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Abstract

This paper presents ThRend, a ray tracing software
that allows for accurate and physically plausible in-
frared rendering of urban environments. ThRend is
designed to rapidly generate simulated thermograms
based on a set of scene and material specifications.
It can be considered as a post-processing tool that
takes the output of thermal simulation software and
simulates the behavior of long-wave radiation reach-
ing a virtual infrared sensor. The software provides
a simple interface that gives the user the possibility
to test different emissivity and reflectivity configu-
rations to render thermal images. The results can
be used to compare thermal simulations against real
measurements performed with thermal cameras. This
approach enables the use of thermography as a more
reliable tool to assess the energy efficiency and perfor-
mance of buildings in their corresponding urban con-
text. Combining computational simulation of classic
thermal solvers with infrared rendering appears as an
alternative to better understand the results captured
in a measurement campaign.

Key Innovations

• A physically-based infrared rendering approach
to simulate urban thermography is presented.

• A detailed guide on how to use the module in
any infrared study is outlined.

• The results of using the module in real urban
experiments are shown.

• The ray-based source code is left freely available
for the community to use.

Practical Implications

Infrared radiation is a complex physical phenomena
that is affected by multiple variables. The output
of ThRend can be provide a better understanding
of the thermal behavior of buildings and city ele-
ments, which can be helpful in the design planning
and energy-awareness improvement for new building
projects and urban interventions.

Introduction

Thermography is used for building diagnostics and
energy efficiency evaluation (Evangelisti et al., 2018).
It provides spatialized information about the ther-
mal exchanges within the city (Beckers and Garcia-
Nevado, 2018). Nevertheless, the temperature re-
sults captured in a thermography campaign are not
always directly reliable (Datcu et al., 2005), mainly
because the camera produces a temperature estima-
tion based on the incoming radiative flux (Vollmer
and Möllmann, 2017). This radiative flux depends
on many aspects, such as the emissivity of the ma-
terials, the reflectivity behavior of surfaces, the at-
mosphere between the camera and the lens, and the
temperature of reflected objects. At the urban scale,
such complex phenomena produce significant bias in
the apparent surface temperature of the buildings
(Aguerre et al., 2019).

The state-of-the-art thermal solvers used by the
building simulation community (e.g. EnergyPlus,
CitySim, SOLENE) produce temperature distribu-
tion results that need to be post-processed for per-
forming a reliable validation with thermography mea-
surements (Hénon et al., 2012; Wu et al., 2015).
In this paper, a post-processing ray tracing mod-
ule named ThRend is presented for this purpose. A
Monte Carlo approach is used to estimate the incident
radiation on a virtual thermal camera considering di-
rectional emissivity models (Aguerre et al., 2020) and
microfacet BRDF theory (Walter et al., 2007). This
approach enables dealing with the multiplicity of ma-
terials that are characteristic of urban environments.

ThRend is already available as an open-source and
free software solution in Aguerre (2020). It has al-
ready been validated with a real urban measurement
campaign, using it as a post-processing tool for the re-
sults of a finite element urban thermal analysis. The
software is able to read the output of the simulation
in Unstructured Cell Data (UCD) format (Advanced
Visual Systems (AVS), 2020), and the infrared prop-
erties are set through a very simple material definition
text file. The camera and image settings can be set
through another text file. Moreover, an interactive al-
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ternative GPU accelerated version found in Aguerre
and Wald (2020) is available for real time inspection
of the infrared scene.

The present article aims to present the flexibility of
the tool by showing the results under different ma-
terial configurations and several temperature condi-
tions of the same urban scene. Careful attention is
put on the algorithms that are used in the current
implementation, as well as on the computational per-
formance of the solution.

Methods

ThRend is a ray-tracing-based renderer of infrared
radiation. Based on the Embree ray-tracing kernels,
ThRend is designed to rapidly generate simulated
thermograms based on few input data. This soft-
ware can be considered as a post-processing tool that
takes the output of other thermal simulation software
and allows to simulate the behavior of long-wave ra-
diation reaching an infrared sensor (thermal camera).
ThRend gives the user the possibility of using differ-
ent emissivity and reflectivity configurations to ren-
der thermal images.

