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ABSTRACT

In the infrared spectrum, two contributions to shad-
ows exist: one part are reflective shadows result-
ing from occlusion of instantly reflected infrared rays,
and the other part are thermal shadows occurring
through occlusion of irradiance in the past. The re-
alization of thermal shadows requires a thermal bal-
ance calculation in 4D (3D geometry in 1D time)
which is computational expensive, and therefore
mostly used for non-real-time simulations. This pa-
per proposes new algorithms for the approximation
of thermal shadows that run on state-of-the-art com-
puter graphic cards.

1. OVERVIEW

1.1. Usage Overview

MBDA Deutschland has been using simulations with
infrared image generation since two decades now to
stimulate real and virtual infrared seekers.

In order to cover a wide range of climate and at-
mospheric conditions, synthetic environments are
used. Infrared images with appropriate frame rates
are required for modeling of seeker and sight signals
to produce controlledmotion in a virtual scenario, i.e.
no IR videos.

In response to experiences with commercial infrared
image generation tools as well as our special re-
quirements, MBDA Deutschland has developed a
software infrastructure called EMIT to generate in-
frared images. Therefore, MBDA Deutschland is
independent of commercial suppliers and potential
export restrictions. Having full control over the im-
age generation process is necessary to take into
account new project requirements and internal re-
search needs. Another advantage of an in-house
development is the usage of the infrastructure as
a VV&A1 tool for the performance evaluation of
missiles. Having the possibility of code inspection
(”White-Box” versus ”Black-Box”), the process of
1Verification, Validation, and Accreditation

validation and verification of the used models can
be achieved more easily.

Hardware-in-the-Loop simulations for the stimula-
tion of infrared seekers imply the highest require-
ments to an image generation: Supply high and syn-
chronized frame rates with a variety of different syn-
thetic scenarios.

1.2. Architecture Overview

Several important requirements must be fulfilled by
the hardware (especially the graphics card) and the
software in order to generate infrared images in real-
time:

• 32-bit floating point accuracy.

• Programmable graphics cards (Shader).

• Render-to-texture functionality.

• High compute power.

• Large texture memory.

• Synchronization of image generation, IR projec-
tor and Unit-under-Test.

EMIT consists of a platform-independent C++ soft-
ware library (EMIT-Core) and a set of applications
which are based on that library (see Figure 1).

Figure 1: EMIT architecture overview

EMIT-Core is based on the standard 3D libraries
OpenSceneGraph and OpenGL/GLSL. Real-time
capable scenarios must be organized in a scene-
graph structure, i.e. the objects of a scenario are



sorted and organized hierarchically. For EMIT, the
scene-graph library OpenSceneGraph [8] has been
chosen, as it is widely used in the aerospace and de-
fense industry. OpenSceneGraph is an open source
software such that changes or extensions related to
infrared aspects can be realized easily. In addition,
the license allows commercial usage.

OpenSceneGraph supports lots of high fidelity ac-
celeration technologies like database paging, level
of detail, billboards, culling and many more.

To couple EMIT with a variety of simulations, special
care has been taken to keep the core library plat-
form independent (currently Windows and Linux op-
erating systems are supported). The library can be
integrated into a simulation by directly using the C++
interface of the EMIT-Core. Furthermore a network-
enabled simple programming interface with C and
C++ bindings (EPI) exists such that EMIT functions
can be used from a variety of simulations, e.g. Mat-
lab/Simulink programs.

The core library of EMIT is implemented in a plat-
form independent ISO-C++ environment and covers
the modules for data management, image genera-
tion and image processing.

Due to the open architecture and the use of standard
file formats, it is possible to feed measured data or
data generated by external programs into an EMIT
based simulation. For further details of the EMIT ar-
chitecture and workflow see [7].

In the following sections, we present a new exten-
sion for EMIT that calculates thermal shadows for
real-time simulations.

2. INTRODUCTION TO (INFRARED) SHADOWS

Shadows are an important part of the image gen-
eration process since they yield clues to the 3D-
positions and shapes of objects in a scene. In Figure
4 and 5, shadows can bee seen in the visible wave-
length range and in Figure 2 and 6 in the infrared
range between 8-12 µm.

