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ABSTRACT 

Inclusion of site data, such as the surrounding 

structures, terrain, and vegetation, all of which 

modulate the amount of indirect radiation exchange 

between a building and its environment is necessary 

for accurate building energy simulation.  While the 

impact of indirect radiant energy is potentially large, it 

is also very time consuming to calculate.  Thus 

building energy simulations tend to incorporate 

simplified environment models or to omit the indirect 

radiation calculation altogether. 

This paper describes how a computer graphics 

algorithm, environment mapping, can be used to 

accurately calculate the indirect reflected radiant 

energy from the environment.  We encode the 

complete panoramic environment surrounding a 

surface as an image texture that serves as a look-up 

table parameterized by direction.  Different pieces of 

information such as sky, clouds, and buildings or 

obstructions are stored in separate textures that can be 

quickly overlaid.  The method is fast, accurate, robust, 

and scalable. 

INTRODUCTION 

How much solar radiant energy (shortwave, near 

infrared) does an element on an external building 

surface actually receive?  Although almost all energy 

simulations compute the direct radiation components 

from both the sun and the sky, in practice few 

simulations include the effects of the surrounding built 

environment or terrain.  Even though the impact of this 

indirect radiant energy component may be significant 

(Figure 1), the increased environment model 

complexity makes these effects very time-consuming 

to compute.  Thus typical building energy simulations 

tend to incorporate simplified environment models or 

ignore the indirect radiation calculations completely. 

We present a new algorithm to simulate the 

environmental effects based on environment mapping, 

an early computer graphics technique used to 

approximate the visual impact of the surrounding 

environment, without a significant increase in 

computation time.  We encode the complete panoramic 

environment surrounding a surface as an image texture.  

In computer graphics, a texture map is a two-

dimensional array (usually of pixel color values) which 

can be mapped to a surface.  In our case, we use the 

two polar coordinates (θ, φ) of the hemisphere to look 

up stored floating point values.  The advantage of 

using texture maps is that modern CPU’s and graphics 

boards include texture mapping hardware, providing 

both fast access and the ability to composite textures. 

 

       
a b c d 

Figure 1 Examples of environment sky dome occlusion and indirect specular radiation: Visible sky dome with 

clouds and visible building obstructions (a).  Mountainous terrain also reduces sky dome visibility (b).  Indirect 

specular reflections from built environment (c) and lake (d). 
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Different pieces of information such as the visible sky 

dome, clouds, terrain, building obstructions, or 

secondary specular or diffuse reflections are stored as 

separate textures that can be quickly overlaid.  Since 

the method stores the resulting data as texture maps, 

the calculations can be accelerated with common 

graphics hardware for both the access and combination 

of texture maps. 

Typically, the greatest computational effort is spent on 

sampling the environment which requires determining 

millions of ray intersections for all energy transport 

paths in complex polygonal scenes.   This computation 

must be repeated for each exterior building surface 

location and for every sample direction.  Since the 

results are cumulative, it is important to establish the 

appropriate order of the computations to further 

accelerate the simulations.  In addition to computing 

the effects of direct solar and sky radiation, at present 

we limit the indirect effects to the first-bounce specular 

reflections from the sun and the indirect diffuse 

reflections from both the sun and the sky dome, 

although the procedures are extensible to multiple 

bounces.  The algorithm has proven to be fast, 

accurate, robust and scalable. 

In the following sections we illustrate the different 

radiant energy components and introduce a 

nomenclature from computer graphics to describe their 

distinct transport paths.  The concepts of environment 

mapping and texture maps are next introduced.  We 

then describe our ray-casting strategies, including 

sections on accuracy and the preferred computational 

order.   The final section demonstrates the algorithm by 

pre-calculating the incident indirect radiant energy for 

each external surface of a building in an urban 

environment and feeding the data to EnergyPlus. 

