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ABSTRACT: Based on radiance which was sensed by sensor attached on satellite, many science institutes and 
researchers has developed some indices or products to monitor environment of the earth. However, index which 
shows structure of a forest is few. One of the index to estimate forest structure is shadow index (SI). To evaluate 
accuracy of SI, model which can represent complexity of forest structure was needed. Moreover, using the model, 
inversely estimation of radiance was needed. So we focused on a voxel model which can represent complex structures 
of a forest. In this research, we developed a ray tracing method using a voxel model. Test area was selected evergreen 
broad-leaved forests and evergreen needle-leaved forest. Target satellite image was Sentinel. Firstly, point cloud of 
test area was acquired. Secondly voxelize point cloud. Thirdly shadow and shade was calculated in each voxel. Finally, 
SI was simulated from voxel model (SIV) and compared Sentinel SI. From the result of correlation analysis of SI and 
SIV, it was found that the correlation coefficient on pixel which the difference of maximum and minimum of SI on 
annual was over about 2 was over 0.8. Additionally, in order to assessed SI, we used rumple index. Rumple index is 
useful index to show complexity of forest structure. The result of correlation analysis of SI and rumple index, it was 
found that the correlation coefficient increases as the solar zenith angle decreases. Using the proposed ray tracing 
method, we can expect inverse estimation of various vegetation indices as well as SI. However, the accuracy of the 
ray tracing method was about 0.6 on evergreen broad-leaved forest and about 0.7 on evergreen needle-leaved forest. 
For future task, firstly, to improve accuracy of the ray tracing method, it is necessary to consider the influence of 
BRDF function and environmental illumination. Secondly, inverse estimate various vegetation indices and investigate 
how sensitive the vegetation indices are to the structure of the forest. Investigating the relationship between some 
vegetation indices and forest structure, contribute to estimating three dimensional model could from satellite image. 
 
1. INTRODUCTION 
 
1.1. Background 

 
With improving of sensor ability mounted on satellite, spatial resolution and spectral resolution being higher than 
before that. Based on radiance which was sensed by sensor attached on satellite, many science institutes and 
researchers has developed some indices or products to monitor environment of the earth. In particular, since amount 
of biomass or leaf area is important parameter of various ecosystem models (Running and Coughlan, 1988) (Ito and 
Oikawa, 2002) (Krinner et al., 2005). Indices which related to forest is many. Normalized difference vegetation index 
(NDVI) is famous index. The index can highlight the area of vegetation. So using the index, anyone can classify land 
cover or tree species and estimate leaf area using vegetation indices. However, index which shows three dimensional 
structure of a forest is few.  
 
Ono et al., (2007) developed new vegetation index called shadow index (SI). Moreover, Ono et al., (2015) examined 
about relationship between SI and height of tree using MODIS. The result showed that SI is higher accuracy to 
estimate canopy height than other vegetation index. Therefore, using SI, estimation for above ground biomass will 
be expected. To verify useful SI, more detail examination is needed. 
 
To evaluate SI that was affected by differences of three dimensional structure of a forest, inverse estimation method 
for radiance is needed that ray tracing using physical model. The physical model is combined atmosphere and land 
cover. Usually, forest model which combined simple shaped tree such as cylinder, spheroid and cone was used as 
land cover (Kobayashi et al., 2008). But, in many cases, the model can’t represent complex structure of a forest. 
Voxel model is one suitable model that can represent complex structures of a forest. In this research,  
 
1.2. Objective 
 
The objective of this research is to develop a ray tracing method using a voxel model and assessment of SI by it. 
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Firstly, we explain about ray tracing using a voxel model. To verify accuracy of this method, we used aerial 
photographs taken by Unmanned Aerial Vehicle (UAV). Radiation emittance for target forest was simulated and it 
was evaluated that correlation coefficient of simulated radiant emittance and digital number of red band of aerial 
photographs. In this research, only direct irradiance and diffuse irradiance was target. The reason for comparing with 
red band is avoid the influence of Rayleigh scattering as much as possible. Test areas were selected evergreen broad-
leaf forests and evergreen needle-leaf forest. Secondly, we assessed SI. SI was compared with rumple index (canopy 
surface area/ground surface area) and SI simulated by voxel model (SIV). 
 
