Video Compression Using Structural Flow
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Abstract—This paper proposes a new technique in wavelet gof. Hence, the overhead is a problem since the temporal
video compression that exploits the spatiotemporal regularity redundancy in the model cannot be removed when frame pairs
of the video. A sequence of frames is said to be regular along paye similar motions. Moreover, the (MC) wavelets reduce to

the directions in which the pixels vary the least. The directions . . .
of regularity of a sequence depend on both its motion content the standard wavelets when there is no motion in ghg.

and its spatial structure. We model these directions by a 3D This means that it cannot exploit the spatial regularity of the
vector field, referred as theStructural Flow. This flow determines frames.

the paths of regularity along which the entropy of the data  |n this paper, we propose to model the spatiotemporal
is smaller. We use these paths to construct a special class Ofdirections of regularity of aof by a 3D vector field, called

wavelet basis, i.e., the3D orthonormal bandelet basidor the the structural fl The structural fl b delled in dif
directional decomposition of the sequence. Our experiments on estructural tiow 1he structural tiow can be modetlied In dir-

several standard video sequences demonstrate the significantférent ways, depending on whether the regularity is spatial or
improvement in compression compared to the standard wavelet spatiotemporal. Once the flow is computed, the wavelet basis

video coding. can be warped along the directions of regularity to decompose
the gof. Then the warped basis sandeletizeda technique
first introduced by Mallat et al in [3], in order to take further
Video compression is a very important part of many amdvantage of the regularity. The overall compression requires
plications, such as video-conferencing, video storage, apdrtitioning thegof into subgofs, whose regularities can be
broadcasting, since their performance largely relies on the closely modelled as possible by their respective structural
efficiency of the compression. The wavelet coding, whictiows. This is achieved by using an oct tree segmentation of
proved to be very efficient in image compression, is alghe gof, such that the reconstruction error and the bit rate of
used in this area since it outperforms the standard DGHe gof are optimized.
(Discrete Cosine Transform) based methods, such as MPEGIn this paper, Section Il explains the main steps of con-
and MPEG2. structing a bandelet basis forsabgof: Section II-A goes into
In standard wavelet video codinggeoup of frameggof) is the details ofstructural flow presenting some mathematical
decomposed along the three major axes: temporal, horizorgatkground. Section 1I-B and II-C describe how this flow
and vertical. However, this decomposition does not take teban be used to construct a bandelet basis. Next, we discuss
regularity of thegof into account. In the presence of globathe optimal segmentation of gof into subgofs in Section
motion, uniform 3D paths of regularity are defined ig@f, lll. Finally, we demonstrate our results on standard video
which extend along the direction of motion. The situatiosequences in Section IV, and conclude with a discussion in
gets more complicated when the motion is a mixture &ection V.
the local and global components. In this casebgroups of
frames(subgo fs) with different motion types result in multiple
directions of regularity. One way of modelling this regularity is In wavelet video coding, the efficiency can be improved by
modelling the motion. The pixel correspondence informaticemnalyzing the directions of regularity of thef (F), which
over multiple frames gives the directions of regularity of thare represented by thstructural flow Unlike the standard
gof. The motion-compensated (MC) wavelet coding algawavelets, the orthonormal bandelets can greatly benefit from
rithms use this approach. The choice of the motion model is #is direction information, and can achieve higher compression
important factor in such algorithms, as its precision and comates. In this section, we will explain the main steps of
pressibility directly affect the bit rate. In the recent literaturesonstructing a bandelet basis.
the researchers have used dense motion fields modelled by
Markov Random Fields [1] and deformable triangular meshés The Structural Flow
([2]). All these models, however, use only consecutive pairs The structural flow¢(x, y, t), is a 3D vector field that shows
of frames to compute the directions of regularity of the wholihe directions, in which aubgof (F;) varies regularly. De-