2.1. Classification of Shadows

Reflection is the dominant physical mechanism un-
derlying perception in the visible spectrum since self-
luminous surfaces rarely exist in an environment
at temperatures mostly of around 300° K. Conse-
quently, shadows result nearly completely from the
occlusion of direct rays from light sources or indirect
rays which have been reflected from other surfaces.

Visible shadows move at light speed since it is just
another word for ”instantly blocked light rays”.

In the infrared spectrum, especially in the LWIR
range (8-12 µm), close to everything in a natural
scene is self-luminous. Therefore, direct infrared
rays from surfaces to a detector are dominant and
reflected rays are only a smaller part. An important
part of shadows in the infrared spectrum are thermal
shadows resulting from the occlusion of irradiance in
the last hours which is cooling down the surface and
thus lowering the radiance in the shadowed region.
The second part concerns reflective shadows result-
ing from the occlusion of instantly blocked infrared
rays.

As thermal shadows decrease the temperature of
a surface point, their realization requires a thermal
balance calculation in 4D (3D geometry in 1D time
up to several hours in the past). A frequently used
tool in this domain is RadTherm [13]. However, this
is computational expensive and not possible under
real-time requirements.

In this paper, we show a new approximation of in-
frared shadows that can be calculated in real-time
with state-of-the-art computer graphic cards.

2.2. Importance of Thermal Shadows

Figure 2 shows a typical infrared image in the 8-
12 µm range at noontime. Obviously, the buildings
in the left and upper half of the image cast thermal
shadows onto the road in the lower half. Reflective
shadows, e.g. from the three relatively fast mov-
ing persons on the right half of the image cannot
be detected due to their small contribution to the to-
tal radiance of the road and due to their negligible
influence on the surface temperature of the road.
On the contrary to visual shadows, thermal shad-
ows are not the points on a surface which are in-
stantly occluded from the light source but instead a
cumulative shadow history of the last hours. As a
consequence, thermal shadows aremore or less de-
layed compared to reflective shadows and the transi-
tion range between light and shadow - the so-called
penumbra - tends to become wider.

Infrared images are not only observed by humans
but also by image processing algorithms, e.g. in the
seeker of a fire and forget missile system. Quite of-
ten such image processing algorithms perform some
sort of edge detection as a preprocessing step.
These detected edges are then matched with those
previously known from 3D-models of landmarks or
targets. In such a situation, detected edges caused
by shadows can mislead a matching algorithm. An



Figure 2: Measured infrared image (8-12 µm range)
with thermal shadows from the building on
the left side

example of such misleading edges caused by ther-
mal shadows can be found in the red marked areas
of Figure 3. It is computed from the infrared image
in Figure 2 via a Laplacian type of convolution filter.

Figure 3: Edge detection from previous infrared im-
age with a Laplacian convolution filter,
which shows edges from thermal shadows
(red marked)

A further important aspect of thermal shadows is that
their edges tend to be relatively sharp if the viewing
distance is high and softer with decreasing viewing
distance. This behavior is due to the fact that the
penumbra width is independent from the viewing dis-
tance.

If detailed features of shadow edges wouldn’t be
present in a simulated infrared image sequence, the
performance of image processing algorithmsmay be
overestimated compared to real infrared images. In-

corporation of high quality thermal shadows within
generated infrared images offers a high degree of
realism in order to improve simulation accuracy.

3. RELATED WORK

As the herein presented algorithms calculate shad-
ows in the context of thermal calculations, we review
the related work for shadow algorithms in computer
graphics as well as existing thermal shadowing al-
gorithms.

3.1. Real-time Soft Shadow Algorithms in the
Visible Spectrum

The rendering of soft shadows has been studied
extensively over the last years. Therefore, we fo-
cus our review on publications closely related to our
work. For an exhaustive survey on other methods
see [3].

Shadow mapping [14] is a widely used algorithm for
generating shadows in real-time rendering. The idea
is to use a depth map for simplifying the occlusion
test. A scene is first rendered from the light’s point
of view and the depth values are stored in a depth
map. In a second render pass, the scene is rendered
from the observer’s point of view and the depth val-
ues are compared. A pixel is classified to be in
shadow, if the depth in the depth map is smaller than
the depth value from the observer’s point of view.
Percentage closer filtering (PCF) [10] extends this
idea for generating soft shadows by making multiple
shadow comparisons within a user defined filter win-
dow. The shadowing factor is then built by averaging
the result. To generate contact hardening soft shad-
ows with PCF, Fernando [4] proposed the method
of Percentage Closer Soft Shadows (PCSS). He in-
troduced a occluder search as a preprocessing step
where the shadow map is sampled to calculate an
average occluder depth for each screen space pixel
and a penumbra width with a parallel planes approx-
imation. Finally, the penumbra width is used to scale
the PCF filter window.

