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Abstract Multivariate visualization for atmospheric pollution is a challenging research topic. Appropriate
algorithms and data structures based on modern graphics hardware are used to obtain high performance. 3D
visualization of the atmospheric wind field and pollutant concentrations can easily result in visual perception
problems such as occlusion and cluttering even artifacts. To solve the above issues, a K-means clustering
technique is used in combination with a similarity metric between streamlines based on an iterative closest
point method to cluster the initial streamlines. A small set of streamlines is then selected to represent the
prominent structure of the wind field. The proper illumination model and the depth sorting method reduce
the inter-occlusion between streamlines and isosurfaces to show much clearer wind field pattern and
important features effectively. The atmospheric pollution data set is employed to evaluate the proposed
algorithm framework.
Keywords Multivariate visualization  Atmospheric pollution  Occlusion  Streamline  Isosurface

1 Introduction
Large-scale time-varying multivariate data set on atmospheric pollution is produced every day. To monitor
the environmental quality, simulate and predict the behavior pattern of the pollution source, a variety of
interactive visualization techniques are needed. However, high computational costs, demanding memory
requirements, occlusion and visual complexity can all be inhibitants for multivariate visualization in 3D.
In order to meet the requirements of multi-view real-time visualization for the increasingly complex
scientific and social phenomena, this paper focuses on three-dimensional data field of the Pearl River Delta
Regional Atmospheric Pollution (48 hours) to present and analyze the pollutant diffusion. The behavior
pattern of the wind field is described with the geometric visualization, and the pollutant distribution is shown
and analyzed with the isosurface rendering technique. We not only take full advantage of GPU’s programmable features to reduce the computation cost but also develop the selection algorithm to reduce the
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visual occlusion and clutter effect. The directions and orientations of the pollutant movement are highlighted
efficiently, and the visualization result shows much clearer.
Our contributions in this paper are as follows:
1. We develop a 3D GPU-accelerated multivariate visualizing framework. All the proposed techniques in
this paper, such as streamline computation and extraction, arrow tracing, isosurface rendering, reducing
occlusion and illumination, are implemented on GPU.
2. We develop a streamline extraction technique by taking into account visual perception problems such as
occlusion and cluttering. The iterative closest point method registers shape and ranks streamlines, and
then the ranking values are used to cluster the initial streamlines. The similar streamlines in the same
cluster are pruned according to the density defined arbitrarily by the user. In addition, isosurface
rendering can be applied for other physical quantities. The extracted isosurfaces and streamlines can be
visualized simultaneously in a single scene.
3. We develop an optimized illuminating design to improve visualization effects.

