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A NEW SCHEME FOR OBJECT-ORIENTED VIDEO COMPRESSION AND SCENE ANALYSIS BASED ON MOTION TUNED SPATIO-TEMPORAL WAVELET FAMILY AND TRAJECTORY IDENTIFICATION. Patrice BRAULT ´ IEF, Institut d’Electronique Fondamentale, CNRS UMR 8622. Universit´e Paris-Sud, Bˆatiment 220, 91405 Orsay Cedex, FRANCE. [email protected] ABSTRACT This paper presents a new scheme for hybrid video compression. It is also aimed at showing the applicability of the scheme to scene analysis. The originality of this contribution is first to use spatio-temporal wavelet families tuned to motion. In this sense it differs from approaches based on motion unwarping then filtering with traditional wavelets. Here we process the warped signal and the motion parameters are acquired by wavelets tuned to specific parameters like rotation, velocity or acceleration, in addition to the traditional properties of scaling and translation of the wavelet transform. The other originality of this approach takes place in the fast construction of objects trajectories from the parameters acquired by the wavelet transform and from a model chosen for the trajectory estimation. We show in the final step how motion estimation can be deduced from the computed object trajectory.



done. If we take the case of velocity, a strong coefficient for a c0 tuned wavelet will indicate that the object moves at a speed c0 . In order to find velocities in a certain range, e.g. from 9 to 10 pixels/frame, we will use a high selectivity coefficient. This selectivity is also called ”anisotropy”, for it compresses the wavelet more or less along the chosen parameter (velocity). This anisotropy parameter is further developed in the following. 2. CONSTRUCTION OF THE MOTION-TUNED SPATIO-TEMPORAL WAVELET TRANSFORM (MTSTWT)



We have seen [1] that the Fourier Transform applied in the 2D+T domain has the property to detect different velocities. Its main drawback is, similarly to any spectrum analysis, not to be able to give the position of a particular frequency, i.e. a velocity in this case. This is a capacity of the wavelet transform. We thus are interested in wavelets tuned to the 2D+T 1. INTRODUCTION domain. More generally, we are interested in a wavelet that In the framework of an object-oriented compression like MPEG4 can be tuned to a specific kind of basic transformation (scale, translation, but also speed, acceleration, shear) to acquire V2, an alternative method for temporal redundance reducmotion parameters. Here starts the construction of the of the tion could be first to compute the affine and kinematic parameters of an object then to compute the trajectory of this Spatio-Temporal Motion-Tuned Wavelet Transform which object based on an a priori model for the trajectory. The is described here in a few steps: resulting idea would be to do motion prediction based not 1) Transfer of the motion operator from the signal to the only on a frame to frame motion vector computation, but on wavelet. This means that the signal is not motion-unwarped, the fast computation of a trajectory on a few frames. This but the wavelet is tuned to specific motion parameters (e.g. could be done especially for several objects of interest in a speed, rotation) and the signal is analyzed with this tuned scene. This scheme could be totally or partially proposed for wavelet (see [2, 4]). The motion parameters are extracted compression applications and also scene analysis. A Motion from the wavelet coefficients. In a wavelet approach of the Tuned Spatio-Temporal Wavelet Transform (MTSTWT) is spatio-temporal filtering, this is a choice between first unat the basis of the motion parameters acquisition. This transwarping the signal and then doing the analysis of the unform is a redundant transform (CWT) which can offer a warped signal with standard wavelets or using motion-tuned good robustness in the case of object occlusions. This is wavelets to analyze an unwarped signal. Both approaches also a multiresolution transform which is of interest for codstand as a straightforward consequence of a variable change ing/decoding scalability. Instead of making a frame, or obin the convolutional formula or the inner product (1). This ject, warping to find the transformation (motion) parameters, change of variable shows that any linear transformation exthe wavelet is tuned to a specific motion and no warping is pressed in matrix A may be applied either to the wavelet ψ



or to the signal s to perform the analysis. Property : Z h  i   x x n ψ A s d x dt = t t  0  Z  0  1 x x −1 ψ s A dn x0 dt0 |det(A)| t0 t0