2. METHODOROGY 

 
2.1. Development of ray tracing using a voxel model 
 
As shown in the Figure 1, sensors mounted satellite or cameras mounted UAV observes reflected sunlight from 
features.	Hence, if we could know camera position, camera orientation, sunlight spectrum and 3d structure of forest, 
aerial photograph will be simulated.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Diagram of ray tracing using voxel model 
 
To simulate of radiant emittance by ray tracing, firstly, direct irradiance and scatter irradiance was calculated using 
SMARTS_295. SMARTS_295 is a free soft and output direct irradiance (Ldir) and scatter irradiance (Ldif) to input 
date, location and atmospheric parameters. Targeting for leaved tree, digital number of red band (R) is given as 
Equation 1. In this research, reflectance of leaf and stem was not considered because we used correlation coefficient 
instead of error to evaluate accuracy. Accurate wavelength range of red band of aerial photograph is unknown. 
Therefore, in this research, we define wavelength range of red band is 580nm to 620nm. In that wavelength range, 
irradiance was output used SMARTS_295.  
 

                                        	𝑅 ∝ 𝐿%&' 1 − 𝑆ℎ𝑎𝑑𝑜𝑤 + 𝐿%&1𝑆ℎ𝑎𝑑𝑒																																																						 (1)	
 
2.2. Calculate shadow and shade 
 
Firstly, point cloud was acquired by SfM (Structure from Motion) using aerial photographs. SfM software is PhotoScan 
(Agisoft PhotoScan Professional Ver.1.4.4). Point cloud outputted has XYZ coordinate and normal vector as attribute. 
Secondly, voxelize point cloud. The voxel size is 10 cm. Each voxel has average XYZ coordinate and normal vector as 
attribute. Thirdly, shadow proportion was calculated in each voxel from the positional relationship of each voxel and 
sun. Finally, image was simulated by collinear conditional expression using camera location, Internal orientation and 
external orientation output from PhotoScan.  

 
Shadow indicates the area ratio where the voxel is blocked from the sun by other voxels. However, it is difficult to 
accurately calculate the area where light is blocked. In this study, by considering the calculation of shadow as follows, 
we aimed to reduce the calculation cost. Firstly, a plane parallel to the XY plane was assumed at the average Z 
coordinate position of the voxel. Secondly, the plane was divided into four and a line is generated from each plane 
toward the sun. Finally, among the four straight lines, the shadow ratio was determined by the number of lines 
intersecting the plane of other voxels. In other words, the shadow proportion is either 0.0, 0.25, 0.5, 0.75, 1.0. For 
example, in case of Figure 2, shadow is 0.75. 
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Figure 2. Diagram of shadow calculation 

 
Ordinary, Phong reflection model (Phong, 1975) was used for calculate shade. This model calculates the cosine of 
the angle formed by the normal vector of the object and the direction vector toward the light source. However, this 
method was considered effective when applied to a model assuming a smooth continuous surface, but not when 
applied to a model that mimics the actual forest surface. Therefore, we calculate Sky view factor (Svf) (Dozier and 
Frew, 1990) shown Equation 2 instead of cosine. 
 

           Svf＝ １

２6
cos 𝑆 sin𝐻= + sin 𝑆 cos 𝜙 − 𝐴 (𝐻= − sin𝐻= cos𝐻=)

２6
０

𝑑=                (2) 
 
Where S means inclination angle and A means inclination direction at point targeted. Hφ means angle from zenith to 
horizon of direction φ. Iikura et al., (2003) calculated horizontal line Hφ by using DEM (Digital Elevation Model) to 
discretize the azimuth and calculated the contents of the integral of the Equation 2. In this study, the contents of the 
integral of the Equation 2 was calculated using the Z coordinate stored in image. Iikura et al., (2003) discretized the 
direction to 64 directions, but we discretized it to 8 directions. 
  
