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Computer Graphics
and VisualizationParticle Sorting Applications

Transparent rendering

 per time step transfer particles into particle vbo

 per view compute sort vbo with per particle index and 
depth (with transform feedback or cuda)

 bind sort vbo as cuda object and sort with radix sort

 use sort vbo as element buffer for indexed rendering
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Computer Graphics
and VisualizationParticle Sorting Applications

Construction of Particle Grid

Idea: sort particles by grid cell index

 define dimensions of regular grid data structure

 per particle compute index of grid cell in which center 
of particle lays and store with particle index in sort vbo

 bind sort vbo as cuda object and 
sort with radix sort

 prefix sums address first particle 
per cell
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Computer Graphics
and VisualizationSorting Algorithms

 Task: rearrange numbers into increasing order
[170, 45, 75, 90, 2a, 802, 2b, 66] => [2a, 2b, 45, 66, 75, 90,170, 802]

 A sorting algorithm is called

 stable if it preserves order of equal numbers from input series
(compare 2a, 2b)

 in-place if it does not need additional memory (typically
algorithms need an additional array to store the output
sequence)

 non-comparative if it avoids direct comparison of to be sorted
elements

 If additional data to be sorted with the numbers is
called load (typically particle index)
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 Architecture: Single Instruction, Multiple Thread (SIMT)

 On SIMT latency is hided by multi-threading scheduler
(> 5000 threads should run in parallel)

 If threads execute same code but run into different 
parts of if or switch clause, behavior called divergent

 32 threads form warp in which code divergence is slow

 Between warps code divergence is no penalty

 Thread local memory is much faster (try copy to local
memory, process, copy result back as often as possible)

 If per thread data is consecutive in global memory
within each warp, highest performance achievable
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Satish, Nadathur, Mark Harris, and Michael Garland. "Designing efficient sorting algorithms for manycore GPUs." 2009 IEEE 
International Symposium on Parallel & Distributed Processing. IEEE, 2009



Computer Graphics
and VisualizationRadixsort – with Lists (Bucket Sort)

 Radixsort is stable, non-comparative algorithm

 To be sorted numbers are processed from least signi-
ficant to most significant digit in one pass per digit

 Per pass split all numbers into per digit value list

 Process/collect numbers in order of lists

 Wikipedia example (no intermediate number collect):

[170, 45, 75, 90, 2, 802, 2, 66]

Starting from the rightmost (last) digit, sort the numbers based on that digit:

[{170, 90}, {2, 802, 2}, {45, 75}, {66}]

Sorting by the next left digit:

[{02, 802, 02}, {45}, {66}, {170, 75}, {90}]
Notice that an implicit digit 0 is prepended for the two 2s so that 802 maintains its position between them.

And finally by the leftmost digit:

[{002, 002, 045, 066, 075, 090}, {170}, {802}]

 Stable version possible for binary digits based on swap
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and VisualizationRadixsort – with Counters

 Per digit value introduce counter that first stores
number of digit appearances and then location in 
output array

1. compute histogram in counters

2. compute cumulative counters (prefix sum)

3. place each number in target location in output array
(increment counter for each appearance)

 Example:

1. [170, 45, 75, 90, 2, 802, 2, 66] [0:2,1:0,2:3,4:0,5:2,6:1,7:0,8:0,9:0]

2. [0:0,1:2,2:2,4:5,5:5,6:7,7:8,8:8,9:8]

3. [170, 90, 2, 802, 2, 45, 75, 66] [0:2,1:2,2:5,4:5,5:7,6:8,7:8,8:8,9:8]

repeat for each digit

 In-place version possible
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and VisualizationParallel Radixsort

 Parallel version splits input
sequence into one block per 
thead 𝑗 < m

 Per digit value 𝑖 < 𝑛 and 

thread 𝑗 counters 𝑐𝑗
𝑖 are 

computed in parallel and
stored in a 2d table

 With global counts 𝑐𝑖 = σ𝑗 𝑐𝑗
𝑖

and global offset 𝑜𝑖 = σ𝑖′<𝑖 𝑐𝑖′
thread local offsets compute
to

𝑜𝑗
𝑖 = 𝑜𝑖 + ෍

𝑗′<𝑗

𝑐𝑗′
𝑖

 Reorder step is done in 
parallel again with thread 
local offsets

 GPU implementation of 
parallel radix sort optimizes 
local memory usage and work 
group sizes of different steps
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2-bit digits with 4 digit values
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and VisualizationMerge Sort

 Merge sort is stable, comparative algorithm

1. Split to be sorted numbers in one element lists which
are automatically sorted

2. Merge sort pairs of
successive lists in 
logarithmic number
of passes over all lists
till one sorted list is left

 Stable version with constant additional memory
possible
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© Wikipedia, source

https://en.wikipedia.org/wiki/Merge_sort
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and VisualizationParallel Merge Sort

 Main question is how to parallelize sequence merging?

