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Figure 1-5 Applicable layer of technology described in section 2
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(2)

(3) RANSAC[47]

[48]

MDP-Flow2 MDP [18]

[18] SIFT[23]

MV

MV MDP

1. Construct pyramids for both of the images and set the initial level l=0 and ul=0 for all pixels.
2. Propagate ul to level l+1.
3. Extended Flow Initialization.

3.1 Detect and match SIFT features in level l+1.
3.2 Perform patch matching in level l+1.
3.3 Generate multiple flow vectors as candidates.
3.4 Optimize flow using QPBO (Quadratic Pseudo-Boolean Optimization)

4. Continuous Flow Optimization.
4.1 Compute the map.
4.2 Solve the TV/l1 energy function

5. Occlusion-aware Refinement
6. If l n-1 where n is the total number of levels, l=l+1 and go to step 2

step 3 MV MV (QPBO

Quadratic Pseudo-Boolean Optimization) MV MDP 1-15

2015 1 Middlebury [49]

MDP
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Figure 1-15 Middlebury benchmark as of Jan. 4 2015
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Figure 2-1 Motion vectors of a periodic texture sequence
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Figure 2-2 Sampling error around an edge
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(2.19)

(2.19)

2-5 (2.18)

(2.18)

i

1:2

2-1 2,4,6 3

TPD-2T TPD-4T TPD-6T

2.5

X 1/2 fs (=1/X) fs/4

/64 fs/4

TPD-S6T Short

6 tap 2-1

2-1

2-6 0 2-6 TPD-

2-1

Table 2-1 Filter coefficients of proposed methods

method
filter coefficients

1, -1 2, -2 3, -3 4, -4 5, -5

TPD-2T 0.50

TPD-4T 0.59 0 -0.09

TPD-6T 0.63 0 -0.17 0 0.05

TPD-S6T 0.75 -0.3 0.05
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Figure 2-6 Filter response of proposed evaluation function
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TPD-6T TPD-2T TPD-

6T/2T

2.4

. BM 2-2

2-7

(a)(b)(d)(e) Skyscrapers, Harbor Scene, Church, Buildings along the Canal

[51] (c)

6.4 /

(d)(e) (d)

(e) 2

(f)

MV 1 (f)

MV

2-2

Table 2-2 Simulation conditions

sequences 352 240pel 15fps 15frames

(a)Skyscrapers(skys),(b)Harbor Scene(habr), (c)lace,

(d)Skyscrapers+Church(chur),

(e)lace+Buildings along the Canal(canl) (f) cloth

block size 8 8pel

search area H 15pel V 7pel

accuracy full pel (integer)

evaluated blocks 40x26blocks (320x208pel) in frame 6 through 11

excluding flat blocks and distortional blocks
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(c)

(c)

MV 1-3

MV MV 1-3

MV 100

(a)Skyscrapers (b)Harbor Scene (c)lace,

(d)Skyscrapers+Church (e)lace+Buildings along the Canal (f) cloth

2-7

Figure 2-7 Test sequences and grand truth (top: sequence , bottom: grand truth )



36

MV (1 ncorrect/neval ncorrect MV

MV MV

=1 neval

"maxDVSE" DVSE

MV BM

(1)

maxDVSE < thf , thf = 2. (i.e., 128 for an 8 8 block),

(2)

minimum distortion > maxDVSE

(3)

(4) 5 4

(1)(2)(3) MV

MV

TPD-S6T

BT[32] PMV[37] TPD-S6T+BT TPD-4T+PMV
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(MBL2) 3 (MBL6)

MV

MV PMV[37] BT[32] MDP-flow2[18] BT

smoothness

prior P =400 =1000 BT
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[49]1 smooth 6 MV median

MV 256 MV 128

2-3 2-3 TPD-2T, 4T, 6T, S6T

MSE MV TPD-2T, 4T, 6T

(a)(b)(c) MV

(c) TPD-6T MV

MV (a) TPD-6T TPD-4T MV

MV

(d)(e)(f)

TPD-6T MV TPD-S6T

MV MV (a) (c)

