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Adaptive Motion Vector Smoothing for Improving 
Side Information in Distributed Video Coding 

  

Jun Guo* and Joohee Kim* 
 
 

Abstract—In this paper, an adaptive motion vector smoothing scheme based on 
weighted vector median filtering is proposed in order to eliminate the motion outliers more 
effectively for improving the quality of side information in frame-based distributed video 
coding. We use a simple motion vector outlier reliability measure for each block in a 
motion compensated interpolated frame and apply weighted vector median filtering only 
to the blocks with unreliable motion vectors. Simulation results show that the proposed 
adaptive motion vector smoothing algorithm improves the quality of the side information 
significantly while maintaining low complexity at the encoder in frame-based distributed 
video coding. 
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1. INTRODUCTION 
Ever since the Slepian-Wolf theorem [1] and the Wyner-Ziv (WZ) theorem [2] have been 

applied to Distributed Video Coding (DVC) [3], several practical coders have been proposed [4-
6]. The Stanford version is a frame-based architecture using turbo codes and a feedback channel 
to perform rate control at the decoder. The Power-efficient Robust hIgh-compress Syndrome-
based Multimedia codec (PRISM) works at block level and does not require a feedback channel. 
The DIStributed COding for Video sERvices (DISCOVER) codec is also a frame-based 
architecture, but improves the Stanford codec in Side Information (SI) generation, 
reconstruction, channel coding and so on. In [7], the rate-distortion performance of these codecs 
has been discussed. 

In frame-based DVC, a video sequence is classified into key frames and WZ frames at the en-
coder. The key frames are encoded by using a conventional intra coding method (e.g., 
H.264/AVC intra mode [8]), while the frames in between key frames are WZ encoded. The WZ 
frames are divided into 4×4 blocks and each block is transformed, quantized, and each bit-plane 
of the quantization indices is encoded using a channel code. At the decoder, key frames are de-
coded and used to create SI. Then the parity bits sent from the encoder are used to refine the SI. 
The quality of SI has a significant effect on the Rate-Distortion (RD) performance of DVC be-
cause the better the quality of SI, the fewer bits will be required to refine the WZ frame. In 
frame-based DVC, various Motion-Compensated Frame Interpolation (MCFI) techniques have 
been proposed to generate SI from the previous and next key frames [9]. Most of the MCFI me-
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thods employ a block matching algorithm for motion estimation. However, when there is high or 
asymmetric motion, it is hard to find the true motion field and MCFI suffers from annoying vis-
ual artifacts. To improve the performance of MCFI in SI generation, Spatial Motion Vector 
Smoothing (SMVS) algorithms that remove Motion Vector (MV) outliers have been proposed 
[10]. The SMVS method proposed in [10] uses Weighted Vector Median Filtering (WVMF) to 
correct irregular MVs, but this technique will only be effective at removing isolated false MVs 
in smooth areas. In general, the assumption that the MV field is smooth is not always true in that 
a video frame may contain complex motion, especially on the motion boundaries. In other words, 
if the SMVS solution is performed on motion boundaries or other areas in which MVs are com-
plex, the MVs of SI would not be refined. Instead, the filtered MVs may cause SI to be cor-
rupted by ghost artifacts or some other undesirable effects. 

In this paper, an adaptive motion vector smoothing algorithm using a WVMF is proposed in 
order to improve the quality of SI in frame-based DVC. Rather than applying the filter to all 
MVs, the proposed algorithm adaptively selects the candidate MVs according to the Sum of 
Absolute Difference (SAD) value of each corresponding block. If the block SAD is smaller than 
a threshold, its MV is left unchanged. Otherwise, the MV is selected as a candidate for MV 
smoothing. Then, a 3×3 WVMF is performed to correct the motion outliers. Simulation results 
show that the SI generated by the proposed algorithm achieves significantly better quality com-
pared to the SMVS based method proposed in [10], while maintaining low computational com-
plexity of the encoder. The proposed method performs well for various video sequences with 
different motion types. 