 Let rank 𝑎, 𝐴 denote the location of 𝑎 in 𝐴.

 Case 1: sequences are small (𝑛 ≤ 𝑡 = 256)

 merge sorted sequences A&B in one warp inside local memory

 assign per thread small number of elements from A or B

 For each element 𝑎𝑖 ∈ 𝐴 compute target location in 𝐶 from rank 𝑎𝑖 , 𝐶 =
𝑖 + rank(𝑎𝑖 , 𝐵) using binary search on 𝐵. (same for 𝑏𝑖)

 Case 2: sequences are large (𝑛 > 𝑡)

 Idea: split 𝐴, 𝐵 into small subsequences 𝐴𝑗, 𝐵𝑗 and sort along Case 1

 define split numbers 𝑆𝐴 = 𝑎𝑡⋅𝑘 𝑘 and 𝑆𝐵 = 𝑏𝑡⋅𝑘 𝑘 on 𝐴 and 𝐵 that
produce patches individually in 𝐴 and B with 𝑘 elements

 merge sort 𝑆𝐴 and 𝑆𝐵 into 𝑆 and use tile ranges 𝑇𝑗 = 𝑆2𝑗 , 𝑆2𝑗+1 as split

numbers to extract 𝐴𝑗 and 𝐵𝑗 (resulting patches have ≤ 2𝑘 elements)

 Subrange boundaries in 𝐴 with respect to 𝑠 ∈ 𝑆 computed from 
rank(𝑠, 𝐴) which is simple if 𝑠 is from 𝐴. For 𝑠 = 𝑏𝑖 ∈ 𝐵 compute 𝑡 =
rank(𝑠, 𝑆𝐴) = rank 𝑠, 𝑆 − 𝑖 and rank 𝑠, 𝐴 = 𝑡 ⋅ 𝑘 (same for 𝐵)
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Computer Graphics
and VisualizationParallel Merge Sort

 Example for tile construction for 𝑡 = 4:

A=[1,4,6,10,12,15,20,40,43,55,80,101,111,130,141,150]

B=[2,7,9,13,17,25,31,36,52,67,68,90,95,99,104,120]

𝑆𝐴 =[1,12,43,111]

𝑆𝐵 =[2,17,52,95]

𝑆 =[1,2,12,17,43,52,95,111]

𝑇1 =[1,2) => 𝐴1=[1], 𝐵1=[] => 𝐶1=[1]
𝑇2 =[2,12) => 𝐴2=[4,6,10], 𝐵2=[2,7,9] => 𝐶2=[2,4,6,7,9,10]
𝑇3 =[12,17) => 𝐴3=[12,15], 𝐵3=[13] => 𝐶3=[12,13,15]
𝑇4 =[17,43) => 𝐴4=[20,40], 𝐵4=[17,25,31,36] => 𝐶4=[17,20,25,31,36,40]
𝑇5 =[43,52) => 𝐴5=[43], 𝐵5=[] => 𝐶5=[43]
𝑇6 =[52,95) => 𝐴6=[55,80], 𝐵6=[52,67,68,90] => 𝐶6=[52,55,67,68,80,90]
𝑇7 =[95,111) => 𝐴7=[101], 𝐵7=[95,99,104] => 𝐶7=[95,99,101,104]
𝑇8 =[111,∞] => 𝐴8=[111,130,141,150], 𝐵8=[120]=> 𝐶8=[111,120,130,141,150] 
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and VisualizationComparison of Parallel Sorting Algos

 Sorting 32 bit key value pairs

Darko Božidar and Tomaž Dobravec: Comparison of parallel sorting algorithms, University 
of Ljubljana,Slovenia Technical report November 2015

S. Gumhold, Scientific Visualization, Particles 14

X-axis: Binary logarithm of the sequence length, Y-axis: sort rate in Million/second
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and VisualizationComparison of Parallel Sorting Algos

 Sorting 64 bit key value pairs 

Darko Božidar and Tomaž Dobravec: Comparison of parallel sorting algorithms, University 
of Ljubljana,Slovenia Technical report November 2015
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X-axis: Binary logarithm of the sequence length, Y-axis: sort rate in Million/second
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Particles
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Computer Graphics
and VisualizationDeferred Shading – Motivation 