Algorithms for thermography rendering

After the surface temperatures are obtained with a
thermal simulation engine, post-processing is needed
to obtain rendered infrared images. This step is ac-
complished by placing a virtual thermal camera in-
side the geometric model. This section describes the
algorithm for simulating the virtual camera.

The goal of thermography rendering is to imitate the
image captured by a real camera, which does not show
the real surface temperature of the scene but one esti-
mated from the measured incoming radiation. Ther-
mal cameras are composed of a collection of infrared
sensors that gather the incoming infrared radiative
flux arriving in directions within the field of view
(FOV) of the lens (Vollmer and Möllmann, 2017).
These sensors measure radiation with a wavelength
between 7 and 14 µm, which is a mixture of three
different components: radiation emitted by the cap-
tured object, radiation emitted by other bodies and
reflected by the object, and radiation emitted by the
atmospheric layer between the camera and the object.
Because of such complex phenomena, the model used
by the thermal camera is very sensible to the input
data (e.g. directional emissivity, reflected tempera-
tures), which is usually very difficult to estimate prop-
erly. Therefore, the estimated temperatures shown in
thermal images are not always accurate estimations
of the real temperatures.

The most relevant section of thermography rendering
is the estimation of the virtual incoming radiative flux
φvirtin for each pixel. In our study, this estimation is
performed using the following equation:

φvirtin = εσT 4
p + (1− ε)σT 4

ref (1)

The virtual flux φvirtin is computed based on the simu-
lated temperature of the directly seen point (Tp), the
reflected temperature (Tref ), and the corresponding
pixel directional emissivity ε. The properties of the
virtual camera must be set to be the same as the real
thermal camera used in the measurement campaign
(same FOV, pixel resolution, position and direction
of view). As can be seen, in this model the atmo-
spheric radiation source is neglected, which is only
valid for sufficiently close measurement distances and
good weather conditions (e.g. less than 200 meters,
no fog or rain). The emissivity ε associated with each
pixel is obtained using a directional emissivity model
such as those described in Figure 7. Finally, the es-
timated temperature is calculated by replacing the
computed φvirtin in Equation 2.

T app
surf =

4

√
φin
σ

(2)

Ray tracing is used to obtain Tp and Tref . For each
primary ray, the temperature of the intersected point
Tp is obtained and the reflected temperature is cal-
culated as a weighted average of the temperatures of
the points reached through the glossy reflected paths
that follow the specular lobe. This process is graph-
ically shown in Figure 1. Several primary rays are
cast for each pixel to account for anti-aliasing. Re-
flections take a greater importance in the case where
the angles of incidence are large, such as in the case
of a small camera FOV and perspective views of the
scene.

Tp

Tref
Virtual 
thermal 
camera

Figure 1: Ray tracing for rendering a thermal image
using a virtual camera.

Microfacet BRDF implementation

A microfacet BRDF model (Cook and Torrance,
1981) is implemented in ThRend to compute the di-
rection of reflected rays. The GGX probability den-
sity function is applied for sampling the specular lobe.
This function is controlled by a unique roughness pa-
rameter α, which typically takes values between 0
and 1 (Burley, 2012). Values closer to 0 indicate
more specular reflections. A different α value is set
for each material depending on its surface roughness.
Following Walter et al. (2007), an importance sam-
pling strategy is adopted and different weights are as-
signed to each scattered direction. Hammersley low-
discrepancy sequence (Suffern, 2016) is used to avoid
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noise in the final results. In contrast with Walter
et al. (2007), a unique reflectivity value that corre-
sponds to the macrosurface normal is used for each
primary ray, because the proposed emissivity curves
already consider roughness.