2 Related work
Atmospheric pollution accompanied by the rapid economic development is gradually increasing, and it also
brings new challenges for the visualization research on the pollutants. It is difficult to directly achieve the
pollution dispersion pattern from the test data set. The efficient and intuitive visualization techniques are
needed to identify and understand the implicit phenomena and laws in the data set. Atmospheric pollution
data field contains a variety of variables, so how to visualize these variables quickly and clearly is a major
concern in this paper.
Various visualization techniques have been proposed in the past. They can be classified into texturebased and geometric techniques. Texture-based visualization techniques have been used to reflect the dense
global expression of vector fields with synthetic textures. However, the dense texture representation reduces
computational efficiency and ignores the spatial correlation of particles, especially for 3D flow visualization.
Geometric techniques extract geometric objects with shapes that are directly related to the underlying data.
These objects contain the directional and structural information in the regions of interest. The streamline
technology is one of the most widely used geometric visualization methods because of its intuitive
semantics. This paper describes the structure and behavior of the wind field with streamlines. At present,
many researchers are dedicated to GPU-accelerated pathline or streamline construction, and the quick
positioning of the seeds or discrete points is the key to affect the efficiency of the streamline visualization.
Neeman (1990) proposed the center split(binary search) algorithm based on the binary tree search structure
to locate which cell the point belongs to. Although the point positioning algorithm has the higher computation efficiency, the space search structure requires to be pre-constructed, and it is time-consuming.
Koyamada (1992) introduced a voxel traversal algorithm based on the tetrahedral mesh to locate the seeds
and the discrete points generated by the numerical integration method. Sadarjoen et al. (1994) proposed to
transform the physical space into the calculation space for the point positioning; however, it easily decreases
the streamline calculation accuracy and efficiency. This paper presents an efficient space search algorithm
based on the graphics hardware to solve the above issues. Krüger et al. (2005) proposed a particle advection
algorithm of three-dimensional flow field based on the pixel shader, which makes the interactive visualization become possible even for the ultra-large-scale particle advection. This method can also be used to
compute streamlines of three-dimensional flow field, but it will increase the storage overhead when taking
into account the uncertainty of each streamline length. Park et al. (2005) and Ueffinger et al. (2008)
proposed another streamline calculation algorithm based on the pixel shader, but is limited only by the fixed
step size of each streamline. Lu et al. (2013) and Lu et al. (2016) proposed an adaptive trajectory generating
algorithm. Although this algorithm improves the visualization performance, it is not real time for large-scale
time-varying multivariate visualization.
An effective streamline seeding strategy can provide some insightful visualization. Seeding strategies
have been heavily researched and are still an active research area. There are several streamline placement
and spacing algorithms for the vector field visualization. Turk and Banks (1996) presented an image-guided
algorithm that uses an energy function to guide the placement of streamlines at some certain specified
density and show the high-quality picture. However, its practical applicability can be restricted by the huge
computational cost. This work was later extended to 3D streamline generation and rendering by Li and Shen
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(2007) and generalized to mapping streamlines onto surfaces by Mao et al. (1998). Verma et al. (2000)
presented a flow-guided seeding strategy that streamlines are generated with a template seeding according to
the type of critical point identified in each region segmented in flow field before Poisson-disk distribution is
used to place additional seeds elsewhere. However, the global uniformity is degraded and the density
disparity gets exacerbated as the separating distance increases. Ye et al. (2005) extended and improved upon
the flow-guided approach to visualize 3D flows. But its main weakness is the inability to scale up with the
complexity (i.e., the number of the critical points) in the flow data. Jobard and Lefer (1997) presented a new
even-spaced streamline placement algorithm to visualize 2D steady flows. Wu et al. (2010) introduced
topology-aware evenly spaced streamline placement method. Liu et al. (2006) provided an advanced evenly
spaced streamline placement algorithm. Edmunds et al. (2011, 2012) proposed an automatic stream surface
seeding algorithm. This algorithm can capture the flow characteristics and alleviate occlusion. However,
these techniques cannot be directly applied to 3D flow visualization. Furuya and Itoh (2009) and Salzbrunn
and Scheuermann (2006) extended the information entropy theory proposed by Shannon (2001) to
streamline selection and prediction, which can reduce the clutter in the image of 3D streamlines. Marchesin
et al. (2010) improved the streamline entropy defined by Furuya and Itoh (2009) and took the linear entropy
and the angle entropy at each streamline joint into account to prune the lower ranking streamlines and give
better depictions of the underlying vector field. Lu (2017) proposed an adaptive heuristic algorithm that
could adjust the point location and local region size automatically. But this method does not take selfocclusion of a given streamline into account to possibly suffer from some visual complexity which restrict
its extension and application. Hurter et al. (2018) showed that bundling visually aggregates curves to reduce
clutter based on functional decomposition. Han et al. (2018) presented a single deep learning framework for
clustering and selection of streamlines and stream surfaces. Although the above methods can help finding
important patterns to some extent, the further improvements for the intrinsic issues, such as perception and
performance, are still needed. This paper registers, ranks, clusters and prunes the initial streamlines to
present much clearer structure of the vector field, taking into account the uniform distribution of streamlines.
Streamline rendering is also an important aspect considered to improve the visualization quality. Zöckler
et al. (1996) first introduced an enhanced lighting and illumination model for 3D streamlines. Mattausch
et al. (2003) combined the illuminated streamline technique with an extension of the evenly spaced
streamline seeding strategy. Mallo et al. (2005) presented an improved illuminated line technique which is a
fast rendering method with diffuse and specular reflection for orthographic and perspective views and for
multiple local and infinite lights. Lu et al. (2017a) proposed an enhanced texture advection algorithm to
improve the visualization quality by convolving texels along the calculated particle tracing trajectory. But
no user-study evaluation of illuminated streamlines exists to this day. How to minimize occlusion and render
streamline interactively while maximizing coverage is still a big challenge.
This paper uses the classic marching cube method (Carr et al. 2015; Tierny and Carr 2017; Schroeder
et al. 2015; Lorensen and Cline 1987) for constructing isosurface to visualize the regional distribution of the
atmospheric pollutants. In recent years, many researchers have focused on GPU-based isosurface extraction
