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Influence of Blending Functions on
Volumetric Cloud Images
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Various blending functions can be applied in the vol-
umetric modelling of clouds. This paper analyzes the
impact of five different blending functions (linear, cu-
bic, Wyvill-1, Wyvill-2, and cosine) on cloud shape,
structure, and area. We have found that there are only
negligible differences among them. Therefore, we can
conclude that the simple linear blending function satisfies
all the desired properties for generating cloud images by
volumetric modelling.
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1. Introduction

Volume modelling is a useful technique for
modelling natural phenomena, such as clouds,
which are semi or totally transparent and do not
have precisely distinguished boundaries. One
way to define cloud is to use implicit primitives,
which are connected as a whole using blending
(or field) functions. They altogether represent
the cloud macrostructure [3]. In addition, the
cloud micro-structure is madeup of procedural
functions, such as the Perlin noise function and
the fractal turbulence function [4,7]. An in-
terior of the semitransparent volume must be
determined in volume modelling. The blend-
ing functions provide a smooth density blend-
ing among the implicit primitives, which can
obtain, in general, various structures.

This paper is based on our work [5], which
presents a new approach for combining implicit
blending functions. Our method gives better re-
sults than Ebert’s summation [3,4]. As Ebert,
we also only used the Wyvill-1 blending func-
tion [8].

In literature regarding implicit surface mod-
elling, there are many different blending func-
tions for satisfying continuity conditions among
implicit objects. Firstly, we have chosen the
Wyvill-2 blending function, and a simple cubic
function [2]. Naturally, there are also other con-
venient blending functions [1]. Thus, we have
tried to apply cosine blending functions, which
also satisfy the aforementioned requirements.
Finally, we have also tested the simple linear
blending function, although it does not fulfill
the required conditions regarding implicit sur-
face modelling.

Thus, our research only considers five different
blending functions. We analyze their influence
on the cloud shape, structure, and area. We dis-
cover that the simple linear blending function
also provides a smooth blending of cloud den-
sity. This phenomenon can be explained by the
nature of the volume rendering, which accumu-
lates density field values along a ray. In this
case, we do not consider the continuity condi-
tions on the surface level, but on the solid level.

This paper is organized as follows: Section 2
presents the various blending functions with
their properties and combining techniques. In
Section 3, we introduce various evaluation cri-
teria and present the results of this evaluation.
Finally, Section 4 concludes the paper.

2. Blending Functions

In volume rendering, blending functions are
used for the continuous connection of density
fields within the implicit primitives, as can be
seen in Figure 1. Here, we blend a skeleton
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Figure 1. Two implicit primitives.

area, where the density is 1, and an outer bound-
ary, where the density falls to 0. The blending
function b; of i-th primitive is a function of the
distance d; (i.e. the distance A;P between the
boundary of i-th implicit skeleton and the point
P) and the width [; of the outer layer (field).
Without loss of generality, we can use the nor-
malized distance x; instead of the actual distance
d,' (xi = d,'/ll').

If x; = 0, the point P is on the skeleton’s bound-
ary, if x; = 1, it is on the outer boundary of the
outer layer of i-th implicit skeleton. The follow-
ing properties of the blending function b;(x;) are
desirable [3]:

1. Its initial value is »;(0) = 1 and the final
value is b;(1) = 0.

2. It has zero first derivatives by x; = 0 and
xi = 1 (i.e. bi(0) = Di(1) = 0).

3. Tt passes through the point P(0.5,0.5).

4. Ttis symmetrical around the point P(0.5,0.5).
This symmetry requires the validity of the
following equation: b;(x;) = 1 — b;(1 — x;).

These properties can be fully or partially sat-
isfied by most of the blending functions (see
Table 1). We have studied five various func-
tions: the linear, the cubic, the Wyvill-1 [8], the
Wyvill-2 [2], and the cosine one. All functions
are defined within the interval [0, 1]. There are
also some other blending functions (see [1]).
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Figure 2. Various blending functions: linear, cubic,
Wyvill-1, Wyvill-2, and cosine.

Figure 2 shows all five mentioned blending
functions. The cubic, the Wyvill-1, and the
cosine blending functions are minimally dif-
ferent. Moreover, the Wyvill-1 and the cosine
blending functions vary by only 1%. The val-
ues of the Wyvill-2 [2] blending function de-
creases much more quickly than the aforemen-
tioned group of blending functions. The linear
blending function varies noticeably from the
others. Wyvill [8] proposed a blending func-
tion (called Wyvill-1) to avoid the calculation

Blendine functi Equati Properties
ending function uation

s a 1[2]3]4
linear 1—x SN R T
cubic 233 =332 + 1 +l+ |+ ]+
Wyvill-1 — g8 Mt — %zxz +1 +l+ 1+ =
Wyvill-2 (1—x2P=1-32+3* x|+ |+ | - | -
cos coslmy) 4 1 + |+ |+ |+