I. INTRODUCTION

II. THE ORTHONORMAL 3D BANDELET BASIS



composing theubgo f along this field requires its directions to -r’-'

be orthogonal. This is guaranteed bglanar (cross-sectional) ¢

parallelismof the flow field, which is defined as all the vectors -

on a plane being equal in magnitude and direction. In our

framework, across-sectionally paralleflow field can belong

to one of the following three classes: (1) y parallel, (2)

x — t parallel, and (3)y — ¢ parallel. Y
The x — y parallel structural flow models the temporal

directions of regularity in the frames. The other two classes of

structural flow, i.e.x —t andy — t parallel flows, generally

model the spatial regularity of theubgof. The regularity

condition that the structural flow needs to satisfy can also be

perceived as a requirement to follow the directions, in whicdhg: 1. Thez —y parallel structural flow field for agof with a global

the sum of the directional gradients is minimum. Describin@;'{)"}ﬁfng_the diagona direction. (@) The ariginal sequence (8 frames). (b)

x — y parallel flow field. (Right) Thez — y cross-section of the
the problem in this way allows us to write a continuous flowow field at¢ = 1, superimposed on the first frame of thef.
energy equation fo as

E(() = / | O(F « H)(z,y,1) 1? dadydt, (1) only the spline coefficients. The functiofi(u), is formulated
F, ¢ (z,y,1) asS(u) = 1—|ul if |u| <1 and 0 otherwise. The coefficients

where H is a regularizing filter, such as a Gaussian. THje ¢an be solved for by quadratic minimization of the energy

equation can be discretized, and then tailored to different tyg&gction (1), the choice depending on the parallelism class. In

of parallelism depending on hog is defined. If the flow the final step, the spline coefficients are quantized.
is z — y parallel, then ((z, y,t) = Coy(t) = (;[t], 4[], 1) The conversion of the flow directions into actual spatiotem-

resulting in poral paths of regularity requires computing tetuctural
) flow curves A structural flow curve¢[u], is an integral curve,
E((yy) = Z ‘ (F % 37H)C,1 [t] + (F % 87H)C/2 [t] + F oH . whose tangents are paralleldolt defines the paths, on which
' " Oz y ot F; varies regularly, so that the wavelet basis can be warped
(2) along the directions of regularity. The structural flow curve in
Notice that the formulation of,,(¢) implies that thex the discrete domain is given by the equation,

and y components of the flow,c{[t], c,[t]), are functions of u
time only, which is constant for all the pixels of a certain clu] = ZC/W’ (3)
frame, i.e.,x — y cross-section of theubgof. Fig. 1(a) shows k=1

the frames of a synthetigof, which has been sampled from The coordinates of am — y parallel flow curve are given
the Lena image by imitating a global translational motion i (1 + ¢;[#],y + co[t], ¢) for a constantz, ) and a varying

the diagonal direction. Hence the direction of motion for all The curves of the flow in Figure 1 are shown by the red
frames is uniform. Fig. 1(b) shows the subsampled- v |ines on the vector field.

parallel flow field (shown with blue arrows), and the— y

cross section of the flow at= 1, superimposed on the firstB. Constructing the Orthonormal Bandelet Basis

frame of the synthetigof. The flow equations can be written The standard3D wavelets decompose the data along the

similarly when the flow class ig/ — ¢ parallel, ¢,,(xr) = three major axes.

(1, ch[x], ch[z]), or x — t parallel, (+(y) = (ci[y], 1, ly)). However, if the directions of regularity are known, then the

Due to space considerations, we will describe our methadta can be decomposed along those directions using the ban-

only for thez — y parallel flow. However, note that the samedelets. The construction of this basis consists of two steps: (1)

formulas apply to all flow classes by doing a simple chang®arping the standardD wavelet basis, (2Bandeletization

of functions. The 3D wavelets can be warped along the flow curves
A very important requirement on the flow representation isith the operatodV, which is defined a3V, (F;(z,y,t)) =

that it should be compact, such that the flow overhead is mif;(x + c1[t], y + c2[t], ¢) for the z — y parallel flow, (g, (t).

imum. In order to satisfy this condition, the directior§,[u] Decomposing thesubgof along the directions of regularity,