 Aliasing artefacts arise if particle size is smaller than 
pixel size  particle shape not visible anymore

S. Gumhold, Scientific Visualization, Particles 17

Standard Ray-Casting 8×8 supersampling image space normals



Computer Graphics
and VisualizationDeferred Shading 

approach: 

 render particles and store 
depth, normal, projected size
and color in fbo with two color 
textures 

 estimate per pixel secondary 
normal from depth buffer by 
fitting local plane or higher 
order surface (careful: ignore 
neighbors with depth jump 
relative to current sample)

 Blend primary and secondary 
normal based on projected 
particle size to achieve smooth 
transition between normals

S. Gumhold, Scientific Visualization, Particles 18
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LARGE PARTICLE DATA
OCCLUSION CULLING

Particles
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Computer Graphics
and VisualizationOcclussion Culling – Overview

 In CG there are two basic techniques often used in 
occlusion culling approaches: 

 hardware occlusion queries … supports counting of 
vertices or fragments produced during rendering

 hierarchical depth buffer … extent depth buffer to 
mipmap and discard primitives or objects in geometry 
shader

S. Gumhold, Scientific Visualization, Particles 20

images from: Bittner, Jiří, et al. "Coherent hierarchical culling: Hardware occlusion 
queries made useful." Computer Graphics Forum. Vol. 23. No. 3., 2004.
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and VisualizationOcclussion Culling – HWOQs 

Hardware Occlusion Queries (HWOQ)

 Since OpenGL 2.0 one can generate Query objects with 
glGenQueries and enclose draw calls in glBeginQuery … 
glEndQuery brakets

 Queries count the number of fragments passing all fragment filters 
or the number of vertices generated in the last vertex stage (i.e. 
geometry shader)

 Write masks are typically turned off to avoid framebuffer changes 
during queries

 With glGetQueryObject one can check with 
GL_QUERY_RESULT_AVAILABLE whether query is available and 
retrieve the counts, which flushes the rendering pipeline

 To avoid pipeline flushes an important strategy is to batch queries 
or do other things in between

S. Gumhold, Scientific Visualization, Particles 21



Computer Graphics
and VisualizationOcclussion Culling – HWOQs 

Condition Rendering

 Since OpenGL 3.0 one can make draw calls dependent on the 
result of HWOQs by enclosing them in glBeginConditionalRender … 
glEndConditionalRender brackets

 There are different conditional rendering modes

 GL_QUERY_WAIT … waits for query and therefore flushes pipeline, checks query 
result and renders only if query succeeded

 GL_QUERY_NO_WAIT … allows OpenGL driver to decide whether to render now 
or wait for query result

 GL_QUERY_BY_REGION[_NO]_WAIT … allows OpenGL driver specific optimization 
to discard conditional rendering commands that do not affect the fragments 
(framebuffer region) that caused the query result to be non-zero.
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and VisualizationOcclussion Culling – HWOQs 

 Bittner, Jiří, et al. "Coherent Hierarchical Culling: Hardware occlusion queries 
made useful." Computer Graphics Forum. Vol. 23. No. 3., 2004.

 setting: hierarchical scene description with node 
bounding volumes. Traverse hierarchy in front to back 
order and terminate at leaves or invisible nodes.

Main ideas to avoid CPU stalls and GPU starvation:

 Exploit temporal coherence 
by assuming previously visi-
ble nodes to be visible again 
and simply rendering them

 introduce query queue to 
interleave rendering of visible 
nodes with queries 
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Computer Graphics
and VisualizationOcclussion Culling – HWOQs 

 Oliver Mattausch, Jiří Bittner, and Michael Wimmer. "CHC++: Coherent 
Hierarchical Culling revisited." Computer Graphics Forum. Vol. 27. No. 2, 2008.

Extension of CHC method to CHC++ with the following 
new ideas to reduce the number of state changes:

 separate queues for previously
visible vs invisible nodes to form
query batches

 introduce multi-queries based
on grouping with respect to 
identical OpenGL states

 randomized temporal subsampling 
of queries for visible nodes

 tighter bounding volumes by 
rendering child bounding boxes
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Computer Graphics
and VisualizationOcclusion Culling – Hierarchical Z

Hierarchical Z/Depth approach

 split scene into occluders and rest

 render occluders to construct depth buffer

 use ping pong rendering to construct depth buffer mipmap
pyramid combining texels with max operator

 During rendering of
rest

 transform bounding 
of primitive to window 
coordinates

 determine mipmap level

 do visibility test by comparing 
minimal primitive depth with four 
surrounding texels in mipmap level 
of hierarchical depth buffer