3.2. Thermal Shadow Calculation

Cathcart [2] realized thermal shadows by modeling
an additional geometry in form of an apron around
shadow casters and assigned optical properties to it.
However, this approach requires an adaption of the
scene geometry and thus is not efficient for scenes
with dynamic geometry.



There are several commercial software products
that are able to calculate thermal shadows for in-
frared image generation. RadTherm [13] calculates
a full thermal balance solution with thermal shadows
for 3D geometry and is widely used as a validated
reference solution. For real-time simulations, the re-
sults are often stored in textures and are restricted
to scenes with static geometry. The tool SE-RAY-IR
from OKTAL-SE supports thermal shadow calcula-
tions for non-real-time simulations [6].

To the best of our knowledge, this is the first paper
describing an approximation that is suitable for real-
time simulations with dynamic geometry.

4. DERIVATION OF OUR THERMAL SHADOW
ALGORITHM

In this section, we derive our approximation from the
thermal balance equations. We first measured ther-
mal shadows using an infrared camera (Section 4.1
and 4.2) and compared the results to a simulation
with a detailed thermal balance calculation (Section
4.2). We then derived our approximation based on
the thermal balance equations (Section 4.3).

4.1. Set-up for Infrared Image Acquisition

Our set-up for the acquisition of infrared images was
as following:

• The images were acquired with a ”JADE UC33
Ex” infrared camera with a FOV of 14° (i.e. a fo-
cal length of 16mm) in the 8-12 µm wavelength
range (Figure 4).

• The shadow caster has been a black
polystyrene block and the shadow receiver
has been an asphalt road (Figure 4, 5)

• The images were taken on a sunny day in Au-
gust with some high cirrostratus clouds

• Image acquisition began at 10 am where an im-
age was captured each minute.

• The camera calibration was performed using a
blackbody radiator by acquiring images at two
different temperatures

4.2. Measured Image with Thermal Shadow

An example of a measured infrared image with our
setup described previously is shown in Figure 6. The
image was taken at 1 pm and shows a cut-out of

Figure 4: Set-up for infrared image acquisition with
the unit under test, infrared camera and
notebook

Figure 5: Unit under test (black polystyrene block)
on an asphalt road with its visible shadow

Figure 5 in the infrared spectrum. It shows in detail
the peak of the thermal shadow cast from the black
polystyrene block.

In the upper part of Figure 6, the surface temperature
of the asphalt road decreases quite fast, as can be
seen by the small transition range between high and
medium temperatures indicated by the narrow red,
yellow and green areas. The temperature drop in
these areas follows an exponential function with a
small time constant since only the top asphalt layer
is cooled down by the shadow.

Due to the bigger thermal reservoir of the thick sub-
jacent bed of gravel layer of the road, the tempera-
ture drop from medium to low is much slower in the
central shadow region. It follows another exponen-
tial function with a longer time constant. In Figure 6,
this behavior is indicated by the broader cyan and
blue areas.



Figure 6: Measured thermal shadow from the unit
under test in the 8-12 µm range at noon
(false color representation, temperature
scale on the right side in Kelvin)

In the lower part of Figure 6, the temperature profile
is vice versa: the blue and cyan ranges are small
due to the fast exponential temperature rise in the
areas which came recently out of the shadow. The
green and yellow ranges up to red are much bigger
since now the thick subjacent bed of gravel layer of
the road must be heated up. A quantitative descrip-
tion of this temperature profile is given in the next
chapter.

The measured thermal shadow is the starting point
for developing a simulation algorithm. The first step
in this process is to build a thermal model repre-
senting the measurement conditions and to exe-
cute numerical simulations with the thermal code
RadTherm. This thermal model and the simulation
results are the reference for the following investiga-
tions. In a second step, an analytical solution for
the problem is shown which is compared to this ref-
erence and is the basis for the simulation algorithm
(see Section 4.3).