SOURCE – TRANSPORT PATH 

NOMENCLATURE 

At any given time, the total radiant energy received at 

any point on a building’s external surface is the sum of 

the direct radiant energy received from the sun and the 

sky, and the indirect reflected energy from the 

environment, including neighboring buildings and 

terrain.  We use the following energy notation:      
       

               
           

   
           

    (1) 

Note that the first term,        
    needs to be computed 

from one vector direction (the solar angle) and the 

second term,        
   

 requires the integral over all 

visible sky directions.  The third term,          
    may 

reach the building surfaces from all directions and 

through many different transport paths.  The equation 

(1) can be rewritten with two integral terms (where   

is the solid angle): 

               
    ∫        

   

 

  ∫          
   

 

 (2) 

We model these integral portions by sampling a 

hemisphere placed at all specific receiving points on all 

external surfaces of the building being simulated 

(Figure 2).  Note that only one receiving point is shown 

in the figure, but in actual practice we place many 

hemispheres on each external building surface.  

Finding all possible transport paths from the sun and 

the sky is NP-hard.  Thus for the indirect reflections 

from the environment we reduce the complexity by 

assuming that the transport paths are either diffuse or 

specular. The assumption that a surface is either 

entirely diffuse or entirely specular is a simplification, 

because real surfaces have both characteristics. 

Because the impact of transport paths diminishes with 

the number of bounces (which are extremely 

computational expensive); we currently limit our 

algorithm to a single bounce of reflection of energy 

from both the sun and the sky.  Thus equation (2) is 

modified to: 
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 ∫          
   

 

 

(4) 

Figure 2 illustrates many different types of energy 

transport paths, both direct and indirect, for both the 

sun and the sky.  We use a nomenclature from 

computer graphics (Heckbert 1990) to represent the 

diffuse (D) and specular (S) transport paths.  Within 

this paper we do not consider the diminishing effect of 

multiple bounce reflections nor do we present the 

specular sky reflections.  To approximate the integral 

equations we use a hemispherical sampling strategy as 

described in the next section.  

ENVIRONMENT MAPPING 

The caching technique which we use is based on an 

early computer graphics rendering algorithm first 

published by Blinn and Newell (1976).   Their method 

approximates the results of tracing rays by storing the 

visible effects of global reflections from an 

environment as a texture map.  By assuming that all 

objects and light sources in the environment are 

sufficiently distant from the object, these effects can 

then be modeled as a two-dimensional projection 

surrounding the rendered object.  The view of the 

environment depends on the object’s surface normal 
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vector and varies for each portion of the object being 

rendered. 

The analogy is that the object is positioned in the 

center of a hemisphere of infinite radius, and the 

resulting texture, indexed by polar coordinate angles, is 

“painted” in the object’s surface (Figure 3c).  Several 

types of texture maps can be utilized such as spherical 

maps, cube or hemicube maps (Cohen and Greenberg 

1985) or hemispherical maps.  All act as a pre-process 

to establishing the texture map.  Our implementation is 

based on the hemisphere map.  Thus, the texture map is 

a projection of 3D space onto a 2D parametric (u, v) 

texture space (Figure 3b) which can be indexed by its 

latitude and longitude. 

Although the early graphics algorithms were solely 

dedicated to creating images and could index the 

texture map using the object’s surface normal, our goal 

is to determine the reflected energy from the 

environment at any point on a building’s exterior 

surface.  Thus we invert the process and cast rays from 

any given surface point on a building’s exterior and 

query the pre-computed texture map for each location.   

The accuracy of this approach is dependent on several 

basic assumptions: 

1. The hemispherical patches are either small enough 

or sufficiently homogeneous so that each segment 

can be accurately represented by a single value in 

the texture map. 

2. The impact of second bounce indirect reflections 

(Figure 2) is negligible. 

RAY CASTING STRATEGY AND 

ACCURACY 

Rays can be sent out to sample the environment in 

many different ways, ranging from Monte Carlo 

techniques to regularly based intervals.  Since we build 

our texture map from our hemispherical analogy, we 

investigated three regular subdivision schemes.  While 

longitude/latitude mapping is very common, it 

oversamples the surface normal direction (the zenith of 

the hemisphere) (Figure 4a).  Improved results can be 

attained with a uniform solid angle multiplied by the 

cosine of the angle of incidence distribution, because 

every ray has the same energy contribution (Figure 4c).  