MSE 1/5 (d) (f) 1/3 1/4

(d) (f) MV TPD-S6T/MSE

TPD-S6T (d)(e) MV 30% 60%

3 MV

TPD-S6T MV MSE

MV 2-8 (e) TPD-S6T/MSE

TPD-S6T MV MSE

TPD-S6T MV

TPD-S6T/MSE MV

(f) MSE

TPD-S6T/MSE MV

(a) (c) MV

1MDP-flow2 [49] ,2015 1 29 Optical flow Interpolation

error (Average, interpolation)
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2-3 (1)

Table 2-3 Simulation results(1)

Method

ME error rate (%)

(a)skys (b)habr (c)lace
(d)skys/

chur

(e)lace/

canl
(f)cloth average

TPD

2T 14.32 2.67 52.01 9.01 36.88 13.33 21.37

4T 11.09 1.91 19.40 8.64 20.99 15.17 12.87

6T 14.00 1.55 1.80 11.68 13.94 19.11 10.35

S6T 7.30 1.58 0.81 6.46 12.29 9.38 6.30

2T/MSE 14.41 2.69 52.04 8.05 31.89 12.04 20.19

4T/MSE 11.12 1.95 19.40 6.94 14.74 12.63 11.13

6T/MSE 13.28 1.58 1.80 8.88 6.55 15.00 7.85

S6T/MSE 7.35 1.64 0.81 4.46 4.59 7.62 4.41

4T/2T 10.26 1.95 19.40 6.36 19.94 14.73 12.11

6T/2T 10.92 1.64 1.80 6.86 11.73 17.38 8.39

S6T/2T 6.99 1.62 0.81 4.77 9.19 8.77 5.36

FS(MSE) 44.23 8.31 70.70 24.37 43.29 39.90 38.47

hpel 35.60 8.79 51.69 16.90 32.44 27.13 28.76

qpel 20.16 8.35 44.30 9.17 28.38 3.29 18.94

PF 35.68 10.86 67.93 20.89 42.47 27.68 34.25

MBL2 35.50 5.07 61.39 20.29 42.27 35.58 33.35

MBL6 40.09 8.21 59.83 23.42 50.30 57.41 39.88
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BM

hpel qpel PF MBL FS(MSE) MV

TPD-4T 6T S6T

MV

2-9 TPD-S6T MBL6 (c) 2-9(a)

N MV 2-9(a) N+1

MV 2-9(a)

MBL6 MV

TPD-S6T

MV MBL6 MV 2 / TPD-S6T 6 /

6.4 / 2-9(a)

TPD-S6T MV MBL6

MV

MBL6 TPD-S6T MV 6 2-9(b)

"N" 6

MV N N+1 MV MV

"N" MBL6 TPD-S6T

2-9(a) N 2-9(b) "N+1" 2-9(a)

N+1

2-8 ( ) ( )

Figure 2-8 An example of temporal adaptive mode (left) and adaptive off (right) (short

tap evaluate function is selected at framed blocks)
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MV 2-9(c)

2-9(c) MBL6

(2-11) (2-13) MV

MV MV

(a) template frame (N) and reference frame (N+1).

Two dotted lines: ref. block by MBL6's MV, two thick lines: ref block by TPD-S6T's MV

(b) blocks used for block matching

(c) block lines used for block matching ( 2nd lines of (b) )

2-9 MBL

Figure 2-9 Comparison between proposed method (TPD-S6T) and MBL6
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MV 2-3

MV

2-4 MV PMV BT MV

PMV BT MDP-flow2

MV MV pmv

BT MV

TPD-FS TPD-2T

MV

TPD-S6T/MSE+PMV PMV TPD-S6T/MSE

MV TPD-S6T/MSE+BT BT TPD-

S6T/MSE MV BT

MV BT =1000 MV

=400 MV

DVSE BM MV

MV

TPD-S6T/MSE+BT MDP-flow2 MV 6

MV TPD-S6T/MSE+BT MV MDP-flow2

1/2
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2-4 (2)

Table 2-4 Simulation results (2)

Method

ME error rate (%)

