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Interactive rendering of urban models with global illumination

Oscar Argudo · Carlos Andujar · Gustavo Patow

Abstract In this paper we propose a photon mapping-
based technique for the efficient rendering of urban land-
scapes. Unlike traditional photon mapping approaches,
we accumulate the photon energy into a collection of
persistent 2D photon buffers encoding the incoming ra-
diance for a superset of the surfaces contributing to
the current image. We define an implicit parameteriza-
tion to map surface points onto photon buffer locations.
This is achieved through a cylindrical projection for the
building blocks plus an orthogonal projection for the
terrain. An adaptive scheme is used to adapt the reso-
lution of the photon buffers to the viewing conditions.
Our customized photon mapping algorithm combines
multiple acceleration strategies to provide efficient ren-
dering during walkthroughs and flythroughs with min-
imal temporal artifacts. To the best of our knowledge,
the algorithm we present in this paper is the first one to
address the problem of interactive global illumination
for large urban landscapes.

1 Introduction

In the last decades we have witnessed enormous im-
provements both in urban modeling, mainly through
procedural techniques, and in the interactive rendering
of large scenes. However, the target of accurate render-
ing of large urban scenes has been barely touched until
now. Applications like GoogleMaps and Nokia Maps are
good examples of this, where only direct illumination
is used for all kinds of visualizations. A more general
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solution, including inter-reflections and other indirect
illumination problems should be considered in order to
achieve an accurate visualization of urban environments
under changing lighting conditions.

The algorithm we propose is specifically designed to
take advantage of the intrinsic characteristics of urban
landscapes to achieve interactive rendering and naviga-
tion capabilities, through a specifically tailored photon
map algorithm. This tailoring includes a novel param-
eterization for the city blocks, a persistent hierarchical
data structure for storing the photons, and an adaptive
photon splatting strategy.

Basic ingredients of our approach include:

– An implicit parameterization of the block facades al-
lowing the real-time construction of persistent pho-
ton buffers providing constant-time gathering.

– A splatting strategy providing anti-aliased photon
maps. Unlike competing approaches using screen-
space photon maps, we splat photons onto all sur-
faces contributing to the final image, including oc-
cluded surfaces and out-of-frustum surfaces that can
be seen through mirror surfaces.

– The use of per-block visibility flags to optimize space
allocation and write operations on photon maps while
preserving the consistency of photon mapping.

– An adaptive photon mapping strategy combined with
a form of algorithmic level of detail.

Our prototype implementation over the NVidia’s
OptiX ray tracing engine [17] allows real-time progres-
sive rendering of urban landscapes containing thousands
of buildings in commodity hardware. Full source code
of our implementation is provided1.

1 http://www.lsi.upc.edu/~virtual/urban/

http://www.lsi.upc.edu/~virtual/urban/
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Fig. 1 Urban scene rendered in real-time with our approach. The fourth image (with no indirect diffuse light inter-reflections)
is provided for comparison.

2 Previous work

2.1 Real-time city rendering

In the last years a number of algorithms for real-time
rendering of urban environments have been proposed [5,
7,2]. These approaches achieve interactive frame rates
by adapting traditional acceleration strategies (level-
of-detail, image-based rendering and visibility culling)
to the particular properties of city models: 2.5D over-
all shape, plane-dominant geometry, regular structure,
dense occlusion, and large texture datasets.

The poor performance of traditional mesh simplifi-
cation algorithms on urban models has motivated the
development of algorithms specifically designed for build-
ings [10,8] and groups of buildings [4,28], most of them
generating discrete LoD representations.

Several image-based representations have been pro-
posed to accelerate the rendering of distant buildings,
including impostors [15], textured depth meshes [21],
and point-based impostors [27]. Some recent approaches
represent the geometry of 2.5D cities as hierarchies of
displacement maps which are rendered using relief map-
ping techniques [5,7,2].

