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Abstract Adapting natural phenomena rendering for real-
time applications has become a common practice in com-
puter graphics. We propose a GPU-based multi-band method
for optimized synthesis of “far from coast” ocean waves us-
ing an empirical Fourier domain model. Instead of perform-
ing two independent syntheses for low- and high-band fre-
quencies of ocean waves, we perform only low-band synthe-
sis and employ results to reproduce high frequency details of
ocean surface by an optimized iterative up-sampling stage.
Our experimental results show that this approach greatly
improves the performance of original multi-band synthesis
while maintaining image quality.

Keywords Real-time rendering - Wave synthesis - Image
up-sampling - Programmable graphics hardware
1 Introduction

Natural phenomena rendering techniques have become
ubiquitous in computer graphics for applications like mo-
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tion pictures and games. These rendering techniques usu-
ally require complex computations to produce satisfying and
physically correct results. Thus, several techniques for alle-
viation of computational complexity and adaptation of non-
real-time methods for real-time applications have been pro-
posed [7,9, 14, 19]. While the visual quality of produced im-
ages is of utmost importance, many performance-intensive
applications such as video games demand less load on hard-
ware resources by these rendering methods. That is because,
generally, vertex and pixel processors are consumed for ren-
dering of highly detailed meshes along with visual effects
such as lighting, shadowing, post-processing effects, etc.
Therefore, improving performance of natural phenomena
rendering algorithms, which are the most computationally
expensive parts of real-time graphics applications such as
games, is crucial. This fact also requires maintaining an
appropriate balance between quality and performance. We
present an optimized approach for multi-band Fourier do-
main synthesis of “far from coast” deep ocean water, which
greatly reduces excessive computational complexity of pre-
vious methods and makes it suitable for 3D games. Both
synthesis and rendering are performed fully on the GPU to
free up CPU for physical computations such as water—boat
interactions. Our method first performs a full synthesis for
low-band ocean wave frequencies, outputting height map of
ocean water at an arbitrary time 7. We use this height map
as input for an optimized up-sampling stage to create high
frequency height map which is used to produce a normal
map for presenting high frequency details of ocean surface.
Therefore, in order to reduce processing load, we perform
only one synthesis (hence only one FFT [3]), reproducing
details by our hand-tuned up-sampling method. In addition,
since we are performing low-band synthesis only, this task
is done on a smaller data set (e.g. a 128 x 128 texture in-
stead of a 512 x 512 one), which leads to less GPU memory
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bandwidth consumption. Consequently, our primary con-
tributions are to improve rendering performance of previ-
ous methods while maintaining visual quality of final re-
sults, adapting this natural phenomenon rendering method
for game and virtual reality applications even on today’s
mid-range GPUs.

The remaining of this paper is organized as follows. Sec-
tion 2 discusses previous works while a brief review of
Fourier domain ocean water synthesis [18] and dual-band
synthesis method [14] are presented in Sect. 3. This sec-
tion also discusses the performance of dual-band synthesis
approach. Our method is introduced in Sect. 4 followed by
hardware implementation details and experimental results of
itin Sect. 5. Section 6 provides conclusion and describes fu-
ture enhancements.

2 Related work

Ocean water synthesis methods for computer graphics are
categorized in two dominant classes: spatial domain and
Fourier domain approaches [14]. Since our method is based
on a well-known Fourier domain approach, discussion of
spatial domain techniques is excluded from this section.

