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Abstract
In the tutorial we show the connection between rendering algorithms and sorting and searching as classical
problems studied in computer science. We provide both theoretical and empirical evidence that for many
rendering techniques most time is spent by sorting and searching. In particular we discuss problems and
solutions for visibility computation, density estimation, and importance sampling. For each problem we
mention its specific issues such as dimensionality of the search domain or online versus offline searching.
We will present the underlying data structures and their enhancements in the context of specific rendering
algorithms such as ray tracing, photon mapping, and hidden surface removal.
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1 Motivation for the Tutorial
The half-day tutorial covers the use of efficient sorting and searching techniques in the context of rendering
algorithms. The topic itself is important for performance and usability of the known algorithms as well as
the design of future ones. We show that although the problems and their solutions in rendering substantially
differ, their common denominator remains sorting and searching. Additionally it is often the case that most
of the computational time for rendering is spent by searching even if spatial sorting has been used in
preprocessing.

An efficient sorting and representation of the resulting ordered information is a necessary base to carry
out efficiently the repetitive searching during rendering. We would like to give an introduction to the basic
techniques and issues related to multidimensional sorting and related data structures required for efficient
searching. This we want to follow by showing the concepts of searching in particular rendering algorithms.

In the tutorial we will address both deterministic and stochastic rendering algorithms for visibility com-
putation (ray shooting and z-buffer), irradiance caching, photon mapping, and BRDF importance sampling.
These algorithms employ methods like spatial indexing, nearest neighbor searching, intersection searching,
range searching, or point location.

In Section 2 we give the outline of the tutorial, in Section 3 we target the audience of the tutorial. In
section 3 we give bibliographic references related to this tutorial.

2 Tutorial Overview – Half Day (2× 90 minutes)
The tutorial is divided into two logical parts. The first part will cover the basic description of the sorting
and searching and the topic of ray shooting (90 minutes). The second part will cover other applications of
searching in rendering algorithms completed by Questions & Answers section. A more detailed outline of
the tutorial is presented bellow.

Part I – 90 minutes

2.1 Introduction and Outline
The scope of the tutorial and the connection to sorting and searching. Recalling the rendering equation,
density estimation.

2.2 Sorting and Searching Techniques
Generalization of sorting and searching operations, giving overview of the problem. Recalling O(N log N)
bounds and traditional sorting techniques and related algorithmic issues for sorting based on comparisons,
O(N) lower bound for sorting with limited input precision (radix sort). Notion of performance of searching
algorithms: query time, preprocessing time, the size of the data structures, the practicality of algorithmic
solutions, hidden constants behind the big O notation.

2.3 Problem Dimensionality
Most problems of image synthesis are dealing with three-dimensional space. There are several problems
which can be formulated in four-dimensional space (spatio-temporal domain). We will also discuss other
problems which via surface parametrization can be reduced to two-dimensional space.

2.4 Hashing
Direct hashing techniques, perfect hashing, use in caching algorithms, external memory data structures,
etc.
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2.5 Bucketing
Description of sorting based on the limited precision of input data called bucketing (radix sort, distribution
sort etc.). The connection to grid-like data structures with O(1) access time used in rendering applications.

2.6 Hierarchical Data Structures
Description of hierarchical concept including object hierarchies (possibly overlapping), spatial subdivi-
sions, and hybrid hierarchical data structures. Branching factor of the hierarchy, memory layout of the data
structures, cost models used for construction. Augmented data structures for hierarchies such as neighbor
links or proximity clouds.

2.7 Static versus Dynamic
Description of the following settings:

• static data structures built once and used for queries without any change of input data.

• dynamic data structures built with certain input data, however, allowing efficient update of input data
without necessity of rebuilding the data from the scratch.

2.8 Online versus Offline
Description of the following settings:

• Online – queries are processed one by one (sequential processing). This is a typical and the simplest
way how the search is applied in rendering algorithms.

• Offline – queries are processed at once or at some batches. It is also often referred to as aggregate
search or batched search. The speedup from these techniques will be quantified.