Unfortunately this method undersamples the region 

near the horizon of the hemisphere and does not work 

 
 a Sun b Sky 

Figure 2 Direct and indirect energy transport paths. (a) Possible energy transport paths from the sun to a 

building’s surface.  We evaluate all indirect paths shown in red, but do not evaluate the multiple bounce paths. (b) 

Evaluated indirect energy transport paths (red) from the sky are shown.  For this paper we are not evaluating the 

first bounce specular sky reflections shown in black. 

         
a b c 

Figure 3 Environment Mapping.  The visible effects of the environment computed on a hemisphere (a) and 

converted to a texture map (b).  These effects are then “painted” on the object’s surface to approximate the global 

illumination (c). 
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well with many architectural geometric models.  We 

obtained good results with a uniform solid angle 

distribution (Figure 4b), which best captures the 

characteristics of typical built environments.  All rays 

must still be weighted by the cosine of the angle of 

incidence, which means that zenith rays have the 

highest contribution and the horizon rays the lowest 

contribution to the total energy received.  We use a 

method described by Shirley and Chiu (1997) to 

subdivide a sphere into equal solid angle segments. 

Figure 5a depicts a simple example to illustrate the 

accuracy of our approach.  A 10m × 10m wall is 

moved perpendicularly to the exterior surface of the 

building containing several hemispherical sample 

points.  The exact analytical form-factor used for 

determining the radiant interchange for a diffusely 

reflecting surface (the wall) is calculated using a 

method described in Baum et al. (1989).  The form-

factor values for uniform solid angle hemispheres at 

three different sampling resolutions are also shown.  

Since a single ray is cast for each hemispherical 

segment, the accuracy depends on the size and number 

of discretized uniform solid angle segments in the 

hemisphere.  Figure 5b shows how the accuracy is 

improved as the patch size decreases and the number of 

samples increases.  It also shows the expected 

diminishing absolute value of the form factor as the 

wall of constant size is moved away from the building. 

Results for an analytical solution for this simple 

example are plotted against three different resolutions 

using the uniform solid angle hemisphere.  Note that 

all three resolutions indicate high accuracy, although 

the computational time is roughly proportional to the 

number of hemispherical samples.  

ORDER OF CALCULATIONS 

The computational order is very important and can 

significantly improve the calculation speed.  First the 

direct solar component,        
    is calculated in a 

separate step as described in Jones et al. (2011).  We 

then create the occlusion map which indicates the sky 

visibility.  To determine the direct sky component 

    

 
a Longitude/Latitude (θ, φ) b Uniform solid angle c Uniform solid angle × cosine 

Figure 4 Ray casting schemes for hemispherical maps.  Note that the Longitude/Latitude mapping (a) oversamples 

at its crown and the Uniform solid angle × cosine mapping (c) undersamples at its base. 

        
 a b 

Figure 5 Form-factor comparisons. Analytical vs. uniform solid angle hemispheres 
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 hemispherical samples need to be calculated 

only for the non-obscured sample points. 

We then construct the remaining three indirect texture 

maps:         
   ,         

   
, and          

   .  Because the 

ray intersection calculations dominate the 

computational expense but are identical for all three 

indirect transport paths, we take advantage of this 

redundancy.  Note that this computational order is 

different from standard approaches.  Furthermore we 

again use the occlusion map as any indirect reflected 

energy can only come from these occluded directions. 

For each occluded ray, we place a secondary 

environment map to calculate the energy that this ray 

contributes in the first bounce and repeat the previous 

process.  Potentially, we could call the function 

recursively to generate multiple bounces easily, but 

this was not implemented. 

Note that unlike the environment mapping for creating 

images, we store the radiant contributions at each pixel 

in the texture map.  Once all five texture maps are 

completed, we can then combine them as a single 

texture map whose values can easily be accessed with 

graphics hardware routines.  

EXAMPLE 

This algorithm is independent of the operating system 

and the simulation environment.  We implemented our 

prototype in Java and use a modified version of 

EnergyPlus version 7 that allows us to inject data into 

the simulation. 

To get fast raycasting results, we triangulate the 

geometry and create a k-d tree at the beginning of the 

simulation.  The user can specify how many receiving 

points will be calculated for each polygon, what kind 

of raycasting strategy will be used, and how many rays 

 
 a b c d e 

Figure 6 Hypothetical World Trade Center, New York City, environment.  (a) Occlusion Map, (b) Sky Direct, (c) 

Sun Diffuse Indirect Reflection, (d) Sun Specular Indirect Reflection, (e) Sky Diffuse Indirect Reflection 

Note that for the Sky Direct (b) only the white areas of the Occlusion Map (a) need to be sampled.  For the 

remaining indirect reflections (c, d, e) only the black areas of the Occlusion Map (a) need to be sampled. 
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will be used for the environment map and for each first 

bounce. 