(a)skys (b)habr (c)lace
(d)skys/

chur

(e)lace/

canl
(f)cloth average

TPD-S6T( ) 7.30 1.58 0.81 6.46 12.29 9.38 6.30

TPD-2T+PMV 2.35 0.85 51.16 10.86 36.25 10.96 18.74

TPD-4T+PMV 2.57 0.61 17.65 10.67 19.87 13.02 10.73

TPD-6T+PMV 2.37 0.59 1.08 12.12 13.75 17.07 7.83

TPD-S6T+PMV 1.11 0.43 0.46 10.55 11.97 7.88 5.40

TPD-S6T/MSE( ) 7.35 1.64 0.81 4.46 4.59 7.62 4.41

TPD-2T/MSE+PMV 2.35 0.89 51.20 9.03 31.21 10.12 17.47

TPD-4T/MSE+PMV 2.57 0.65 17.65 7.36 13.69 10.81 8.79

TPD-6T/MSE+PMV 1.61 0.65 1.08 5.66 6.64 13.36 4.83

TPD-S6T/MSE+PMV 1.24 0.43 0.46 6.90 4.42 6.44 3.32

TPD-2T +BT 0.00 0.00 23.50 4.00 13.98 0.00 6.91

TPD-4T +BT 0.00 0.00 0.76 4.11 5.89 0.73 1.92

TPD-6T+BT 16.91 1.60 1.70 12.67 14.94 21.12 11.49

TPD-S6T+BT 0.00 0.00 0.00 4.82 7.90 0.36 2.18

TPD-2T/MSE+BT 0.00 0.00 23.50 3.32 14.94 0.00 6.96

TPD-4T/MSE+BT 0.00 0.00 0.76 2.54 0.04 0.48 0.64

TPD-6T/MSE+BT 16.43 1.60 1.70 10.70 7.12 18.39 9.32

TPD-S6T/MSE+BT 0.00 0.00 0.00 2.72 0.18 0.20 0.52

TPD-4T +BT1000 0.00 0.00 0.00 9.36 8.81 0.00 3.03

TPD-S6T +BT1000 0.00 0.00 0.00 15.92 9.21 0.00 4.19

TPD-4T/MSE+BT1000 0.00 0.00 0.00 5.86 0.04 0.00 0.98

TPD-S6T/MSE+BT1000 0.00 0.00 0.00 11.30 0.05 0.00 1.89

PMV 21.51 5.93 69.80 13.80 42.45 38.11 31.93

BT ( =400) 0.00 0.00 42.05 3.60 21.58 0.00 11.21

BT1000 ( =1000) 0.00 0.00 16.89 5.63 14.65 0.00 6.20

MDP 0.00 1.53 1.87 0.00 2.94 0.07 1.07
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BM FIR

TPD-S6T/MSE FS(MSE) 6

LSI LSI

TPD-S6T/MSE 3 15frame/s

200ms 3

TPD-S6T

TPD-2T MSE

2-5 2-10 Core2 Duo 2.27GHz

MDP_flow2

MV

TPD-S6T/MSE+BT MDP-flow2 TPD-

S6T/MSE+BT BT 2 MV 1/20

2-5 MV

Table 2-5 Processing time vs ME error rate

msec/frm MV

TPD-S6T 543 6.30

TPD-S6T/MSE 657 4.41

TPD-S6T/MSE+BT 714 0.52

PMV 143 31.93

BT 314 11.21

BT1000 314 6.20

MDP-flow 114900 1.07
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2-11 MV MDP-flow2
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Figure 2-10 Processing time vs ME error rate

0

2

4

6

8

10

12

0 50000 100000 150000

ø³ñº®³÷

0

2

4

6

8

10

12

0 500 1000

TPD-S6T

TPD-S6T/MSE

TPD-S6T/MSE+BT

BT

BT1000

MDP-flow
1000500 50000 100000 150000

(msec/frm)



45

(g) (h)

2-11(1) (TPD-S6T/FS+BT) MDP_flow2 TPD-

S6T/FS+BT MDP-flow2

Figure 2-11(1) Comparison between proposed method (TPD-S6T/FS+BT) and MDP-

flow2 (original, TPD-S6T/FS+BT,MDP-flow2 from top)
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(i) (j)

2-11 (2) (TPD-S6T/FS+BT) MDP_flow2 TPD-

S6T/FS+BT MDP-flow2

Figure 2-11(2) Comparison between proposed method (TPD-S6T/FS+BT) and MDP-

flow2 (original, TPD-S6T/FS+BT,MDP-flow2 from top)