2.9 Ray Tracing
Ray tracing determines a first object hit by the given ray. A naive ray tracing algorithm would test every
object for intersection with a given ray and select the nearest one from the found intersections. The query
time is then O(n) where n is the number of objects in the scene. Much research has been done in order
to reduce this time complexity. The key idea of most techniques is to narrow the search domain for a
given ray by organizing (sorting) scene objects in a spatial data structure (often called spatial index). Each
entry in the spatial index is associated with a list of objects. Then for a given ray we use the spatial index
to determine only those objects which constitute a potential intersection. This is achieved by traversing
through entries of the spatial index.

As an alternative to spatial indices we can use directly the ray domain to sort the objects. Similarly as
in the spatial index each entry of the ray space index contains a list of intersection candidates. The traversal
of the ray space index can then be implemented using a simple point location.

We will discuss several common spatial indices (kD-tree, octree, BVH) and present their extensions
which aim to further reduce the expected running time of the algorithm. We also discuss a ray space
index based on kD-trees and their connection to quick sort, the other paradigms such as clustering based
approaches, optimzation of some data structures after building etc.
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Part II – 90 minutes

2.10 Rasterization and Visibility Culling
Z-buffer provides a powerful tool for solving the casting problem for a specific set of coherent rays. In
particular it handles bounded set of rays with common center of projection. Z-buffer uses bucket like
sorting of the objects. Every bucket corresponds to objects intersecting a given pixel of the screen. By
incremental updates it can determine the nearest object for every bucket.

Two additional culling methods are usually combined with z-buffered rendering to increase its perfor-
mance. The view frustum culling and occlusion culling. View frustum culling discards all objects which
cannot contribute to the z-buffer since they lie outside of the current view frustum. Occlusion culling
eliminates all objects which cannot contribute since they are occluded by some other objects.

Both methods make heavy use of sorting searching. View frustum culling uses a spatial index to
organize the scene. Then it uses a constraint traversal of this index to determine objects intersecting the
given view frustum. Occlusion culling methods commonly use sorting of occluder projections in order to
determine whether other scene objects are also occluded. We show a close relation between ray casting
and z-buffer techniques with occlusion culling.

2.11 Photon Maps and Ray Maps
Photon map algorithm uses nearest neighbor search in order to estimate photon density. In particular for a
given query point it uses k-nearest neighbor search on set of points (photons). The original paper provides
an efficient method to organize photons in a kD-tree. We will also show an alternative approach which also
sorts the query points.

Ray maps provide an extension to the photon map algorithm as they organize the whole photon paths
instead of the hit points. We will discuss possibilities of maintaining a set of rays using both primal space
and ray space. Further we show that an optimized primal space implementation of the algorithm can
achieve performance not far from that of the photon map query.

2.12 Irradiance Caching
Irradiance cache is used to interpolate illuminance from already known samples. In order to do that it needs
to locate all spheres containing a given query point. The original method uses octree to sort the spheres.
We will present also more advanced techniques based on half-space reporting via transform to the four
dimensional space.

2.13 BRDF and BTF
Importance sampling using cumulative distribution function and binary search or binary-interpolation
search. Other techniques of importance sampling based on the searching. The BTF compression tech-
niques used based on sorting and searching.

2.14 CPU and GPU
Differences when implementing data structures on CPUs and GPUs as consequence of the different com-
puter architecture, paralelization, stream based versus cache-based computer architecture architecture, data
alignment in memory, critical sections, atomic counters etc.

3 Target Audience
The tutorial assumes audience familiar with the area of rendering based on z-buffer and ray tracing. In par-
ticular we assume basic knowledge of ray tracing, global illumination in particular photon maps, irradiance
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caching, BRDF. An elementary knowledge of sorting and searching algorithms is assumed. Less known
basic concept such as density estimation and importance sampling will be detailed during the tutorial.

References
On further pages we present survey of bibliographics about rendering papers which use and discuss (either
directly or indirectly) sorting and/or searching algorithms. The list of references consists of several parts,
which correspond to the topics discussed in tutorial. The list of references is definitely not complete and it
will become outdated in future.
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[Mais92] E. Maisel and G. Hégron. A Realistic Image Synthesis of Animation Sequences based on Tem-
poral Coherence. In G. Hegron and D. Thalmann, Eds., Computer Animation and Simulation
’92, Eurographics, ISSN 1017-4656, Cambridge, England, Sep. 1992.