2.3. Test area 
 
Figure 3 shows test area to verify accuracy of ray tracing proposed. Evergreen broad-leaved forest targeted located 
on called Saoka District and evergreen needle-leaved forest targeted on called Matuo pass. These forests located at 
Kochi prefecture in Japan. Table 1 shows the geometric accuracy of each area. Verification point on Saoka District 
is P2 and Matuo Pass is M-4. Maximum error of each point is 6.40cm and 1.79cm. 

 
 

Figure 3. Test forest of evergreen broad-leaved forest and evergreen needle-leaved forest 
 

Table 1. Geometric accuracy of point cloud on Saoka District and Matuo Pass 
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2.4. Accuracy assessment method 

 
We assessed SI using voxel model. Figure 4 shows the flow of data processing. SI was defined as Equation 3. To 
assess SI, Rumple Index (canopy surface area/ground surface area) and shadow index simulated by voxel model 
(SIV) was used. Simulate target image was Sentinel. Band used is B4, B5, B6, B7, B8, B8A, B11 and B12. Spatial 
resolution was 20m.      

 
Figure 4. Flow chart of data processing to assess SI 

 

																																																																																	𝑆𝐼 = 𝟏
𝟏
𝑵 𝒓𝒋𝑵

𝒋H𝟏
																																																																																					  (3) 

 
Here, rj is the apparent reflectance of band i and N is the number of bands. 

 
3. RESULT AND DISCUSSION 
 
3.1.  Validation of ray tracing accuracy 
 
Point cloud of evergreen broad-leaved forest was obtained at April 23th, 2018, and point cloud of evergreen needle-
leaved forest was obtained at October 25th, 2018.  The density of point cloud was 1 point / 103cm3. Each target image 
and simulate image was shown Figure 5. These images resolution are 10cm. Figure 5 is scatter plot graph of simulated 
emittance and digital number of red band taken from UAV. Scatter plots were created by down-sampling each image 
to 50 cm, 100 cm, 150 cm, and 200 cm. 

 
Figure 5. Target photograph of evergreen broad-leaved forest (a) and simulated image (b). Target photograph of 
evergreen needle-leaved forest (c) and simulated image (d).  
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Figure 6. Simulation accuracy of ray tracing using voxel model in each resolution on evergreen broad-leaved forest 
(a) and evergreen needle-leaved forest (b) 
 
From Figure 6, it was found that correlation coefficient on evergreen broad-leaved forest is over 0.6 and evergreen 
needle-leaved forest is over 0.7 in each resolution. Although the correlation coefficient was expected to increase as 
the resolution was lowered, there was little change in the correlation coefficient when the resolution was lower than 
100 cm.  
 
3.2.  Relationship between SI and roughness of a forest surface 
 
Kane et al., (2008) examined relationship between rumple index and stand characteristics such as shadow proportion 
at various solar zenith angles, mean diameter at breast height. The results showed high correlation of these relationship. 
Several other studies have examined the relationship between the rumple index and the complexity of canopy (Kane 
et al., 2010) (Yoga et al., 2017). Therefore, rumple index is useful index to show complexity of forest structure. Hence, 
in order to evaluate the relationship between SI and the structure of forest, the correlation between rumple index and 
SI was examined. Target area was Saoka.  
 
Firstly, since point cloud density was 1 point / 103cm3, we assumed surface area of each voxel was 10cm2. Secondly, 
total surface area per pixel was calculated and it was divided ground surface area. Finally, SI of the date shown in 
Table 2 was calculated, and each SI was compared with rumple index. 
 