One of the first computer graphics related elaborative
descriptions of water waves was introduced by Fournier
and Reeves [6]. They used and modified a well-known
ocean wave model, Gerstner waves, to produce water sur-
face waves coming on shoreline; hence simulating shoreline
interactions like wave breaking. Many methods have since
been presented which use empirical wave models to simu-
late ocean water. A novel method was presented by Mastin
[12], where, given a wind velocity, a Fourier domain filter is
created using Pierson—-Moskowitz spectrum. A white noise
is then filtered to produce a natural ocean scene along with
realistic ray-traced lighting. Similarly, Tessendorf [18] used
a Fourier domain approach by computing ocean waves based
on an empirical wave model, Phillips Spectrum, and a dis-
persion relation for animating surface waves. He also mod-
ified this wind driven wave model for more special wave
profiles such as choppy waves. An FFT-based method for
generating normal map and a ray-tracing technique for sur-
face wave optics was also proposed. Since Fourier domain
approaches are more suitable for real-time applications [19],
several new methods have been introduced in order to adapt
these approaches for hardware acceleration.

Versatility of Tessendorf’s method attracted several re-
searchers to adapt his approach for real-time applications.
Jensen and Golias [7] discussed real-time implementation
results of most of Tessendorf’s methods, such as wave
synthesis (for shallow and deep water), choppy wave pro-
file, foam rendering and surface shading techniques. They
also used Navier—Stokes equations for simulating and vi-
sualizing small waves caused by floating objects. Lanza
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[9] also used Fourier domain synthesis and proposed a
novel level-of-detail algorithm based on quad-trees to re-
duce geometrical complexity and continuous mapping of
ocean surface normals. A real-time GPU-based Fourier do-
main multi-band synthesis which covered a wide range of
Tessendorf’s work was introduced by Mitchel [14]. Our pre-
sented method improves the performance of this technique
by introducing an iterative up-sampling stage which enables
us to perform only low-band synthesis. In addition to perfor-
mance improvement, our technique preserves visual quality
of Mitchel’s method.

3 Background

Fourier domain ocean water synthesis approaches are based
on statistical models where wave height field is decom-
posed as a sum of sine and cosine waves. The wave height
is considered a random variable of horizontal position and
time, h(x, ) [18]. Also, these methods use analytical semi-
empirical models for generation of wave spectrum such
as Phillips spectrum and Pierson—Moskowitz spectrum.
Tessendorf uses wind driven Phillips spectrum which is very
versatile for synthesizing deep ocean waves and waves that
appear to be approaching a shoreline:

—1/(kL)?

k4

Pu(K)=A 2

|K.6)|
In this equation, L = V2/g is the largest possible wave aris-
ing from a continuous wind of speed V, g is the gravitational
constant, K is wave vector with components K, =2nn /L,
and Ky =27m/Ly, L, and Ly are horizontal and vertical
length of water patch, n and m are integers with bound-
aries —M/2<m < M/2and —N/2 <n<N/2,N and M
are the number of horizontal and vertical height map grid
points, w is the direction of the wind and A is a numeric
constant. Moreover, K, the wave vector, and k = 27 /A,
the wave number, have the following relation: k = |K|. As
Tessendorf states, the cosine factor |I€ .®]% in the Phillips
spectrum eliminates waves that move perpendicular to the
wind direction and the exponent in the denominator affects
directionality of waves.

Using Phillips spectrum, complex Fourier amplitudes at
time zero are calculated by the following equation:

oK) = —= (e, + ey Pr(K)
V2

where ¢, and ¢; are ordinary independent draws from a

Gaussian random number generator, with mean 0 and stan-

dard deviation 1. These numbers tend to follow the exper-

imental data on ocean waves. Given the dispersion rela-

tion w(K) = /gk for deep-water wave animation (Fig. 1),
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Table 1 Performance comparison between low-band and high-band syntheses. These values are extracted from our reference implementation of

Mitchel’s method (values specified are only GPU frame times)

Operation Low-band synthesis (128 x 128) High-band synthesis (512 x 512)
Time (ms) Inst. slots Time (ms) Inst. slots
Computing Fourier amplitudes 0.165 25 2915 25
Horizontal Scramble (FFT) 0.217 4 6.525 4
Horizontal Butterflies (FFT) 0.27 %7 18 3.85%9 18
Vertical Scramble (FFT) 0.129 6 3.85 6
Vertical Butterflies (FFT) 0.27 7 18 3.85%9 18
Scaling 0.048 4 0.571 4
Normal Map Generation Not required Not required 2.267 44
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Fig.1 Angular frequencies using dispersion relation shown as a mesh