[Mart00] W. Martin, E. Cohen, R. Fish, and P. Shirley. Practical Ray Tracing of Trimmed NURBS
Surfaces. Journal of Graphics Tools: JGT, Vol. 5, No. 1, pp. 27–52, 2000.

[Mart95a] G. Márton and L. Szirmay-Kalos. On Average-case Complexity of Ray Tracing Algorithms.
In Winter School of Computer Graphics 1995, pp. 187–196, Feb. 1995. held at University of
West Bohemia, Plzen, Czech Republic, 14-18 February 1995.

[Mart95b] G. Márton. Acceleration of Ray Tracing via Voronoi Diagrams. In A. W. Paeth, Ed., Graphics
Gems V, pp. 268–284, Academic Press, Boston Mass., 1995.

[Mart97] G. Márton. Surfaces for Ray Tracing: A Fast View-Dependent Algorithm. In H. N. H.P. Sei-
del, B. Girod, Ed., Proceedings of 3D Image Analysis and Synthesis ’97, pp. 19–26, Nov.
1997.

[Maur93] H. Maurel, Y. Duthen, and R. Caubet. A 4D ray tracing. Computer Graphics Forum, Vol. 12,
No. 3, pp. C285–C294, Aug 1993.

[McNe92] M. D. J. McNeill, B. C. Shah, M.-P. Hebert, P. F. Lister, and R. L. Grimsdale. Performance
of space subdivision techniques in ray tracing. Computer Graphics Forum, Vol. 11, No. 4,
pp. 213–220, Oct. 1992.

[Mein91] H.-P. Meinzer, K. Meetz, D. Scheppelmann, U. Engelmann, and H. J. Baur. The Heidelberg
Ray Tracing Model. j-IEEE-CGA, Vol. 11, No. 6, pp. 34–43, Nov. 1991.

[Mitc90] D. P. Mitchell. Robust Ray Intersection with Interval Arithmetic. Graphics Interface, pp. 68–
74, 1990.

[Mitc94] J. S. B. Mitchell, D. M. Mount, and S. Suri. Query-Sensitive Ray Shooting. In Proc. 10th
Annu. ACM Sympos. Comput. Geom., pp. 359–368, 1994.

[Moel95] T. Moeller. A Linear-time simple bounding volume algorithm. In A. W. Paeth, Ed., Graphics
Gems V, pp. 242–257, Academic Press, Boston Mass., 1995.

24



Havran and Bittner / Efficient Sorting and Searching in Rendering Algorithms, EG 2014 Tutorial
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Acceleration Schemes. In A. Chalmers, Ed., Proceedings of the 18th Spring Conference on
Computer Graphics (SCCG 2002), pp. 89–98, ACM Siggraph, Budmerice, Slovakia, 2002.

[Szir97] L. Szirmay-Kalos and G. Márton. On the Limitations of Worst–case Optimal Ray Shooting
Algorithms. In Winter School of Computer Graphics 1997, pp. 562–571, Feb. 1997. held at
University of West Bohemia, Plzen, Czech Republic, 14-18 February 1997.

[Szir98a] L. Szirmay-Kalos and G. Márton. Worst-Case Versus Average Case Complexity of Ray-
Shooting. Computing, Vol. 61, No. 2, pp. 103–131, 1998.

[Szir98b] L. Szirmay-Kalos and G. Márton. Analysis and construction of worst-case optimal ray shooting
algorithms. Computers and Graphics, Vol. 22, No. 2–3, pp. 167–174, March 1998.

[Tell96] S. Teller, K. Bala, and J. Dorsey. Conservative Radiance Interpolants for Ray Tracing. In
X. Pueyo and P. Schröder, Eds., Eurographics Rendering Workshop 1996, pp. 257–268, Euro-
graphics, Springer Wien, New York City, NY, June 1996. ISBN 3-211-82883-4.

29



Havran and Bittner / Efficient Sorting and Searching in Rendering Algorithms, EG 2014 Tutorial

[Tell98] S. Teller and J. Allex. Frustum Casting for Progressive, Interactive Rendering. Tech. Rep. MIT
LCS TR-740, MIT, Jan. 1998.

[Thia08] S. G. P. Thiago Ize, Ingo Wald. Ray tracing with the BSP tree. In , pp. 159–166, 2008.