 >20000 tests per second (see slides)
S. Gumhold, Scientific Visualization, Particles 26

Images taken from http://rastergrid.com/blog/2010/10/hierarchical-z-map-based-occlusion-culling

Greene et al. "Hierarchical Z-buffer visibility". SIGGRAPH 1993

http://www.selfshadow.com/talks/rwc_gdc2010_v1.pdf
http://rastergrid.com/blog/2010/10/hierarchical-z-map-based-occlusion-culling


Computer Graphics
and VisualizationOcclusion Culling – Particle Data

Grottel et al. "Coherent culling and shading for large 
molecular dynamics visualization". In CGF 29.3, pp. 953-962. 
2010

 sort particles in grid

 use particles in previously 
visible cells as occluders

 conservatively render occluders
into depth buffer

 start occlusion queries of 
previously invisible cells

 build hierarchical z-buffer in 
parallel to evaluation of queries

 render particles in newly visible 
cells with hierarchical z-buffer 
based visibility tests

 use deferred shading for 
antialiasing and better 
performance

S. Gumhold, Scientific Visualization, Particles 27
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Particles
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Computer Graphics
and VisualizationMetaball Rendering – Motivation

 clusters of general shape can be nicely visualized with 
metaballs:

S. Gumhold, Scientific Visualization, Particles 30
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and VisualizationHigh Performance Metaballs

Applications

S. Gumhold, Scientific Visualization, Particles 31

Chromatophore (9.6M atoms) 
3.4 fps (Geforce GTX 580)

Laser Ablation Dataset

fluid on paddle wheel
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[Blinn 1982] J. F. Blinn, “A Generalization of Algebraic Surface Drawing,” ACM Transactions on Graphics, vol. 1, no. 3, pp. 235–256, 1982.

iso-surface

particle density functions

summed density field with iso-surface

𝑝1 𝑝2

𝑝1 𝑝2

summed densities

𝑥

𝐷

surface points

intersection through x-D-plane

iso value ½ 
(1 in the following)

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.85.4305&rep=rep1&type=pdf
file:///f:/projects/cgv/project/implicit_surfaces/examples/meta_balls_test.isd
file:///f:/projects/cgv/project/implicit_surfaces/examples/meta_balls_test.isd
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and VisualizationMetaball Surfaces

 The metaball surface of a cluster with 𝑛 particles 𝒑𝑖 of radius 𝑅𝑖 is 

defined as the iso-surface at value 𝟏 of summed density function:

𝐷 𝒙 =෍

𝑖=1

𝑛

𝐾
𝒙 − 𝒑𝑖

𝑅𝑖
= 1

with a free to choose kernel function 𝐾(𝑟). 

 Blinn originally proposed a Gaussian kernel function, but in 
rendering compactly supported kernel functions with a maximum 
influence sphere of 𝑟′ times the particle radius are commonly used

 In the following approaches 𝑟′ = 2 is 

chosen and 𝐾 𝑟 = 𝑐 1 −
𝑟

𝑟′

2 2

 To ensure that the original particle 
spheres are recovered for isolated 
particles, the constant is chosen to 

be 𝑐 =
16

9
, such that 𝐾 1 = 1. 

S. Gumhold, Scientific Visualization, Particles 33

𝐾 𝑟
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 Two metaball rendering approaches are presented in
C. Müller, S. Grottel, and T. Ertl, “Image-Space GPU Metaballs for TimeDependent
Particle Data Sets,” in  Proceedings of VMV , 2007, pp. 31–40

 first approach is a per particle raycasting of the 
metaball surface very similar to standard sphere 
raycasting with support for particle culling

 For access to the density field, a so called vicinity 
texture stores for each particle all other particles that 
can influence it

 In fragment shader influencing
particles are read from vicinity 
texture ray-isosurface inter-
section is computed iteratively

 Performance is quite bad though
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S. Gumhold, Scientific Visualization, Particles 35

Sim-3 test dataset
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and VisualizationParallel Raycasting of Metaballs

 Second Approach: find per fragment 
depth where density becomes 1.

