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Abstract. The Radiosity-Graphics Model (RGM) is an important branch of computer simulation models 
for vegetation BRDF. Because the radiosity method is based on a global solving technique and computers’ 
computation capability is limited, RGM can not run beyond a limitation of the number of polygons in a scene 
(estimated as 500,000 for a normal PC). Therefore, RGM was only used for small-scale scenes such as 
farmland, lawn or homogeneous forest. However, it is common that the land is rugged in nature, so the main 
work of this paper is to extend RGM to simulate forest radiosity on a complex topography and put 
simulations of large-scale forest scenes into practice. Based on RGM, we focus on the methods to construct a 
large-scale virtual forest scene and use a scene division method to simulate large-scale forest radiosity on 
complex topographic conditions. Our work can be described as follows: (1) Virtual forest scene generation 
combined with DEM. (2) Scene division: We realize a scene-division method by correcting shading effects of 
the sub-scenes and considering multiple scattering. (3) BRF of the whole scene: We realize an algorithm to 
merge simulation results from all the divided sub-scenes and calculate the BRF of the whole scene. (4) 
Evaluation and application: By comparing the sub-scene method with the original RGM model in a relative 
small scene, the code is confirmed to be correct. By applying our new model to a conifer forest scene on a 
GUASS terrain from RAMI3 (http://rami-benchmark.jrc.it), we make sure of the rationality of our simulation 
results. The application supply the gap that RGM is absent of large-scale scene simulations in RAMI3. 
Although good results have been achieved, some limitation and errors of the scene division method are also 
discussed in the paper. In addition, the future research direction is proposed.  
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1. Introduction 
Simulating the light distribution within the forest canopy can help us understand a remote sensing image and 
improve the inversion accuracy of forest structure. Generally, a homogeneous or simple shape is assumed to 
simplify the simulation. However, the actual land surface is often very complex. In many cases, a 3D 
computer model is needed to accurately simulate the surface BRDF. Especially, when complex parameters 
are needed, such as LAI, component temperature and biomass distribution, to infer from remote sensing data, 
3D simulation can be used to analyze the uncertainty problem. 

Currently, there are three kinds of 3D model: the 3D radiative transfer (RT) model proposed by Gastellu-
Etchegorry et al. (1996, 2004), the Monte Carlo light tracing model, and the radiosity model (Borel et al. 
1991; Goel et al. 1991; Qin et al. 2000). The RT models or Monte Carlo models use some statistic 
parameters, such as leaf area density, leaf inclined angel distribution and scattering phase function, to simply 
large scale surface (Gastellu-Etchegorry et al. 2004; Myneni 1991; North 1996). The Radiosity method is 
well suited to calculate the radiation regime within and at the boundaries of complex 3-D assemblies of 
scatterers, such as a vegetation canopy. A few Radiosity models based on graphics algorithm were proposed 
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to accomplish the task, for example, the DIANA model (Goel et al.,1991) and RAYSHADE graphics 
software package (Borel et al., 1991). These models combined the radiosity method with a real vegetation 
scene generation model and provided a powerful tool to study radiation regime in a heterogeneous, 3-D 
structured vegetation scene. More and more researchers are interested in the radiosity model. 

Currently, limited by the computer calculation capacity, a radiosity-based 3D remote sensing model is 
mostly used in small scenes, including crop canopies, grass and deciduous trees. However, the spatial 
resolution of satellite remote sensing is usually greater than 15m. Besides, it is common that the land surface 
is irregular. In order to match the large observation scale of remote sensing, the radiosity should be extended 
for large scales with complex terrain, at least for pixel-level scenes. 

Goel et al. (1991) and Qin et al. (2000) use an infinite periodic canopy method, which virtually translates 
the scene many times to avoid extensive calculations and save time. Mastal et al. (1999) present an overview 
on radiosity modelling for large vegetation scenes, including hierarchical methods (Hanrahan et al. 1991), 
the Virtual Wall approach (Arnaldi et al. 1994, 1997), and nested radiosity (Chelle et al. 1998). The final 
conclusion is that true heterogeneous vegetation scenes cannot yet be rendered with current algorithms. They 
suggest a subdivision algorithm that allows splitting whole scenes into single plants or groups of similar 
plants. 

This paper aims to extend the Radiosity-Graphics Model (RGM; Qin et al., 2000) to allow simulation of 
a complex topographic condition and to put simulations of large-scale forest scene into practice. Based on 
RGM, we focused on methods to construct a large-scale virtual forest scene and use a scene subdivision 
method to solve radiative transfer problems in large-scale forest scenes on complex topographic conditions.  