The current implementation calculates five different 

reflection factors that EnergyPlus is using internally 

(EnergyPlus Development Team 2011) and injects 

them into the simulation: 

 ReflFacBmToDiffSolObs 

 ReflFacBmToDiffSolGnd 

 ReflFacSkySolObs 

 ReflFacSkySolGnd 

 ReflFacBmToBmSolObs 

We used a test architectural model of a real building 

with terrain containing 14 thermal zones and 2189 

polygons (4430 triangles) (Figure 7a).  We first ran a 

simulation in EnergyPlus version 7 with the simulation 

parameter “full interior and exterior with reflections” 

enabled, which took 2 hours 35 minutes.  Afterwards, 

we calculated the sun direct with a method described in 

Jones et al. (2011) requiring less than 10 seconds, and 

the reflection factors with our method, requiring 18 

minutes for 256 rays or 26 minutes for 1024 rays (note 

that EnergyPlus uses only 90 rays internally).  We 

injected our pre-computed reflection factors and reran 

the EnergyPlus simulation in only 4 minutes.  The 

results are very similar (Figure 7b).  Table 1 shows in 

summation, for a model of this complexity, the 

simulation was more accurate and the computation 

time was reduced by a factor of five or seven 

(depending on the accuracy). 
 

Table 1 Comparison of the total simulation time 

between EnergyPlus and the Java implementation of 

our environment map 
 

RAYS ENERGYPLUS ENVIRONMENT MAP 

90 2h 35m — 

256 — 0h 22m 

1024 — 0h 30m 

All simulations ran on a 3.4 GHz Intel
®

 Core™ i7-

2600 workstation with 16GB RAM. 

EnergyPlus also uses a ray casting algorithm, but it is 

not fair to make absolute comparisons of the execution 

times.  Our software takes advantage of large memory 

storage (caching of a lot of information) and modern 

computer architectures. 

CONCLUSION 

Inclusion of the indirect effects is necessary for 

accurate building simulations, but is frequently omitted 

due to its large computational expense.  We have 

presented a novel method to calculate the indirect 

reflected radiant energy from a surrounding 

environment.  The method uses an environment 

mapping technique from computer graphics.  Our 

approach is fast, accurate, robust, and scalable and can 

take advantage of modern computer architectures with 

large local memory. 

We bypassed EnergyPlus’ direct and indirect radiation 

calculations by injecting the results from our method, 

proving that we can evaluate the impact of the 

surrounding structures and terrain.  For extreme cases, 

such as specular facade reflections in urban areas or 

diffuse terrain reflections in mountainous regions, the 

effect can be quite significant.  The procedures can 

also be used to optimize the orientation and positioning 

of solar panels. 

We partially optimized our prototype software, but we 

have not fully explored the order of computation.  The 

algorithm was designed to run in parallel and thus, 

providing there is sufficient memory, parallelization 

can vastly reduce computation time. We plan on 

investigating how we can automatically achieve 

appropriate sampling resolutions for a given 

environment.  We also wish to eliminate computational 

redundancy when environment maps are in close 

proximity to each other. 

   
a  b 

Figure 7 Architectural test model.  (a) Shows the geometry of the building and the environment.  (b) Shows the total 

solar incident on one surface (EnergyPlus in blue and our method in red). 
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We also do not take full advantage of all modern 

computer architectures, like hardware texture mapping.  

Currently, we store separate textures for different data, 

all of which can be combined to a single energy texture 

for each sample point.  For given weather conditions, 

further accelerations can be obtained by not calculating 

computationally expensive energy components that add 

little value. 

To date, we have limited our investigations to solar 

shortwave radiation (wavelength < 4µm).  In the future 

similar procedures could be partially utilized with the 

calculation of longwave radiation interchange if 

appropriate spectral source distributions (for the sun, 

sky, and environment), scattering models, and 

reflectance functions are available. 
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