysis of scientiﬁc volume data.
In the future, additional studies are needed to further clarify the inﬂuence of different illumination factors, which should be carried out
in a controlled environment. A more in depth recording of the participants approach to the individual tasks (for instance, with eye-tracking)
could be useful. More involved, interactive tasks like puzzle solving
could provide more information on the potential of illumination models to convey shape and depth in a volume rendered scene. Techniques

which we omitted as well as possible combinations of existing techniques should be tested as well. Furthermore, there are several rendering parameters whose inﬂuence should be explored. In the presented
study, the light source position was not directly part of the investigated
parameters. A more careful research of the inﬂuence of light source
positioning should be conducted, as Hubona et al. [11] have also suggested. Finding out if a head light is beneﬁcial in conjunction with
all illumination models would be especially important. Another point
of interest would be how a moving light source (resulting in moving
shadows) could improve the perception of a volume rendering scene
over static lighting. Research indicates that mobile shadows can be a
much stronger visual cue [12]. Other visual cues such as interreﬂections, light scattering or color bleeding should be also included in future testing. If possible, each cue should be tested individually to ﬁnd
out exactly which ones should be part of an optimal lighting model. Finally, a task which tests the inﬂuence of volume illumination models
on shape recognition could be an interesting addition to a prospective
study, maybe also when dealing with dynamic data.
In our study only laymen with no familiarity with the presented
datasets were asked to participate. Thus, we were able to minimize
the inﬂuence of previous knowledge and expectations. Domain experts could not only beneﬁt from visual cues, but also their experience
and training when solving different tasks. As a consequence, a future
domain expert study would be of interest, as it could reveal completely
different results. This study should include task-driven trials to investigate the effectiveness of volume illumination models in real-life tasks,
such as the identiﬁcation of aneurysms in medical volume datasets.
As far as the development of new illumination models is concerned,
we ﬁnd that there is still room for improvement. Even untrained users
should be able to reach better results than those demonstrated in our
tests, as the respective error rates were rather high. An optimized illumination model as suggested in Section 5 would be as unambiguous
and subtle as directional occlusion shading as the default state. This
could be combined with the possibility to move the light source away
from the observer’s point of view temporarily to produce high frequency cast shadows, which might help to relate the absolute depth of
features to the whole extent of the dataset. Multidirectional occlusion
shading might be a ﬁrst valuable step into this direction. However, an
additional study in which user interaction is included would have to be
carried out to test this combination.
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