research. The marching cube method is suitable for parallelization because each voxel can be dealt with
separately. However, the number of voxels is enormous, so many scholars try to improve and expand the
marching cube method. Wilhelms and Gelder (1991) introduced the marching cube method based on the
octree structure to accelerate the isosurface extracting. Johansson and Carr (2006) presented the kd-tree
structure to remove the void space and send the voxels related to the isovalue to GPU, but the efficiency of
the algorithm was limited by CPU processing ability. Dyken et al. (2008) proposed a histogram-based data
compression method, and Tushar et al. (2016) approached the problem of isosurface extraction in uncertain
data in two ways. However, the above methods have the higher computational cost.
For multivariate visualization (Wong and Bergeron 1994; Kehrer and Hauser 2013; Ropinski et al.
2011), the application performance and the visual perception are more prominent and challenging. So this
paper focuses on the acceleration of the streamline computation, solutions to the mutual occlusion or
cluttering phenomenon between streamlines and isosurfaces during the visualization of the atmospheric
pollution.
3 Algorithm overview
In this paper, the fast streamline computing based on the graphics hardware, a slice detection of the regional
wind field, the arrow tracing animation, isosurface rendering algorithm for the pollutant concentrations, and
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some basic solutions of visual perception issues are provided to show the users much better semantic-aware
effect. All of the above can help understand and predict the spread of the pollutants and their concentration
change.
3.1 GPU-based streamline construction
With the increasing improvement of programmability of the graphics hardware technology, it is very
important to achieve a real-time interactive visualization for large-scale atmospheric pollution data set. This
paper takes full advantage of highly parallel computing and multi-stream processing capabilities of the
graphics hardware to construct more effective three-dimensional streamlines for the structure detection of
the atmospheric pollution wind field. The construction of three-dimensional streamline includes three
processes: the positioning of the discrete seed points, the interpolation of some new points and the adaptive
numerical integration. The point positioning algorithm occupies most of the time of the entire streamline
calculation. The complexity of the location algorithm determines the efficiency of the streamline computation. In particular, the atmospheric data set generated each day will reach the Gigabyte level, while the
memory of the graphics hardware is limited. So the large-scale data set is separately processed for each time
step (one hour is a time step), at the same time, the physical spatial indexing is needed to avoid the
comparison with each cell. The whole data block will be not required to bring into the GPU because of its
limited memory, and the data transfer speed from CPU to GPU is also confined to the hardware port
bandwidth. In this paper, data on CPU side can be transferred asynchronously to GPU memory utilizing the
OpenGL extension (pixel buffer objects), and it is a good solution to the above memory management
problems proposed. Consequently, the time cost and the space overhead will reduce in order to guarantee the
higher computation efficiency and the visualization interactivity.
Cuntz et al. (2007) introduced a classic point positioning algorithm that the mutual transformation is
processed between the physical space and the computation space by the Jacobian matrix, which has the large
amount of calculation because each cell will experienced transformation at least once. For the above
shortcomings, a fast point positioning algorithm in the physical space, including the local and global
location, is proposed based on the efficient space search structure to avoid the computational overhead from
the space matrix transformation. Our method works well in both the structured grid and the unstructured one
because any type of data set can be reconstructed based on the tetrahedron so that the fast positioning in each
tetrahedral cell is achieved to improve the computation performance. This paper will pre-process the data set
with the tetrahedral volume, and the whole physical space is divided by the octree structure to avoid the
point positioning in each tetrahedral cell for calculation efficiency. At first, the clipping planes parallel to the
X-axis, Y-axis and Z-axis, respectively, and through physical space center are used to divide this volume
space, and the eight subspace is formed. Then, we reuse the same method to divide each subspace on every
iteration until each subspace contains the specified tetrahedral number. Actually, these subspaces constitute
the octree structure.
Firstly, this structure is stored in an 8-bit RGB 3D texture memory, and the corresponding dependent
texture lookups should be created. The whole hierarchical structural cells are linked by indices within a
texture, encoded as RGB values. Each internal cell contains an array of indices to its children. If a child is a
leaf, it only contains a data field stored as an RGB values, and the alpha channel is used to distinguish
between a nonleaf node and a leaf.
Next, the fragment program is used to traverse this tree structure when globally positioning which subspatial domain contains some certain point.n Let P be the lookup point, the corresponding searching cell Icell
can be obtained by the formula Icell ¼ In þP2
N , where In is the index of node at depth n and N is the number of
cells stored.
And then, we locate which tetrahedron the lookup point belongs to in the subspace visited. Each
subspace contains some certain number of the tetrahedrons, so here we should judge which tetrahedron
surrounds one point. Maybe we cannot find this tetrahedron because the tetrahedrons included may not fully
take this subspace. If it happens, the point is beyond the scope of the data field, and then the streamline
calculation stops. If we find such a tetrahedron, the local point positioning should be computed to have a trilinear interpolation to the velocity vector of the point according to the offsets from the given point to the
vertices of the tetrahedron. And then, the next point is calculated based on the numerical integration method,
which is as the beginning point again to participate in computing the next point on iteration until the
termination conditions of the streamline calculation are satisfied such as reaching the grid boundary, speed
value taking zero, or the integration step(time step or arc) length out of the specified limit.
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After finding the subspace and the tetrahedron containing the point in the above space structure, the
linear interpolation method is used to calculate the vector of the point. Whether the target point is on the
same side of the four sides (dorsal) is used to determine whether the point is surrounded by the tetrahedron.
Here four vertices of the tetrahedron are listed by the same surrounding order (the reverse order), and the
vector cross-product between any two sides of each face in the same order is used to obtain the surface
normal vector (all inward or outward), and then the dot product between the vector of each surface point and
the above normal vector achieved is computed, respectively. If these four dot products have the same
symbol, the point is inside the tetrahedron.
Streamlines are the field lines for the movement structure description of the vector field, which are