 Initialize depth buffer 𝜆 𝝉 by raycasting

influence spheres as lower bound

 Use stencil buffer to mask out all
fragments not hit in depth initialization

 Define upper bound depth texture
from dataset bounding box

 Iterate till all fragments converged

 Construct density texture ෩𝐷 𝝉

 Define density texture fbo

 Turn on stencil test+additive blending

 Render all influence spheres

 Per fragment evaluate metaballs at 

depth in 𝜆 𝝉

 Use depth ping pong buffer to check per 
fragment convergence and advance depth by 
Δ if fragment not converged

S. Gumhold, Scientific Visualization, Particles 36

Δ

Δmax
=

1 − ෩𝐷 𝝉
2 ෩𝐷 𝝉 < 1 − 𝜖

1

2
(෩𝐷 𝝉 − 1) ෩𝐷 𝝉 > 1 + 𝜖

0 otherwise
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S. Gumhold, Scientific Visualization, Particles 37

authors call the intermediate depth buffer 𝜆-buffer 



Computer Graphics
and VisualizationMetaballs Rendering – Performance
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 Third approach supports large datasets:
M. Falk, S. Grottel, and T. Ertl, “Interactive Image-Space Volume Visualization 
for Dynamic Particle Simulations,” SIGRAD Conference, 2010, pp. 35–43.

 Idea: slice volume around dataset bounding box front 
to back, reconstruct density function and volume 
raycasting of iso-surface intersection

S. Gumhold, Scientific Visualization, Particles 40
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Details

 radix sort particles by their depth

 render dataset bbox to start rays

 compute 4 density slices at a time into the 
RGBA channels of a density fbo; for this 
render screen covering quad and use 
depth test LARGER

 exploit particle sorting to draw only active 
particles where influence sphere 
intersects one of the 4 current slices

 raycast density slices and in case of 
intersection, computer illumination and 
output color and depth (to terminate ray)
to main fbo

 for each iteration count number of remai-
ning rays with HWOQ but use this only to 
predict iteration count for next frame



Computer Graphics
and VisualizationHigh Performance Metaballs

 Through image space 
evaluation isosurface is 
reconstructed in pixel 
resolution (zoom provides 
arbitrarily high detail)

 Evaluation with NVIDIA 
GeForce 280 GTX

S. Gumhold, Scientific Visualization, Particles 42
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MOLECULAR SURFACES

Particles
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and VisualizationMolecular Surfaces – Overview

 The Van-der-Waals radius of an atom yields 
a solid sphere approximation of an atom

 The Van-der-Waals surface / envelop is union 
of Van-der-Waals spheres

 given probe sphere radius of solvent mole-
cules, role probe over given molecule to define

 all solvent probe center locations form Solvent Accessible Surface (SAS)

 inner envelop of probe sphere forms Solvent Excluded Surface (SES)

S. Gumhold, Scientific Visualization, Particles 44

Van-der-Waals
Surface (VdW)

Solvent Accessible
Surface (SAS)

Solvent Excluded
Surface (SES)

probe

VdW surface 

probe paths

SAS

SES

Van-der-Waals radius in picometer

https://en.wikipedia.org/wiki/Van_der_Waals_radius
https://en.wikipedia.org/wiki/Van_der_Waals_radius
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 VdW and SAS surfaces can be rendered with sphere 
glyphs directly

 The SES surface is composed of three types
of surfaces patches: spherical patch, 
spherical triangle and toroidal patch

S. Gumhold, Scientific Visualization, Particles 45

sphere triangle

torus-Patch

Spherical patches

Toroidal patches

Spherical triangles
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Totrov, M., & Abagyan, R. (1996). The contour-buildup algorithm to calculate the analytical 
molecular surface. Journal of structural biology, 116(1), 138-143.

 Contour-Buildup Algorithm

 setup SAS spheres

 compute sphere-sphere intersection circles

 compute graph of visible circle segments

 SES surface element extraction
based on circle segment graph

 nodes correspond to circle segment inter-
sections and form sphere patches with
negative curvature (mostly triangular)

 edges correspond to circle segments and form 
toroidal patches

 faces correspond to visible parts of VdW spheres
and form sphere patches with positive curvature

S. Gumhold, Scientific Visualization, Particles 46
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Krone, M., Dachsbacher, C., & Ertl, T. (2010, August). Parallel computation and interactive 
visualization of time-varying solvent excluded surfaces. In Proceedings of the First ACM International 
Conference on Bioinformatics and Computational Biology (pp. 402-405). ACM.

 pure GPU implementation in CUDA

1. find neighbor atoms

 bind atom location vbo with CUDA

 build grid with radix sort and query neighbors

2. compute and store circles

 from sphere-sphere intersections

3. filter circles that are too small

4. intersect circles of neighboring atoms

 store remaining circle segments

 Easy to parallelize

5. per surface type construct one vbo

6. OpenGL based primitive raycasting

S. Gumhold, Scientific Visualization, Particles 47
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