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Abstract

Large-scale simulations are often performed on machines without the necessary graphics hardware for visualiza-
tion. Transferring full resolution data to a suitable machine for visualization is impractical and undesirable. We
investigate solutions to the remote visualization problem for large-scale Smoothed Particle Hydrodynamics (SPH)
simulations. Previous remote visualization strategies for SPH perform rendering on the server side and send ren-
dered images to the client viewer. These approaches suffer from delays due to network latency in sending entire
images every frame and adversely affect interactive visual data analysis. WebGL enables hardware acceleration
for rendering in the browser. We combine WebGL volume rendering rendering with data compression and intel-
ligent streaming to provide a fast and flexible remote visualization solution for SPH simulations, which enables
easier access to simulations for analysis and sharing of data.

Categories and Subject Descriptgascording to ACM CCS) 1.3.2 [Computer Graphics]: Graphics Systems—
Remote systems

1. Introduction and fill it in with more detail as data becomes available. We

use an octree as an efficient multi-resolution representation
for SPH data so we can stream in low resolution versions for
rendering while higher resolution versions are loading.

Smoothed Particle Hydrodynamics (SPH) is a fluid sim-
ulation method that performs computations on a mov-
ing set of particles carrying physical properties of the
fluid [GM77]. SPH simulations are often created on remote ~ The proposed remote visualization system makes it easier
high-performance machines that may not have hardware for to share results and is also suitable for in-situ visualization
interactive rendering, necessitating remote visualization. A since data can be viewed remotely while the simulation is
system that streams data from a server and renders it on therunning. Our contributions are as follows:

clientis desirable to avoid indiscriminately downloading full e A compact streaming system for SPH visualization.
resolution data. Users should be able to view simulations ® A WebGL-based multi-resolution SPH volume renderer.
from many computers without specific client software. Our work adapts many existing SPH visualization tech-

) ) ] ) ] niques for a remote visualization system using WebGL.
Using WebGL for client-side rendering of SPH simula-

tions meets these requirements. WebGL, based on OpenGL2: Related Work

ES, allows web browsers to directly use the graphics card visualization of SPH simulations commonly takes the fol-
without plugins or extensions [Marl1WebGL is widely lowing approaches: volume rendering of physical proper-
supported, making it suitable for use in a variety of portable ties, rendering isosurfaces of fluid boundaries or physical
remote visualization techniques such as in medical visualiza- variables of interest, and rendering column density, the in-
tion [BMSP12], [JKD'12], [ML12b], [MJ12] and geospatial  tegral of the density through the view direction. Goswami et
data visualization [XYL12], [PID12], [Slo11]. al. [GSSP10], Linsen et al. [LMD11], and Price [Pri0Ofim-

Client-side rendering of remote data suffers from de- plement a variety of these techniques for SPH visualization.

lays in data retrieval due to network latency. Lavoué et  Very little work has been done in the area of SPH remote
al. [LCD13] address this concern for 3D meshes with a pro- visualization. Feng et al. [FCDM.1] implement a web in-
gressive compression scheme to load a low resolution meshterface to view pre-computed snapshots of SPH data. Cui
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et al. [CMP13] use animated depth images to render a fi- use the smoothing length as the cell size of the lowest level
nite element analysis scene on the client from a variety of of the octree. According to Reichl et al. this level of resolu-
nearby view points and extend their approach to render SPH tion can capture the fine details of the data. We compute the
particles as spheres. Soumagne et al. [SB@i0n-situ vi- contribution of the particles to the cell centers using the SPH
sualization of SPH simulations using a ParaView plugin that kernel weighting function (Equatioh) and store the gradi-
reads the streamed data from distributed shared memory.  ents using the derivative of the kernel function. We compute
the values for cells in higher levels by averaging the values

SPH volume rendering techniques generally take two of their children. Figurd. illustrates this process.