• Scale changing



(1)



with det(A) 6= 0. The motion parameters are then extracted from the wavelet coefficients by analyzing the energy of the coefficients for each set of parameters . 2) Motion modelization and choice of the associated operators. We mean here that a set of parameters, so a limited motion models, are used. They are the translation, the scale, the speed and can eventually be the rotation, the acceleration and the deformation (shear). 3) The set of transforms applied to the wavelet is expressed under the shape of a “composite” transform Ωg . 4) Choice of the“mother wavelet”: the classical spatio-temporal Morlet wavelet, usually tuned only to spatial translation and scale, is used. This wavelet is a good candidate because it has the property of compactness in time and frequency. Nevertheless this wavelet has one drawback which is to be too oscillating. Subsequent work will probably make use of other wavelets like the B3-spline, or a gaussian derivative. 5) Application of the composite operator mentioned above to the mother wavelet. This step makes the wavelet “tuned to motion”. 6) The final wavelet transform is obtained by the convolution {wavelet ⊗ video sequence} in the wave-vector frequency domain. 2.1. Motion Transforms in the Spatio-temporal approach We first suppose that the mother wavelet support is concentrated in a velocity plane defined by: ω = −k v~0 . The transformations used for a derivation of the set of bases for the CWT (2+1)D are: ~ • Spatial and Temporal Translation T (b,τ ) ~ [T (b,τ ) ψ](~x, t) = ψ(~x − ~b, t − τ )
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with r−θ =







cosθ −sinθ
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(7) (8)



• Speed tuning This transformation can be considered as two change of scale operations on the spatial and temporal variables. This enables a localization of the wavelet around a velocity plane which has the correct inclination. This will be explained in an introduction on the property of the Fourier transform, where a spatial shift in the direct domain (i.e. the spatiotemporal domain) and with a specific speed, is equivalent to a shift in the Fourier domain (kx , ky , kt ) of the spatial spectrum along the temporal wave-vector (kt ). [Λc ψ](~x, t) = ψ(c−1/3 ~x, c2/3 t) ˆ ~k, ω) = ψ(c ˆ +1/3~k, c−2/3 ω) [Λc ψ](



(9) (10)



with example values of: c = 1, 3, 10 pixels/frame. Knowing the frame rate, the frame size and the object dimension, we can easily determine the object real time speed.



2.2. Wavelet choice The Morlet wavelet is a good candidate for it owns the properties of compactness in time and frequency, as seen before, which offers the possibility to realize computations in the Fourier space while keeping a good accuracy in the temporal speed domain. This is a complex valued wavelet. The 1D version in the spatial direct space can be expressed under the form of the product of a gaussian with a complex exponential of frequency k0 : 1



2



ψk0 (x) = e− 2 x .eik0 x



(11)



• The spatio-temporal version of the classical Morlet wavelet is expressed under the form of modulated gaussians in the directions ~x, t:



(2)



• Rotation The Rθ transformation realizes a rotation of the wavelet on the spatial coordinates around the frequency axis: θ



~x t [Da ψ](~x, t) = a−3/2 ψ( , ) a a ˆ ~k, ω) = a3/2 ψ(a ˆ ~k, aω) [Da ψ](



2



~



ψ(~x, t) = (e−1/2|~x| .eik0 ~x − e−1/2(|~x| 2



2



(e−1/2t .eiω0 t − e−1/2(t



2



+ω0 )



2



+|k~0 |2



)×



(12)



)



that we can rewrite: ψ(~x, t) = |e−



~ x2 +t2 2
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This last expression can be limited to the A term if the admissibility term q B is negligible. In fact this happens for 2 ~ |k0 | and ω0 ≥ π ' 5.336. In the following we use Ln2



this same value for |k0 | and ω0 , which leads us to a speed: v0 = ωk = 1(pix/f r). We thus obtain the expression of the simplified spatio-temporal Morlet wavelet, by cancellation of the admissibility term: 2



~



2



ψ(~x, t) = (e−1/2|~x| .eik0 ~x ) × (e−1/2t .eiω0 t )



(14)



If we then replace the expression of the space and time variables modified by the composite operator Ωg (19) in the expression of the simplified spatio-temporal Morlet wavelet (14), we obtain: Ωg ψ(~x, t) (with g = (a, c, θ, ~b, τ ) ) −→ ψ(a,c,θ,~b,τ ) (~x, t) = a−3/2 ×



• The wave-vector version of the Morlet wavelet in the reciprocal frequency (Fourier) space is: 1 ~ ~ 2 ψˆk~0 (~k) = e 2 (k−k0 )



and its spatio-temporal version in the same space is:   2 2 2 ˆ ~k, ω) = e− 12 |~k−k~0 | − e− 12 (|~k| +|k~0 | ) × ψ(  1  2 2 2 1 e− 2 (ω−ω0 ) − e− 2 (ω +ω0 )



(15)



(16)



