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ABSTRACT The line integral convolution method can obtain a continuous and dense vector streamline
texture. The traditional fixed step size gets larger texture noise, while the exact calculation step method (such
as the Runge–Kutta method) is time-consuming. In the process of generating streamline texture, if using
bilinear interpolation calculation, we can get the method of calculating the point vector value, and it is
also time-consuming. To address the above-mentioned problems, the line integral convolution method for
dynamically determining integral step size and interpolation mode is proposed. The effect of streamline
drawing mainly depends on the size of the integration step and the interpolation mode. The method proposed
in this paper gives the rules for determining the integration step size and interpolation mode according to the
vector speed size and the angle between two vectors. The experimental results show that compared with the
previous fixed step method and the bilinear interpolation method, the proposed method not only has faster
computation speed but also clearer texture and stronger contrast.

INDEX TERMS Vector field visualization, line integral convolution, streamline texture, integral step size.

I. INTRODUCTION
Vector fields are everywhere, and many natural phenomena
can be described by vector fields. For example, the continu-
ously dynamic processes of ocean currents and typhoon wind
fields can be expressed by vector fields.With the help of com-
puter graphics and image processing techniques, as well as
the high-performance computing power of computers, these
invisible vector fields can be simulated to form the research
direction of vector field visualization.

The texture method expresses the vector field information
in the form of texture, which has spatial continuity and can
represent scalar information by color. Texture-basedmapping
methods mainly include: spot noise method [1] and line
integral convolution (LIC) method [2]. This paper mainly
introduces texture visualization of line integral convolution.

The spot noise method was proposed by van Wijk in 1991
and was the first method to use textures for visualization [1].
Spot noise is the convolution of points with certain size
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and shape along vector line, and the texture is controlled by
changing the attributes of points. These points have the char-
acteristics of random distribution. Carbral and Leedom [2]
improved based on the spot noise method, and presented
the line integral convolution method. The basic idea of the
algorithm is to traverse the data sampling points in the vector
field. From this point forward and backward, line integral
convolution is carried out according to the corresponding
vectors. The result is taken as the value of the point, and the
convolution core uses one-dimensional kernel function. One
main drawback of the LIC algorithm proposed by Carbral
and Leedom is that it is inefficient. Stalling and Hege [3]
proposed a fast convolution algorithm (Fast LIC) to improve
the performance of the original LIC method. The original
LIC method traverses each point to perform line integral
convolution, in which there are a large number of repeated
steps. By adjusting the order of calculation of the pix-
els, the amount of line integral calculation can be greatly
reduced. The speed and accuracy of the LIC algorithm
are improved by the fourth-order Runge-Kutta numerical
integration method. Zöckler et al. [4] implemented parallel
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operations on distributed computers based on Fast LIC, which
is called Parallel Fast LIC. Forssell [5] applied Fast LIC to
curved meshes. Interrante and Grosch [6], [7] presented vol-
ume rendering method (Volume LIC) for three-dimensional
data. Fast LIC was applied to three-dimensional volume data
field to display three-dimensional data better through specific
rendering strategies. Sundquist [8] proposed an extension of
the fast convolution method (Dynamic LIC), which used two
vector fields to represent dynamic electromagnetic fields.
Rezk-Salama et al. [9] stated a texture-based volume ren-
dering method that can interactively display the visualization
of a three-dimensional vector field. Hlawatsch et al. [10]
proposed a hierarchical line integration strategy to accelerate
the integration process by using a multi-core architecture.

The image based flow visualization (IBFV) algorithm [6]
implemented the flow field drawing by using the forward
mesh projection mapping to realize the flow of noise tex-
tures and the generated frame image, and then combined
the proportional mixture of the continuous frame images.
Huang et al. [11] presented an output algorithm based on
image spatial continuity to solve the visualization problem of
surface flow field. Skraba et al. [12] offered a robust vector
field visualization method designed to simplify vector field
feature points. After that, the unsteady vector field simpli-
fication method is further identified [13]. The hierarchical
line integration strategy proposed by Hlawatsch et al. [10]
using a multi-core architecture to accelerate the integral
calculation process in the LIC algorithm. Quan et al. [14]
described a visualization method for field strength driving.
Oeltze et al. [15] used a variety of clustering methods to
cluster by defining similarity, and selected representative
streamlines of each class for visualization.