forms: splatting particles onto the image plane or into slices,
and converting to a grid representation by evaluating the level n-1
SPH kernel in each cell. Fraedrich et al. [FAW#0 the for-
mer, using the geometry shader to splat particles into slices
of a 3D texture. In other work, Fraedrich et al. [FS\}08e . . .
an adaptive octree approach to stream large SPH data frompigyre 1: We insert particles at level n by evaluating the
disk. They combine nearby particles in coarser levels of the spH kernel for the desired scalar. The parent stores the av-
tree. We use an approach similar to Reichl et al. [RTW13] erage of its children. If the variance of the children is less

who create an octree by evaluating the SPH kernel for each thane, we delete them and make the parent a leaf (gray).
grid cell at the highest resolution and averaging child cells

up the tree. They render the octree using CUDA. For the  During the averaging we also perform data compaction.
WebGL volume rendering, we use a texture representation of If the variance of the children’s values and the magnitude
the octree. Benson and DavBI)0Z] first developed octree of their gradients is less than a user-supplied threshold, we
textures. Lefebvre et al. [LHNO5] and Kniss et al. [KL(5] delete the children and make the parent a leaf. It is possible
adapt octree textures for texturing 3D models on the GPU. to rely only on variance; however, we found that in largely
Boada et al. [BNS(Jluse an octree to reduce texture mem- uniform regions with sharp transitions this can cause discon-
ory for rendering volume data. Campoalegre et al. [CNB13] tinuities when rendering because neighboring nodes of the
create a gradient octree for streaming based on predefinedoctree may differ by more than one level, causing interpola-
transfer functions. Our approach is adapted from Gobbetti et tion problems. Using the gradient magnitude as an additional
al. [GMG08] who use an octree for ray casting volume data threshold preserves continuity by disallowing compaction if
too large to fit in memory. Movania et al. [ML12a], Noguera the values change rapidly in neighboring nodes.

and Jiménez [NJ12], and Congote et al. [CSH] provide We store the octree in breadth first order with one file for
algorithms for ray casting [Lev88] in WebGL using a tiled  each level. Each node has the scalar value and a flag that is
2D texture of the 3D uniform grid data. zero for a leaf or contains the offset of the node’s block of

children in the array for their level. The level O file contains
the root node and header information for the octree, includ-
SPH is a particle-based fluid simulation technique. Because ing the bounding box size and number of levels.

of the dynamic nature of the particle set, it is easy to include

moving obstacles or free boundaries in the flow field. Each 5. Client-Side Viewing

particle carries data such as density and veI90|t’y as wellas a\ye yse WebGL to provide interactive volume rendering for
smoothing lengtth € R representing the particle’s radius of o t0 SPH data. WebGL has some limitations: 3D textures

|nf!uer_lce, W_h'Ch can vary per partlc_:le. Near |ncc_>mpreSS|bIe are not supported and integer texture samplers are not avail-
fluid simulations commonly use a single smoothing length. oy in shaders. We adapt our algorithms accordingly.

3. Background

To reconstruct values at arbitrary locations in the flow To load a time step, we send an asynchronous XML HTTP

field, SPH usesa kernel functio_n to weight the contribution request for level 0 of the octree. Once the first request fin-
of ea_ch particle ba_sed on the d|§tarﬂc¢1_frgm the sample_ ishes, we request the next level and so on until we load the
location to the particle. Only pargcles within one smoothing entire tree. We store an array for each octree level. Since we
lengthh are used for reconstruction. We use the same kernel already stored the child offsets in preprocessing, we don't

function used in the simulatioMCGO03: need to update the parent nodes when we read in a new level.

W(r.h) — 15 [ (h— \|r||)3 ifO<|r|| <h 1 Changing time steps before all data has loaded cancels pend-
(r,h) = mhé | 0 if [[r]| >h @ ing requests for level files and starts loading the new time
The value at a sample location of an arbitrary quantity is the Step. We do loading and processing in a separate thread with
weighted sum of the quantity’s value per particle. Web Workers [Hic12] to avoid stalling the Ul. Communica-

tion with the worker occurs via message passing (Fi@)re

4. Server-Side Preprocessing After loading each level we compute links to each node’s

In preprocessing we construct an octree for each time step neighbors in all 6 directions, 3 links to sibling nodes and 3
using a process similar to that of Reichl et &TW13]. We to nodes not contained within the parent (Fig8JeLinking
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Figure2: We use Web Workers for loading and processing in grid data

