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ABSTRACT 

The current article presents methods aimed at the acceleration of realistic images synthesis by bidirectional ray tracing, 

which is based on the simultaneous use of photon maps for caustics illumination and imphoton (visibility) maps for 

indirect illumination. The usage of two separate maps allows to reduce the size of the maps and as result to increase the 

processing speed while keeping the image quality. 
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1. INTRODUCTION 

The problem of physically correct light propagation modeling and luminance calculation arise while solving 

a wide range of applied problems, for example, synthesis of the photorealistic images, modeling, and design 

of the optical effects, virtual prototyping of complex optical systems, etc. The synthesis of realistic images is 

in high demand in various areas such as assessing the appearance and visual perception of various objects; 

architectural design, creating demo images for advertising or presentation purposes; synthesis of 

photorealistic images for the moves industry, animation, and computer games. Physically accurate modeling 

of the light propagation effects in optical systems is in high demand in various areas such as analysis of the 

human perception of various optical systems, for example, car dashboards; design of lighting systems and 

analysis of ergonomics and comfort of workplaces; analysis of the scattered light and glare effects in optical 

systems. Virtual prototyping of complex optical systems is in demand when analyzing the performance of 

optical systems in the real environment without creating real prototypes of these devices, such as an analysis 

of the visual perception of a mixed reality system. 

The synthesis of realistic images is being researched by a wide group of authors. The synthesis of a 

physically correct realistic image is the solving of the rendering equation presented by Kajiya (1986) for each 

image point. This equation is an equation with infinite recursion and traditionally it is solved by the ray 

tracing methods, both forward and backward. At the moment, a large number of works were published 

devoted to the synthesis of photorealistic images by ray tracing using both central and graphic processors. 

The ray tracing methods are either deterministic or stochastic. Despite the apparent simplicity of 

deterministic calculation methods, they have some fundamental limitations related to the inability to use the 

complex optical properties of scene materials, the complexity of evaluating the accuracy of calculations, 

problems of integrating luminance, etc. So, to achieve the physical correctness of the synthesized image, it is 

required to use the stochastic ray tracing methods. These methods could be forward or backward ray tracing 

methods as it was shown in works of Veach (1988) or modifications of bidirectional ray tracing methods as it 

was presented in the work of Georgiev et al. (2011), methods based on the photon mapping presented by 

Jensen (1996) and later discussed by Hachisuka et al. (2011) and Keng et al. (2016), the Veach’s et al. (1997) 

Metropolis light transport method and others. Kim (2019) described a method of separate caustics 

calculation. In the scope of the current research, authors have developed the method of bidirectional ray 

tracing that uses two separate maps to account caustic and indirect illumination separately within the single 

computation workflow. 
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2. RAY TRACING METHOD 

As it was said before, one of the ways to solve the rendering equation is to use the method of stochastic 

bidirectional ray tracing with photon maps. In its simplest form the stochastic bidirectional ray tracing with 

photon maps algorithm is illustrated in the Figure 1 and consists of the repeating phases consisting of the 

three main steps: 

1. Forward rays from light sources are generated and traced in the scene. The photon map is formed 

at the ray paths points with diffuse surface properties. 

2. Backward paths are generated and traced in the scene. The direct luminance is accumulated from 

the path points with diffuse events by using the light sampling (sampling shadow ray for the 

point on the light source) and BDF sampling (sampling shadow ray direction based on the 

bidirectional scattering distribution function of the surface). The indirect and caustic illumination 

is accumulated from intersecting backward ray paths with the previously formed photon map. 

3. Final image if formed and the accuracy is estimated. If the attained accuracy is not enough, then 

calculations continue from the first step. 

 

Figure 1. The bidirectional ray tracing with photon maps method 

Opposite to the traditional method, authors have modified bidirectional ray tracing with photon maps 

algorithm to form the visibility maps instead of photon maps to account indirect illumination, as result 

backward paths are traced first and the intersection of forward rays with visibility maps is analyzed. These 

visibility maps are built for the most optimal points where the diffuse event occurs in the backward ray path, 

which are chosen basing on the point general illumination conditions (distance to the light sources, the shape 

of the surface BDF, etc.). As the first diffuse event might lead in the edge effects as, for example, the 

decreased luminance at the object edges, generally the second or the third diffuse event point is chosen. This 

modification allowed to decrease the size of the visibility map comparing to the initial photon map, however, 

it is applicable only in case if the scene lacks the caustic illumination. Also, opposite to the photon map, that 

stores points, the visibility map might store spheres, as the integration sphere radius depends on the distance 

from the camera while this information, in its turn, is known only at the backward ray tracing stage. 

However, when the traditional photon map is used, the integration sphere radius is known only at the 

backward ray tracing stage, so the photon map is intersected with the sphere which would require more 

processing time. As result, the intersection check with the visibility map is much faster compared to the 

photon map but might require more time to build an optimization structure. 

To account the caustic illumination, authors propose to use the additional photon map, that is formed only 

for rays that might result in caustic illumination: the forward rays that encounter the diffuse event after one or 

more specular events. To form the caustic photon map an additional preliminary forward ray tracing step is 

added. At this stage rays are traced until the first diffuse event occurs, then the photon map is built for all 

points of the forward ray trace paths with diffuse surface properties. As result, the backward ray tracing step 

is used not only to form the visibility map but also to account the caustics illumination from the photon map. 