In this paper, based on two-dimensional vector data, vector
simulation and visualization based on texture are studied.
Line integral convolution process in texture visualization
is improved, and visualization effect and efficiency are
improved.

II. LIC PRINCIPLE AND IMPLEMENTATION
A. LIC PRINCIPLE
Texture convolution is the calculation of texture convolution
of an image based on vector fields and textures (white noise)
to form a spatially continuous representation. The essence
of line integral convolution is to generate streamlines and
convolute the corresponding vectors on the streamlines to
obtain the corresponding texture values of the image. The
core of LIC is the generated streamline, and the key point for
the effect and efficiency of the streamline is the integration
step and sample point interpolation. According to the analysis
of integration step and sampling point interpolation between
two points, the generated textures with different integration
step and sampling point interpolation strategies are directly
given, and corresponding comparisons are made. The differ-
ence of texture and time between different methods can be
seen in Figure 1.

The diagram of the LIC algorithm is shown in Figure 1.

FIGURE 1. Diagram of LIC algorithm.

FIGURE 2. The calculation process of streamline in LIC algorithm.

B. LIC IMPLEMENTATION
In 1991, van Wijk [1] proposed the spot noise method, which
is the first work for texture vector visualization. In 1993,
Cabral and Leedom [2] first proposed the spot noise-based
line integral convolution method. Its main idea is to gener-
ate a texture for the random white noise convolution along
the streamlines of the varying vectors positive and negative
directions. The resulting streamline of the texture is closely
related to the changing vector directions.

The streamline generation and calculation process is shown
in Figure 2.

The weight of each step of the texture convolution is as
follows:

hi =

si+1si∫
si

k (ω) dω (1)

In Eq. (1), 1si is the step length of step i in streamline
convolution calculation, and si is the current streamline length
of step i. The iterative computation method is shown in the
following equation.{

s0 = 0
si = si−1 +1si−1

(2)

With hi denoting the weight value, then gray value of each
pixel in the image can be obtained by Eq(3).

Fo (x, y) =

∑l
i=0 F (Pi) hi +

∑l′
i=0 F

(
P′i
)
h′i∑l

i=0 hi +
∑l′

i=0 h
′
i

(3)
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Here, Fo (x, y) is gray value of the pixel (x, y) in the image
after calculation. F (Pi) is the gray value of the pixel Pi in
the input noise image. l and l ′ represent the integral steps of
the forward and reverse streamlines respectively. Pi and P′i
are pixel positions of the forward and reverse step i along the
streamlines respectively. P0 is the pixel point (x, y). hi and h′i
are weights calculated from Eq.(1).

III. STREAMLINE GENERATION MODE
In the line integral convolution-based texture visualization
method, the generation of streamlines is very important. This
is because the texture values of each sample point are con-
volved along the vector direction, that is, convolved along
the streamline direction. The effectiveness of the streamline
is heavily dependent on the choice of the initial seed point
and the implementation of the streamline drawing.The effect
of streamline drawing depends mainly on the length of the
step and whether it is interpolated. There are two main ways
to implement streamline drawing: direct pass method and
numerical method. The former uses a straight line with the
same vector direction as a grid point to draw a streamline
through the grid. And the latter uses numerical calculation
to approximate the vector values of sampling points (using
integration method) and the vector value of the sample point
(using interpolation method).

A. NUMERICAL CALCULATION
The streamline equation [16] is defined as shown in Eq. (4):

dµ (τ)
dτ

= v (µ (τ)) (4)

FIGURE 3. Streamline generation.

Eq. (4) indicates that the direction of a point on the stream-
line is the same as the direction of the tangent, where µ (τ)
represents the position of the point in space, v (µ (τ)) is the
tangent direction of the point on the streamline: v is a function
of τ , and τ can be parameters such as time and arc length. The
streamline generation process is shown in Figure 3.