the background to avoid disrupting the UI. Since JavaScript Figure 4. Each leaf stores a grid composed of the child
is single-threaded, without Web Workers, any processing will values plus a layer of ghost cells with neighbor values. To
freeze the rendering. The threads run independently and evaluate a sample (black point) we interpolate the cells with
communicate by sending messages through a handler. white dots. The hardware interpolates in x and y. We sample
the two z slices and manually interpolate the values.
only uses the current level of the octree and its parent level.
We assume neighbor links for the parent level were already
computed. A neighbor link is always at the same or a higher
level than the node. To compute a link pointing outside the ~ Comparison:Rendering the uniform grid is simpler than
parent, we find the parent’s neighbor link in that direction. rendering the octree texture since it does not have multiple
If it is a leaf we use it as the neighbor otherwise we use the dependent texture lookups and does not have to compute
appropriate child of the parent’s neighbor. neighbor links to form leaf grids. The direct octree rendering
has the advantage of being able to scale well with larger data
sets since it does not need to allocate texture space for the
-~ entire grid, especially if high resolution levels are sparse.

i
Figure 3: Neighbor links for the teal node. We can easily
find sibling links. For a link in a different parent, we first
find the parent’s neighbor in that direction (gray arrows).
If it has children we link to the appropriate child (left link),
otherwise we link to the parent’s neighbor (bottom link).

it loads because we make the size of the uniform grid equal
to the size of the currently loaded level of the octree.

We present two methods for volume rendering: direct oc-
tree rendering and conversion to a uniform grid. Both meth-
ods use 8 bits per pixel textures.

Octree Texture Layoute write the octree to a 2D texture > i o ST N
with one texture for storing the nodes and a second for stor-

ing leaf data. For larger octrees we use multiple leaf textures. _. - .
Figure 5: Top: Sphere collision data time steps 80 and 300.

Using separate textures allows us to linearly interpolate in ) ) )
the data texture and use nearest neighbor in the node tex-M!d_dle' $pher§ dro_p data set time steps 70 and 120. Bottom:
Mixing simulation time steps 5 and 50.

ture. Like Gobbetti et al. MGO08] we store a grid in each
leaf instead of a single value to use hardware interpolation
(Figure4). In the node texture, the alpha channel indicates
leaf status. The RGB channels store an address: for internalWe evaluate our remote viewer with three data sets (Fig-
nodes the texel containing the first of the node’s children, ure 5). The mixing simulation(161 time steps, 2,097,152
and for leaf nodes, the location of the leaf grid. Since our particles, 106,496 KB / time step) models a blender with two
file representation of the octree contains a single value in corotating blades located side-by-side in a box. $plkere
the leaves, we construct a grid by converting parent nodes collision (312 time steps, 1,048,576 particles, 53,248 KB
of leaves into leaf nodes and using the child values in the / time step) models a gravity-free collision of two spher-
grid. For each grid we also store ghost cells, computed using ical fluid elements. Thelroplet impact(193 time steps,
neighbor links to avoid backtracking, so that we can interpo- 2,097,152 particles, 106,496 KB / time step) models the im-
late samples without additional lookups. pact of a pair of highly viscous fluid droplets onto a planar
surface. We use the velocity magnitude for rendering.