The microfacet model explains how the light is re-
flected from a surface. In this model, the assumption
that rough surfaces can be modeled as a collection
of small microfacets is made, where the distribution
of facet orientations is described statistically (Pharr
et al., 2016). This assumes that microsurface details
are too small to be seen directly (Figure 2). The two

Figure 2: Micro and macro surfaces. The
macrosurface has one normal direction n but the

microsurface contains many normals m which are
modeled using microfacet distribution function

D(m).

main components of microfacet models are a repre-
sentation of the distribution of facets and a Bidirec-
tional Reflection Distribution Function (BRDF) that
describes how light scatters from individual micro-
facets. Given these, the task is to derive a closed-form
expression giving the BRDF that describes scatter-
ing from such a surface. Perfect mirror reflection is
usually adopted for microfacet BRDFs, and it is an
accurate assumption for infrared radiation (Modest,
2003).

Generally, a microfacet BRDF cannot be sampled
exactly, meaning that samples must be weighted.
To calculate the samples and their corresponding
weights, several functions have been proposed, start-
ing with the Phong distribution (not based on
physics) and continuing with the Beckmann and GGX
distributions (Walter et al., 2007). ThRend uses the
GGX distribution because it has stronger tails (Fig-
ure 3), which according to Walter et al. (2007) better
fits the experimental data. GGX distribution with
roughness α is defined as follows:

D(m) =
α2χ+(m · n)

π cos4 θm(α2 + tan2 θm)2
(3)

G(v,m) = χ+
(v ·m
v · n

) 2

1 +
√

1 + α2 tan2 θv
(4)

where θm is the angle between the microfacet normal
m and macrosurface normal n (Figure 2), θv is the
angle between a vector v and n, and χ+(a) is the
positive characteristic function (which equals one if
a > 0 and zero if a ≤ 0). The sampling of a microfacet

normal m that fulfills D(m)|m·n| distribution is done
by calculating the azimuthal angle and polar angle:

θm = arctan

(
α
√
ξ1√

1− ξ1

)
(5)

φm = 2πξ2 (6)

where ξ1 and ξ2 are two uniform random variables in
[0, 1). For a given incident direction i, the reflected
direction o is:

o = 2|i ·m|m− i (7)

and the weight for the reflected direction o is:

weight(o) =
|i ·m|G(i,m)G(o,m)

|i · n||m · n| (8)

Figure 3: Examples of the Beckmann and GGX
distribution of m and reflected direction o, given

incident direction i and macro normal direction n.
The GGX distribution of o is more dispersed than

that of Beckmann and thus tends to have more
shadowing.

Overall algorithm

Algorithm 1 presents a pseudocode that describes the
computation of the virtual flux for each pixel. A ray
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is cast from the camera through the pixel and the
temperature of the directly seen point is obtained us-
ing the results of the FEM processing stage. Next,
L rays are cast to sample the reflected directions.
Each reflected direction generates a different path
(using followSpecularPath procedure) to obtain
the temperature of the reflected elements using mul-
tiple radiation bounces. After the glossy sampling,
the paths are built over the simplification of perfectly
specular reflections, allowing for reasonable compu-
tational performance without producing a significant
absolute error in the calculations.

Alg 1 Computation of virtual flux for each pixel.

C = getCameraPosition()
for each pixel (u,v) do

dir = getRayDirection(u,v) . get pixel direction
[i, p] = castRay(c,dir) . point p and element i
εi = getDirectionalEmissivity(i, -dir) . Figure 7
Tp = getTemperature(i,p) . get temperature at p
σT 4

ref = 0 . initialize reflected flux
for each reflected ray r ∈ 1...L do

(reflDir,wr) = getGGXDirection(i,dir)
σT 4

r = followSpecularPath(p, reflDir)
σT 4

ref += wr ∗ σT 4
r /L

end for
φvirt
in (u,v) = εiσT

4
p + (1− εi) σT 4

ref . Equation 1
end for

function σT 4
r =followSpecularPath(p, reflDir)

rayCon = 1
σT 4

r = 0
while rayCon > t do . t is a threshold ≈ 0

[j , p] = castRay(p,reflDir)
εj = getDirectionalEmissivity(j,-reflDir)
σT 4

r += rayCon * εj * σ * getTemperature(j,p)4

reflDir = getSpecularDirection(j,reflDir)
rayCon ∗= 1− εj

end while
end function

In order to account for the microfacet BRDF, Eqs. 3
to 8 are implemented in the getGGXDirection(i,dir)
function in Algorithm 1.