Fourier amplitude of the wave field at time ¢ is calculated
by:

/:\l(K, 1) = i’;O(K)eiw(k)t + flg(_K)e—iw(k)t )

The final result of synthesis, which is the height map at
time ¢, is computed by inverse Fourier transform (2) of func-
tion fz(K ,1). Therefore, h(K, t) represents the height value
of computed height field at position X = (x, y)and time ¢
as a sum of sinusoids with complex time-dependent ampli-
tudes:

h(X. 1) = h(K. )e*X )
K

This synthesized height map will be used to displace the
even-spaced grid patch of water using vertex texturing capa-
bility of shader model 3.0 hardware or above (similar meth-
ods may be used: such as Render to Vertex Buffe—R2VB).
Unfortunately, since vertex texturing is computationally ex-
pensive for hardware, constraints should be placed for num-
ber of vertex texture fetches per frame; hence limiting wa-
ter patch size to fairly small sizes for real-time applications.

Mitchel [14] presented a method to overcome this limitation
by introducing dual-band synthesis. In this technique, a low-
band synthesis is used to compute a low frequency height
map for displacement mapping while a high-band synthesis
is employed to produce a high frequency height map which
will be used for generating a normal map for bump mapping.
Since the low frequency height map has fewer pixels than
the high frequency one, fewer vertex texture fetches will
be required. Each of these syntheses consists of three main
steps (excluding pre-process computations): Computation of
Fourier domain amplitudes, hardware accelerated Inverse
FFT and generation of normal map from height map (low-
band synthesis does not require the last step). Table 1 illus-
trates time consumed per frame for each subsection of syn-
thesis states. It is evident that high frequency wave synthe-
sis consumes considerably more processing power of GPU
than low-band synthesis (approximately 20 times). Thus, we
used this fact as our motivation for optimizing multi-band
synthesis of ocean waves by performing only low-band syn-
thesis and producing high frequency details by an iterative
up-sampling stage. This stage receives results of low-band
synthesis and iteratively adds high frequency details in order
to produce high frequency height map for normal mapping.

4 Method

Ocean water simulation and visualization can be broken into
two major parts: wave synthesis and rendering. While the
former is responsible for generating height map, the latter
uses results of the first part to displace water patch surface
and add lighting effects.

Several level-of-detail techniques have been proposed for
ocean surface rendering [8] since ocean surface holds sev-
eral properties of terrain except that the displacement data
is static. Nonetheless, view-dependent level-of-detail terrain
rendering techniques, like quad-trees, geometry clip maps,
etc., are eligible to be used for large-scale ocean water ren-
dering.

@ Springer
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Unlike rendering optimization techniques, less work has
been done to increase performance of GPU-based synthe-
sis. Given the fact that synthesis consumes more than half
of a typical frame time (based on our experimental results
and previous implementations [14]), it can be inferred that
to obtain promising visual quality while maintaining stabil-
ity and performance it is substantial to optimize GPU-based
synthesis. This optimization can be useful in two ways:

e Saved processing power can be utilized to add more so-
phisticated wave profiles (e.g. choppy waves) or lighting-
shading techniques.

e Higher frame rates can be achieved, which is critical for
multi-player games.