To characterize the state of the shadowed surface,
a comparison of its surface temperature with the
temperature of the sunlit surface can be done. As
shown in Figure 6, the surface temperature distribu-
tion varies because of the different thermal charac-
teristics of the gravel stones and the bitumen which
together build the surface. Taking two single pixels
for the comparison could result in misleading results
if the pixels represent different materials. There-

fore, for the comparison, two extended areas have
been chosen to determine themean temperatures of
the sunlit and the core shadow surfaces. However,
these mean temperatures determined out of the IR
image are still not the physical temperatures of the
surfaces since the image contains an additional con-
tribution of the IR radiation reflected by the surface it-
self. This contribution is significant especially for the
sunlit surface and was taken into account by calcu-
lating the sun irradiance in the camera wavelength
range with the atmosphere code Modtran 4 for the
given weather conditions. Figure 7 shows the re-
sulting temperature difference of the shadowed and
sunlit surfaces.

Figure 7: Measured and calculated temperature dif-
ference shadow-sun (left: linear axis, right:
logarithmic temperature axis)

The logarithmic plot at the right side shows that the
graph can be exponentially approximated for the
long time contribution. However, it deviates signif-
icantly from an exponential law for short time contri-
butions.

For a thermal model representing the measured sur-
face, the layer materials and their thicknesses must
be known. The layers are not well known for the
measured area and have been assumed to consist
of a top asphalt layer with a thickness of 5 cm, a
bed of gravel of 20 cm and a dry soil layer of 75 cm.
The thickness of the soil layer is not important as it
has no influence on the surface temperature within
the considered measurement time range. The ther-
mal model of these layers was built-up by choosing a
series of layers with thicknesses to be doubled with
increasing depth, starting with a top layer thickness
of 1 mm.

Of course the top layer material is themost important
one for the surface temperature. In order to better
model this top layer material, a photograph of the
surface was taken (see Figure 8).

Inside the field of view was a white and black area
which was used for an estimation of the surface



Figure 8: Photograph of the asphalt surface with
white and black areas (right side) for the
determination of the surface albedo

albedo. With an estimated albedo of 0.95 and 0.05
for these areas, the mean albedo of the asphalt sur-
face was estimated to be 0.4. Using an image pro-
cessing software, the area ratio of bitumen to gravel
in Figure 8 was estimated to be 15:85.

Based on the RadThermmaterial database from [12]
and the estimation results for the top layer, the ma-
terial parameters (the heat conductivity λ, the spe-
cific density ρ and the specific heat c) for the thermal
model were determined and are shown in Table 1.

Table 1: Material parameters for the thermal model
λ (W/m K) ρ (kg/m3) c (J/kg K)

asphalt 2.0 2700 774
gravel 2.2 2800 750
dry soil 1 1500 1840

The emissivity of the asphalt surface was taken to be
0.93 from [12]. A calculation of the asphalt surface
temperature could be performedwith RadTherm and
the weather data from a nearby weather station
measured in time steps of 10 min. To minimize the
effect of the chosen initial surface condition, the tem-
perature was determined for a time period starting
more than 24 h prior to begin of the surface shad-
owing. The calculated temperature shown in Figure
7 complies with the measured temperature very well
and validates the thermal model.

The development of an accurate thermal shadow al-
gorithm can only be done with a better knowledge of
the surface temperature behavior. Therefore, an an-
alytical solution for the problem is shown in the next
chapter.

4.3. Thermal Balance Calculation

The thermal shadowing problem will be analyzed for
an infinitely extended homogeneous layer. This re-
duces the problem to a dimension of 1. The spa-
tial coordinate x is chosen to be x = 0 at the lower
boundary and x = L at the surface. The surface
temperature T depends on the balance of energy
fluxes entering and leaving the surface layer. The
thermal behavior of the layer can be written in the
form of equation 1, known as the Fourier differential
equation (e.g. see [1, 9]):

dT

dt
= κ

∂2T

∂x2
(1)

κ = thermal conductivity

The thermal conductivity is determined by basic ma-
terial parameters:

κ ≡ λ

ρc
(2)