ThRend input data

ThRend input data is handled through two plain
text configuration files: viewSettings and materials.
viewSettings contains the configuration of the scene,
camera and output images. materials describes the
infrared properties of the materials to be used.

Figure 4 presents an example of viewSettings file. In
this example, the scene geometry and nodal tem-
peratures are loaded from the AVS UCD file bay-
onne14hs.inp, as indicated by the tag sceneFile.
UCD files are commonly used in structural analy-
sis and computational fluid dynamics. Such files can
be exported from a large database of CAD, simula-
tion and visualization software, such as Gmsh, AN-
SYS, Cast3m and Paraview, and its specifications can
be found in Advanced Visual Systems (AVS) (2020).

Currently, ThRend supports geometries composed of
quadrangular and triangular surfaces, although adap-
tation to other element types would be a trivial task.

#scene settings

sceneFile bayonne14hs.inp

skyTempsFile tsky

# camera and image settings

# location of the camera:

cameraCenter -87.6051 9.4538 1.0

# direction of the camera:

cameraDirection 0.9623 -0.21 0.172

cameraUp 0 0 1

# field of view of camera in vertical direction

# (in degrees)

fovVertical 24

# resolution of the image

imageWidth 180

imageHeight 250

# Primary rays per pixel (for antialiasing)

aa 16

# Number of reflected rays per pixel

reflSamples 100;

# Maximum bounces, greater than 0

MAX_BOUNCES 2

# Colormap settings

colormapFile colormap

tmin 10

tmax 40

tmin_reflected -10

tmax_reflected 30

Figure 4: Example of viewSettings file.

The skyTempsFile tag specifies the file that contains
the sky temperatures. This file must have only one
line with 10 values indicating the temperature of the
sky in different zenith angles (specified in kelvin, from
the zenith into the horizon with 10 degrees steps):

233.6 235.4 238.4 242.6 248 254.6 262.4 271.4

281.6 293.0

Figure 5: Example of sky temperature file.

These temperatures are used for rays that do not hit
any geometry. If the user does not want to use this
alternative, the alternative is to input a fully closed
mesh (e.g. a room or a sky box). Previous studies like
Nahon et al. (2019) show that the sky temperature
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variation is smooth enough to allow representing it
using 10 angles for an accurate estimation of incoming
sky long-wave radiation.

The following tags are the properties that define the
camera view. The tag aa indicates the number of
primary rays per pixel for antialiasing. It is important
to highlight that the execution time of ThRend is
linear with respect to this number, so it should be as
small as possible. A value of aa equal to 1 disables
antialiasing.

The tag reflSamples indicates the number of re-
flected rays to cast per pixel. A significant number
of rays is needed to ensure sufficiently accurate sam-
pling.

The tag MAX BOUNCES contains the limit of radiation
bounces. This number must be greater than 0 to al-
low for infrared reflections. Larger number of bounces
implies larger execution times.

The tag colormapFile indicates the file where to find
the colormap specification of the output, using the
same format as MATLAB colormaps (each line con-
tains one RGB color). The tags tmin and tmax in-
dicate the colormap temperature limits (in Celsius)
used for the output (for example, minimum temper-
ature 10C and maximum 40C). tmin reflected and
tmax reflected are the equivalent for the reflected
temperature output image, which in this example are
lower because most of the reflected temperature cor-
respond to the cold sky.

Figure 6 presents an example of materials file. This
file contains the definition of the infrared properties of
the materials. Each one is associated with a material
id in the UCD file. The tag name indicates the name
of the created material, while the tag UCD id indicates
the associated id in the geometry file.

# material definition

name wood

UCD_id 2

normal_emissivity 0.95

diffuse_fraction 0.9

roughness 0.0995

name mortar

UCD_id 3

normal_emissivity 0.91

diffuse_fraction 0.85

roughness 0.0814

name glass

UCD_id 9

normal_emissivity 0.92

diffuse_fraction 0

roughness 0.0000

Figure 6: Example of materials file.