(m € {1,2,3}), are approximated with*’ degree translated where the entropy is lower, results in less number of significant

box spline functions(u)), asc),[u] = >, am™S(2~'u—n), wavelet coefficients.

wherea,, (n = 1...2%) is then'" spline coefficient] = 1..k is After warping the wavelet basis, the last step is Han-

a scale factor2” is the width of F; on the axis along which deletization The wavelet function family{¢(¢)}; .3 consists

the flow is not parallel, and is the index of this axis. With of high-pass filters and it has a vanishing moment at lower

this representation, the whole flow can be recovered by storirgsolutions. The scaling function famifys(¢)}; 3, however,



consists of low-pass filters and it does not have a vanishingdth of each dimension of a cuboid&’, wherej € {1,2, 3}
moment at lower resolutions. Hence, it cannot take advantagdgnotes the particular dimension. The bandelet coefficients
of the regularity of thegof along the flow curves. This are uniformly quantized with the quantization parametey,
problem is solved byandeletizinghe warped wavelet basis,and then encoded. Since the bit cost of these coefficients is
, replacing{¢(t)}; ms with {¢(¢)};.ms for I > j. The almost proportional to the number of non-zero coefficients, as
bandeletlzat|on further decreases the number of significaftown in [5], the bit cost of the bandelet coefficients can be
wavelet coefficients. approximated as®,; = vyoM;, where M; is the number of
non-zero coefficients angly, = 7. The bit rates that we will
present in the next section will be based on this approximation.

Decomposing aubgof with the orthonormal bandelet basis  The choice of\ as a function of the quantization parameter
can be implemented by slightly modifying the fast discreta can be computed by minimizing the total cost equation with
wavelet transform. Once the structural flow is known, thgspect toA. This minimization results in the definition of
warped wavelet transform can be computed by a subbaggi\ = 3§ The minimization of the total cost starts with
filtering that goes along the flow curves. computing the cost of all cuboids in the oct tree. The cost,

The subband filtering can be implemented by using thi@, + AR;), can be minimum for only one of the four flow
lifting scheme [4], which requires that the neighbors of a poi{asses, including the no-flow case. When computing the cost
be known. In warped wavelet filtering, these neighborhoods a certain flow class, the scale paramétét < [ < k) in
are defined on the flow curves. The curve coordinates afg spline equation is found by trying all possible value$, of
stored in a gridG(z,y,t). For thex — y parallel flow, and selecting the one that results in the smallest cost. In the
G(z,y,t) = (x+c[t],y+cat] t) when(z+ci[t], y+cz[t], 1) end, the flow class that has the minimum cost determines the
is in the limits of F;. Since thex — y parallel flow curves flow type of F;.
are the sets of points with fixedr(y) and varyingt, the The optimal segmentation df is found by a split/merge
pixels stored at the locations G(,t — 1), G(r,y,t) and algorithm starting from the leaf nodes of the oct tree. At each
G(z,y,t + 1) are temporal neighbors on the same curve. Thevel, eight child nodes are merged into a single node if their
spatial neighborhoods of the pixels, on the other hand, are s¢ilimulative cost is greater than the parent’s cost, otherwise they
defined based on their spatial coordinates, not the flow curvegiy split. The split-merge algorithm is applied until the top

After computing the warped wavelet coefficients, the negf the tree is reached, which concludes the segmentation of
step is the bandeletization. The coefficients resulting from tiige gof in terms of the bit rate and the reconstruction error.
scaling function are further decomposed by subband filtering®ie basis for the wholeof is called theblock orthonormal
lower resolutions. This concludes the bandelet transformatipandelet basisand it consists of the union of the bases of the
of the subgof. subgofs in the final segmentation, on their own supports.