6. Results

Uniform Grid Texture LayoutAn alternative to the previ-
ous method is to write the octree to a uniform grid texture in We tested our application in Chrome and Firefox with an
a tiled 2D format by doing a depth first traversal and writ- Nvidia Quadro 6000 graphics card. We use Trickle [Eri05]
ing into the texture when we reach a leaf. Each slice has the to simulate slower connections. Talleshows data trans-
same number of cells in the x and y direction as the finest fer times and file sizes for selected time steps. With these
resolution level of the octree. We can still display the data as transfer rates, we can view the data almost immediately up
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time stef)5 200 305 5 50 190 5 45 135
level 0 ||20ms (48B) |25ms (48B) |355ms (48B) ||9ms (48B) [8ms (48B) |8ms (48B) |(|801ms (48B)|21ms (48B) |1.15s (48B)
level 1 ||6ms (160B) |5ms (160B) |9ms (160B) |/6ms (160B) [6ms (160B) |5ms (160B) ||6ms (160B) |5ms (160B) |6ms (160B)
level 2 |[6ms (1.3KB) |6ms (1.3KB) |7ms (1.3KB) ||6ms (1.3KB) [5ms (1.3KB),6ms (1.3KB)||7ms (1.3KB) |6ms (1.3KB)/6ms (1.3KB)
level 3 |[10ms (10KB) 16ms (10KB) 365ms (10KB))10ms (10KB)8ms (8.8KB) 9ms (10KB) [|16ms (10KB) 8ms (10KB) [8ms (10KB)
level 4 ||56ms 31lms 38ms 30ms 25ms 26ms 419ms 45ms 474ms
(70KB) (61.1KB)  [(59.4KB) (65KB) (57.5KB)  [(63.1KB) ||(80KB) (80KB) (BOKBY)
level 5 |[2.14s 476ms 812ms 598ms 416ms 578ms 1.92s 1.14s 1.2s
(447KB) (327KB) (310KB) (416KB) (339KB)  [(391KB) (541KB) (618KB)  |(606KB)
level 6 ||5.27s 4.09s 3.98s 4.72s 3.36s 4.51s 6.51s 7.17s 7.39s
(3.0MB) (2.4MB) (1.8MB) (2.8MB) (2.1MB)  [(2.6MB) (3.5MB) (4.2MB)  |(4.3MB)
level 7 ||38.79s 27.93s 18.42s 34.61s 24.23s 26.97s 35.38s 47.53s 46.94s
(22.1MB)  |(16MB) (10.5MB) (19.8MB)  |(13.8MB) [(15.4MB) [|(20.1MB)  [|(27.1MB) |(26.7MB)
level 8 ||— - 1.8min 3min 2.9min 2.2min - - -
(61.9MB) (102MB)  |(98.4MB)  |(77MB)
Table 1: Data transfer times for selected time steps of the sphere collision, sphere drop, and blender data sets respectively. We

cap the download and upload speeds to approximately 5Mbps to simulate a slower connection.

to level 5, which enables initial interactive viewing and anal-

ysis. Octrees for the data sets have different heights due to
different levels of compactness. Level sizes of a data set also
vary across time steps due to changes in particle distribution.

We measure the average frames per second (fps) across

uniformly spaced time steps at level 7 for each simulation.
Generally the fps for the uniform grid is higher than the di-
rect octree method. For the collision simulation the uniform
grid runs at 52.8fps, and the octree runs at 37.9fps. For the
drop simulation the uniform grid runs at 60fps, and the oc-
tree runs at 46.8fps. For the mixing simulation the uniform
grid runs at 60fps, and the octree runs at 29.5fps.

Percentage of Nodes After Compaction

Percent
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Time Step

«—Mixing Simulation =~ ===Two Sphere Collision Two Sphere Drop

Figure 6: This chart shows the percentage of nodes remain-
ing in the octree after the compaction step. The more uniform
the data set, the more nodes can be compacted.

The raw SPH data exceeds the size of the largest octree
level. The mixing simulation with its large uniform region
especially benefits from the data compaction. Here, the total
file size of all octree levels combined is only around a quar-
ter of the size of the original SPH data. Fig@shows the
percentage of nodes remaining after compaction. The level
of compaction roughly corresponds to the uniformity of the
scalar values in the data. In the drop data set the complexity
increases after the impact, decreasing the compaction.

In Figure7, we show images generated after loading dif-
ferent levels of the octree. Even with fewer levels loaded,
the overall shape of the data is still clear. This is helpful for
quickly exploring data because the user doesn’t need to wait
for all levels to load before going to a different time step.

Figure 7: Sphere collision time step 250: The firstimage has
a maximum level of 5, and the second image has full resolu-
tion (level 7). Even at lower resolution the general shape is
still apparent which gives the user an impression of the time
step quickly before the full resolution data has loaded.

7. Conclusion

We have presented a remote rendering system for SPH sim-
ulations. Our method constructs octrees from the SPH data
on the server-side. On the client-side we use WebGL for
volume rendering. Our implementation allows the user to
view lower resolution representations of the data while the
higher resolution levels load. Our experiments show that the
emerging WebGL technology is a prime candidate for re-
mote visualization of large SPH data sets. However, limita-
tions present in the WebGL standard as well as bandwidth
considerations may require careful adaptation of standard
rendering and data representation techniques. In future work
we plan to consider performance on mobile systems and ad-
ditional methods for data compaction. We would also like to
explore view-dependent methods for data loading.
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