Table 1. Blending functions.
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xi Joo] o1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 [1.0]
linear 1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 [00
cubic || 1.0 | 0.9720 | 0.8960 | 0.7840 | 0.6480 | 0.5 | 0.3520 | 0.2160 | 0.1040 | 0.0280 | 0.0
Wyvill-1 || 1.0 | 0.9757 | 0.9052 | 0.7950 | 0.6554 | 0.5 [ 0.3441 | 0.2035 | 0.0927 | 0.0231 | 0.0
Wyvill-2 || 1.0 | 0.9703 | 0.8847 | 0.7536 | 0.5927 | 0.4219 | 0.2621 | 0.1327 | 0.0467 | 0.0069 | 0.0
cos 1.0 | 0.9755 | 0.9045 | 0.7939 | 0.6545 | 0.5 [ 0.3455 | 0.2061 | 0.0955 | 0.0245 | 0.0

Table 2. Blending functions values.

of square root, which is used for the normal-
ized Euclidean distance x between two points.
The Wyvill-1 blending function goes through
the point P(0.5,0.5), but is only approximately
symmetrical around this point. The Wyvill-2
does not even pass through the mentioned point
(b(0.5) = 27/64 = 0.41875), therefore it is
also non-symmetrical. Blending function val-
ues are showed in Table 2.

2.1. Combining Blending Functions

It is wellknown that the macrostructure of a
cloud is defined by some implicit primitives.
We must combine individual density functions
in order to calculate overall density function.
The simplest technique, which was used in
cloud modelling by [3,4], is a summation of
n blending functions [8]. There are also other
combining techniques presented by Wyvill [9]
and Pasko [6]. These techniques are mainly
used in implicit surface modelling.

In [5], it is reported that the summation tech-
nique can cause visual abnormalities in those
areas where two or more implicit primitives in-
tersect. These abnormalities have their origins
in a higher value of density function than those
within the implicit skeleton. Therefore, a new
approach is presented (a corrected sum of the
blending functions) to overcome these irregu-
larities and to obtain better results than current
techniques. It is realized by the following re-
cursive formula:

p1(p) = g1(x1)
Pi(p) = pi—1(p) + gi(xi) — pi—1(P)gi(xi),
i=2,...,n (1)

where g;(x;) = w;b;i(x;) is a weighted blend-
ing function of i-th implicit primitive, w; is the

weight of i-th implicit primitive, b; is the blend-
ing function of i-th implicit primitive (in gen-
eral, b; can be different, but usualy, they are the
same for all i), and n is the number of implicit
primitives. Figure 3 shows the combining of
two Wyvill-1 blending functions using Equa-
tion 1.
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Figure 3. Combining of two Wyvill-1 blending
functions.

3. Influence of the Various Blending
Functions on the Cloud Structure, Shape
and Size

In this section, various evaluation criteria are
considered using the different blending func-
tions. We use our new aforementioned tech-
nique for combining blending functions.

3.1. Pixel Intensity along a Line on a Cloud
Image

Pixel intensity is examined along a line of the
rendered image of two implicit primitives com-
bining by two blending functions. The pixel
intensity of the cloud can be studied along the
line, as shown in Figure 4. We use 500 samples
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between two line endpoints and try to figure
out whether we obtain any visible discontinu-
ity on the inspection line using different blend-
ing functions. The number of samples is taken
according to the chosen image resolution. As
shown in Figure 4, no turbulence is used by
generating a cloud image.

Figure 4. An inspection line on a cloud created by two
implicit primitives (without turbulence).
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Figure 5. Pixel intensity curve qlong an inspection line
for the different blending functions.

Figure 5 presents pixel intensity samples along
the inspection line using different blending func-
tions. We notice that all blending functions give
very similar results. The intensity samples on
the inspection line are influenced by two blend-
ing functions (see Figure 3). The values of the
pixel intensity in the middle of the inspection
line are the highest for the linear blending func-
tion, and the lowest for the Wyvill-2 blending
function. In Figure 2, we see that the linear
blending function is higher than the Wyvill-2

if x; is in the interval [~ 0.4, 1.0]. We cannot
see any C! discontinuity following the values
of the pixel intensity along the line. After our
opinion, the main reason for this is the volume
rendering, in which the density field values are
accumulated along a ray. Therefore, the lin-
ear blending function also gives a continuous
pixel intensity curve, although it possesses C'
discontinuity at x = 0 and x = 1 (Figure 2).