47

2.5

MV

MV TPD

(Temporally-Predicted Difference) MV

MV MV MV

MV MV

MV DVSE

block matching Distortion caused by motion Vector Sampling Error MV

MV

TPD TPD MV TPD

MV

MV

MV

TPD MV MV

TPD

MV TPD-S6T/MSE BT

MV MDP-flow2 MV

MV

MV



48

3

maxDVSE

BM MV

MV

MV MV

MV MV

MV BM DVSE (block
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DVSE DVSE maxDVSE
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Figure 3-1 Candidates of position which makes DVSE maximum
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STEP1 BM

maxDVSE MV MV

STEP2 MV MV

MV MV MV

MV

STEP3 STEP2 MV

MV 3.3.1 MV
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MV .

3-2(a) BM maxDVSE MV

MV 3-2(b) BM
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(a) (b)

3-2 maxDVSE (MVy=0)

Figure 3-2 Examples of block matching distortion and maxDVSE
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Figure 3-3 An example of selecting motion vector from candidate vectors

block s (5,3)
[set]

rank cand
vec.

dis-
tortion

(-1,-2) 225

(3,3) 252

rank cand
vec.

dis-
tortion

(6,0) 376

(3,1) 423

(4,1) 487

(7,1) 522

¿²½¸±® ª»½¬±®

rank cand
vec.

dis-
tortion

(4,1) 98

(3,0) 126

(-1,2) 321

rank cand
vec.

dis-
tortion

(5,0) 98

(4,1) 156

(5,2) 241

(3,-2) 327

block p (3,0) block q

block t

block u

block r



53

STEP2 MV " "

9

11

MV procedure " " 13

procedure " " MV MV

23,24 MV 26

MV MV

procedure " "

MV MV 27 MV

STEP1:
1 for each block in a frame (blk_i) {
2 calculate maxDVSE ;
3 for each MV in search area(MV_j) {
4 distortion = calculate block distortion for MV_j ;
5 add MV_j to MV_candidate_list[blk_i] if distortion maxDVSE ;
6 }
7 store minimum distortion MV to min_MV[blk_i] ;
8 }

STEP2:
9 set nd_flag /*not determined' flag*/ to MV status of each block ;

10 for each block in a frame (blk_i) {
11 if blk_i is 'anchor block' {
12 MV = get MV from MV_candidate_list[blk_i] ;
13 (MV, block_i) ;
14 }
15 }

STEP3:
16 for each block in a frame (blk_i){
17 if MV status of blk_i is 'not detected {
18 MV = min_MV[blk_i] ;
19 store MV as the motion vector of blk_i ;
20 }
21 }
-------------------------------------------------------------------------
22 procedure ( MV_p /* AMV*/, blk_p ){
23 clear nd_flag to MV status of blk_p ;
24 store MV_p as the motion vector of blk_p ;
25 for each 4-neighboring block(blk_j){
26 for each MV in MV_candidate_list[blk_j] (MV_k){
27 (MV_k, blk_j)

if |MV_k MV_p| 1 && MV status of blk_j is 'not detected' ;
28 }
29 }
30 }

3-4

Figure. 3-4 Detail algorithm of proposed method
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1

MV MV

MV MV

MV

MV

3-1 3-4 2-7

MV

MV MV

MV 100 (1 ncorrect/neval

ncorrect MV MV MV

=1 neval

(3)(4)

(1)

maxDVSE < thf , thf = 2.( i.e., 128 for an 8 8 block),

3-1

Table 3-1 Simulation conditions

test sequence 352 240pel(SIF) 15fps, 15frames, 6sequences

block

matching

block size 8×8 pel (fixed size)

search area H 15pel V 7pel

BM criterion mean square error

vector precision full pel (integer)

maxDVSE

interpolation

4tap filer(-0.125, 0.625, 0.625, -0.125) interpolation

evaluation percentage of blocks which have correct vectors

evaluated

blocks

maxDVSE>=128 and #of candidate vectors>=1 (excluding

edge blocks)
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(2)

minimum distortion > maxDVSE

(3)

(4)

(1)(2)(3) MV MV

("MSE")

quarter pel ("QPEL") [2] Birchfield &Tomasi ("B&T") [31] ("PF")