2. RGM model description 
RGM is an important branch of computer simulation models based on radiosity for vegetation BRDF. The 
radiosity equation describes the interaction of radiation between Lambertian surfaces and computes the 
outgoing diffuse radiation flux (radiosity) on all surfaces, with multiple reflection and transmission being 
considered. The equation has the form: 
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Bi is the radiosity on surface element i, defined as the total radiation flux density leaving that surface (unit is 
Wm-2). Ei is the surface emission, and xi is the surface reflection or transmission coefficient which depends 
on the relative orientation (normal vector nr ) of surface i and j to each other. Fij is the form factor or “view 
factor” which specifies the fraction of radiant flux leaving another surface j that reaches the surface i, and N 
is the number of discrete two-sided surface elements to be considered. 

Based on a global solving technique, RGM can not run beyond a limited number of polygons in a scene 
(estimated as 500,000 based on Intel Personal Computer) due to limited computer computation capability. 
The other problem is the huge time cost for the form factor calculation because the complexity is O(N2), 
where N is the total number of polygons of the scene.  

3. Large scale forest scene generation and sub-scene division 
A large scale forest scene is a combination of DEM and trees. DEM is meshed into many square polygons. A 
tree is generated by the AMAP software developed by CIRAD (deReffye et al., 1997). AMAP can output the 
tree structure into a file with DXF format, which is easily transferred to a POLY.IN file for the RGM model. 
From the DXF file, several components, including stem, branch and leaf, are derived. Each tree is planted at 
the DEM surface according to the forest density and horizontal distribution. It should be noted that the units 
between tree polygons and DEM are different and should be converted into the same unit. Fig. 1 gives an 
example of a scene division. 
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For a large forest area (more than 500,000 polygons), it is necessary to divide the scene into sub-scenes. 
After subdivision, each sub-scene is small enough for RGM to run (10,000~100,000 polygons are 
recommended). However, each sub-scene is interacting with neighboring sub-scenes.  Therefore, how to 
subdivide the scene is a key problem. Fig. 1 presents the basic idea of subdivision. The whole scene is 
divided into 16 square boxes with equal size. Similar to the mask algorithm in the digital image process, each 
sub-scene includes 3*3 square boxes. For example, sub-scene I includes boxes 1, 2, 3, 5, 6, 7, 9, 10 and 11 
(Fig. 1(b)). How to determine the box size is related to the sub-division radiosity solution algorithm, which 
will be described in detail in the following section. 

   (a)                

1 2 3  2 3 4 

5 6 7  6 7 8 

9 10 11  10 11 12 

(b) Sub-scene I           (c) Sub-scene II 
5 6 7  6 7 8 

9 10 11  10 11 12 

13 14 15  14 15 16 

(d) Sub-scene III        (e) Sub-scene IV 

Fig. 1: demonstration of dividing the whole forest scene (a) to four sub-scenes (b-e). 

Generate_Large_Forest_Scene(); // by combining DEM and AMAP software 
 

SUB_SCENES = Sub_Divide_Scene (Number of sub-scenes); //divide the whole scene into sub-scenes 
SUB_DEMS = Sub_Divide_DEM(DEM, Number of sub-scenes); //divide the whole DEM into sub-DEMs 
 

For each sub-scene i in SUB_SCENES do 
FF = Form_Factor_Calculation (); // FF stores the form factors for all facets 
FD = Diffuse_Radiation_Determination(); // FD stores irradiance from sky over all facets 
VD_SUB = Sky_Observation_Factor(); // Sky observation factor calculated by SUB-DEMS(i) 
DAREA = Direct_Radiation_Determination(); //DAREA stores irradiance from direct sun radiation 
IMG_SUNS(i) = Project_Scene_To_Image(sun);  
// Each pixel in IMG_SUN stores the top polygon ID which can be viewed from sun direction 

End For 
 

IMG_SUN_WHOLE = Mosaic_Projected_Images(IMG_SUNS); // mosaic images from all sub-scenes 
VD_WHOLE = Sky_Observation_Factor(); // Sky observation factor calculated by DEM of the whole scene
 