The streamline is defined as Eq. (5).

1EI × EV = 0 (5)

where 1EI is the vector element on the streamline, and EV is
the velocity. Eq.(5) indicates that the tangent direction of any
point on the streamline coincides with the velocity direction
of the point.

1EI = 1XEi+1YEj (6)
EV = uEi+ vEj (7)

where u and v are functions of X and Y . Because of Ei ×Ei =
Ej×Ej = 0 and Ei×Ej = −Ej×Ei, we can use equations (6) and (7)
into Eq. (4), and thus get Eq. (8)

1X
u
=
1Y
v
= k (8)

A two-dimensional streamline can be generated by using
the Eq. (8).

Eq. (8) can be converted to the following Eq. (9).

(1X)2 + (1y)2 = k2
(
u2 + v2

)
(9)

When u and v are not equal to 0 at the same time, the value
of k can be calculated by using the following equation.

k = ±

√
(1X)2 + (1Y )2
√
u2 + v2

(10)

When k takes a positive value, then Eq. (8) can be
changed to:

1X√
(1X)2 + (1Y )2

=
u

√
u2 + v2

1Y√
(1X)2 + (1Y )2

=
v

√
u2 + v2

(11)

In Eq. (11), let (1X)2 + (1Y )2 = (1R)2, then 1R
denotes the streamline step size that needs to be taken on the

streamline. And because u2 + v2 =
∣∣∣ EV ∣∣∣2, then Eq. (11) can

be changed to Eq. (12).
1X
1R
=

u∣∣∣ EV ∣∣∣
1Y
1R
=

v∣∣∣ EV ∣∣∣
(12)

It can be seen that Eq. (12) represents the cosine of velocity
in the x, y direction, and the initial condition of Eq. (12) can
be written as: {

X (1Ri) = X0
Y (1Ri) = Y0

(13)

(X0,Y0) is the starting point of the streamline, which is
the initial coordinate of the streamline formed by each line
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integral convolution.

1X
1R
=

u∣∣∣ EV ∣∣∣ = f (1R,X ,Y )

1Y
1R
=

v∣∣∣ EV ∣∣∣ = g (1R,X ,Y )

X (1Ri) = X0
Y (1Ri) = Y0

(14)

Given the coordinate of the seed point of (X ,Y ) being
(X0,Y0), the position of the next point can be obtained by
using the fourth-order Runge-Kutta method. A similar analy-
sis can be used for cases where t is negative. If let the integral
step size (the distance between the starting point and the next
point) be h, then according to the fourth-order Runge-Kutta
method, we can obtain the following equations:

K1 = f (1Ri,Xi,Yi)

K2 = f (1Ri +
h
2
,Xi +

1
2
hK1,Yi +

1
2
hL1)

K3 = f (1Ri +
h
2
,Xi +

1
2
hK2,Yi +

1
2
hL2)

K4 = f (1Ri +
h
2
,Xi +

1
2
hK3,Yi +

1
2
hL3)

Xi+1 = Xi +
h
6
(K1 + 2K2 + 2K3 + K4)

(15)



L1 = g (1Ri,Xi,Yi)

L2 = g(1Ri +
h
2
,Xi +

1
2
hK1,Yi +

1
2
hL1)

L3 = g(1Ri +
h
2
,Xi +

1
2
hK2,Yi +

1
2
hL2)

L4 = g(1Ri +
h
2
,Xi +

1
2
hK3,Yi +

1
2
hL3)

Yi+1 = Yi +
h
6
(L1 + 2L2 + 2L3 + L4)

(16)

Thus, based on the Eq.(15) and Eq. (16), and the ini-
tial condition (X0,Y0), the coordinates (Xi+1,Yi+1) below
the streamline can be obtained. In regard to the calculation
method of the streamline, the Euler method can also be
adopted for the requirement of accuracy. Compared with
the fourth-order Runge-Kutta method, the Euler method is
relatively simple and easy to calculate. In this paper, we use
fourth-order Runge-Kutta method to calculate the integral
curve.