Owing to the fact that dual-band synthesis along with a
proper level-of-detail algorithm can greatly reduce render-
ing time, our method focuses on optimization of dual-band
synthesis to adapt this technique for games. To achieve this,
a number of techniques can be used:

e Reducing height field size and increasing tiling: although
the fastest to implement, this technique suffers from
ocean surface repetitiveness and will diminish visual
quality, especially if seen from higher altitudes.

e Because high-band synthesis results in a high frequency
height map, it is possible to downsample and apply a low-
pass filter to this height map in order to obtain low fre-
quency height values [14]. Although, comparing to first
option, this technique would significantly increase im-
age quality, it has two notable drawbacks: 1. An ordi-
nary GPU-friendly down-sample operation accompanied
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‘ : 512x512 High-Band height map for normal

Fig. 2 Multi-band synthesis of ocean waves using our introduced method

512x512 up-sampled height map using
Nearest-Point filtering

with a low-pass filter may degrade final height values of
the height field. Furthermore, since low-band height map
is used for displacement of water surface and our wave
model is semi-empirical, assorted defections will occur in
scenarios such as simulation applications. For instance, a
military computer-based training program for boat sim-
ulation may suffer from poor interactive results because
of attenuation of large waves. 2. Even if an ideal filter is
designed, since the high-band synthesis is intended, our
computations have to be done on a remarkably larger data
which, as illustrated in Table 1, dissipates approximately
twenty times more of frame time on a typical synthesis
scenario and a mid-range consumer GPU.

We introduce an approach which overcomes limitations
and defects of aforementioned methods. A low-band syn-
thesis is first performed, outputting height field for displace-
ment mapping (since we are dealing with low frequencies,
this step is much computationally cheaper than the high-
band synthesis). Following low-band synthesis, low fre-
quency height field is used as input for a resolution enhance-
ment and high frequency detail reproduction stage (Fig. 2).
To achieve both of these goals, we use an iterative high fre-
quency preserving up-sampling method. Our experimental
results show that this approach not only performs signifi-
cantly faster, but produces more visually satisfactory results
since our up-sampling method adds extra edges on height
map which amplifies choppiness of waves. Moreover, since
the virtual high-band height map is used for generating sur-
face normals, our method does not affect height values used
for displacement mapping; therefore making it suitable for
physically correct simulations used for military applications.
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4.1 Up-sampling

In digital image processing, low resolution images are
widely used because of their smaller size, which results in
less processing. These images are then adapted to the screen
size via several techniques.

This wide use in multimedia applications has made up-
sampling a challenging area both in image quality and real-
time implementation; thus attracting much attention from re-
searchers and system developers.

Re-sampling or up-sampling can be performed in either
software or hardware. Software solution has the advantages
of ability to process large amounts of images and yet flex-
ibility of operating on the entire image line data. However,
great disadvantage of these methods is that they do not pro-
duce images in real time, which makes them almost im-
possible to be used in applications like video games and
environment simulations. In contrast, hardware-based tech-
niques produce images in real time while there is a limited
processor and memory space available. Therefore, methods
to implement up-sampling should take into account this lack
of processor power and memory. A primary technique is in-
serting pixels with the same value as adjacent pixels which
maintain high frequency content while adding a known im-
age artifact of “waxing and waning.” Bilinear interpolation
technique uses a weighted averaging between two nearest
input pixels, which significantly causes the loss of high fre-
quency contents of the image and thus “blurring” of the im-
age.

Cubic convolution and cubic spline interpolation are
other techniques that eliminate high frequency contents of
the image [13, 16].

Practical image up-sampling methods use filtering to re-
move high frequency distortions derived from padding. As
mentioned, these filters cause image blurring and so our goal
to construct high detail sets through up-sampling cannot be
achieved. Image deblurring is one solution that can be used
to improve the quality of a blurred image. Blurring-and-
deblurring model can be demonstrated as in Fig. 4.

