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Ambient Occlusion for Terrain Shading

Ambient occlusion is widely used in computer graphics to accentuate areas in a three-dimensional scene that are hid-

den from bright lighting. On maps, ambient occlusion adds spatial depth and nuanced texture to shaded relief images.

Ambient occlusion images for maps can be calculated from digital elevation models using the Eduard relief shading appli-

cation. ‘Ihis paper illustrates the use of ambient occlusion for cartographic terrain shading and introduces two extensions:

(1) oriented ambient occlusion for modulation with a direction of illumination, and (2) reduced ambient occlusion for

valley bottoms with consistent brightness.

INTRODUCTION

AMBIENT OCCLUSION IS WIDELY USED IN VIDEO
games and other graphics applications to add depth to
computer-generated three-dimensional scenes. This article
describes the application of ambient occlusion for terrain
shading to enhance subtle details of a terrain surface. The
best results are produced by combining ambient occlusion
with traditional shaded relief images; the occlusion layer
adds a nuanced texture that accentuates narrow drainages
and other terrain features that are occluded from lighting
(Figure 1). Ambient occlusion works best with detailed
high-resolution elevation models for shaded relief at large
and medium scales.

Ambient occlusion is added at the end of the rendering
procedure. After a two-dimensional shaded image is com-
puted, ambient occlusion calculates an occlusion value for
each pixel that locally darkens the image.

In the time since Bavoil, Sainz, and Dimitrov (2008) in-
troduced a computationally efficient method for ambient
occlusion, many extensions to their algorithm have been
proposed, but all extensions are variations of the following
concept: for each pixel in an image, a search is conducted
for occluding objects within a hemisphere centered on the
corresponding location in the three-dimensional scene.
If there are occluding objects around this location, the
brightness of the pixel is reduced; if there are no occluding
objects, the brightness of the pixel is unaltered.
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Applying this concept to cartographic terrain shading,
imagine a pixel in the bottom of a narrow valley. This pixel
is surrounded by many occluding terrain elements like val-
ley slopes and mountain ridges, resulting in a high am-
bient occlusion value. In contrast, a pixel on an exposed
mountain ridge has neighboring terrain elements that are
either located at elevations lower than the pixel’s elevation
or at distances exceeding the radius of the hemisphere. No
other terrain elements occlude the pixel on the mountain
ridge, so its brightness is not reduced.

All terrain visualizations in this article were created with
Eduard (eduard.earth), a software application for produc-
ing shaded relief, ambient occlusion shading, and other
types of cartographic terrain visualizations. Once these
have been generated, Eduard can combine them with a
variety of blending modes, masks, and adjustment curves.
Eduard has a convenient, user-friendly interface for ad-
justing ambient occlusion parameters (Figure 2).

This article is structured as follows: The following section
discusses the concept of ambient occlusion calculation.
The article then introduces oriented ambient occlusion
modulated with a direction of illumination and discuss-
es a method for reducing ambient occlusion in flat areas.
Appendix A provides details about the algorithm of the
latter method.
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Figure 1. Ambient occlusion combined with shaded relief images. From top to bottom: Gore Range, Colorado (1 meter resolution);

Massanutten, Virginia (10 meter); and Crater Lake, Oregon (3.3 meter). Elevation models from Kennelly et al. (2021).
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Figure 2. Rendering and combining ambient occlusion and shaded relief layers with Eduard. Adjustable ambient occlusion parameters
include (in the sidebar on the right side) scan radius, aperture angle and direction for oriented ambient occlusion, amount of terrain
details, reduction of ambient occlusion in flat areas to prevent dark valley bottoms, and anti-aliasing. swissALTI3D elevation model of

Glarus by swisstopo downsampled to 10-meter resolution.

COMPUTING AMBIENT OCCLUSION

WHEN RENDERING AMBIENT OCCLUSION FOR AN OR-
thographic shaded relief, the algorithm starts with a white
image that is to receive ambient occlusion. The algorithm
visits each pixel and repeatedly decreases the brightness
of the pixel when an occluding object is found. To search
for occluding objects, elevation values are sampled along
radially arranged rays (Figure 3, left). Along each ray, el-
evation is extracted from the elevation model at a series
of sampling points to determine whether that elevation is
occluding the central pixel.
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Various heuristics for choosing a sampling distance along
the rays are possible. A constant sampling distance equal
to the cell size of the elevation model results in visually
pleasing images. Elevation values are sampled with bilin-
ear interpolation.

Experiments with various numbers of radial rays found
that for terrain shading, 20 rays with an angular spacing
of 360° + 20 = 18 produce smooth visual results. Fewer
sampling rays can result in visual noise.
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'The scan radius 7 is the primary parameter when comput-
ing an ambient occlusion image. As illustrated in Figure
4, a short scan radius accentuates narrow valleys and es-
carpments, whereas a long scan radius darkens the slopes
of larger valleys and adds a grayscale gradient to valley
bottoms.