[Thir90] J.-P. Thirion. TRIES: Data Structures Based on Binary Representation for Ray Tracing. In
C. E. Vandoni and D. A. Duce, Eds., Eurographics ’90, pp. 531–541, North-Holland, Sep.
1990.

[Tong13] W. Tong and Y. Deng. Mining Effective Parallelism from Hidden Coherence for GPU Based
Path Tracing. In SIGGRAPH Asia 2013 Technical Briefs, pp. 31:1–31:4, ACM, New York, NY,
USA, 2013.

[Torr09] R. Torres, P. J. Martı́n, and A. Gavilanes. Ray Casting Using a Roped BVH with CUDA. In
Proceedings of the 25th Spring Conference on Computer Graphics, pp. 95–102, ACM, New
York, NY, USA, 2009.

[Toth85] D. L. Toth. On Ray Tracing Parametric Surfaces. Computer Graphics, Vol. 19, No. 3, pp. 171–
179, July 1985.

[Tsak09] J. A. Tsakok. Faster Incoherent Rays: Multi-BVH Ray Stream Tracing. In Proceedings of the
Conference on High Performance Graphics 2009, pp. 151–158, ACM, New York, NY, USA,
2009.

[VanW85] J. J. VanWijk. Ray Tracing Objects Defined By Sweeping a Sphere. Computers and Graphics,
Vol. 9, No. 3, pp. 283–290, 1985.

[Vink12] M. Vinkler, V. Havran, and J. Sochor. Visibility Driven BVH Build Up Algorithm for Ray
Tracing. Comput. Graph., Vol. 36, No. 4, pp. 283–296, June 2012.

[Vink13] M. Vinkler, J. Bittner, V. Havran, and M. Hapala. Massively Parallel Hierarchical Scene Pro-
cessing with Applications in Rendering. Computer Graphics Forum, Vol. 32, No. 8, pp. 13–25,
2013.

[Voor90] D. Voorhies. Space-Filling Curves and a Measure of Coherence. In J. Arvo, Ed., Graphics
Gems, pp. 257–262, Academic Press, San Diego, 1990.

[Voor91] D. Voorhies and D. Kirk. Ray-Triangle Intersection Using Binary Recursive Subdivision. In
J. Arvo, Ed., Graphics Gems II, pp. 257–263, Academic Press, San Diego, 1991.
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[Bart98] D. Bartz, M. Meissner, and T. Hüttner. Extending Graphics Hardware for Occlusion Queries
in OpenGL. In Proceedings of the 1998 Workshop on Graphics Hardware, Lisbon, Portugal,
pp. 97–104, 1998.
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[Moll02] T. Möller and E. Haines. Real-Time Rendering, 2nd edition. A. K. Peters, 2002.

[Mora05] F. Mora, L. Aveneau, and M. Mériaux. Coherent and Exact Polygon-to-Polygon Visibility. In
Proceedings of Winter School on Computer Graphics 2005, pp. 87–94, 2005.

[Nava03] I. Navazo, J. Rossignac, J. Jou, and R. Shariff. ShieldTester: Cell-to-Cell Visibility Test for
Surface Occluders. Computer Graphics Forum (Proceedings of Eurographics ’03), Vol. 22,
No. 3, pp. 291–302, 2003.

[Nayl92] B. F. Naylor. Partitioning tree image representation and generation from 3D geometric models.
In Proceedings of Graphics Interface ’92, pp. 201–212, May 1992.

[Nies12] M. Nießner and C. Loop. Patch-based occlusion culling for hardware tessellation. In In
proceedings of Computer Graphics International, 2012.

[Nire02] S. Nirenstein, E. Blake, and J. Gain. Exact From-Region Visibility Culling. In Proceedings of
Eurographics Workshop on Rendering ’02, pp. 199–210, 2002.

[Nire04] S. Nirenstein and E. Blake. Hardware Accelerated Aggressive Visibility Preprocessing using
Adaptive Sampling. In Rendering Technqiues 2004: Proceedings of the 15th symposium on
Rendering, pp. 207–216, Eurographics Association, 2004.

[Orti96] R. Orti, S. Riviere, F. Durand, and C. Puech. Using the Visibility Complex for Radiosity Com-
putation. In Lecture Notes in Computer Science (Applied Computational Geometry: Towards
Geometric Engineering), pp. 177–190, Springer-Verlag, Berlin, Germany, May 1996.
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