B. A NEW WAY TO DETERMINE THE INTEGRATION
STEP SIZE AND INTERPOLATION METHOD
In a two-dimensional vector field, the input image is a two-
dimensional vector image, and a random white noise image
of a resolution such as a two-dimensional vector image. One-
dimensional box filtering is used as the convolution kernel.
The streamline calculationmethod can use Euler method. The
basic idea of Euler method is iteration, and the step size is
the edge length of a grid. Regarding the choice of step size,

a reasonable step size is critical to the convolution effect.
If the sampling distance is too large, the LIC integral will be
discontinuous, resulting in aliasing. If the sampling distance
is too small, the drawing quality cannot be improved, and
the performance is significantly degraded. For random noise,
it is obvious that the step size cannot exceed the width of the
unit of a pixel. If the sampling distance exceeds this distance,
there will be many high frequency components. In this paper,
a new improved method for determining the integration step
size and interpolation is proposed, which combines the vector
speed of the four vertices of the grid where the sample points
are located and the angle between the vectors to determine
the step size and interpolation.

The diagram of the new method of determining the inte-
gration step size and interpolation is shown in Figure 4.

FIGURE 4. Integral step size and interpolation rules.

Let us first look at the vector speed. If the vector speed is
small, then the step size is small: if the vector speed is large,
then the step size is large. Here, it is necessary to determine
whether the angle between vectors of the grid’s four vertices
is large or not. If the angle is large, then the step size should
be reduced; otherwise it will be far from the actual route. As a
result, it will result in a streamline that is more consistent
than the actual streamline. At the same time, in the case of
large vector speed, whether or not interpolation is performed
according to the angle between the vectors of the four vertices
of the grid where the sampling point is located. If interpo-
lation is not required, the vector of the nearby point can be
directly replaced by the vector of the nearby point, reducing
the amount of calculation. In addition, when the adjacent
angular speed is the same, the integration step size can be
extended, possibly exceeding one pixel (here, the length of
two adjacent grid points per unit pixel). However, it can’t
be extended too much (generally no more than two pixels),
otherwise it will affect the calculation of texture value.

According to a lot of experiments, we determined that
the threshold of judging whether the vector speed is large
or small is the average velocity value of the vector field,
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and the threshold of judging whether the vector angle is large
or small is 35◦.

C. ANALYSIS OF THE INFLUENCE OF
STEP SIZE ON THE STREALINE
Usually the integration step has both a fixed step size and a
variable step size. The fixed step size is preferably 0.5 unit
pixel, and when the fixed step size is taken as 1 unit pixel,
the resulting texture has a large noise. The variable step size
mainly determines the length of the step by speed, and the
step size is large when the speed is large, and the step size
is small when the speed is small. If you encounter a region
where the vector direction changes rapidly, this will cause
the streamline to deviate from the true trajectory. As the
streamline lengthens, the offset becomes larger and larger.
The fourth-order Runge-Kutta method can improve the inte-
gration accuracy. The fourth-order Runge-Kutta method with
variable step size can change the step size by judging whether
the integration error of each step is less than the allowable
error, thus reducing the truncation error and the accumulated
rounding error of each step. However, these required func-
tions have good smoothness. If the function smoothness is
not good, then the accuracy of the fourth-order Runge-Kutta
method will not be as good as improved Euler method.

The length of integration step plays an important role in
streamline drawing. We propose to determine the step size by
combining the vector speed with the angle between the two
vectors. First, we look at the vector speed. If the vector speed
is small, then the step size should be small; if the vector speed
is large, then the step size should be large. At this point, it is
necessary to see if the angle between the two vectors before
and after is large or not. If the angle is large, then the step size
should be reduced. Otherwise it will be far from the actual
route. In this way, the streamline obtained is more close to
the actual streamline.

FIGURE 5. Effect of step size on streamline.