instantaneously tangent to the velocity vector of each point. Given a three-dimensional vector field V at any
time t, it can be described as follows:
0
1
u ¼ uðx; y; z; tÞ
V : ðx; y; zÞ ! @ v ¼ vðx; y; z; tÞ A
w ¼ wðx; y; z; tÞ
Here, (x, y, z) is a point coordinate in 3D vector field space, and u, v, w for the projection of speed V in each
axis. A streamline is defined as dðx; y; zÞ ¼ v  dt, which is computed with the second-order Runge–Kutta
integration,
8 0
< p ¼ pi þ c  vðpi Þ
0
vðpi Þþvðp Þ
2
: piþ1 ¼ pi þ c 
i¼iþ1
where c ¼ Dsi  kvðpi Þk; Dsi is the integration step which is a key factor of the computational efficiency, if
Dsi is too small, it will reduce the calculation speed, if Dsi is too large, it is difficult to guarantee the
accuracy of the streamline integration and may cause the loss of the vector field characteristics. The adaptive
step integration function is defined to solve the contradiction between the efficiency and the accuracy in the
streamline construction.
vðpi Þvðpði þ 1ÞÞ
cos hi ¼
jvðpi Þjjvðpiþ1 Þj
8
¼
Ds
>
< iþ1 2Dsi hi \e1
Dsiþ1 ¼ Dsi e1  hi  e2
>
:
Dsiþ1 ¼ 12 Dsi hi [ e2
hi is the angle between the current point vector and the next one in the same streamline. The angle between
two adjacent points can be computed with the vector dot product, which is limited in the specified threshold
½e1 ; e2 , and the step size will be automatically adjusted to guarantee the smooth of the streamline. If hi \e1 ,
the current step length is twice of the previous one. If hi [ e2 , it should be reduced accordingly, and in other
cases, the current step size should be unchanged.
The point positioning, the interpolation and the numerical integration are implemented fully based on
GPU. N seeds are stored in the vertex buffer as the input source of geometry shader, and the assembly
flexibility of geometry shader is used for the follow-up vertex calculation. Compared to one-on-one stream
processing of the vertex or pixel shader, the number of output elements from the programmable part of the
geometry shader rendering pipeline depends on the current computation power of performing the task.
3.2 Internal structure detection of the wind field based on the slice
The occlusion, clutter and other visual perception issues maybe exist in 3D vector field visualization, worse
especially in the case that the structural features and the behavior patterns may be not obvious. ‘‘See the
unseen.’’ This paper presents the internal structure detection of the wind field based on the slice, which
provides a better insight into the data set, a clearer understanding of the internal movement structure of the
wind field. It is good to analyze and forecast the atmospheric pollutant movement for the aerodynamicists
and the meteorologists. The slice in three-dimensional physical space can be created parallel to the X-axis,
the Y-axis or the Z-axis. We can use the mouse to operate the slice interactively (such as adjust its position),
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and the streamlines can be also automatically and real-timely generated over time. This technique provides a
better support for internal space feature detection.
Some streamlines in the same cluster can be selected to generate arbitrary density distribution for the
salient structure of the wind field, and the details of streamline clustering algorithm will be proposed in
Sect. 3.5.1. Here, we will filter the streamlines with the aid of the priority of the seeds similar to the idea
produced by Lu et al. (2013, 2017b). The priority is set according to the spatial position of the seed point in
the field. If some certain seedi is the nearest point to the center of the vector filed, it is set the highest
priority. Then, the second highest priority is set for the seed which is farthest from seedi , the lowest priority
for the seed which is the closest to seedi , and so on. So we can automatically set the filtering percentage in
the same clustering area which is easily controlled during the construction, and the seeds which have the low
priority are first removed. The streamlines generated by the seeds can better distribute throughout the field
by computing the distance metric between two streamlines, improving the efficiency of the streamline
generation shown in Fig. 1a, b.
3.3 Arrow tracing
Our arrow tracing technique works with time-varying wind fields of atmospheric pollution. This paper is
also interested in the local structure and behavior characteristics in the wind field clearly. It is necessary to
identify the movement direction and orientation of the wind. Arrows are used to indicate the orientation
information, and arrows are animated along the regional direction in the wind field. It helps up to observe
and understand the internal behavior patterns in the wind field.
Initially, The x, y and z positions for each arrow are stored in the separate RGB color channel of a
texture, and the lifecycle value of each arrow is stored in the alpha channel to indicate whether the arrow
should be visible or not. The textures on the GPU are also used to store the necessary field values, and the
velocity on each point can be achieved by the texture lookup. During the arrow tracing, the position for each
arrow is updated with the adaptive second-order Runge–Kutta integration proposed in Sect. 3.1, which is
stored in an intermediate velocity texture. Then, we write this velocity texture into the vertex shader to trace
the movement trajectory. Figure 1c, d shows the visualization for the wind field based on arrow tracing in
the Pearl River Delta region.
3.4 Isosurface rendering
In order to show the concentration variation for the atmospheric pollutants as time goes in a particular
region, three main pollution components, such as NO2, SO2 and PM10, are selected to create the corresponding isosurfaces, namely isosurface ¼ fðx; y; zÞjcpðx; y; zÞ ¼ valueg. Figures 5 and 6 show the visualization results of the three pollutants with the marching cube algorithm in this paper.
3.5 Occlusion
3.5.1 Reduction Of 3D streamlines inter-occlusion
Too many streamlines in 3D vector fields can possibly lead to clutter and occlusion, especially visualization
artifacts for complex flow patterns, while insufficient streamlines could lead to the lose of the characteristics
without actually conveying the vector field structure. In order to avoid this issue, the K-means clustering
technique is used in combination with a similarity metric algorithm between streamlines to cluster the initial
streamlines. A small set of streamlines are then selected to represent the prominent structure of the wind
field.
The iterative closest point algorithm produced by Besl and McKay (1992) is an accurate and efficient
registration method based on contour feature matching, which can be used to evaluate the shape matching of
any two streamlines to rank them. So the similarity metric of any two streamlines can be transformed into
the matching of the corresponding contour feature point sets. The point set for each streamline can be get
from the above adaptive step integration algorithm, which are the vertices and endpoints of the streamline.
Let Nx be the number of points. The distance metric d between any two individual point sets Pi ; Piþ1 will be
pi;k ; k ¼ 0; 1; 2; :::; mg; Piþ1 ¼ fp!
denoted dðPi ; Piþ1 Þ ¼ min kPi  Piþ1 k; Pi ¼ f !
iþ1;j ; j ¼ 0; 1; 2; :::; ng in
which the number of elements is not necessarily the same, set m [ n. The process of the matching can now
be stated as follows:
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Fig. 1 The wind field visualization in the Pearl River Delta region. a and b Use the slice detection, a grid slice z ¼ 0:118,
b grid slice z ¼ 0:986. Minimum value of shear parameter is 0.075, the maximum value is 8.750, and the step length is 0.434.
c and d use arrows and their trajectories