The tag normal emissivity indicates εn, which rep-
resents the emissivity value at normal incidence. εn
is used to generate a directional emissivity curve fol-
lowing Schlick’s approximation (Schlick, 1994):

ε(θ) = εn − εn(1− cos(θ))5 (9)

The tag diffuse fraction allows to generate an in-
terpolation between the Schlick (Fresnel) emissivity
curve and a diffuse curve of constant emissivity (us-
ing the value defined at normal emissivity). This can
be used to describe different levels of roughness in
the materials, where for example glass is 0% diffuse,
while wood is 90% diffuse. Note that these values
define the emissivity behavior only; the reflectivity is
handled with the next tag. Some examples of inter-
polated curves are presented in Figure 7.

Figure 7: Example of generated emissivity curves.

Two types of reflections can be used in ThRend:
glossy and diffuse reflections. Glossy reflections are
handled through importance sampling of the micro-
facet BRDF with GGX (Walter et al., 2007). Ham-
mersley sampling (Suffern, 2016) is used to choose
the ray directions. The tag roughness indicates the
roughness of the material, as defined by the probabil-
ity density function of GGX (parameter α). Smaller
values of roughness imply more specular reflection be-
haviors, therefore, in the example above, the material
glass has the lowest roughness value.

Diffuse reflections, on the other hand, are han-
dled with Beckers-and-Beckers view factor sampling
(Beckers and Beckers, 2016). A purely diffuse reflec-
tion is obtained by setting roughness to be -1:
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name diffuseMaterialName

UCD_id 11

normal_emissivity 0.9

diffuse_fraction 0.7

roughness -1

One final note about material definition is that
ThRend supports the definition of custom emissivity
curves, such as in this example:

#custom material, defined with a curve of 91

#emissivity values (from 90 to 0 degrees of

#viewing angle)

name customMat1

UCD_id 12

emissivity_curve 0.4650 0.5115 0.5528 0.5895

0.6223 0.6517 0.6779 0.7015 ... (91 values)

roughness 0.0814

The tag emissivity curve replaces the
normal emissivity and diffuse fraction tags.
It allows defining a custom curve by entering 91
emissivity values: one value for each incidence angle
(from 90 to 0 degrees).

ThRend output data

ThRend generates one main result and four auxiliary
files. The main result is the file apparent.png, which
stores the rendered apparent surface temperature of
the scene. The four auxiliary files are: real.png, which
shows the result as if every material was a blackbody,
emis.png, which stores a grayscale image showing the
computed emissivity for each pixel, refl.png which
shows the reflected temperature for each pixel (using
the second colormap scale defined in viewSettings),
and the file temps, which stores the apparent tem-
peratures as a matrix of numbers that can be loaded
directly into Matlab. An example of generated out-
put files can be found in Figure 8.

Figure 8: Example of generated output files.

Results and discussion

This section presents some examples of results gener-
ated using ThRend as a post-processing tool for FEM
simulations. Two test cases are shown. In the first
place, a set of thermograms taken on a perspective
view of a street in Bayonne, France, are shown. In
the second place, a larger urban scene is used in the

simulation, following a test case in the city of Mon-
tevideo, Uruguay. In both cases, the emissivity value
of the camera is set to 1.

In the case of the Bayonne test, the inclusion of di-
rectional properties of infrared radiation in the ren-
dering stage plays a major role, hance using ThRend
was fundamental for obtaining accurate results when
comparing to measured data (Aguerre et al., 2020).
In the second test case, we show a larger scene exe-
cuted using GPU to allow for real-time inspection.

In the Bayonne test case, two hours of the day are
selected, one during daylight hours (15:00hs) and the
second one at night (23:00hs). We show two ther-
mograms taken using a FLIR B200 thermal camera.
ThRend was used to render images using different
directional emissivity models, in order to show the
effect of this parameter on the results. Figure 9 de-
picts the rendering results (rows 1-4) and correspond-
ing thermograms from the measurement campaign.