The reconstruction of theubgof is implemented by invert-
ing the decomposition steps. After reconstructiigthe rest
is simply an inverse bandeletization that recovers the warpedn this section, we show the results of the bandelet vs
wavelet coefficients, followed by an inverse subband filteringavelet video compression on some standard sequences. In our

C. The Orthonormal Bandelet Decomposition

IV. RESULTS

of these coefficients along the flow curves. experiments, we employed the Daubechies 7-9 filters, using the
lifting scheme for both bandelets and wavelets. The bit rates
Ill. VIDEO COMPRESSION of both compression schemes are computed the same way. In

So far, the bandelet decomposition has been defined fothe bandelet decomposition, the smallesbgof in the oct
subgof, where the compression rate depends on how welke is16 x 16 x 8 (x x y x t). The motion parameters are
the structural flow models the directions of regularity. Diregjuantized with a step size of 1/8.
extension of this method to gof does not always work The improvement in the compression can be observed when
because aof usually has multiple directions of regularitythe directions of regularity are not uniform. Our algorithm
due to different types of motions taking place in the videdvandles this nonuniformity by automatically segmenting the
and/or the different spatial arrangements in it. gof to minimize the compression cost. In Table | we show

The solution is segmenting @ f into subgofs, such that the compression results for various sequences at multiple bit
the directions of regularity of eachubgof is as closely rates, which are estimated according to [5]. Figure 2 shows the
estimated as possible. This is directly related to minimizingegmentation of gof from the Flower sequence fax = 20.
the compression cost of each; such that the total cost, The 1°¢ row shows the segmented frames of@ from this
D+ AR =3, D; + AR, is minimized, whereD; is the sum sequence. There are two motions in the due to the parallax
of squared reconstruction error 6f, R; is the bit cost of the effect. The bandelet compression results in the segmentation
bandelet and flow coefficients, ands a Lagrange multiplier. of the gof until eachsubgof contains a particular motion. The
In order to achieve this segmentation, we initially partition thitEames of the subgof marked by the red rectangle are shown in
gof into rectangular prisms (cuboids) using act tree The the 2"¢ row of Fig. 2, with the flow vectors superimposed on



the possibilities of computing good optical flow using this
framework. We believe that the analysis of the flow at different
parallelisms hold the key to computing a good optical flow.
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Fig. 2. The results for gof from the Flower Garden sequencA & 20).

(1%t Row) The original frames and their segmentation. The middle image is
the 37¢ frame, zoomed-in for details. Since the tree moves very fast, it results
in segmentation of theubgofs at the boundaries2? Row) The structural
flow of the subgof drawn with red boundaries, superimposed on the sub-
frames. §7¢ Row) The same flow from several (oblique, top and side) views.
The direction of the motion has been captured correctly.

Flower | Bit Rate (kbps) | 330 250 80 30

PSNR (Bandelet)] 44.80 | 39.40 | 27.85 | 23.72
PSNR (Wavelet)| 7.81 | 6.77 | 5.19 5

Alex Bit Rate (kbps) | 220 121 80 75

PSNR (Bandelet)] 45.28 | 42.50 | 39.22 | 32.21
PSNR (Wavelet) | 9.73 8.8 8.74 | 8.69
Susie Bit Rate (kbps) | 700 510 318 226
PSNR (Bandelet)] 38.7 | 36.03 | 33.4 | 30.86
PSNR (Wavelet) | 26.83 | 18.98 | 11.18 | 9.88
Akiyo Bit Rate (kbps) 60 70 90 105
PSNR (Bandelet)] 27.55 | 30.09 | 33.77 | 36.35
PSNR (Wavelet) | 10.81 | 11.5 125 | 14.17

TABLE |
THE BANDELET VS WAVELET COMPRESSION OF VARIOUS SEQUENCES AT
MULTIPLE BIT RATES.

them. Close inspection of these frames shows that the motion
directions have been captured correctly.

V. CONCLUSION

In this paper, we presented a new framework in video coding
that first computes the directions in which a video is regular,
then decomposes it along those directions. Our representation,
the structural flow field, not only models the directions of
regularity due to not only motion, but also the spatial structure
of the frames.

As a future direction, we will search for better ways to
represent the structural flow in 3D. We also want to explore