Blurring model can be expressed as:

gx,y)=f(x,y)xh(x,y) +n(x,y)

where g(x,y) is blurred image, f(x,y) is input image
for blur function k(x, y) and n(x, y) is the noise function.
Therefore, having blurred image g(x, y), deblurring prob-
lem deals with finding a filter for constructing the best esti-
mate f (u, v). If we rewrite the above equation in frequency
domain, we have:

Gu,v)=Fu,v)H(u,v)+ N(u,v)

Methods for regularized pseudo-inverse calculation of H,
such as the Tikhonov, Truncated Singular Value Decomposi-
tion (TSVD) and Wiener filters, attempt to estimate the Point

Spread Function (PSF) from the image statistics and use reg-
ularization to compute the inverse kernel [2, 17]. For exam-
ple, the classical Wiener filter computes the inverse matrix

T v) = H*(u,v)

- Sll L)
|H (e, v) 2 + 5

where S, (u,v) and Sy (u,v) are the power spectra of the
noise and the original image, respectively. Other methods,
such as Constrained Least Squares Filtering, seek to con-
strain the variation in the image due to the noise without ac-
tual knowledge of either power spectrum. This method can
be stated as

H*(u,v)
|H (u, v)|* + y|P(u, v)|?

ﬁwﬁn=[ }Gmm)

where P(u,v) is the Fourier transform of a 3 x 3 Lapla-
cian filter and y is a constant value. Computer vision meth-
ods such as graph cuts and belief propagation have also
been used to recover nearly optimal deblurred images [4].
All these methods depend on the previous knowledge of the
transfer function of the blurring H (u, v). If the blur function
is not known, then recovery of F (u, v) from G(u, v) is more
difficult. So extraction of PSF of blurring model (H) is not
always possible.

Now consider a 128 x 128 image as low detail data set
which should be up-sampled to achieve a 512 x 512 high
detail image. First step is a one-to-one mapping of low de-
tail image pixels to make a 512 x 512 primary image. This
is the same as pixel inserting technique mentioned previ-
ously in this section. Now, considering the original high de-
tail 512 x 512 image which should be estimated, we can
see that extraction of the primary image from this high de-
tail image cannot be modeled as a single shift invariant PSF
[1]. As mentioned earlier, deconvolution methods cannot be
used to extract an estimate for the high detail image from the
primary image.

Blind deconvolution is a description of a class of tech-
niques that estimate H (u, v) from one or more images and
then use that estimate to recover an estimate of F'(u, v). Ex-
isting blind deconvolution methods typically assume that the
blur kernel has a simple parametric form, such as Gaussian
or low-frequency Fourier components [5, 10]. However, as
such assumptions can prevent high frequencies (such as
edges) from appearing in the reconstruction, in this applica-
tion we cannot use these methods. On the other hand, these
methods require much computational cost. Here we have in-
troduced a method which extracts an estimate of the original
high detail image using an iteration which is efficient in both
computational complexity and quality.

4.2 Presented iterative method

Our main purpose is to find an estimate for the output image.
Imagine an unknown function H which constructs the pri-
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Fig. 3 Implementation block diagram of iterative method presented in (5)

Noise
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—_—— Blur function H

Fig. 4 Blurring-and-deblurring model

mary image mentioned above from the original high detail
image; our goal is to find the output of H .

If we define I as the unit operator then:
o 1 I
H =—=—— 3)
H I-E
In this equation we assume that E is the process error or
operator error. By using Taylor expansion for this function
we have:

I
H'= —— =1+ E+E 4+ E' + E 4

The outputs in ith and (i + 1)th iterations are as follows:

FO=(I+E+E*+.---+E~")HF
. . )
Fit) =(I+ E4+ E*>+---+ E')HF

Consider that F is the desired high resolution image. There-
fore, according to the above equations, it could be easily
shown that:

Fit) = (1 —mFY + HF (5)
For the convergence of the algorithm we must have:
() = PU+D _ F) < () = 1) — F)

By using (4), one can easily show that the error in the ith
iteration is equal to:

) = _EF ©)

Thus the algorithm is converged if and only if ||E| < 1.
Therefore, it is obvious that the smaller E results in faster
convergence. Also, it is apparent that when E is not less
than unity, the convergence of the iterations is not guaran-
teed. We can use a relaxation factor named A to have a faster
convergence (A > 1). Hence (5) converts to:

FUt) = (1 —xH)F® + AHF

@ Springer

This iterative approach is widely used in several distor-
tion compensation systems [11]. The block diagram of this
method is shown in Fig. 3.