Figure 5 shows the streamline of a real trajectory. In par-
ticular, streamline b is a trajectory of a small step size, and
the streamline c is a trajectory of a large step size. In the
case where only the speed determines the step size, when
the angle is large and the speed is small, the influence on the
trajectory is small. When the speed is large and the angle is
large, the influence is relatively large, and the streamline c

may occur. Therefore, when the speed is judged, then the
angle is judged, and the step size is determined by the speed
and angle, the situation of streamline c can be corrected.
At this time, the streamline generated by the step size is
returned to the streamline b, which is more suitable for the
real trajectory a.6

IV. COMPARISON AND ANALYSIS OF VECTOR
FIELD VISUALIZATION EFFECTS
The experimental data used in this paper are wind field data,
and the size of the data is 370 × 289 vector data. The data
value of each grid point contains the vector values of U and V
directions. The vector of each grid point can be obtained by
combining the vector of U and V directions. The experimen-
tal hardware and software environment used in this paper
are: Inter(R) Xeon(R) Core(TM2) i7-3615QMCPU 2.40GHz
(2 processors), memory 8GB, 64-bit windows operating sys-
tem, using Visual Studio 2010 and Qt 5.2.0 programming.

Figure 6 shows the results of using LIC algorithm with
different integration steps, in the case of no interpolation
involved.

FIGURE 6. Streamline results generated by LIC algorithm with different
integration step size. a) Fixed step size is 0.5 unit pixel, b) Fixed step size
is 1, c) Step size determined by speed, d) Step size determined by speed
and angle.

Figure 6 shows the results of texture visualization with
different step sizes. After analysis, it can be seen that in
Figure 6(d) the texture of our method is clearer and the
contrast is more obvious than that of other methods. The
texture of Figure 6(c) and 6(d) is smoother than that of
Figure 6a and 6(b), and 6(b) has more noise. The enlargement
of the red box position in Figure 6(a) in each comparison
images are as following figures:

Figure 7(a)-(d) are enlarged images of the middle red
box region shown in Figure 6a-d, and Figure 7(e)-(h)
are enlarged images of the upper-left red box region
shown in Figure 6(a)-(d). It is clear from the enlarged
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FIGURE 7. Corresponds to the enlarged image of each
figure in Figure 6 at the position of the red box in Figure 6a.

Figure 7(d) and 7(h) that the effect of the streamlines by
using our method is clearer, and has higher contrast and less
noise.

In the case of the same step size in LIC algorithm, we com-
pare the streamline effect and the time consumed by different
interpolation methods. It can be divided into the following
three cases:

(1) In the case of fixed step size of 0.5 unit pixel in LIC
algorithm, the streamlines obtained by different interpolation
methods are shown in Figure 8. Figure 8a and Figure 8(b) are
streamlines obtained by non-interpolation and bilinear inter-
polation respectively in the case of fixed step size. Figure 8(c)
is streamlines obtained by using vector direction angle to
determine the interpolation method in the case of fixed step
size. Bilinear interpolation is enabled for large angle, and no
interpolation is used for small angle.

In the case of fixed step size of 0.5 unit pixel, different
interpolation methods are used. The running time comparison
of the three methods in Figure 8 is shown in Table 1.

(2) In the case where the step size is determined by the
speed, different interpolation methods are used to generate
the streamline results, as shown in Figure 9. The rule of

FIGURE 8. Streamlines using different interpolation methods with fixed
step size.

TABLE 1. Comparison of different interpolation times with a fixed step
size of 0.5.

FIGURE 9. Streamlines using different interpolation methods with the
step size determined by speed.

determining step size by using speed is that when speed is
large, then the step size should be large; when the speed
is small, then the step size should be small. Figure 9a and
Figure 9b are streamlines obtained by non-interpolation and
bilinear interpolation respectively in the case of the step size
determined by the speed. Figure 9(c) is streamlines obtained
by using vector direction angle to determine the interpolation
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method in the case of the step size determined by the speed.
Bilinear interpolation is enabled for large angle, but no inter-
polation for small angle.

The running time comparison of the three methods shown
in Figure 9 is shown in Table 2.

TABLE 2. Comparison of different interpolation times with a fixed step
size of 0.5.