For each sub-scene i in SUB_SCENES do 
FD_NEW = Update_Diffuse_Radiation(FD, VD_WHOLE, VD_SUB);// using equation (3) 
DAREA_NEW = Update_Direct_Radiation(DAREA, IMG_SUN_WHOLE); //update sunlit pixel number
R = FD_NEW * f + DAREA_NEW * (1 - f);  
// Irradiance on each facet; f is the fraction of sky diffuse radiation on total solar radiation 
B = Iterative_Solve_Radisoity(R, FF);  
// using Gauss-Seidel iteration to solve radiosity for each facet 

End For 
 

B_WHOLE = Combine_Radiosity_of_Sub_Scenes();//combing B from SUB_SCENES for the whole scene 
For each view direction i do 
    For each sub-scene j in  SUN_SCENES do 

IMG_VIEWS (j) = Project_Scene_To_Image(i, j);  
// each pixel in IMG_VIEWS(j) stores the top polygon ID which can be seen from viewer 

End For 
IMG_VIEW_WHOLE = Mosaic_Projected_Images(IMG_VIEWS); // mosaic images for all sub-scenes 
BRF(i) = Calculate_BRF (IMG_VIEW_WHOLE, B_WHOLE); // using equations (5) 

End For 
return BRF; // BRF is the final BRF for the whole scene 

Fig. 2: An overview of the sub-scene division algorithm for large forest scenes. 

4. Large scale RGM based on a sub-scene division algorithm 
In a natural environment, there are two main sources of light: the sun and the sky. Direct solar radiation is 
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parallel, while diffuse radiation from the sky can be divided into many solid angles. Each solid angle has its 
own direction as a parallel light. RGM solves the radiation distribution using two steps: single scattering 
determination and multiple scattering calculation. Single scattering mainly consists of two parts: reflectance 
from solar direct light and reflectance from sky radiation. Two types of reflectance are both based on a 
parallel projection method. Single scattering radiation then participates in multiple scattering calculations 
through global radiosity solution. This algorithm is enough for small scenes. However, it is difficult to 
execute global radiosity for a large scene, because the memory requirement may be beyond the capacity of a 
normal computer. Our sub-scene division algorithm is designed to overcome this shortcoming. The algorithm 
flow is displayed in Fig. 2. The main extension is focused on the direct solar radiation and sky radiation 
determination for single scattering. Multiple-scattering is approximately solved by limiting calculation 
within each sub-scene instead of using the whole big scene. 

4.1. Direct Solar Radiation Determination 
The greatest challenge of the sub-scene division algorithm is how to consider neighbor interactions. In 
complex terrain, shading cast from neighboring sub-scenes is common, which must be considered in the 
direct solar radiation determination. Based on the projection method of RGM, there are three steps to correct 
the shade effect:  

• Parallel projection for each sub-scene: Executes direct solar light projection for each sub-scene 
separately and save the projection images into IMG_SUNS; 

• Mosaic the projection images: Identify the relative position and mosaic all the projection images 
into IMG_SUN_WHOLE orderly according to the depth to the sun using painter’s algorithm; 

• Update the direct solar radiation: Derive the corrected projection image for each sub-scene. Using 
the corrected projection image to update the direct solar radiation part from DAREA in the original 
RGM model to DAREA_NEW by updating the sunlit fraction of each facet. 

4.2. Diffuse Sky Radiation Determination 
In RGM, sky diffuse radiation is equivalent to the sum of some direct light radiation in the upper hemisphere. 
All direct light radiation has the same solid angle. Therefore, sky diffuse radiation can be calculated using 
the same algorithm as for direct solar radiation. However, it takes too much time to do so many projections. 
Furthermore, sky diffuse radiation is much smaller than solar direct radiation. Therefore, a simple method is 
used to estimate and correct the neighbor effect on sky diffuse radiation.  

We use the “sky observation factor” (VD) to solve this problem. The VD is the ratio between received 
sky radiation under interception conditions and received sky radiation for horizontal surface without 
interception. Obviously, VD assumes a value between 0 and 1 and is dependent on the terrain. Furthermore, 
it can be inferred that the ratio between received sky radiation in the large scene (FD_NEW) and that in sub-
scene (FD) is proportional to the ratio between two corresponding VDs. Then, the FD_NEW can be derived 
from the following equation: 

VD_WHOLEFD_NEW FD
VD_SUB

= ⋅     (3) 

Where VD_WHOLE and VD_SUB are two sky observation factors for a large scene and a sub-scene 
separately, which are calculated by the effective algorithm from Dozier and Frew (1990). 