λ = heat conductivity

ρ = specific density of the surface layer

c = specific heat of the surface layer

The solution of the differential equation is shown in
textbooks on heat transfer, e.g. see [1, 9]. The solu-
tion can be applied to a wide range of conditions by
introducing dimensionless physical parameters. For
the dimensionless temperature, a radiation temper-
ature TR is introduced which is determined by:

εσT 4
R ≡ αS + εRL (3)

σ= Stefan-Boltzmann constant

α = surface absorptivity

ε = surface emissivity

S= sun irradiation flux (direct and diffuse)

RL= longwave radiation flux of the atmosphere

Other contributions could occur on the right hand
side of the equation, like the turbulent heat exchange
with the atmosphere. These contributions usually
are of minor importance compared to those shown
in eq. 3 and therefore are omitted for the present
analysis.

Usually the surface temperature T is comparatively
close to the equilibrium temperature and therefore
the difference ∆T ≡ T − TR is small, hence a heat



transfer coefficient a concerning the radiation bal-
ance can be defined:

a = 4εσT 3
R (4)

With these definitions the following dimensionless
parameters can be defined:

temperature:

θ ≡ T − TR

T0 − TR
(5)

length:

ξ ≡ x

L
(6)

Fourier number:

Fo ≡ κt

L2
(7)

Biot number

Bi ≡ aL

λ
(8)

The boundary conditions for the problem now can be
written as:

1)
θ(Fo = 0, ξ = 1) = 1

2)
∂θ

∂ξ

∣∣∣∣
ξ=0

= 0

3)
∂θ

∂ξ

∣∣∣∣
ξ=1

= −Bi · θ(Fo, ξ = 1)

With the dimensionless variables and these bound-
ary conditions the solution is determined as a Fourier
series:

θ(Fo, ξ) =
∞∑
k=1

Ckcos(δkξ)e
−δ2kFo (9)

The eigenvalues δk are determined by solving the
equation:

δ · tan(δ) = Bi (10)

The coefficients Ck can be determined from the ini-
tial temperature profile θ(0, ξ):

Ck =

´ 1
0
θ(0, ξ)cos(δkξ)dξ´ 1

0
cos2(δkξ)dξ

(11)

Additionally the following equation holds:

∞∑
k=1

Ckcos(δk) = 1 (12)

The thermal behavior represented by eq. 9 can be
separated into two parts - the long time and the short
time behavior. Equation 10 shows that there is an
infinite number of eigenvalues. With increasing k,
the difference of the eigenvalues quickly converges
towards π. After a long enough time period all expo-
nential functions in eq. 9 with k > 1 are negligible
and the surface temperature can be represented by
the first term in the Fourier series (see [5]):

θ(Fo, 1) = C1cos(δ1)e
−δ21Fo (13)

The long time behavior therefore is represented by
an exponential law which is confirmed by the mea-
surements and numerical calculations shown in Fig-
ure 7. The time constant for the exponential function
is determined by:

τ1 ≡ L2

δ21(Bi) · κ
(14)

The material properties are represented by the
eigenvalue δ1 which depends on the Biot number.
The weather conditions are taken into account by
the heat transfer coefficient which is included in the
Biot number according to eq. 8. The length L is
determined by the heat diffusion length according to
(see [1, 9]):

L = 2
√
κt (15)

For the weather conditions and the materials shown
in Section 4.2, a time constant of 4180 s can be de-
termined if L = 0.1 m is chosen corresponding to a
measurement time of 3000 s. This value of the time
constant will be used for the long time exponential
term in the simulation shown below.

For real-time simulations, it is an obvious idea to sim-
ulate the short time behavior with an exponential law
as well. The temperature decrease at the beginning
of the shadowing strongly depends on the tempera-
ture profile of the upper layers. This can easily be
seen in eq. 11 which shows that the coefficients Ck

depend on the initial profile θ(0, ξ). For the current



state of the research, it seems appropriate to deter-
mine the short time and long time exponential func-
tions by fitting exponential functions to the numerical
simulation results using thermal models. These sim-
ulations take into account the weather history and
provide a temperature profile of the layers for each
time step. An example is shown in Figure 9 for the
thermal model described above.

Figure 9: Temperature profile of the layers for a 2-
day period (Temperatures in K)

The red (warm) areas at the top of the image show
the heating of the top surface layer during solar irra-
diation. The figure clearly shows the intrusion of the
heat into deeper layers with time.