[29] MV JM PMV ("PMV") [37], Lucas-

Kanade ("PLK") [40]) Bartels PIII ("BT") [32] MDP-flow2 ("MDP") [18] . QPEL

B&T

MV

MV two-step

PF BM MV MV

MV MDP PLK MV

64 MV 64 median filter MV

PMV, PLK, BT, MDP smoothness weighting

MV BT smoothness

prior P =1000

BM

3-5 Skyscrapers 8

MV BM BM maxDVSE

BM 1.0 MV MV

3-5 98.9% MV BM maxDVSE 3-5

BM maxDVSE MV
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DVSE
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3-6 0 =1 MV

MV MV

MV MV

MV MV

MV MV

MV MV

MV

3-6 0 MV MV

MV =1

MV

=1

3-5 maxDVSE

Figure 3-5 Histogram of block matching distortion of true vector (normalized by

maxDVSE)
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Figure 3-6 ME error rate versus candidate MV threshold
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3-2

Table 3-2 Results of simulation

Method

ME error rate (%)

(a)skys (b)habr (c)lace
(d)skys/

chur

(e)lace/

canl
(f)cloth average

proposed 0.63 1.27 0.00 1.18 2.65 0.96 1.11

FS

MSE 42.23 10.11 69.35 24.73 43.57 43.87 38.96

QPEL 19.38 9.28 40.79 10.41 27.02 5.00 18.65

B&T 32.26 9.59 30.17 16.88 22.05 23.76 22.45

PF 35.27 12.16 66.12 22.34 42.35 33.29 32.25

PMV 18.02 3.38 63.34 22.12 39.14 28.96 29.16

PLK 4.26 1.67 13.89 8.92 4.50 4.47 7.13

BT ( =1000) 0.00 0.00 17.14 4.50 12.39 0.02 5.67

MDP 0.02 2.32 1.19 0.00 2.98 0.58 1.18

3-3

Table 3-3 Processing time

Method
processing time* average ME error

rate (%)ms/frm relative

proposed 143 --- 1.11

FS

MSE 139 1.0 38.96

QPEL 1385 9.7 18.65

B&T 336 2.4 22.45

PF 308 2.2 32.25

PMV 143 1.0 29.16

PLK 3400 23.8 7.13

BT 314 2.2 5.67

MDP 144900 1014.3 1.18

* Core2 Duo 2.27GHz. Conversion time from pixel MV to block MV is not included in MDP and PLK
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MDP

3-4 3-9 16 16 4 4 3-

2 8 8 MV

3-4 (e) 4 4

MV (e)

3.4 STEP3 BM

MV FS MV 3.4.2.2

0.75 3-4 =0.75 1

4 MV

1
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Figure 3-8 MV error rate with noisy sequences
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3-4

Table 3-4 Results for different block sizes

Method

ME error rate (%)

(a)skys (b)habr (c)lace
(d)skys/

chur

(e)lace/

canl
(f)cloth average

16x16 0.94 0.11 0.00 3.55 0.57 0.46 0.94

8x8 0.63 1.27 0.00 1.18 2.65 0.96 1.11

4x4 1.04 2.4 4.66 1.47 21.82 2.15 5.59

1.67 5.71 1.58 1.91 4.18 4.56 3.27
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Figure 3-9 Results for different block sizes
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original proposed FS(MSE) BT MDP

3-10

Figure 3-10 Simulation results for other sequences

Template image

Compensated image

proposed MDP proposed MDP

3-11 MDP

Figure 3-11 Comparison of details for proposed method and MDP
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3-7

MV 3-2 3-12

0%

MV

MV

3-7

MV

3-5

Table 3-5 Results for other sequences

Sequences
ME error rate (%)

proposed FS (MSE) BT MDP

Rotating disk 21.42 27.77 15.84 12.62

Driving 13.87 10.57 18.72 6.63

Mobile & calendar 7.10 14.29 5.55 2.77

average (%) 14.13 17.54 13.37 7.34

3-6 =

Table 3-6 Results for other sequences ( = )

Sequences
ME error rate (%)

proposed FS(MSE) BT MDP

Rotating disk 11.79 21.44 8.22 8.71

Driving 7.06 6.55 13.42 3.43

Mobile & calendar 1.37 9.26 2.35 1.57

average (%) 6.76 12.42 8.00 4.57
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(1)