Despite all the above techniques, current approaches
for large-scale urban rendering only support direct il-
lumination plus shadow mapping. Indirect illumination
effects in urban rendering are limited to environments
maps and precomputed ambient occlusion [7], thus lim-
iting photorealistic appearance under changing lighting
conditions [25], see Figure 1.

2.2 Interactive global illumination

Global illumination has been one of the most active
areas in Computer Graphics, and recently the interest
for real-time techniques has grown rapidly. Here we are
going to mention only those works more closely related
to our approach, but the interested reader may refer to
the book by Szirmay-Kalos et al. [24] or the survey by
Ritschel et al. [19] for more on the subject.

Up to now, there has been considerable interest in
developing interactive rendering solutions, like [26], or

more recently [1]. Currently, there exist a few real-time
ray-tracing solutions based on current GPU processing
capabilities, like OptiX [17]. Our system is implemented
on top of the latter one.

Screen-space techniques are specially appealing for
GPU acceleration. Lavignotte and Paulin [14] proposed
a two-pass screen splatting solution which considerably
increased scalability with respect to previous approaches.
Later, Ritschel et al. [20] estimated indirect illumina-
tion in image space, which is a scene-independent ap-
proximation. Dachsbacher and Stamminger [6] computed
the secondary lights contribution by splatting photons
in a deferred shading process, decoupling of rendering
from scene complexity. Herzog et al. [12] splatted pho-
tons directly to eye samples, improving image quality
with the same number of photons. Later, McGuire and
Luebke [16] presented a hardware-accelerated method
for global illumination by image-space photon mapping.
Our technique does not work in screen-space, but uses
a urban-specific, block-oriented parameterization which
improves quality and provides persistence at the ex-
pense of extra memory storage. We also provide a pro-
gressive solution that improves image stability between
frames and accelerates computations.

3 Urban Photon Mapping

3.1 Overview

The input of our urban rendering algorithm is a tex-
tured polygonal model consisting of building geometry,
facade textures (real photos or procedural images) and
orthophoto textures, which are aerial photographs rep-
resenting nearly-horizontal surfaces (with normals close
enough to the vertical direction) such as the ground,
small sloped surfaces, ceilings and terraces. We assume
that the buildings have been grouped into connected
components that we call blocks, which will be our work-
ing unit. From now on through this paper, we will use
the block level as our working urban unit.

For illumination computations, our objective is to
find the final radiance L that an observer sees from
every surface in the city. L is computed as L = Ld+Li,
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Fig. 2 Overview of our urban rendering pipeline. Our algorithm is structured into four main stages: Preprocessing (Section
3.2), Camera pass (ray tracing pass, Section 3.3), Photon pass (Section 3.4), and Lighting pass(Section 3.5), each one with
its own sub-stages. All runtime steps are executed in the GPU, using OpenGL (dashed contours) and OptiX/CUDA (solid
contours).

where Ld is the direct component and Li the indirect
one. The direct light contribution simply is Ld = Ie ·Kd ·
(N ·L) ·V (P,L)+Ie ·Ks · (R ·V)α, where Ie is the light
intensity at the city level, N is the unit normal, L is
the unit light vector, R is the reflected vector, V is the
viewer direction vector, α is the roughness coefficient,
and V (P,L) is the visibility function.

On the other hand, the indirect light is computed as
Li = (Φc ·Kd)/(∆A ·M), where Φc is the accumulated
flux. ∆A is the area in world space of the photon buffer
texel, and M is the number of emitted photons.

So, one important aspect is that the flux Φc is com-
puted by splatting photons and accumulating their en-
ergy onto a collection of 2D photon buffers. Figure 2
shows the main steps of our algorithm, grouped into the
three main passes of progressive photon mapping [9]:
the camera pass (or ray tracing pass), where rays are
traced from the camera into the scene, bouncing at
reflective surfaces and storing the hits against diffuse
surfaces (Section 3.3); the photon pass, which shoots
rays (photons) from the light sources towards the scene,
blending the photon colors with the information in the
color texture as the photons traverse the scene, and
storing the terminal hits in a photon map (Section 3.4),
and the lighting pass which renders the final image com-
bining direct and indirect lighting (Section 3.5). Our
method follows all LS∗D∗S∗E light paths [11], which
cover most of the light effects in an urban environment.