Like for the direct space we will use a simplified version of the Morlet wavelet by cancelling the admissibility term, which will give the simplified Spatio-Temporal spectral version of the Morlet wavelet.     2 ˆ ~k, ω) = e− 12 |~k−k~0 | × e− 12 (ω−ω0 )2 ψ( (17) 2.3. The composite motion operator The definition of a wavelet transform tuned to motion is done by means of the composite transform Ωg . This one is defined by the application of all the operators on the wavelet : ~



[Ωg ψ](~x, t) = [T b,τ Rθ Λc Da ψ](~x, t)



(18)



which gives, when replacing the operators by their expressions: • In the Euclidian or spatio-temporal domain (direct space)  −1/3  c c2/3 [Ωg ψ](~x, t) = a−3/2 ψ r−θ (~x − ~b), (t − τ ) a a (19) • In the Fourier or spatial/temporal wave-vectors domain (dual space) : ˆ ~k, ω) = [T ~b,τ Rθ Λc Da ψ](~k, ω) [Ωg ψ]( (20)   1 ~~ = a3/2 ψˆ ac1/3 r−θ~k, 2/3 ω e−j(kb+ωτ ) ac (21) 2.4. Composite transform applied to the Morlet wavelet The composite transform as expressed before requires now the choice of a wavelet. We have seen that the spatio-temporal Morlet wavelet tuned to a motion exhibits the characteristics of temporal and spatial compactness as well as admissibility.
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This is the expression, in the Euclidian (or Spatio-Temporal domain) of the ST wavelet transform with the set of tuning parameters g = a, c, θ, ~b, τ ). For we work with the separable version of this 3D filter, each filter can be represented like one Morlet wavelet. • The speed tuning has been put into evidence in figures of [1] when a 2D+T wavelet is tuned to a velocity c = 2. The wavelet angular frequency, or wave vector, was chosen equal to k0 = 6, which, as we saw formerly, enables to neglect the admissibility term in the wavelet model. The anisotropy parameter s or t (spatial or temporal) was introduced in the expression of the wavelet as a multiplier to the contraction. This anisotropy parameter is used to control the variance of the wavelet [6] with respect to the reference velocity plan in the Fourier domain. This is done by replacing ~x and ~k by A−1 ~x and A~k, respectively, with :   1 0 A= (23) 0  and −1
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1 0 0 1/
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Again, if we take into account the speed tuning case, the purpose of the anisotropy parameter is to restrict or expand the domain of speeds that can be detected by one tuned wavelet, i.e. if we have a wavelet tuned to c = 10, a high anisotropy parameter will restrict the recognition to objects having a speed very close to c = 10. On the contrary, in the case of an anisotropy parameter equal to 1, the speeds recognized can have a larger range, with wave coefficients decreasing from the speed c = 10 to speeds of 1, 3, 20, etc. and a maximum at c =10. 3. ALGORITHM FOR ONE PARAMETER MAPPING The MTSTWT requires a computation along 3 directions : 2 spatial and one temporal. Obviously [4, 5] computing parameters in the temporal space does not require to compute



the convolutions in the space directions (either in the Fourier or direct domain). In another term we iterate the convolution for a group of speed tuned wavelets, say (for simplifying) for wavelets of sets 1-2, 2-5, 5-10,10-50 pixels/frame and extract the strongest energy coefficients for each of these speed-set-tuned wavelets. Then it is possible to map the objects speeds in a plane speed-position or speed-time so for the retrieving of object pertaining to a specific ”speed class” or ”speed set”. On another hand the orientation-tuned wavelet would have the same method of solving and mapping : we compute the transform on a few frames with a set of spatially-oriented tuned wavelets. The set would include for example angles from 0 to 360 deg. by steps of 20 degrees. We thus get the orientation for segments pertaining to the scene and having the position and the scale of the wavelet. If we do this computation for all the translations x and y (or positions) we thus get the orientation mapping of all the segments at a specific scale. An optical flow approach would need a frame by frame computation. A wavelet can integrate the orientation on several frames at a specific resolution. 4. SPECIFICITY OF THE VELOCITY TUNING CASE Both computation in the direct and the spectral domain have been tried. Here we provide the expression for a computation in the Fourier domain which has the advantage of an easy computation (product terms) following a 3D FFT of each signal: mother wavelet and sequence. We then come back in the direct domain by an inverse FFT, but the sequence can be analyzed in the Fourier domain. Literally, the expression of the simplified spatio-temporal velocity-tuned Morlet wavelet in the Fourier domain is finally given by (see 2 + 7 + 10 + 17):   2 ˆ ~k, ω) = e− 12 (c1/3 ) |k−k0 |2 × ψ( (25)  1 −2/3 2  ) (ω−ω0 )2 e− 2 (c We have the complete motion-tuned, Fourier space, simplified, ST Morlet wavelet:   2 ˆ ~k, ω) = a3/2 e− 12 a2 (c1/3 ) |k−k0 |2 × ψ( (26)  1 2 −2/3 2    ~~ ) (ω−ω0 )2 × e−j(kb+ωτ ) e− 2 1/a (c 5. ENERGY DENSITIES AND MOTION PARAMETERS EXTRACTION In order to associate the effects of the CWT parameters to the motion transformations, we consider the way the CWT redistributes the energy in the wave-vector/frequency domain for a given signal. The energy density is computed