(2)

(3)

(4)

(a)(b)(d) 3-8 (3)

(4)

3-7

Table 3-7 Statics of anchor vectors

Sequences # of anchor vec/frm
ME error rate of

anchor vectors (%)

ME error rate

(total) (%)

(a) Skyscrapers 19 0.00 0.63

(b) Harbor scene 111 3.52 1.27

(c) Lace 3 0.00 0.00

(d) (a)+Church 91 0.06 1.18

(e) Lace + canal 59 57.80 2.65

(f) Cloth 2 16.94 0.96

3-12

Figure 3-12 Anchor blocks (circled)
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MV

MV

10

0

0.4 (4+0 9) 10

8

MV

MV MV

1 12 8.3%

(1)

3-4 1.0 BM maxDVSE

1.1%

(2) (2)

(a)

(3)

(b) 0.04 20

3-8

Table 3-8 Analysis of the causes of motion vector detection error

sequences

(%)

øû÷(1) (2) (3) (4)

(a)

Skyscrapers 38 62 0 0
øî÷ ïë î

(b)

Harbor scene 99 0 1 0.04
øï÷ íñì

(d)

(a)+Church
68 30 0 2 0 0.3
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MV

1 19

(4)

8

(d) 0.3%

BT MDP MV

MV maxDVSE

2 MV

MV MV MV

MV

3-9

MV TPD-S6T/MSE+BT

3-9

Table 3-9 Comparison of the proposed ME methods (chap. 2 and chap. 3)

TPD-S6T/MSE+BT

MV

maxDVSE

1/5



67

MV

MV

MV MV

DVSE block matching Distortion caused by motion Vector Sampling Error

maxDVSE

MV BM maxDVSE

MV MV BM

maxDVSE MV MV

MV MV

MV MV

MV

MV MV MV

MV MV MV

MV

MV

MV 3% 97% MV

MV



68

4

ISO/IEC13818-2 | Recommendation ITU-T H.262

MPEG-2video [1] ITU-T H.261[13] ISO/IECl1172-2 MPEG-

1 video [33] Motion Compensation, MC

DCT MC

MPEG-2 video MC

H.261 RM (Reference Model)

[53]

MPEG-2 video TM (Test Model) [34]

MC

S/N

MPEG-1 SM (Simulation Model) [54]

MPEG-4 VM (Verification Model) [55] H.264/MPEG4-AVC JM (Joint Model) [37]

H.265/HEVC HM (HEVC Test Model )[56]

1991

MPEG-2 [57]
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4-5

Fig.4-5 Prediction efficiency with edge model
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Fig.4-6 Prediction efficiency with impulse model

Hz

0.0

2X

0.2

2X

0.4

2X

0.6

2X

0.8

2X

1.0

2X

0.00

0.1

0.2

Dual filed
2

halfpel

halfpel

M=2
Interpolated



79

4-8 ave

ave 2

1 1

1 smpl

smpl 1 2

IP 1 DF 2

4-7

Fig.4-7 Relative prediction efficiency to simple prediction

Hz

0.0

2X

0.2

2X

0.4

2X

0.6

2X

0.8

2X

1.0

2X

2

Dual filed 2

halfpel

Interpolated M=2

1

0

10

4

6

8

halfpel



80

IP 2

4-1

1 (4.18)

(4.25)

1

2 (4.25)

(4.26)

(4.26)

(4.27)

4-8

Fig.4-8 Prediction distance ratio of average type prediction vs. prediction efficiency

-8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07



81

(4.26)

DF IP IP IP 4.4.2

1

4-9 smpl hpel

smpl DP IP

2 smpl

4-1

Simulation specifications

Mobile Calendar 352

96 top field 36 field 30 field

forward 1 4 frames

backward 1 2 frames 1 2

2

4

16 16

H 15 15

H 0.5 0.5



82

2 hpel

2 hpel smpl

1

DF IP

hpel

IP 4 hpel

IP 4 hpel

IP

4 2

2 1 2

1 3 1 4

2

IP DP

4-8 1

4 hpel

1



83

0

(4.28)

4.28 2

4-9
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