1. Compute the closest points Qi : from Piþ1 to Pi , that is, Qi ¼ f!
qi ; i ¼ 0; 1; 2; :::; ng. The cost is OðNp Nx ),
worst case, OðNp log Nx ) average.
2. Calculate the point set registration between Piþ1 and Qi with the smallest root mean square method, so
that registration transformation matrix R, T can be get, where R is the 33 rotation matrix, T is the 31
translation matrix, The cost is OðNp ).
3. Apply the registration to calculate the coordinate transformation, Piþ1 0 ¼ RPiþ1 þ T, and set
Piþ1 ¼ P0iþ1 .
4. Calculate the root mean square error between P0iþ1 and Qi , and terminate the iteration when the change
is less than the default threshold e [ 0; otherwise, repeat the above steps.
K-means clustering algorithm is used to classify streamlines into multiple groups according to the rank value
for each streamline produced
the iterative closest point algorithm, which aims at minimizing an objective
P byP
n
2
2
function as follows, d ¼ m
i¼1
j¼1 kxi  cj k , where kxi  cj k is a chosen distance metric between a
streamline xi and the cluster center cj . The similar streamlines in the same cluster are pruned easily with the
priority of the seeds to show the salient structure of 3D vector field without additional computational
overhead from measuring density among streamlines.
At the same time, the depth sorting technique (Stalling et al. 1997) among the streamlines is used to
improve the spatial perception of complex three-dimensional scenes. According to the distance from the
camera, the closer streamlines appear low transparency, the others on the contrary. It is especially useful that
illuminated field lines are arranged such that they constitute surface-like structures. Therefore, it helps us to
identify the nearer or farther part of the geometry primitive and enhance spatial perception. The streamline
selection experiments based on the similarity matching and clustering algorithm are shown in Figs. 2 and 3
shows the streamline visualization for the wind field of the atmospheric pollution, the left looks more
cluttered, and the right experimental results by the proposed algorithm shows much better clarity.
3.5.2 Reduction of occlusion between streamlines and isosurfaces
Generally, it is very easy to cause occlusion among isosurfaces when we visualize much wider range of
atmospheric pollutants. This will affect the correct judgment for the regional distribution of pollutants. In
this paper, the mapping relationship between each pollutant isosurface and each different color is established. The color mapping table is created to index for the corresponding different types of pollutants.
However, a variety of pollutants distributed in the same area can easily lead to reducing the contrast of the
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image. So the corresponding transparency of each isosurface for different types of pollutants can be separately adjusted to varying degrees. This will effectively and clearly show the characteristic distribution of
the scalar field for the pollutant concentration. The left two images in Fig. 4 show the isosurface comparison
for the pollutants NO2 (red) and SO2 (green). The transparency adjustment for each pollutant isosurface is
operated to enhance the contrast when the distributions of two pollutants overlap; thus, you can discern
different pollutants clearly. The color C of each different isosurface is achieved according to Cnew ¼ aCold ,
where a is the opacity set by the user. The right two pictures show the occlusion comparison between the
streamlines and the isosurfaces. The depth sorting and occlusion reduction proposed in the above section are
used in combination with the transparency control method to show much clearer structure when visualizing
the scalar and vector fields simultaneously. This makes the scientists and the researchers easily predict the
distribution of the pollutants.
3.6 Illuminating streamlines
The realistic rendering for the streamlines is also very challenging to improve the visualization quality of the
vector field. Marchesin et al. (2010) introduced the texture mapping method based on the graphics hardware
for streamline rendering. This method maps the normal vector in the viewing space into the brightness.
However, this needs to take up a texture stage, and it is also less intuitive. An improved idea for texture
lighting streamlines is applied in this paper. Generally, the viewing direction (camera orientation) is constant, as long as we can transform the normal vector into the viewing space and control the light vector L
and the tangent vector T, and we can easily implement the illumination using 3D API. Vertex shader and
pixel shader provide full support to illuminate streamlines.
In combination with the ambient light, the diffuse light and the specular light for streamline illumination,
the light intensity LI of a line segment can be calculated with the formula
LI ¼ La þ Ld þ Ls ¼ fa þ fd ðL  NÞnd þ fs ðV  RÞns , where La ; Ld ; Ls correspond to ambient, diffuse and
specular, respectively. Each line segment has unit normal vector N, view V and reflection R. nd and ns
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
denote the diffuse and specular q
exponent,
respectively.
The anisotropic lighting effects are simulated using
the following formula V  R ¼ 1  ðL  TÞ2 1  ðV  TÞ2 . At the same time the transparency is set to
show the orientation of the wind field with the size of each point vector. In accordance with the following
formula Crgbnew ¼ ð1  aÞCrgboriginal þ aCrgbequal , the opacity a and color Crgb on the streamline are
adjusted with the traversal sequence to facilitate clear structure of the wind field.