Although this method shows significant quality, it re-
quires several iterations for convergence. Therefore we have
modified this method to a method which will have faster
convergence and stability. If we use another expansion in
(3), we have:

1 I I+ E

T I-E I1-E?
=QI-H)([+E*+E*+E°+..))

The outputs in the ith and (i + 1)th iterations will be:
FO=Q@l —H)(I+E*+E*+-. .+ E>X"D)HF
FOY =@ —HY(I + E* + E* + -+ E*)HF

According to the above equations it could be simply shown
that

FUth = pO 4 H(HFW)
—2HFY) 4 2HF —HHF @)

By using (7) one can easily show that the error in the ith
iteration is equal to:

eV = —E¥F (8)

The block diagram of the method is shown in Fig. 5.

As aresult of presented discussion, it can be inferred that
the iterative performance depends directly on the election of
a proper iteration function H. We have used a simple aver-
age filter with two taps for up-sampling with factor 4. Re-
sults show that this function produces sufficient detail and
quality for our application.

Comparing (6) and (8) it is evident that the modified
method is faster than the previous method in number of it-
erations at the expense of using more computational cost;
however, comparing the results from both methods shows
that the convergence is much faster in the modified method
and that a total computation cost is reduced. Noting the ex-
perimental results, the convergence of this method could be
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Fig. 5 Implementation block diagram of presented iterative method illustrated in (7)

profoundly improved using weighting functions in the itera- 200

tion sequence (e.g. Chebyshev weighting). In our implemen-

tation, we have constructed an experimental weight function 150

which shows best results for an ocean scene rendered in real " —o— with our

time with moderate wind speed. & 100 Method

—— without our
50 method
. 12.23
5 Implementation and results 0 381

We implemented and tested our approach using shader
model 2.0 and DirectX 9.0 on an NVIDIA GeForce 7600Go.
Both the normal multi-band synthesis method presented by
Mitchel [14] and our approach were implemented to com-
pare the results. The FFT was implemented employing the
method presented by Mitchel et al. [15] and data preci-
sion for all stages of synthesis was 32-bit single chan-
nel and 64-bit dual channel floating point textures using
Direct3D’s D3DFMT_R32F and D3DFMT_G32R32F tex-
ture formats, respectively. Our modified iterative method,
as seen in Fig. 5, uses two-stage filtering with a 2-tap fil-
ter. Comparing experimental results, a weight function equal
to [0.55,0.6,0.9,0.1, 0.8] was applied to the iteration func-
tion. Results for 1, 3 and 5 iterations are demonstrated in
Fig. 7. As shown, five iterations are adequate to achieve
proper detail in the high-band image.

Deploying a typical test configuration, 128 x 128 and
512 x 512 image size for low-band and high-band synthe-
ses, respectively, we were able to achieve a better perfor-
mance comparing to the implementation without our opti-
mization method. Figure 6 illustrates performance of our
method comparing to non-optimized method using different
test configurations for synthesis detail in three different im-
age resolutions. Moreover, scene rendering was turned off
for both our approach and the previous method for a better
comparison of synthesis results.

Our implementation of ocean surface rendering consists
of a simple Phong lighting, reflection, refraction, Fresnel ef-
fect, depth simulation, along with a sky dome and a small
underwater terrain. The results obtained from our optimized
synthesis method show that the image quality of our method
is almost identical to that of a not-optimized dual-band syn-
thesis approach, except for a little degradation of high-band
synthesized height map which in a typical scene is not no-
table to human eye. Additionally, since high-band height

64x64 -
256x256

64x64 -
512x512

256x256 -
1024x1024

Fig. 6 Performance results for different test scenarios

map is used for generating normal map, this issue does not
affect the quality and realism of final produced images. Fig-
ure 8 compares a typical ocean scene rendered with our op-
timized approach and that without it.