The first row was generated using a black body model
(ε = 1). Under this assumption, the wooden blinds
on the south wall present higher temperatures than in
the measurements, as well as the entire surface of the
north facing wall. When the emissitivity is set below
1 (as done in rows 2-4), the radiation reflections start
having an effect on the results. The diffuse emission
approximation (row 2 of Figure 9), where the surfaces
are considered gray-body emitters, show a better ap-
proximation when compared with the measurement.
Here, different the normal emissivity (ε⊥) values were
used as the constant emissivity for each material. In
this case, the colder reflected temperatures of the sky
start having an effect in the results, allowing for bet-
ter results in the south wall, but non-rough surfaces
(e.g. glass windows in the north wall) still present
an overestimated emissivity. The third row was gen-
erated using the Fresnel emissivity model (Figure 7).
In this case, the reflected temperatures have a major
effect in the rendered images, which are much colder
than in the measurements. These images are espe-
cially influenced by the large incidence angles of the
perspective view, resulting in lower emissivity values.
The images in the fourth row were generated using
the mix of diffuse and Fresnel emissivity models as
presented in Figure 7. This model allows for the sim-
ulation of both smooth surfaces and diffuse ones: the
wooden blinds show colder temperatures as in the
third row, and the glass on windows reflect the sky
temperatures. Upon comparison with the measure-
ment results, the combined model proved to be the
most accurate one.

The second test case was developed using a large ur-
ban scene in the city of Montevideo. The infrared im-
ages were taken from a high building. The captured
scene includes several buildings of different heights,
vegetation, streets, and other elements. This scale
enables the study of the thermal interaction between
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Figure 9: Several rendered thermograms using
different emissivity models along with measured

results. Figures extracted from Aguerre et al. (2020).

a set of buildings, including inter-building shadows,
different sky view factor proportions, and a wide ma-
terial variety. Figure 10 shows some initial results.
In the first column, three thermograms captured at
different hours are presented. These high-resolution
images were taken with a FLIR T1020 thermal cam-
era. In the second column, the correspondent ren-
dered thermal images are shown. It can be seen that
a simplified 3D model of the real urban scenario was

used in the study. For example, trees and vegetation
are not modelled, which implies that the simulated
results present a higher overall temperature. At this
scale, the wind has a bigger impact, so using CFD cal-
culations becomes unavoidable for an accurate study.
Luckily, ThRend takes the temperature results of the
simulation, so this stage is not affected by the increas-
ing complexity of the thermal system.

Considering the assumed simplifications, there are
many interesting things that can be observed by per-
forming a comparison between simulated and mea-
sured results. Given the intrinsic complexity of such
real urban scene, there is a large variety of materi-
als and shapes that have a significant effect on its
thermal behavior. These variables are also observed
in the measured thermograms. For example, some
sheet metal roofs reflect the cold sky temperature,
but this behavior is not seen in the simulation since
a uniform material was used in it. Hence, comparing
both results helps highlighting modeling differences
and discovering interesting facts about the real urban
scene, even when using highly simplified geometrical
representations.

(a) Thermogram
measured at 9hs

(b) Simulated
thermogram at 9hs

(d) Thermogram
measured at 15hs

(e) Simulated
thermogram at 15hs

(g) Thermogram
measured at 18hs

(h) Simulated
thermogram at 18hs

Figure 10: Results for Montevideo test case. Results
executed in real time using the GPU version of

ThRend.
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Conclusion

This article introduced ThRend, an infrared render-
ing module that allows generating thermal images us-
ing a physically-based rendering approach. Several
inputs can be entered into the system in order to ob-
tain a set of results that follow the physical descrip-
tion of the model.

We presented two examples of studies in which
ThRend has proven to be useful for performing ther-
mal inspections. Simulations are an important tool to
understand infrared measurements. In urban scenes,
the environment tends to be very complex from a ma-
terial and geometrical complexity. In this context,
ThRend can provide a useful alternative for under-
standing the physical behavior of the city. Moreover,
ThRend offers the possibility of testing multiple ma-
terial descriptions and using GPU acceleration to per-
form a real time visualization of the scene.

ThRend is available as an open-source software solu-
tion, and it can be used for infrared inspection of any
type of scene, not only urban environments. This al-
ternative opens a wide range of applications in which
the software can be of help. Furthermore, new re-
quirements or features can be implemented and added
for allowing a broader spectrum of use cases.
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