The rest of this paper is organized as follows. First, SMVS is reviewed in Section 2. In Sec-
tion 3, the proposed method is presented in detail. Then, simulation results and analyses are pre-
sented in Section 4. Conclusions are given in Section 5. 

 
 

2. SPATIAL MOTION VECTOR SMOOTHING 
The SMVS method proposed in [10] employs a WVMF defined by: 
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where Nυυ K…K ,,1 are the MVs of the current block in the previously interpolated frame and the 

corresponding nearest neighboring blocks. The vector wvmfυK is the selected MV that minimizes 
the sum of distances to the other 1−N  neighboring vectors. The weights Nωω ,,1 "  are chosen 
according to the prediction error defined by:  
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 represents the candidate MV for the current block B  to be smoothed. The Mean 

Squared Error (MSE) is defined by: 
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where 1+kI  and 1−kI  are the next and the previous key frames, respectively. nm,  are the 

pixel coordinates in the current block. xυ
K

 and yυ
K

 are the horizontal and vertical components 
of υK , respectively, and BSize  is the block size.  

By using this algorithm, in smooth areas, some motion outliers can be removed and restored 
effectively as in Fig. 1 (b). However, if the algorithm is applied in the areas with complex mo-
tion as in Fig. 1 (c), it turns out that ghost artifacts occur in the motion boundaries as shown in 
Fig. 2 (b). 

 
 

3. PROPOSED ADAPTIVE MOTION VECTOR SMOOTHING METHOD 
In order to address the problems of existing SMVS for SI generation, we propose an adaptive 

MV smoothing method. For adaptive MV filtering, MV reliability information is necessary. In 
[13], an MV reliability classification method that classifies an MV into three different reliability 
levels based on the reconstructed prediction error of each block has been proposed. 

Since the original signal for the SI is not available at the decoder in DVC, we use the block 
SAD defined in equation (4) as the MV reliability measure. 
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Fig. 1.  (a) smooth region, (b) motion outlier, (c) motion boundary 

 

      
(a)                               (b) 

 
Fig. 2.  The 2nd frame of Foreman sequence (30Hz, QCIF): (a) SI without SMVS (PSNR: 31.27dB).

(b) SI with the SMVS method (PSNR: 31.3dB) 
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where nmII yxkk ,,,, ,11 υυ KK
−+  are defined in the same way as in equation (3). In the proposed 

scheme, MVs are found in accordance with the smallest block SAD in the search range. We 
assume that the MV of a 16×16 block with large SAD is unreliable. The proposed WVMF is 
only applied to the blocks with unreliable MVs. Specifically, if the block SAD of a block is lar-
ger than a pre-defined threshold T , then WVMF is applied to this block. Otherwise, MV 
smoothing is not performed. The threshold for adaptive MV smoothing T  is defined as the av-
erage of the block SAD values in a frame as in equation (5), where N  is the number of blocks 
in a frame. 
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A 3×3 WVMF is shown in Fig. 3, where 0υ

K
 is the candidate MV for MV smoothing, 

81 ,, υυ K"K  are its eight neighboring MVs, and 0xυ
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The weights are chosen in the same manner as in equation (1). That is, if  
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then we replace 0υ

K
 with one of its neighboring MVs that has the smallest weighted L-norm 

value (left hand side of the previous inequality), iυ
K

 . 
 