for each motion tuned filter. Energy peaks obtained with a specific velocity-tuned wavelet are representative of the presence of objects having this specific velocity. An example is given below of the real sequence “Tennis player” (see figures 1, 2 and 3) analyzed by velocity-tuned wavelets and displayed in the direct space (MTSTWT in the Fourier domain then 3D-IFFT). This enables to build a classification



Fig. 1. Sequence Tennis Player analyzed with velocity tuned wavelet. The first row of frames corresponds to higher ball (falling) speeds (frames 10, 11, 12) . The second row corresponds to lower speeds (upper part of the ball trajectory). The strong (red on a colormap) coefficients of frame 12 show high speeds (see 2 pictures below).



Fig. 2. Frame 12 of sequence tennis player showing ball (going down) and hand (going up) high speeds.



map of the encountered velocities throughout the sequence. The same procedure can be repeated for other sets of parameters, so for wavelets tuned to other velocities and for acceleration, rotation, shear and deformation if these parameters are supposed to be needed for the motion evaluation (this need is induced by the choice of a model for the trajectory



computation).



Fig. 3. Frame 12 of sequence tennis player showing the strongest energy coefficients on the object of highest speed : the falling ball.



6. OBJECT TRAJECTORY IDENTIFICATION AND PREDICTION Once we have computed the spatial and kinematic parameters of objects, we identify in a quick process , see [3], and on a the basis of a few frames, the trajectory of the object to a linear model. The parameters of the model can be the coefficients of an n-th order polynomial . A model under the form of an N-th order spline function can also be an appropriate choice as well as any N-th degree polynomial, assuming with have absolutely no knowledge of the object trajectory. We will consider in a second approach the possibility of having an a priori knowledge of the trajectory model.



7. CONCLUSION We have posed here the building blocks of a new scheme for scene analysis and video compression. First we use a continuous wavelet transform with mother wavelets tuned to motion. This provides an alternative method to optical flow computation and has demonstrated its efficiency in high speed targets tracking. The originality is to realize a motion estimation scheme based first on the acquisition of the affine and kinematic parameters of objects with motion-tuned wavelets and second on the fast identification of the objects trajectories from these parameters. The wavelet decomposition offers the advantage of scalability due to its construction and the redundancy of the transform offers a good robustness in case of objects occlusions. The efficiency in motion detection could be improved by using wavelets less oscillating than the Morlet wavelet. Finally the object motion prediction scheme we propose could be an alternative, in video compression, to the classical block matching for all or some objects of interest and could even be used for predicting the trajectory of blocks in a BM approach. The other possible application of this scheme resides in scene analysis where specific motions have to be detected. 8. REFERENCES [1] Brault P., Motion Estimation and Video Compression with Spatio-Temporal Motion-Tuned Wavelets, WSEAS Transactions on Mathematics (to appear), Vol.2, 2003. [2] Duval-Destin M. and Murenzi R., Spatio-temporal wavelets: Applications to the analysis of moving patterns, Progress in Wavelet Analysis and Applications, Editions Fronti`eres, Gif-sur-Yvette, France, pp.399 408, 1993. [3] M. Fliess and H. Sira-Ramirez, An Algebraic FrameWork For Linear Identification, to appear in ESAIM Contr. Opt. Calc. Variat., Vol. 9, 2003. [4] J.-P. Leduc, F. Mujica, R. Murenzi and M.J.T. Smith, Spatio-temporal wavelet transforms for motion tracking, ICASSP97, vol. 4, pp.3013 3016, 1997. [5] F. Mujica, J-P. Leduc, R. Murenzi and M.J.T. Smith , Spatio-Temporal Continuous Wavelets Applied to Missile Warhead Detection and Tracking, SPIE-VCIP 3024, J.Biemond and E.J.Delp eds., Bellingham WA, pp.787 798, 1997.



Fig. 4. Scheme.



Wavelet filtering and trajectory identification
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