4.3. Multiple Scattering Algorithm 
Corresponding to the sub-scene structure (Fig. 1), multiple scattering is implemented in each sub-scene with 
3*3 boxes. After radiosity solution, the radiosities of polygons in the central boxes are kept as the final 
solution. Besides, the polygon radiosities in the edge boxes are directly determined by the solution of the 
nearest scene. The approximation method is based on the assumption that the multiple scattering mainly 
takes place around 8 neighbor boxes, which can be explained by the form factor equation (4):  
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Where r is the distance between polygon i (area=Ai) and polygon j (area=Aj); iθ  (or jθ ) is the inclination 
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angles between the surface normal of polygon i (or j) and the vector from the center of polygon i to the 
center of polygon j.  

The form factor is inversely proportional to square of r. If r is large enough, the former factor (Fij) 
between two polygons can be omitted. Therefore, radiosity of a polygon can be effectively estimated within 
a certain range of solution. Eight neighbors of boxes are practically enough for radiosity solution where all 
the polygon size is less than one tenth of a box size. Similar to the “mask” concept in digital image process, 
the template (3×3 boxes) is used to solve the radiosities for the polygons in the central box by moving box 
by box. Considering the edge effect, the number of sub-scenes are (n-2)×(n-2) for n×n boxes.  

Through combing all the final radiosity of the central boxes (B) in each sub-scene and edge boxes, the 
whole solution (B_WHOLE) is obtained.  

4.4. BRF Algorithm 
RGM model provides the BRF module, which is unable to execute for large scenes with polygons of more 
than 500,000 for a normal PC. Similar with the direct solar radiation determination, the projection images of 
all sub-scenes from viewer direction are mosaicked. According to the mosaicked big projection images, the 
similar BRF equation in the original BRF module is used to calculate the BRF for whole scene. 
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Where iB  is the radiosity of facet i, and ( )varea i  is the viewed area for facet i in the view direction v. 

5. Model evaluation and application 

5.1. Comparison between the original RGM and our extended RGM 
By comparing our model with the original RGM, the accuracy and reliability can be evaluated. A forest 
scene consisting of 459,910 polygons is generated, including ten maple trees planted in a valley (Left Figure 
in Table 1). The input parameters are listed in table 1. The solution of the whole scene by original RGM is 
considered as the “true” value. Four sub-scenes with equal size are generated and solved by our sub-division 
algorithm.  

Table 1: Input parameters to compare the original RGM and our extended RGM 
Band(nm) 

Components
447.0 556.1 671.2 867.1 

optics 

properties

Leaf 0.0537 0.1220 0.0702 0.5143 Reflectivity

 0.095 0.081 0.033 0.4324 transmittance

Limb 0.1368 0.2000 0.2215 0.5434 Reflectivity

 0 0 0 0 transmittance

Soil 0.0506 0.1455 0.2880 0.5624 Reflectivity 
Sun position=(60°,220°) with 20% diffuse radiation  0 0 0 0 transmittance

 
Simulation results show that the correlation coefficients between “true” and estimated direct solar 

radiation and sky diffuse radiation are both greater than 0.98. The standard errors of the differences are about 
0.03. Table 2 displays the proportions of the facet number with “small error” in the total facet number. The 
“small error” means that the difference between the “true” value and the estimated value from our algorithm 
of a facet is within ±10% of the mean “true” value for each band. For single scattering radiations, the 
proportions are always greater than 95%, which means that the accuracy of single scattering calculation is 
perfect. After multiple scattering calculations, the proportions decrease, especially for the RED and NIR 
band where component reflectance is high. However, the accuracy is still acceptable because more than 60% 
of the errors are considered as small. 
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Table 2: Evaluation results of sub-scene division algorithm 
 The Proportion of “small error” within ±10% of mean band “true” value 
 447.0nm 556.1nm 671.2nm 867.1nm 
Single scattering radiation 95% 95% 95% 99% 
multiple scattering radiation 91% 92% 62% 72% 

5.2. Application online within RAMI3 
The Radiation Transfer Model Intercomparison (RAMI) exercise, organized by  Institute for Environment 
and Sustainability, Joint Research Centre, European Commission, European Union, proposes a mechanism to 
benchmark spectral bidirectional reflectance models designed to simulate the transfer of radiation at or near 
the Earth's terrestrial surface, i.e., within plant canopies and over bare soil surfaces. The third phase of the 
RAMI exercise is now officially closed. 18 different RT models from all over the globe have been 
participating in the various experiments of RAMI-3. However, in large heterogeneous scenes simulation, 
RGM is absent (noted as “NO DATA” in the website1).  