6 Conclusion and future work

We presented a simple, yet effective, method for optimiza-
tion of multi-band Fourier domain synthesis of ocean waves.
Our approach reduces computational cost of multi-band syn-
thesis by performing only one low-band synthesis and re-
producing high frequency details by using our iterative up-
sampling algorithm. Our experimental results show that the
proposed method is highly efficient comparing to the orig-
inal method. Additionally, results of implementation show
that our method preserves image quality of original method.

Although our technique greatly reduces time complex-
ity and enables utilization of ocean wave synthesis in real-
world games even on mid-range GPUs, much work can be
done to enhance performance further. One method would
be to perform synthesis once every two frames and averag-
ing synthesis results (height map) to construct the intermedi-
ate frame’s height map. This technique can be extended for
a better performance but more implementation complexity;
for instance, creating height map every three frames by dis-
tributing synthesis steps among frames and employing Mul-
tiple Render Target (MRT) capability of hardware. These
techniques usually unbalance frames creating non-smooth
animation and unsteady frame rates. Therefore, a proper
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Fig. 7 Demonstration of our
modified iterative method with
weights [0.55,0.6,0.9,0.1,0.8]
for up-sampling a 128 x 128
height map to a 512 x 512 high
detail image. (a) Original

128 x 128 height map image as
input of up-sampling stage.

(b) Output of hardware
nearest-point sampling; initial
512 x 512 image for iteration.
(c) First step of iteration
resolves “waxing and waning”
artifact yet the image is blurred.
(d) Third step of iteration
enhances image sharpness but it
is not yet proper for high
frequency height map. (e) The
fifth iteration produces the high
detail height map although more
iteration can be added for even
better quality

Fig. 8 Comparison of final rendered image using our method (/eft) and a previous un-optimized method (right)
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method which utilizes this concept and preserves steadi-
ness of frame rates can further improve the synthesis per-
formance.

Apart from wave synthesis optimization techniques, sev-

eral rendering and shading optimization techniques can be
employed. An efficient adaptive view-dependent triangula-
tion algorithm along with our multi-band synthesis method
can greatly reduce rendering time since, as mentioned ear-
lier, vertex texture fetch is currently expensive on hardware.

References

10.

13.

14.

15.

16.

17.

18.

19.

. Ben-Ezra, M., Lin, Z., Wilburn, B.: Penrose pixels; super-

resolution in the detector layout domain. In: IEEE International
Conference on Computer Vision (ICCV) (2007)

Chan, T.F,, Shen, J.: Theory and computation of variational image
deblurring. In: Mathematics and Computation in Imaging Science
and Information Processing. IMS (Inst. Math. Sci.) Lecture Notes
Series. World Scientific, Singapore (2007)

Cooley, J., Tukey, J.: An algorithm for the machine calculation of
complex Fourier series. Math. Comput. 19, 297-301 (1965)
Feng, L., Jingyi, Y., Jinxiang, C.: A hybrid camera for motion de-
blurring and depth map super-resolution. In: CVPR 2008 (2008)
Fergus, R., Singh, B., Hertzmann, A., Roweis, S.T., Freeman,
W.T.: Removing camera shake from a single photograph. ACM
Trans. Graph. 25(3), 787-794 (2006) (Proc. SIGGRAPH 2006)
Fournier, A., Reeves, W.-T.: A simple model of ocean waves.
Comput. Graph. 20, 75-84 (1986)

Jensen, L.-S., Golias, R.: Deep-water animation and rendering. In:
Game Developers Conference Europe (2001)

Kryachko, Y.: Using Vertex Texture Displacement for Realis-
tic Water Rendering. GPU Gems II. Addison-Wesley, Reading
(2005)

Lanza, S.: Animation and Display of Water. ShaderX3: Advanced
Rendering with DirectX and OpenGL. Charles River Media, Hing-
ham (2004)