 

4. RESULTS 
In our experiments, four Quarter Common Intermediate Format (QCIF: 176×144 pixels) se-

quences: Foreman, Crew, City and Soccer were used to compare the proposed adaptive MV 
smoothing method with the SMVS algorithm in [10]. The four video sequences were selected in 
order to test the performance of the proposed algorithm for various input video characteristics. 
Specifically, the Soccer sequence is a high motion sequence and the Foreman and Crew se-
quences contain a medium degree of motion. The City sequence contains a lot of high frequency 
components with a medium degree of motion. We implemented a frame-based transform-
domain DVC codec and the Group Of Pictures (GOP) size was set to 2. As a result, the odd 
frames in the sequence are the key frames and the even frames are WZ frames. The key frames 

 
Fig. 3.  A 3×3 weighted vector median filter 
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are intra coded using H.264/AVC [8]. For the WZ frames, the SI is generated by using Forward 
Motion Estimation (FME), Bidirectional Motion Estimation (BiME), and Bidirectional Motion 
Compensation (BiMC). For FME and BiME, a full search block matching algorithm was used. 
A 3×3 vector median filter was used in both the SMVS algorithm and the proposed approach. 

The SI of frame 2 of the Foreman sequence generated by using the proposed method is shown 
in Fig. 4. It can be seen that the ghost artifacts present in Fig. 2 (b) have been removed.  

In Figs. 5-8, the quality of the SI generated by the two methods has been evaluated for four 
different video sequences. Fig. 5 shows that the blocking artifacts around the lips have been 
removed by both the SMVS algorithm [10] and the proposed algorithm. However, the recon-
structed image obtained by the proposed method is closer to the original frame. In Fig. 6, with 
the help of the proposed solution, the blocking artifacts around the legs of the crew have been 
removed, while the SI generated with the SMVS algorithm does not solve the problem. For the 
City sequence in Fig. 7, the proposed approach provides a high SI quality, while the SMVS me-
thod causes ghost artifacts around the top part of the building. In Fig. 8, ghost artifacts around 
the soccer players in the SI generated with the SMVS method are obvious. However, the SI ob-
tained with the proposed algorithm does not show the artifacts. 

 
Fig. 4.  SI of frame 2 of Foreman sequence (30Hz, QCIF) using the proposed approach (PNSR: 31.30dB) 

 

       
(a)                             (b) 

 

      
(c)                             (d) 

 
Fig. 5.  Visual results comparison for Forman (30Hz, QCIF): (a) Original Frame, (b) SI without

SMVS (PSNR: 29.40dB), (c) SI using the SMVS algorithm (PSNR: 29.57dB), (d) SI using
the proposed method (PSNR: 29.70dB) 
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To further evaluate the effectiveness of the proposed algorithm, 50 frames of four different 
video sequences have been encoded to evaluate the objective quality of SI generated by the dif-
ferent methods. In Table 1, the average Peak Signal-to-Noise Ratio (PSNR) of SI is generated 
by different methods. As seen from the results, the proposed method increases the PSNR of SI 
slightly.  

       
(a)                           (b) 

 

      
(c)                           (d) 

 

Fig. 6.  Visual results comparison for Crew (15Hz, QCIF): (a) Original Frame, (b) SI without SMVS
(PSNR: 31.43dB), (c) SI using the SMVS algorithm (PSNR: 31.43dB), (d) SI using the
proposed method (PSNR: 32.39dB) 

 
 

      
(a)                           (b) 

 

      
(c)                           (d) 

 

Fig. 7.  Visual results comparison for City (15Hz QCIF): (a) Original Frame, (b) SI without SMVS
(PSNR: 29.08dB), (c) SI using the SMVS algorithm (PSNR: 28.69dB), (d) SI using the
proposed method (PSNR: 29.08dB)
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5. CONCLUSION 

In this paper, we propose an adaptive motion smoothing algorithm to improve the quality of 
the SI in frame-based DVC. We define a simple MV reliability measure based on a block SAD 
and apply WVMF only for blocks with unreliable MV. The simulation results show that the 
proposed method is very effective in eliminating motion outliers in SI, while maintaining low 
complexity of the encoder. And the proposed algorithm outperforms existing techniques for 
various types of video sequences. In the future, we will improve our MV reliability classification 
method so that MV outliers can be identified more accurately and effectively. 
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