The next question to be answered for the thermal
shadow simulation is: How does the time varying so-
lar irradiation influence the thermal shadows? The
analysis above was based on the assumption that
the radiation temperature TR and hence the solar
and longwave irradiation are constant which is not
the case in real situations. The visible and infrared
irradiations vary with time in the course of a day.
For the implementation shown hereafter, we assume
that this variation can be taken into account by sim-
ply shifting the equilibrium temperature with the tem-
perature change of the radiation temperature. How-
ever, this must to be confirmed in further research.

5. IMPLEMENTATION

The following assumptions for the implementation
were made:

• The temperature is linear dependent on shadow
factor (Figure 10).

• The varying solar irradiation and the resulting
change in the sun and shadow temperatures
can be approximated by an additive term (Fig-
ure 11). This seems appropriate as long as the
variation is slow.

• The time constants of the two exponential func-
tions within the algorithm are constant for all
time steps.

Figure 10: Temperature dependency on the shadow
factor for a sample dataset obtained dur-
ing noontime. Note that a shadow fac-
tor of 0.0 indicates that a surface is fully
occluded

Figure 11: Resulting temperature of a numerical
simulation with Thermos [11] for different
shadow factors. Note how the tempera-
ture changes during the day due to vary-
ing solar irradiation

The surface temperature with two exponential func-
tions was approximated using the thermal balance
equation:

T (t, α1, α2) = Teq +∆T1e
−α1t +∆T2e

−α2t +∆Teq

(16)

with:

Teq= the equilibrium temperature



∆Ti= contribution of the exponential functions to the
difference between the surface temperature and the
equilibrium temperature

∆Teq= the change in the sun or shadow temperature
since the last calculation resulting from solar irradi-
ation changes.

αi= material specific time constant

As shown in Section 4.3, the time constant for the
long time exponential function with the given mate-
rial and weather condition is 4180 s. The remaining
parameters α1 and ∆Ti are determined using least-
squares-fitting against numerical simulation results
(Figure 12).

Figure 12: Fitted model (red) against a numerical
thermal simulation (blue) in order to es-
timate the remaining parameters for the
exponential functions

5.1. Implementation on GPU

In order to implement the proposed approximation
on programmable graphics cards, the equation 16 is
formulated in an iterative way.

The equilibrium temperature is given by a linear in-
terpolation between the sun and shadow tempera-
ture:

Teq = fTs + (1− f)Tsh (17)

with:

Ts= sun temperature

Tsh= shadow temperature

f= shadow factor

In order to use two exponential functions, the contri-
bution of the two exponential functions is calculated
separately:

∆T1,j = ∆T1,j−1 · (1− α1∆t) + ∆Teqβ1 (18)
∆T2,j = ∆T2,j−1 · (1− α2∆t) + ∆Teqβ2 (19)

with:

∆Teq= the change in the equilibrium temperature
since the last calculation

βi= material specific weighting factor

αi= material specific time constant

∆t= time step

Finally, the temperature can be defined as:

Ti = Teq +∆T1,j +∆T2,j +∆Teq (20)

Shadow mapping as in [14] was used as a basis
for the calculations to generate soft shadows using
Percentage Closer Soft Shadows (PCSS). Due to
the fact that thermal shadows tend to be blurry, we
define a material specific minimum penumbra size.
This user parameter emulates the lateral heat con-
duction.

The implementation consists of two additional
buffers that store the contribution of the exponential
functions. We use one buffer for the input of the pre-
vious calculations and the other buffer to store the
results. The buffers are swapped after each calcu-
lation.

In each simulation time step, firstly, a shadow map
for the current sun position is rendered. The light
frustum is fitted to the view frustum in order to re-
duce the shadow aliasing. In the second step, the
scene from the observer position is rendered and a
shadow factor with PCSS is calculated. Finally, the
previous results from the input buffer are read in, the
equilibrium temperature is calculated, and the contri-
butions of the two exponential functions are accord-
ingly adapted. The required parameters such as the
current sun and shadow temperature are passed on
as uniform shader parameters. In the last render
pass, the temperature with equation 20 is calculated.

5.2. Time Sample Generation

The performance of the implementation is bounded
by the number of time iterations. It should be noted
that the shadowing events become less important as



time goes by. In order to increase the performance,
the time samples are generated in a logarithmic way.
A target sampling rate is defined and decreases as
time goes by.