Fig. 2 Similarity matching and clustering. a, b Similarity comparison between two streamlines using the iterative closest point
algorithm. c, d A simple 4-means clustering for partitioning the 100 streamlines into 4 clusters, where each color represents a
group in the rightmost image
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Fig. 3 The wind field visualization of the atmospheric Pollution in Pearl River Delta Region. a Shows more clutters, while
b has much clearer structure

4 Experiment and evaluation
The proposed algorithm in this paper is implemented on a 2.6 GHz AMD Phenom 9950 Quad-core processor with 8 GB RAM and a NVIDIA GeForce GTX 295. Our program was written in C?? and GPU
shader language to exploit fully parallel computing power and texture mapping capabilities of modern
graphics hardware. Geforce GTX 295 adopts a dual-PCB and dual-core design including two 55-nm GT200
cores, a total of 480 stream processors. The space search of each point, and the interpolation and the
numerical integration on each streamline computing process are independent, and the operation for each
discrete point is the same. So the point positioning and the numerical integration can be implemented in
parallel using graphics hardware to accelerate the streamline generating and improve the visualization
efficiency.
The atmospheric pollution data set in the Pearl River Delta region is experimented to test the proposed
method in this paper, which is measured by the Institute of Atmospheric Physics in Chinese Academy of
Sciences. The number of grid points is, and this data set includes the wind speed, the horizontal and vertical
distribution of pollutant concentrations, the latitude and longitude of grid points, the altitude, etc. The tested
48-hour wind field and some pollutant concentrations are extracted from the measured atmospheric pollutant