A key ingredient of our approach is the photon map
representation, which has important consequences for
the photon and lighting passes. Unlike traditional pho-
ton mapping algorithms, which usually store photon
bounces in a kd-tree [13], our photon map is represented
with a collection of 2D buffers using a block-wise contin-
uous parameterization. Using textures in object space
was first proposed by Arvo [3], but here we use a specific

city-oriented parameterization, which allows to greatly
improve speed and quality. For nearly-horizontal sur-
faces we use a (nearly-isometric) orthogonal projection
onto a ground plane; for the building facades within a
block, we use a double cylindrical projection (one for
the outer facades and one for the inner facades, if any).
This parameterization is used for resampling texture
facades into a low-resolution version (to be used for in-
direct illumination) and, most importantly, for storing
and fetching the photons. This representation provides
a number of advantages. First, we do not require to
build or update the kd-tree every frame (which is often
done in the CPU, with the consequent GPU-CPU-GPU
data transfers). Second, since our parameterization is
continuous over a building block, we can efficiently splat
the photons onto the 2D buffer during the photon pass.
This results in an anti-aliased photon map which can
be sampled in constant time, rather than the O(log n)

kd-tree search of traditional approaches (complexity is
in terms of photons).

3.2 Pre-processing

The pre-process stage consists of the following tasks, see
the corresponding entries in Figure 2: simplification of
individual blocks and groups of blocks, generation of the
data structures for accelerating ray-scene intersections,
resampling of the facade textures, and generation of
the block height texture. The first two steps are quite
standard in urban rendering and ray tracing engines
and thus will be described succinctly; the last two are
specific to our method and are described in detail below.

Our rendering approach works with a LoD represen-
tation of the city. For this purpose, any of the simplifi-
cation techniques in Section 2 can be used. We adopted
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Fig. 3 Cylinders used for projecting block facades. The radii
shown are somewhat arbitrary.

a simple technique where each block is represented with
two levels: the original one, and a coarser one produced
by vertically extruding a simplified version of the build-
ing using the convex hull of its footprint.

Concerning acceleration data structures, the regu-
lar structure of urban models suggests using a uniform
grid-like data structure [23]. However, since our current
system is implemented over OptiX, which does not sup-
port grids, we use instead bounding volume hierarchies
(BVH) both for the polygons within a block, and for the
blocks within the city. BVH construction and traversal
is managed by OptiX and described elsewhere [17].

As mentioned, facades within a block are parameter-
ized using a double cylindrical projection: exterior fa-
cades facing the street are parameterized onto a bound-
ing cylinder, while the inner ones (i.e. the ones that face
the interior courtyard, if any) are parameterized onto
another one. The rationale of this projection is that, in
modern urban areas, blocks follow a cylindrical distri-
bution around a (possibly empty) courtyard (see Figure
3). The center of projection is chosen to be the centroid
of the block bounding box. In more complex cases in-
volving blocks with multiple courtyards, it is advisable
to use as many interior parametric cylinders as there
are courtyards. However, in our examples we have seen
that a single map for a single courtyard is a reason-
able supposition as courtyards tend to be large central
spaces. For more involved cases, an automatic method
for detecting the block structure would be needed [18].