In order to fill in the blank for RGM in RAMI-3, we apply our sub-scene division algorithm in a conifer 
forest with topography among the advanced heterogeneous scenes in the website 2. It was suggested to 
simulate the radiative transfer regime in the RED and NIR bands for spatially heterogeneous scenes 
containing some degree of topography. The canopy architecture and spectral properties were chosen to 
reflect those of typical coniferous forests. A large number of non-overlapping tree-like entities (composed of 
a conically shaped crown located above a cylindrical trunk) was randomly located across (and only partially 
covering) a Gaussian shaped surface that represented the underlying soil topography. The main input 
parameters are listed in webtsite2. Fig. 3 (a) gives the graphical representation of the scene from the website. 

The 3D scenes with 1,150,000 polygons are generated in Fig. 3(b) to represent the conifer forest canopy. 
Each tree has many square leaf scatterers randomly distributed in it with LAI of 5.0 (see Fig. 3(c)). 36 sub-
scenes are generated for the following simulation. The mosaicked reflectance images based on 
IMG_VIEW_WHOLE and B_WHOLE in NIR are displayed in Fig. 4. The bright image from the sun 
direction (40°, 180°) shows the hot spot effect. The cool spot is also apparent in Fig. 4(b). Finally, the BRF is 
calculated in solar principle plane (17 zenith angles; azimuth: 180°) for two bands (RED and NIR). BRF 
Comparisons between RGM and other 3D RT models are shown in Fig. 5. 

(a)     (b)    (c) 

Fig. 3: Conifer forest scene from RAMI-3 (a); our large forest scene (b) and cone tree with leaf scatterers in it (c).  

  
(a) View at sun direction (40°, 180°) (b) View at forward sun direction (40°, 0°) 

Fig. 4: Simulated reflectance images (NIR) from two view directions. 
                                                           
1 http://rami-benchmark.jrc.it/HTML/RAMI3/RESULTS/HETEROGENEOUS/HETEROGENEOUS.php 
2 http://rami-benchmark.jrc.it/HTML/RAMI3/EXPERIMENTS3/HETEROGENEOUS/CONIFER_FOREST/TOPOGRAPHY/TOPOGRAPHY.php  
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Fig. 5: Principle plane BRF comparisons between our extended RGM and  
other 3D radiative transfer models in RED band (a) and NIR band (b). 

From Fig. 5, it is can be seen that the BRF results are consistent in all models both in the RED and NIR 
band. BRF shape in RED (like a hill) represents a typical forest canopy BRF feature, with the maximum 
value in the sun position. However, in the NIR band, our algorithm gives lower BRF (about 0.02 to 0.05) 
than those of other models in sun forward direction, which may mainly come from omitting the neighbour 
contribution outside the 8 nearest neighbours. Although the distance between two polygons with comparable 
size beyond certain value can make us to ignore the interaction between them, the accumulated contribution 
from outside polygons may be large enough to affect the result BRF. That condition is not significant in the 
red band because of the lower reflectance of the leaves. However, in the NIR band, the multiple scattering 
effects are large due to the high component reflectance and transmittance. Besides, the accuracy will increase 
if the topography and tree have finer resolution, which increases the polygon number of the scene. 

6. Conclusions and Discussions 
Based on RGM, we develop a simple method to construct large-scale virtual forest scenes and a scene 
subdivision algorithm to simulate forest radiosity on large-scale forest scene under complex topographic 
conditions. By comparing our new method with the original RGM model using a same forest scene, the code 
is checked to be correct and at least 60% of the model error can be omitted. By applying our new model to a 
conifer forest scene on a GUASS terrain from RAMI3 (http://rami-benchmark.jrc.it), we make sure of the 
rationality of our simulation results. The comparisons supply the gap that RGM is absent of large-scale scene 
simulations in RAMI3. However, there is still small bias (about 0.02 to 0.05) in the BRF simulation for NIR 
band, which may mainly come from omitting the neighbour contribution outside the 8 nearest neighbours. 

To correct the bias in NIR band, a scale transfer method may be necessary.  We believe that it will work 
if using all boxes as the basic components in a larger scale scene similar to the concept of a digital terrain 
model (DTM) and solving the radiation interaction between these boxes. The key problem is the optics 
parameter definition for these boxes. We will further go to study that later. 
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