FIGURE 10. Streamlines using different interpolation methods with the
step size determined by speed and angle.

(3) In the case where the step size is determined by both
speed and angle, different interpolation methods are used
to generate the streamline results as shown in Figure 10.
The rules for determining step size are as follows: Firstly,
the step size is determined by the speed. When the speed
is high, the step size is small. Then, the step size is further
adjusted according to the angle of vector, and the step size
is reduced appropriately with large angle, and the step size
is not adjusted when the angle is small. Figure 10(a) and
Figure 10b are streamlines obtained by non-interpolation and
bilinear interpolation respectively in the case of the step
size determined by the speed and angle. Figure 10(c) shows
streamlines obtained by using vector direction angle to deter-
mine the interpolationmethod and using both speed and angle
to determine the step size.

The running time comparison of the three methods shown
in Figure 10 is shown in Table 2.

In order to analyze the above-mentioned experimental
results, we enlarged the experimental results locally accord-
ing to the position of the red box labeled in Figure 8.
In Figure 8, 9, and 10, the local enlargement of the corre-
sponding red box positions is shown in Figures 11 and 12.

TABLE 3. Comparison of different interpolation times with a fixed step
size of 0.5.

FIGURE 11. Local enlargement of the middle part of Figure 8-10.

In Figure 11, Figure 11(a)-(c) are local enlargement of
the corresponding part of Figure 8(a)-(c), Figure 11(d)-(f)
are local enlargement of the corresponding part of
Figure 9(a)-(c), and Figure 11(g)-(i) are local enlargement of
the corresponding part of Figure 10(a)-(c).

From Figure 11, we can see that the streamline obtained
by using our method is clearer, and has higher contrast
and less noise. Comparing and analyzing the row images in
Figure 11: under the condition of identical step size, the pro-
posed method uses speed and angle to determine the interpo-
lation method. Compared with non-interpolation method and
bilinear interpolation method, it is clear that the results by
using our method has the best effect, such as with the clear-
est streamline, the strongest contrast and no obvious noise.
Comparing and analyzing the column images in Figure 11:
in the same case of determining the interpolation mode,
the proposed method for determining the step size by the size
of speed and angle is better than the fixed step size and only
using the speed size to determine the step size. The streamline
is clear, the contrast is relatively strong, and the noise is not
obvious. The overall effect is from the upper left corner of
Figure 11(a) to the lower right corner of Figure11(i), and the
streamline is getting better and better.

In Figure 12, Figure 12(a)-(c) are local enlargement of
the corresponding part of Figure 8(a)-(c), Figure 12(d)-(f)
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FIGURE 12. Local enlargement of the upper left corner of Figure 8-10.

are local enlargement of the corresponding part of
Figure 9(a)-(c), and Figure 12(g)-(i) are local enlargement of
the corresponding part of Figure 10(a)-(c). Specific analysis
is consistent with Figure 11, and the overall effect is getting
better and better from Figure 12 (a) to 12 (i). Thus, the new
proposed method of determining integration step and inter-
polation method can get better texture effect.

Like the figures in Figure 11, the figures in Figure 12 are
locally enlarged at the upper left corner of Figure 8-10,
respectively. The trend is consistent with Figure 11, and is
getting better and better from Figure 12(a) to Figure 12(i).
The experimental results show that the new proposed inte-
gration step size and interpolation determination method can
achieve better streamline texture effect.

V. CONCLUSIONS
In the streamline generation of vector field visualization,
this paper presents an improved LIC method, which deter-
mines the integration step size and interpolation mode of
LIC according to the vector speed and angle in vector field.
Compared with bilinear interpolation, the proposed method
has less time, higher computational efficiency, clear stream-
line and relatively strong contrast. In the case of identical
interpolation methods, the method of determining step size
by speed and angle presented in this paper has the best effect,
clearest streamline, strongest contrast and no obvious noise.
When the step size is determined by both the speed and the
angle, and the interpolation method is determined by both
speed and the angle, then a clear, noise-free and high contrast
texture can be obtained, and the calculation takes less time.
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