The parameterization above maps block facades onto
rectangular areas, which are accomodated within a large
texture atlas. Since all blocks have the same size in
texture-space, a block ID suffices for computing the
chart’s origin within the atlas. In addition to the tra-
ditional texture coordinates for the block vertices, we
also use the cylindrical parameterization for represent-
ing the photon map and for resampling facade colors
(used for indirect illumination only, as direct lighting
is computed using the original unlighted facade tex-

Fig. 4 Chart example from a resampled facade texture.

tures). This resampling is accomplished by rasterizing
each block facade into its own chart, using the cylindri-
cal projection (see Figure 4). Front faces are projected
onto the outer facade texture and back faces (if any)
are projected onto the inner facade texture. Since ur-
ban models typically lack complex BRDF’s, each texel
stores just the Kd coefficients (in RGB channels), and
a reflectivity flag in the alpha channel to handle light
reflection at perfect specular surfaces such as windows.
In the case of photon buffers, the allocation of block
charts within the atlas is dynamic, to provide different
chart resolutions for different blocks to generate adap-
tive photon maps (discussed in Section 3.6).

During the photon splatting step (Section 3.4) we
need to know the height of each texel in the orthophoto
to prevent splats hitting the floor from affecting tex-
els on the ceiling and vice-versa. For this purpose we
also render the scene using an orthogonal camera from
a zenithal direction, adding the resulting depth as an
extra channel to the original orthophoto texture.

3.3 Camera Pass

Generally speaking, this stage shoots rays from the cam-
era to the scene, bouncing at reflective surfaces and
storing the hits with diffuse surfaces onto a camera
buffer. Our camera pass differs from traditional im-
plementations in two aspects. First, we rasterize the
scene (with depth test enabled) into a temporary tex-
ture (first-hit camera texture) to find the visible surfaces
from the current camera; this step is performed with
OpenGL adopting traditional acceleration techniques,
including LoD rendering. This way we save all intersec-
tion tests with the primary camera rays, and we only
need to ray trace (with OptiX) the reflections at spec-
ular surfaces (with a Fresnel’s factor), stopping at the
first diffuse surface encountered. Observe that we still
use the same photon buffers and resampled facade tex-
tures, so consistency is kept independently of the LoD
used. Second, we also store the block ID correspond-
ing to all visible fragments. This piece of information is
key for visibility optimizations during the photon pass
(discussed below). The result of this stage is a camera
buffer (as large as the output window) containing, for
each pixel, the position, normal, (possibly attenuated)
Kd coefficient and block ID of the first diffuse surface
encountered.
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3.4 Photon Pass

The photon pass deals with the propagation of dis-
crete photons from the light sources towards the scene.
Whenever a photon hits a surface, the intersection point
and the incoming direction are recorded (except for the
first bounce, which corresponds to direct illumination)
and scattering is computed. Since we adopt a progres-
sive rendering approach [9], each frame a fixed number
of photons are emitted whose power is combined with
that of previously propagated photons.

Our photon pass differs from traditional implemen-
tations in several aspects. We accelerate the compu-
tation of first bounces by rasterizing the scene with
OpenGL from the sun position into a temporary screen-
space texture (first-hit photon texture) which records,
for each emitted photon, its first-bounce position, nor-
mal vector, diffuse and specular colorsKd andKs, and a
specularity flag. This step is not required to be executed
every frame, as multiple photons can be reflected from
each first-hit record during successive frames. Neverthe-
less, to avoid re-using exactly the same first-hit record
every frame, we render to an oversized photon texture.
If we intend to shoot m ×m photons every frame, we
render to a 4m× 4m first-hit photon texture once, and
let successive frames to re-use the same texture. Since
the texture provides 4 × 4 more first-hit records than
required at each frame, the actual first-hit record is re-
used only once every 16 frames.

Reflected photons are traced recursively as follows.
When a photon hits a diffuse surface, we first check
whether the surface is nearly horizontal (terrain, ceil-
ing, terraces) or not (facades). In the case of facades, we
use the block visibility flag (set during the camera pass)
to check whether the block is visible from the camera,
either directly or through reflective mirrors. If the hit
surface is visible, we compute the cylindrical projec-
tion of the hit position and splat the photon onto the
corresponding outer/inner facade photon buffer. The
world-space splat radius rw should be proportional to
the traveled distance of the photon, but in practice the
distance from the source (the sun) to the city is so large
that the traveled distance can be considered constant.
Therefore, its projection in texture-space rt is assumed
to be constant within a block (for a given frame), but
changes from block to block as their projections change,
which greatly simplifies kernel computation. The splat
kernel is represented with a quad, and each of the n
texels within the kernel with size rt receives an energy
flux proportional to r−2

t , which is accumulated as Φc.
In our implementation, we linearly adjust the trade-
off between convergence rate and blurriness of indirect
lighting, given by the number, size rt and energy of the