This reduces the number of calculation steps. How-
ever, this also reduces the resulting image quality.
The shadow gaps between two successive samples
are now clearly visible. This can be hidden to a cer-
tain extent by emulating the lateral heat conduction.

6. RESULTS

6.1. Accuracy

Figure 13 shows a false color image of the thermal
shadow cast by a box object at a time of 40 minutes
after appearance of the shadow. The narrow zone of
the temperature gradient at the leading edge (direc-
tion in which the shadow moves with time) and the
broad transition zone at the trailing edge can clearly
be seen.

Figure 13: Result of the approximation in the “Box”
scene with a simulation time from 10:12
to 10:57 am

Figure 15 shows the result of the simulation in a
scene with dynamic geometry. The thermal shadow
is clearly visible, even after the truck has been
moved.

In Figure 14, the temperature in the core of the
shadow is compared to themeasured values and the
values determined with RadTherm. The simulated
behavior of the shadow temperature complies well
with the measured data. The analysis in Section 4.3
showed that the basic data needed for the simulation
of thermal shadows depend on the layer composi-
tion of the surface, the layermaterial parameters and
the weather history. Some of these data usually are
not known for a real scene, e.g. the layer composi-
tion. Therefore, the reproduction of thermal shadow
effects of a real scene can be very difficult to vali-
date and compliancy may be achieved by variation

Figure 14: Difference between shadow and sun
temperature for the measured data,
RadTherm solution, and the proposed
approximation.

of the unknown data. However, the implemented al-
gorithm within the simulation of the test case pre-
sented in this paper showed realistic and accurate
results by using proper input data based on mea-
surements and thermal balance calculations.

6.2. Performance

In this section, the performance using the test
scenes (Figure 13 and Figure 15) is analyzed. 8
samples for the occluder search and 25 Poisson
samples for the PCF filtering in PCSS are used. The
screen resolution was 1024 x 768 pixels and the
shadow map size 2048 x 2048. Table 2 shows the
performance of the test scenes. It should be noted
that a shadow map is rendered for each iteration.
The results show that the performance is bounded
by the shadow tests occurring in each iteration. The
performance decreases nearly linear with the num-
ber of iteration steps. In contrast to the truck scene,
the camera in the box scene focuses on a single
shadow and thus, the shadow area on the screen
is larger compared to the truck scene2. Therefore,
the performance of the truck scene is superior. The
performance results were obtained on an Intel Xeon
E5620 CPU with 2.4 GHz, 8 GB RAM and a NVIDIA
GeForce GTX480 graphics card with 1536MBmem-
ory.

2Note that Figure 13 and 15 shows only the cutout of the scene
with the shadow.



Figure 15: Result of the approximation in the “Truck” scene. The truck stays on the left side for 20 minutes and
then moves to the right where it stays till the end of the simulation. The scene has 23349 polygons.

Table 2: Performance results in milliseconds and
frames per second

Scene Duration ∆t Iterations ms (FPS)
Box 10:12-10:57 5 min 10 4.1 (243)
Truck 10:12-10:57 5 min 10 3.7 (270)
Box 10:12-10:57 2 min 23 9.0 (111)
Truck 10:12-10:57 2 min 23 8.2 (121)

7. SUMMARY

In this paper a new approximation for simulating
thermal shadows on programmable graphic cards
was presented. A model from the thermal balance
equations was derived and the short and long time
thermal contributions where approximated with two
exponential functions.

State-of-the-art soft shadow algorithms were utilized
to perform the shadow test. The implementation
supports dynamic geometry and achieves a real-
time performance in the test scenes.

8. FUTURE WORK

Future work involves optimizing the performance of
the implementation. As the shadows differ only
slightly between two successive time samples, it is
believed that the shadow factor from the previous
calculation for many pixels may be reused.

Besides the success of the presented algorithm
for the shown test case, the investigations brought
up questions concerning the simulation of differ-
ent weather conditions and the applicability of the
method. Some important questions are: How can
thermal shadows be accurately simulated in fast
changing weather conditions? How can the determi-
nation of the exponential functions by using a ther-
mal code like RadTherm be avoided? Are there bet-
ter approximating functions? These questions have
to be answered by further investigations in the fu-
ture.
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