Determination of intensity continuity can be
done by calculating the differences between two
adjacent intensity samples. Because the sam-
ples along the line on the image are obtained in
the discrete manner, it is difficult to determine if
some blending function causes C! discontinuity.
Therefore, before the differences are calculated,
the intensity samples are interpolated using the
following recursive formula:

dl*z (di"----lj'di-i—k—l),i

=1,.... m—k+1
(2)

where d; is i-th sample of the pixel intensity,
k is the number of pixel samples to interpo-
late, and m is the number of samples. Figure
6 shows the differences obtained from interpo-
lated intensity samples (k = 15) by the different
blending functions.
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Figure 6. Pixel intensity differences along the inspection
line for the different blending functions (k = 15).

2

All blending functions have similar behaviour,
although we had firstly expected that the linear
blending function would show C' discontinuity
along the inspection line.



Influence of Blending Functions on Volumetric Cloud Images

39

Figure 7a.

Figure 7b.

3.2. Histogram of Pixel Intensity
Distribution

We also examined the distribution of the pixel
intensities in a cloud’s generated image using
the different blending functions. The range of
intensity values (i.e. 0 — 255) is divided into 16
bands (each band holds 16 different intensity
values). Figure 8 presents the obtained his-
togram of the cloud image without turbulence.
As can be seen, it is almost independent of the
blending function. In our case, most of the in-
tensity values are in the 7-th band (i.e. intensity
values between 96 and 112).

Figure 7 shows the intensity distribution on the
cloud image without turbulence and using nine
implicit primitives, and the different blending
functions. The range of intensity values is also
divided into 16 bands, in the same manner as
with the previous histogram. The highest inten-

Figure 7c.

Figure 7d.

Figure 7e.

Figure 7 (a — e). Intensity distribution with 16 bands on
the cloud image with nine implicit primitives using the
different blending functions: a) linear, b) cubic, ¢)
Wyvill-1, d) Wyvill-2, and e) cosine.
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sity values are in those areas where the implicit
primitives are defined. We noticed that these
areas are connected more closely with the lin-
ear blending function than with the Wyvill-2.
This is also noticeable in Figure 5 where, at cer-
tain intensity values, the distance between the
two peaks is longer with the Wyvill-2 blending
function than with the linear one. The intensity
distributions of the various blending functions
are practically the same, only the distance (dark
area in the middle of the cloud) is much bigger
with the Wyvill-2 blending function (see Figure
7d).
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Figure 8. Histogram of pixel intensity distribution.

3.3. Cloud Area

In this section, we have researched how much
the blending functions influence the cloud area.
We have compared two cloud images generated
with two different blending functions. Firstly,
we detected the cloud area on both images. Be-
cause the cloud is brighter than the background
sky, this procedure is trivial. Then, the follow-
ing cloud similarity index is used:

N int

= (3)

where Nj,; is the number of pixels in the inter-
section area of both clouds and A; is the number
of pixels in i-th cloud area (see Figure 9). The
indexes r; and r, indicate by how much the
two cloud areas on the two images are similar
to each other. The value of the index r; = 1
indicates that the intersection area is all in i-th
cloud area. If the indexes r; and r, are equal to

1, both cloud areas are equal. Table 3 presents
cloud similarity indexes obtained by comparing
cloud area 1 (generated by Wyvill-1 blending
function) and cloud area 2 (generated by other
blending functions). They prove the relation-
ship among the blending functions, as shown in
Figure 2.

intersection area
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Figure 9. Comparison of two cloud areas from two
different images.
r r
Wyvill-1 1.0 0.9088 linear
Wyvill-1 1.0 0.9887 cubic
Wyvill-1 | 0.9429 1.0 Wyvill-2
Wyvill-1 | 0.99996 || 0.9973 cos

Table 3. The indexes r; and r, obtained by comparing
two cloud areas.

4. Conclusion

In this paper, we have evaluated the various
blending functions using certain criteria to find
out which blending function is the best. Our
analysis has shown that there are minimal dif-
ferences in the cloud model if the blending func-
tion is changed. We did not notice any C! dis-
continuity, which we originally expected for the
linear blending function. The main reason for
this is the volume rendering, in which the den-
sity field values are accumulated along a ray.
Therefore, C' discontinuity is obscured. Con-
tinuity is, in general, also influenced by proce-
dural functions with which we model the cloud
micro-structure. In contrast to implicit surfaces,
where the problem of continuity is important, it
is negligible for volume modelling and render-
ing. Therefore, we can say that the properties
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of the blending functions written in Section 2
are too strong.

We have found that the linear blending function
gives equally good results as, for example, the
Wyvill-1. Furthermore, we can conclude that
the different blending functions have hardly any
noticeable effect on a cloud’s appearance. The
use of the various blending functions does not
change the cloud image as much as the change in
the procedural cloud model’s parameters does.

In future work, we will study how a particular
cloud model’s parameter affects its appearance.
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