Opposite to the photons emitted from the light sources, we called the “objects” emitted from the camera the 

imphotons and the map that is formed – the imphoton map. 
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So, in the scope of the current research, the authors have developed an approach to bidirectional ray 

tracing that uses two separate maps that account the caustic and indirect illumination separately. Comparing 

to the traditional ray tracing with photon maps method which utilizes the same photon map to account both 

the caustic and indirect illumination, the proposed method uses two smaller size maps to account caustics and 

indirect illumination components separately. The workflow of the developed method is presented in Figure 2. 

 

 

Figure 2. The workflow of the bidirectional ray tracing with caustic and photon maps method 

The method workflow consists of repeating phases and each of them consists of the following steps to 

calculate the image components: 

1. Forward rays are generated, and the forward ray tracing is performed. Rays are traced specularly 

until the first diffuse event. The final states of the traced rays are stored for photon map forming 

and further use in the next forward ray tracing stage. 

2. The caustic illumination photon maps are formed for all points of the forward ray trace paths 

with diffuse surface properties that occur after at least one specular event in the ray path. The 

acceleration structure is built for the formed caustic photon map. 

3. Backward paths are generated, and the backward path tracing is performed. Direct light and BDF 

samplings as described in the book by Pegoraro (2016) are performed during backward path 

tracing to account the direct illumination. By analyzing the hits with previously formed caustic 

photon maps the caustic illumination is accumulated in the image pixels. 

4. The indirect illumination imphoton map is formed. This imphoton map stores spheres with 

centers in the points of the second or farther diffuse event of backward paths and radius that 

depends on the path length from the camera to the intersection point. The depth of the diffuse 

event to form the imphoton map is chosen basing on hit point illumination conditions (distance 

to the light source, the shape of the surface BDF, etc.). The acceleration structure is built for the 

imphoton map. 

5. Rays that were stored when forming caustic photon maps are traced further through the scene. 

By analyzing the hits with previously formed indirect imphoton maps the indirect illumination is 

accumulated in the image pixels. In case if the number of the stored rays is not enough, then 

additional rays are generated and traced. 

6. The image data accumulated at the current phase is formed and filtered. The data accumulated in 

image pixels at the current phase is added to the final synthesized image. Final image accuracy is 

estimated. If attained accuracy is not enough then calculation continues from the first step with 

the next phase. 

As a result, when tracing backward rays, an intersection with photon maps is checked to account the 

caustic illumination, and when tracing forward rays, an intersection with imphoton maps is checked to 

account the indirect illumination. While the traditional ray tracing with photon maps method requires the 

creation of relatively big photon map which in its turn occupies a lot of memory and requires more time to 

build an acceleration structure, authors propose to use two smaller maps (one for caustics illumination and 

another one for indirect illumination) that reduce the memory usage and speed ups map processing and as 

result the image synthesis process. The ratio between the number of forward and backward rays traced can be 

varied basing on which component implies the bigger gain in the final image. 
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3. SIMULATION RESULTS 

The simulation of the real head-up display (HUD) system was done using the presented method. The 

simulation goal was the analysis of the possibility to use the optical scheme shown in Figure 3 in the real 

environment so that the augmented image formed by the HUD is clearly seen while the bright spot caused by 

the rear projection effect is not noticeable. 

 

 

Figure 3. HUD system optical scheme 

The augmented image is formed on the LCD screen and projected to the device user eye through 

projection optics and combiner. At the same time, the device user observes the real world environment 

through the same combiner. As the LCD screen is not absolutely contrast the rear projection effect arises and 

results in the bright spot being seen clearly by the device user. By varying the power of the LED light sources 

the rear projection effect might be lowered while keeping the augmented image visible. Figure 4 shows the 

simulation results of augmented information perception in different real-world conditions. 

 

   
 

   
 

   
 

Figure 4. Simulation results. Top row from left to right: the rear projection effect shown with the real environment 

channel disabled; the daytime environment with high LED luminance (10000 cd/m2). Center row: the nighttime 

environment with relatively high LED luminance (200 cd/m2); the nighttime environment with medium LED luminance 

(30 cd/m2); the nighttime environment with low LED luminance (6 cd/m2). Bottom row from left to right: the cloudy 

daytime environment with high LED luminance (10000 cd/m2); the cloudy daytime environment with medium LED 

luminance (1600 cd/m2); the daytime environment with the direct Sun view and medium LED luminance (1600 cd/m2) 
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The specific of the given optical system is that the augmented reality image is formed solely by the 

caustic illumination, while the real world environment might have any type of illumination, however mainly 

it is formed by indirect and direct illumination. In the previous work (2018) authors showed that this type of 

optical system can be simulated by combining the results obtained by stochastic forward and bidirectional ray 

tracings while using only one of these ray tracing is not effective. The proposed approach allowed to simulate 

the image formed by the HUD system more effectively comparing to bidirectional ray tracing with photon 

maps only. In case if the scene lacks either caustic or indirect illumination then the presented method gives 

no speedup but at the same time it does not slow down the calculations. 

4. CONCLUSION 

The method of bidirectional ray tracing using both photon and imphoton maps is developed. The usage of 

separate photon maps for caustic illumination and imphoton maps for indirect illumination allowed to 

decrease the total size of maps and as result to speedup both the construction of maps acceleration structure 

and the intersection of the ray with maps methods. Because caustics illumination is accounted by the separate 

photon map, the imphoton map is shifted farther from the first diffuse event and it resulted in more uniform 

imphoton distribution in the scene that finally would reduce the indirect illumination noise. 
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