Fig. 5 Visualization of photon hits over the scene for a Sun
light located to the right at an elevation of 45 degrees.

splatted photons, to obtain quicker but blurrier images
during the first frames of progressive rendering, and
nicer (and more accurate) renderings in the subsequent
frames. Also, if the light position does not change and
the user movement does not require a LoD change, we
further re-use the photon buffers.

Photon bounces on horizontal surfaces are processed
in a similar way but splatting occurs onto the zenithal
photon buffers instead of on the outer/inner facade
buffers. The hits can be visualized as simple dots, as
shown in Figure 5, where each block has been painted
with false color to illustrate the color bleeding effect.

To improve performance, we first store in a lin-
ear buffer all hits (in OptiX) and then we use tradi-
tional hardware rasterization to generate the splats and
project them onto the photon buffers. All the informa-
tion needed for later stages is additively blended at this
point. This has proven to be significantly faster than
software CUDA rasterization.

3.5 Lighting Pass

This stage produces the output image by adding the
contribution of direct and indirect lighting, as explained
in Section 3.1. Note that traditional photon mapping es-
timates the outgoing radiance at each visible point from
nearby samples stored in a kd-tree, which is O(log n),
while our implementation simply requires a lookup into
the corresponding photon buffer, being O(1).

3.6 Adaptive photon mapping

In order to improve accuracy for the parts closer to
the viewer, we use adaptive-resolution photon buffers,
giving these blocks closer the highest resolution for the
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Fig. 6 Photon buffers for closer regions use higher resolu-
tions. The image shows photon impacts colored according to
the region (red = Level 0, green = Level 1, light blue = Level
2, yellow = Level 3. Level 4 buildings are too far away to be
visible in this image)

photon buffers and the farthest ones coarser ones. Fig-
ure 6 depicts this idea. Also, we have observed that the
impact of indirect illumination in very distant blocks
can be neglected, and that a direct illumination ap-
proach suffices for blocks with a small screen footprint.
We thus push adaptivity further by excluding from global
illumination distant blocks, thus providing a form of al-
gorithmic level-of-detail, which in general provides good
results. In the camera pass we rasterize the whole scene
(using geometric LoD) storing in the camera buffer an
extra flag indicating whether the fragment comes from
a distant city block. Reflected camera rays and photon
rays are computed without considering distant blocks.
The lighting pass computes the indirect lighting term
as usual except for those pixels marked with the dis-
tant flag, where the indirect lighting term is approxi-
mated with a constant ambient value. This simplifica-
tion greatly reduces computation times. Since distant
blocks of buldings have a significant impact on both
memory footprint and ray tracing cost, this approach
improves performance and scalability without introduc-
ing perceptible artifacts in the final image.

For the sake of simplicity, our current prototype
tries to maximize the occupancy of the different photon
buffers, by dynamically classifying each city block into
one of following categories, depending on their distance
d to the observer and the average block diameter b:

Level 0 Close-up blocks in this level are assigned the
highest resolution charts, and rendered at full geo-
metric resolution. A block is here if it is completely
inside the viewing frustum and has d < 3b.

Level 1 Nearby blocks here are assigned one half or one
quarter the highest resolution, but still rendered at
full geometric resolution. Here are the blocks that
are inside the frustum and satisfy d < 6b.

Level 2 Same as the previous one, but for blocks within
the frustum and that satisfy d < 12b, or the ones
with d < 3b but not completely inside the frustum.
Note that nearby out-of-frustum blocks are likely
to appear in mirror reflections and thus cannot be
completely discarded.