Table 2. Date of Sentinel images used and correlation coefficient of rumple index and SI 

 
 
From Table 2, it was found that the correlation coefficient tended to increase as the solar zenith angle decreased. The 
trend is similar to the results of Kane et al., (2008). The Sentinel image in June could not be used due to the large 
number of clouds, but it is expected that the correlation coefficient will increase due to the smallest zenith angle. In 
other words, the June image is considered suitable for estimating the rumple index from the Sentinel image using SI. 
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3.3.  Relationship between SI and simulated SI 
	
Since the ray tracing method proposed in this study does not consider atmospheric effects, the absolute value of SI 
couldn’t be estimated. Therefore, SIV was not compared with SI at one season but analyzed the correlation with SI 
at multiple seasons (shown Table 2). 
 
Firstly, voxel size was converted 40cm. From the results in Chapter 2, we can see that when aerial images were 
simulated using our proposed method, the resolution was about 0.6 at each resolution. However, it is necessary to 
understand the resolution of the voxel model suitable for simulation according to the spatial resolution of the target 
satellite image.	Therefore, this time, we set the voxel size to 1/50 of the target resolution, referring to the results of 
Sugino et al., (2016). Sugino et al., (2016) studied the resolution of Digital Surface Model (DSM) suitable for satellite 
image simulation. The result showed that 1/50 resolution of the target image is suitable. Although we used voxel 
model not DSM, we referenced their study result. Secondly, the reflectance of Betula (Noda et al., 2014) was inputted 
in each voxel attribute. The input reflectance should have been measured in the target area. However, since forest 
structure was focused, it was considered that an accurate reflectance was unnecessary. Finally, SI in each season was 
simulated. Target area was Saoka. 
 
Figure 7 shows the correlation coefficient of SI and VSI on each pixel. From Figure 7, the correlation coefficient is 
not constant on all pixels but difference. In particular, it can be seen that the correlation tends to was low in evergreen 
broad-leaved forests. To clearly the characteristic, Figure 8 shows the scatter plots of difference of maximum and 
minimum of SI and correlation coefficient. From Figure 8, it was found that the correlation coefficient on pixel which 
the difference was over about 2 is over 0.8. Therefore, on the pixel which the difference of its over 2, seasonal change 
of SI was depended on shadow caused by changes in the solar position. 
 

	
Figure 7. Correlation coefficient of SI and SIV on each pixel	

	

	
Figure 8. Relationship of the difference of maximum and minimum of annual SI and correlation coefficient 

 
4. CONCLUSION 
 
In this study, we proposed a ray tracing method using voxel model and assessed SI. The accuracy of ray tracing was 
verified by correlation coefficient of red band image taken by UAV and radiant emittance simulated. Since the exact 
red band wavelength range was unknown, the radiant divergence in the approximate wavelength range was simulated. 
Firstly, aerial images with resolution of 10 cm were simulated from a voxel model with a size of 10cm. Next, image 
resolution was downsampled to 50cm, 100cm, 150cm and 200cm. Finally, correlation coefficient of simulated images 
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and aerial images was calculated in these resolution. Result shows that correlation coefficient was over 0.6 on 
evergreen broad-leaved forest and 0.7 on evergreen needle-leaved forest. To improve accuracy, it is necessary to 
consider the influence of Bi-directional Reflectance Distribution Function (BRDF) and environmental illumination. 
 
In order to assessed SI, we used rumple index and SIV. The result of correlation analysis of SI and rumple index, it 
was found that the correlation coefficient increases as the solar zenith angle decreases. Hence, the June image is 
considered suitable for estimating the rumple index from SI of Sentinel image. The result of correlation analysis of 
SI and SIV, it was found that the correlation coefficient on pixel which the difference was over about 2 is over 0.8. 
Therefore, on the pixel which the difference of its over 2, seasonal change of SI was depended on shadow caused by 
changes in the solar position. 
 
Using the proposed ray tracing, we can expect inverse estimation of various vegetation indices as well as SI. Future 
tasks are to inverse estimate various vegetation indices and investigate how sensitive the vegetation indices are to the 
structure of the forest. 
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