Oriented Sampling

Circular Sampling

Figure 3. Orthographic top-down view of an elevation model.
The small circles are the sampling points for computing ambient
occlusion for the central pixel. This example has 20 sampling
rays and a scan radius r equal to three grid cells. Left: circular
sampling. Right: oriented sampling with an aperture angle o of
135° oriented along a top-left illumination direction indicated by

the dashed line.
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To determine whether a sampled elevation is occluding the
central pixel, the vertical gradient of the line connecting
the elevation at the central pixel with the elevation of the
sample point is compared to the vertical gradient of the
line to the previously sampled position. If the new gradi-
ent is greater than the previous gradient, then the new po-
sition is occluding the central pixel and its brightness value
is reduced. The amount of brightness reduction is propor-
tional to the vertical elevation distance between the new
and previous elevation, multiplied by an attenuation fac-
tor that decreases the occlusion effect of distant elevations.
Additional details about the algorithm can be found in the
presentation and conference abstract by Bavoil, Sainz, and

Dimitrov (2008).

ORIENTED AMBIENT OCCLUSION

CONVENTIONAL AMBIENT OCCLUSION SCANS THE
area around each pixel in a circular pattern to detect oc-
cluding objects (Figure 3, left). This results in ambient oc-
clusion images that are invariant to the direction of illu-
mination (Figure 5, top left).

quius 100 px

Figure 4. Ambient occlusion with a scan radius of 7 (left), 25 (middle), and 100 pixels (right). Great Sand Dunes, Colorado, 3.3-meter

elevation model from Kennelly et al. (2021).



Alternatively, ambient occlusion can be modulated with a
direction of illumination, in which the sampling rays are
laid out in a fan-like arrangement (Figure 3, right). The
example in Figure 3 applies a standard illumination di-
rection for shaded relief from the top left, indicated by the
dashed line. The rays radiate accordingly around the op-
posing direction towards the bottom right. The aperture
angle o in this example is 135°. The aperture angle and
the orientation of the radiating rays can be adjusted to any
direction of illumination.

The resulting ambient occlusion image is shown in the
bottom left of Figure 5. Compared to the ambient occlu-
sion image with a circular 360° arrangement (Figure 5,
top left), the brightness contrast with oriented ambient oc-
clusion is stronger. Narrow valleys, gullies, and rock struc-
tures are more strongly accentuated. With oriented ambi-
ent occlusion, shades on valleys slopes are lopsided; slopes

REDUCED AMBIENT OCCLUSION

STANDARD AMBIENT OCCLUSION CAN RESULT IN FLAT
plains and lakes with varying brightness, which can be
visually pleasing for waterbodies or wide valley bottoms.
However, it can also be distracting when bright flat plains
transition into narrow valleys, which are rendered consid-
erably darker. Additionally, dark valley bottoms are likely
to reduce the visual contrast with overlaying map features
and result in a map that is difficult to read. An example
of a dark valley bottom can be seen in Figure 4 (right).
Figure 6 (top) is an example of an alpine lake that is exces-
sively dark.

Dark valley bottoms can be brightened by applying an

adjustment curve with a mask for flat areas, but reliably

CONCLUSION

COMPUTATION TIME FOR CALCULATING AMBIENT
occlusion is fast with a graphics card because it can be
calculated simultaneously for multiple pixels. For exam-
ple, calculating ambient occlusion for an elevation model
of 5,000 x 5,000 pixels with a radius of 30 cells and 20
scanning rays takes less than one second on an Apple Mac
computer with an M1 chip.

with a northwest exposure remain bright, whereas slopes
with a southeast exposure are darkened.

In the right column of Figure 5, the two ambient occlusion
images are combined with a shaded relief generated by a
neural network imitating manual relief shading (Jenny et
al.,, 2020). A moderate amount of aerial perspective is also
applied (Jenny and Patterson, 2021). Both blended imag-
es contain informative texture details, but the image with
the 360° arrangement lost some of the original shading’s
clearly structured illuminated and shaded slopes because
illuminated slopes of main landforms are darker (Figure
5, top right). The combination of shaded relief with ori-
ented ambient occlusion (Figure 5, bottom right) shows a
stronger contrast between illuminated and shaded slopes
of large landforms and more clearly accentuates narrow
drainages and other terrain details.

FOR FLAT AREAS

identifying coherent flat valley bottoms with an algorith-
mic method is surprisingly difficult. Adjusting the ambi-
ent occlusion algorithm can reduce the darkening of valley
bottoms. The dark flat surfaces result from occluding sam-
pling points that are both high relative to the valley bot-
tom and close to the flat valley. Appendix A introduces a
computational method that decreases the occluding effect
of elevations that are (a) particularly high when compared
to the elevation of a flat plain, and (b) particularly close to
a flat plain. Figure 6 (bottom) illustrates the effect of this
adjustment. Figure 2 shows a larger geographic extent of
the same region at a slightly difterent scale rendered with
a combination of shaded relief and an ambient occlusion
image with reduced occlusion in flat areas.