Level 3 These middle-range blocks (within the frustum
and with d < 24b) are assigned one eighth of the res-
olution, and rendered using a simplified mesh tex-
tured with the resampled facade texture.

Level 4 : Far-away blocks are rasterized in the cam-
era pass using a simplified LoD (with the resampled
texture), but excluded from the rest of the global
illumination pipeline. All blocks not selected in the
previous levels are here.

In our prototype implementation we use 512x512 fa-
cade photon buffers for each resolution. To simplify the
mapping of chart coordinates to global photon buffer
coordinates, level 0 accommodates 1 column of 10 blocks,
and levels 1-3 accommodate 2 columns of 20 blocks, 4
columns of 40 blocks and 8 columns of 80 blocks, respec-
tively. This accounts for a total of 850 building blocks
for which global illumination is computed accurately.
In a second step we assign blocks to levels according to
the budget above (i.e. a maximum of 10, 40, 160 and
640 blocks at each level). This is done by traversing
the priority queues according to distance, and inserting
the block in the proper level. When the corresponding
level is full, the next non-empty level is assigned (level
4 has no limit). Even for large cities with thousands of
blocks, this LoD selection strategy has negligible over-
head while maximizing the use of available resources.

4 Results

4.1 Implementation details

Platform: We have implemented a prototype version of
the system over NVidia OptiX 2.1.1 [17] (source code
is available as additional material). Running times were
measured on an Intel Core i7 960 with 12 GB of RAM,
equipped with a NVIDIA GeForce 570 with 1280 MB.
For progressive rendering, the photon pass was config-
ured to shoot 64K photons every frame, which proved
to be a good tradeoff between quality and speed.

Test dataset:We tested our approach with the 3D model
of Barcelona from Tele Atlas. The city model consisted
in 2,182 buildings and about 600K polygons. Facade
textures were represented as a collection of 5,289 RGB
textures occupying about 230 MB. We manually added
a reflectivity channel to the textures containing win-
dows. The resulting RGBA textures were grouped into 9
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Fig. 7 Screen shots showing progressive rendering with
small (top) and large (bottom) values for the blurriness of
indirect lighting.

1024×1024 texture atlases to minimize texture switch-
ing during the scene rasterization steps.

Preprocessing: The preprocessing took about 30 min on
the test hardware, including the generation of a simpli-
fied LoD version for each building block, the generation
of a 1024×1024 height texture, and the resampling of
the outer/inner facade textures onto 1024×1024 tex-
ture atlases. The whole city model plus its LoD levels
needed less than 1GB of memory.

Fig. 8 Aerial and ground-level views comparing direct-only
lighting and our global illumination approach.

4.2 Illustrative results

Figure 7 shows the progressive refinement of the pho-
ton buffer when the camera is still. Figure 8 shows sev-
eral images rendered in real-time with our approach for
both aerial and street-level views, showing mostly dif-
fuse inter-reflections. Figure 9 shows reflection at mirror-
reflective and mirror-refractive surfaces. Note that ac-

Fig. 9 Reflection at specular surfaces: as completely reflec-
tant surface (left) and using the Schlick approximation of the
Fresnel factor (right).

Fig. 10 Scene rendered with our method (left), with a kd-
tree (middle), and the 2x scaled difference. Images computed
with the same number of photons.

curate and efficient simulation of perfect reflections is
important in urban environments because substantial
parts of block facades are often occupied by windows.
See Figure 11.

Figure 10 compares our results with that of a tra-
ditional photon mapping implementation at the same
precision. For this purpose we used the NVidia’s pro-
gressive photon mapping implementation accompany-
ing OptiX SDK. Note that the image differences are
hardly noticeable.

Fig. 11 In an urban environment light is often reflected at
windows producing a noticeable lighting effect.