Fig. 4 Color mapping and transparency adjustment for streamlines and isosurfaces. a, b Show the drawing of two pollutant
isosurfaces, NO2: red, SO2: green, when overlapping, adjusting the corresponding transparency; c and d show the occlusion
handling contrast between the streamlines and the isosurfaces
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Fig. 5 The visualization of the wind field and NO2 concentrations in the Pearl River Delta region. a The direct visualization of
three-dimensional slice detection, b the visualization results in the actual area, streamline showing the structure of the wind
field, the arrows indicating the movement orientation, and isosurface (red color) for NO2 regional distribution, c the
visualization without blue region at one moment in time

data set, including u, v, w (representing the three x, y, and z directions of the wind speed, respectively), SO2,
NO2 and PM10. Streamlines and arrow tracking are used to express the clear movement structure for the
wind field, and some isosurfaces are rendered to reveal the regional distribution of the pollutants concentration. Experimental results in Figs. 5 and 6 show that the proposed method is feasible, and our method is a
effective solution to the occlusion and clutter issues in 3D atmospheric pollutant visualization. The output
images clearly show the movement direction information of the wind field and the distribution of the
pollutant concentration in the Pearl River Delta region, providing some certain convenience for the prediction of the pollutant spreading.
We can achieve an interactive performance of the streamline calculation in GPU-based implementation
including the point positioning, the speed interpolation and the numerical integration. The point positioning
accounts for most of the computation time, so an efficient spatial search structure, point location algorithm
based on the octree in graphics hardware, is proposed and compared with the CPU-based approach and the
Ueffinger et al. (2008) method. Ueffinger et al. (2008) proposed streamline construction based on pixel
shader that the point location and the speed interpolation are implemented on CPU while the numerical
integration is calculated on GPU; however, the hardware port bandwidth limits the data transfer speed from
CPU to GPU. Table 1 shows the results of our performance measurements for streamline calculation of the
wind field in the Pearl River Delta region. The experiment demonstrates that the proposed method in this
paper can greatly improve performance, reduce CPU load and give full play to the parallel processing
capabilities of the graphics hardware.
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Fig. 6 The visualization comparison of the wind field, NO2, SO2, PM10. a the original visualization of the results without any
filtering, b the arrow icon to reveal the movement orientation information and c the visualization effect filtered by the proposed
algorithm. the red represents NO2, blue represents SO2, purple for the overlapping distribution area of NO2 and SO2, and green
for PM10. It can be seen that c shows much clearer movement structure and pollutant distribution, and the spatial perception is
more clear-cut
Table 1 Performance comparison of streamline calculation based on three different methods
No. of points