Levin, A.: Blind motion deblurring using image statistics. In: Ad-
vances in Neural Information Processing Systems (NIPS), Dec.
2006

. Marvasti, F.A.: An iterative method to compensate for the interpo-

lation distortion. IEEE Trans. ASSP 37(1), 1617-1621 (1989)
Mastin, G.-A., Watterger, P.-A., Mareda, J.-F.: Fourier synthesis
of ocean scenes. IEEE Comput. Graph. Appl. April/March, 16—
23 (1987)

Messing, K.S., Ibrahim, S.: Image up-sampling technique. Euro-
pean Patent 1947603 A2 (2008)

Mitchell, J.-L.: Real-time synthesis and rendering of ocean water.
ATI Research Technical Report, Marlboro, MA (2005)

Mitchell, J.-L., Ansari, M.-Y., Hart, E.: Advanced Image Process-
ing with DirectX 9 Pixel Shaders. ShaderX 2: Shader Program-
ming Tips & Tricks with DirectX 9. Wordware, Texas (2004)
Pathak, B.: Method to up-sample frequency rich images without
significant loss of image sharpness. US Patent 6747630 B2 (2004)
Piotr, W., Nagy, G.: Large scale image deblurring in Java. In: Proc.
of ICCS, pp. 721-730 (2008)

Tessendorf, J.: Simulating ocean water. Simulating nature: realis-
tic and interactive techniques course notes. In: SIGGRAPH 1999
(1999)

Thon, S., Dischler, J.-M., Ghazanfarpour, D.: Ocean waves syn-
thesis using a spectrum-based turbulence function. In: Proceedings
of the International Conference on Computer Graphics (2000)

E. Miandji received his B.Sc. in
Software Engineering from Azad
University of Tehran, Iran in 2008.
He is currently a researcher and lead
programmer at “Shahid Rezayi Re-
search Center—Sharif University of
Technology”. He is also a member
in “VR Lab-Sharif University of
Technology”. His main research in-
terests are real-time rendering tech-
niques, computer vision and real-
time environment simulation. He

is also an experienced C++ and

shader programmer.

M.H. Sargazi Moghadam received
his B.Sc. in Electrical Engineering
from Sharif University of Technol-
ogy in 2006. He is now studying his
M.Sc. degree in Communications
Engineering at Sharif University of
Technology, Tehran, Iran. His main
research interests are digital signal
processing, wireless communica-
tions systems, coding and cryptog-
raphy. He has published two IEEE
conference papers and has submit-
ted one PIERs journal paper.

Faramarz F. Samavati is an Asso-
ciate Professor in the Department
of Computer Science, University
of Calgary. He received his Ph.D.
degree from Sharif University of
Technology in 1999. Prof. Sama-
vati’s research interests are com-
puter graphics, geometric modeling,
3D imaging, and interactive model-
ing. He has authored more than 50
research papers in subdivision sur-
faces, sketch-based modeling, mul-
tiresolution and wavelets, surface
modeling and scientific visualiza-
tion.

M. Emadi received the B.Sc. and
M.Sc. degrees in Electrical Engi-
neering from Tehran and Sharif Uni-
versities of Technology in 2004 and
2006, respectively. He was with the
VLSI and SRRC lab from 2004 to
2007, also he was a visiting lecturer
at Azad University and he taught
some courses at Sharif University of
technology. He is now the Ph.D. stu-
dent and Manager of an Advanced
Research Center in Sharif Univer-
sity of Technology. His research in-
terests are in digital and radar signal
processing and its applications. He

was honored at IEEE paper contest in Iran and was known as an ex-
ceptional talent in the Ministry of Science.

@ Springer



	Real-time multi-band synthesis of ocean water with new iterative up-sampling technique
	Abstract
	Introduction
	Related work
	Background
	Method
	Up-sampling
	Presented iterative method

	Implementation and results
	Conclusion and future work
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