4.3 Performance

We have benchmarked our approach against the NVidia’s
progressive photon mapping implementation, which uses
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Camera pass Photon pass Lighting pass Totals
View Algorithm Render Tracing Total Render Tracing Splatting Total Kdtree Gathering Total Complete Progressive Slow-motion

Aerial kd-tree - 12.1 12.1 - 8.1 - 8.1 16.8 12.6 29.4 49.6 37.5 41.5
Aerial ours 3.1 4.6 7.7 2.8 6.0 1.0 9.8 - 7.4 7.4 24.9 14.4 15.1

Street kd-tree - 17.0 17.0 - 8.1 - 8.1 16.8 7.6 24.4 49.5 32.5 41.4
Street ours 2.7 4.2 7.0 2.7 5.7 0.6 9.0 - 3.6 3.6 19.6 9.9 10.6

Table 1 Performance comparison between our approach and a traditional photon-mapping implementation using a kd-tree.
Running times in ms.

a kd-tree for density estimation. For the sake of fairness,
running times were measured by rendering all geomet-
ric models at their original resolution, and global illu-
mination was computed for all blocks, including distant
ones, as using simplified versions would clearly favor our
approach. The viewport size was 1024×768, and 64K
photons were shot every frame.

Table 1 shows the results of our benchmark for the
test scene. Concerning the camera pass, our approach
is 1.5-2.4× faster than the traditional implementation
with our settings; and rasterizing the whole scene proved
to be faster than tracing primary rays for finding the
first hit records; also, our approach only raytraces cam-
era rays reflected at specular surfaces. Regarding the
photon pass, our approach is slightly (20%) slower. Since
only 64K photons are shot every frame (as opposed to
the 768K camera rays in the camera pass), the benefits
of the first-hit speed-up are less noticeable. Note though
that the photon splatting step has a negligible overhead.
The highest speed-ups are achieved in the lighting pass:
our approach is about 4-6× faster, mainly because of
the O(1) irradiance retrieval cost. Also, we avoid con-
structing the kd-tree for dynamic scenes (for static ones
the kd-tree can be reused), which is also important.

Concerning total rendering times, we distinguish thee
types of frames, depending on which passes are ex-
ecuted: (a) complete frames, which require all three
passes; these frames are rendered during fast camera
motion or when lighting conditions change, (b) progres-
sive frames, which avoid unnecessary re-computations
when the camera stops[9], and (c) slow-motion frames,
where photon buffers from previous frames are re-used.
Note that all types of frames require the lighting pass,
which is indeed our most optimized stage. When ren-
dering complete frames, our approach achieves a 2-2.5×
speed-up, providing about 40-50 fps. These speed-ups
are even higher (2.5-3.2×) when rendering progressive
frames. Furthermore, the omni-directional nature of our
photon buffers allows for a limited re-usability during
slow camera motion. In this case, the speed-ups are even
more significant, up to 4×.

4.4 Comparison to other photon mapping approaches

Screen-space techniques: Thanks to our parameteriza-
tion, our approach provides multiple advantages over
screen-space methods. First, our photon buffers enable
us to store photons at occluded or out-of-frustum sur-
faces that contribute to the final image through reflec-
tive mirrors (thanks to our per-block visibility flag). In
general, screen-space techniques will usually be miss-
ing this computation, or would require special treat-
ments [16] that would severely impinge on performance.
This reuse makes one think of comparisons between
our technique and PRT [22], but this is a technique
for low-frequency static environments, while ours can
be used in a larger range of frequencies and dynamic
scenarios. Also, it is important to mention that our
technique considerably reduces flickering as the pho-
ton buffer reuse adds coherence from one frame to the
following one, without producing noticeable artifacts.
Second, competing screen-space methods need to eval-
uate a scatter filter at every visible pixel affected by the
splat, typically involving a fragment shader for comput-
ing the kernel. Since our splats always touch texels cor-
responding to world-space neighboring points, we can
compute a single kernel per splat instead of per frag-
ment. Third, screen-space photon maps need to be re-
generated every frame during camera motion, as they
encode incident radiance only for visible pixels. Our
photon buffers encode irradiance in a much more view-
independent manner, allowing us to re-use the photon
buffers during multiple frames (thus saving the photon
pass), provided that the camera does not deviate drasti-
cally from that used in the last update. This makes our
approach much more efficient for walk-through and fly-
through applications, as well as for head-tracking and
3D stereo viewing. On the downside, our photon buffers
are less memory-efficient, although thanks to our adap-
tive resolution scheme they still fall in the same order
of magnitude than screen-space maps.