No. of cells

No. of streamlines

Frame rate (Fps: frames per second)

42,684
127,094
241,637

113,400
113,400
113,400

9200
29,000
48,571

CPU
30.56
9.98
5.27

Ueffinger et al. (2008)
51.72
36.25
24.33

Our method
83.65
59.92
56.74

5 Conclusion
An effective and efficient exploration on three-dimensional multi-variable visualization has been proposed
for the regional atmospheric pollution data field. In order to make full use of the capability of highly parallel
computing and multi-data stream processing of graphics hardware, more effective three-dimensional
streamlines are constructed for visualizing the wind field of the atmospheric pollution. A more efficient
spatial search structure of point positioning is introduced to accelerate generation in the streamline integral
phase, and the streamline calculation is directly implemented in the physical space based on GPU without
the extra memory and preprocessing. The performance obtained with the appropriate algorithms and data
structures proposed in this paper can be as much as five to six orders of magnitude compared to a CPU
implementation. As well as showing much clearer internal movement structure of wind field and the wind
orientation information, the slice detection and arrow tracing are used to provide a better insight into the
data set. We visualize not only the atmospheric wind field but also the concentrations of the atmospheric
pollutants. In order to fully display the changes of atmospheric pollutant concentrations as the time goes, the
isosurface is extracted for each pollutant with a given concentration value. However, the 3D visualization
easily leads to the visual perception issues such as occlusion or cluttering, even artifacts. The streamline
selection technique based on the similarity matching and clustering is presented in combination with depth
sorting to reduce the occlusion to show the salient structure for the wind field. A proper illumination model
is introduced to improve the visualization quality. Moreover, the color mapping is used to index for the
corresponding different types of pollutants. The corresponding transparency of each isosurface is also
separately adjusted to varying degrees. This will effectively and clearly express the characteristic distribution of the scalar field for the pollutant concentrations. The above method proposed in this paper is tested
in the visualization experiments of the 48-hour data set of the atmospheric pollution in Pearl River Delta
region. The experiment demonstrates that our method is feasible, effective and efficient.
Fast isosurface rendering algorithm of the atmospheric pollutant concentrations is still a challenging
research subject, whose optimization is not considered in this paper. So the division for the value range and
the spatial domain of the pollutant concentration will be further researched for achieving the efficient
acceleration of the multivariate visualization. And multi-scale visualization for the atmospheric pollution is
also the future research direction.
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