As illustrated by the figures in this article, combining
ambient occlusion with shaded relief enhances subtle and
nuanced terrain details, which is most effective at large
and medium scales. A detailed high-resolution elevation
model is required to accentuate small details, such as nar-
row drainages and rock escarpments, which especially
benefit from ambient occlusion. Oriented ambient occlu-
sion is useful to preserve contrast between illuminated and
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Figure 5. Ambient occlusion with a 360° scan angle (top row) and oriented ambient occlusion with a 135° scan angle with a northwest

illumination orientation (bottom row). Ambient occlusion images are combined with a shaded relief (right column) with the multiply
blending mode. A curves adjustment compensates for the darkening of the multiply blending mode. Churfirsten, Switzerland, 30-meter
elevation model from Kennelly et al. (2021).
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shaded slopes of large landforms and accentuate valleys,
while adjusting the ambient occlusion for flat areas avoids
dark valley bottoms with irregular brightness. Eduard
is a tool that can efficiently produce ambient occlusion
and shaded relief images that are visually pleasing and
effective.
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Figure 6. Ambient occlusion darkening a lake and a valley
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APPENDIX A: ALGORITHM FOR REDUCED AMBIENT OCCLUSION

IN FLAT AREAS

THIS APPENDIX PROVIDES DETAILS ABOUT THE ALGO-
rithm for reducing ambient occlusion in flat areas to pre-
vent valley bottoms from becoming excessively dark.
Ambient occlusion by Bavoil, Sainz, and Dimitrov (2008)
is attenuated for pixels in flat areas and pixels occluded by
close elevations.

The notation follows the presentation by Bavoil, Sainz,
and Dimitrov (2008), slide 24, “Per-Sample Attenuation.”
The recording of their SIGGRAPH 2008 presentation,
available as supplementary material to their paper, is rec-
ommended for an introduction to the ambient occlusion
algorithm. The presentation contains diagrams that il-
lustrate the various components of ambient occlusion
computation.

The amount of per-pixel darkening for regular ambient
occlusion WAO is initialized with WAO = 0, and WAO is
increased each time an occluding surface point is found
when stepping along a scan line (Equation 1).

WAO += W(S,) - (AO(S,) - AO(S,) (1)

Equation 1 was proposed by Bavoil, Sainz, and Dimitrov
(2008). §, is the last sample point that was found to oc-
clude the pixel, and §, is the current sample point that is
occluding the pixel. A0(S,) and A0(S,) are the ambient
occlusions contributed by § and §,. W(S)) is the attenu-
ating weight applied to the difference between 4O(S,) and
AO(S,). Equations for 40(S,), A0(S,), and W(S,) can be
found in the presentation by Bavoil, Sainz, and Dimitrov.

Equation 1 is extended with an additional dimensionless
attenuation factor f; which incorporates a measure of flat-
ness nearby the pixel under consideration (Equation 2).

WAO += (W(S,) - (AO(S,) - AO(S)) + f,and £2 1 (2)

'The attenuation factor fequals 1 when the slope at the cen-
tral pixel is steeper than a user-definable gradient thresh-
old G, or when the occluding sample point §, is farther

max

away than a user-definable distance threshold D .

What follows is a description of the calculation of the at-
tenuation factor £ One can first apply a Gaussian blur filter
with o = 1 to the elevation model. The gradient G at the

central pixel is then computed from the blurred elevation
model (Shary, Sharaya, and Mitusov 2002) and normal-
ized with the gradient threshold parameter G _to obtain
a normalized gradient ¢ between 0 and 1 (Equation 3).
Note that the normalized gradient g is computed for the
central pixel and does not vary along the sampling ray.

g=G+G ,andg<1 (3)

A normalized distance value 4 between 0 and 1 is comput-
ed from the distance D between the central pixel and the
occluding sample point §,. D, is the threshold parameter
for the distance (Equation 4).

d=D+D andd<1 @)

The normalized gradient and the normalized distance are

combined (Equation 5).
w=\g? +d?,andws1 (5)

In Equation 5, w is a dimensionless weight that is limited
to a maximum value of 1. If w is close to 0, the occlud-
ing elevation is close to the central pixel and the central
pixel is flat; if «w is close to 1, the occluding elevation is far
away and/or the slope at the central pixel is far from being
flat. The attenuation factor fis finally computed with a lin-
ear mapping and a user-definable attenuation parameter @
using Equation 6. The attenuation factor freduces normal
ambient occlusion if the pixel is in a flat area or if there are
occluding elevations close to the pixel.

f=a-(a-1) w,andf21 (6)

a)

for this calculation. G is the gradient threshold; for pix-

There are three user-definable parameters (G, , D, ,
els with a slope flatter than G, the ambient occlusion
is reduced. D is the distance threshold; occluding ele-
vations closer than D result in a reduced ambient oc-
clusion. The attenuation parameter a controls how much
the brightness of flat areas is adjusted. To simplify the
graphical user interface for controlling the adjustment of
flat areas, G, and D, can be derived from a with: G
= tan(24) and D = 7/2, where is 7 the scan radius. These
heuristics simplify the user interface to a single adjustable
value and produce satisfactory results.