Traditional photon mapping: As shown in the previous
section, our approach is faster than kd-tree implementa-
tions, as we save the kd-tree construction step and we
can benefit from hardware rasterization to splat pho-



Interactive rendering of urban models with global illumination 9

Fig. 12 Our approach allows for real-time editing of lighting
conditions.

tons onto 2D photon buffers, resulting in a O(1) den-
sity estimation instead of the O(log n) kd-tree gather-
ing. Unlike our approach, traditional progressive pho-
ton mapping offers little options for re-using the pho-
ton maps under slow camera motion, as each gathering
pass is used to accumulate photon power only at the
hit points found in the camera pass [9]. On the down-
side, kd-tree implementations provide support for high-
frequency indirect lighting effects such as caustics.

5 Conclusions & Future Work

We have introduced a new algorithm for global illumi-
nation in urban landscapes. The usage of specially tai-
lored photon maps allows a considerable improvement
over traditional kd-tree-based photon mapping, result-
ing in up to 4× speed-ups and rendering times above
40-50 fps in large urban landscapes. As its main advan-
tages, we can mention its simplicity and ease of imple-
mentation (our experimental implementation consists
of a few hundred lines of C++/GLSL/OptiX code), and
that the results are almost identical to photon map-
ping. It is not completely identical to progressive pho-
ton mapping, mainly because the grid based approach
here is always biased because of the finite grid resolu-
tion and the approximations introduced so far. Other
improvements we have used, like the first hit OpenGL
acceleration, the usage of levels of detail and the adap-
tive buffers are valuable in any photon mapping con-
text, but have proven specially useful in the one we are
dealing here: urban landscapes.

Our technique is not free from limitations though.
An immediate limitation of the approach is that it may
lead to artifacts in situations where the geometry can-
not reasonably be parameterized onto cylinders (e.g.
when there are building sides that have a radial di-
rection with respect to the center of projection). In
this context, it would be interesting to explore alter-
natives, such as using the parameterization of the ge-
ometry, which is used for conventional texturing, as the
parameterization for photon splatting. This would be
more accurate, but probably would incur a significant
performance penalty, or lead to other problems, for ex-
ample related to seams and different sampling densities
in the photon maps. Of course it would also be possible

to define other parameterizations that lead to less dis-
tortion than the cylindrical one, avoiding some of the
problems already mentioned. This is left as an area for
further research. Also, it is important to mention that
all blocks that share the same adaptive-resolution pho-
ton buffer still have the same texture resolution, which
might cause non-uniform texel sizes if the blocks vary
too much in size. However, in all our experiments we
have not seen any noticeable artifact related to this.

Another limitation is that it does not support area
light sources, although it would be easy to accommo-
date in a photon mapping setting. In our case, this in-
cludes skylight, which is essential in a cloudy situation.
Also, photons can only be deposited on surfaces, and
hence we do not support participative media. Another
issue we observed is that the orthophotos we were pro-
vided already had shadows from the buildings on them,
which resulted sometimes in weird "double shadows"
effects (Figure 13). Clearly, a method for automatic
shadow detection and removal is needed.

Finally, in this paper we have focused on single-
light, daylight illumination, but it is straightforward to
extend it to multiple light sources like for night light-
ing by simple redesigning the shooting strategy. How-
ever, this would probably require many more photons
with smaller maps, thus considerably reducing perfor-
mance. Probably, a specifically tailored algorithm for
night-lighting should be researched.
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