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ABSTRACT 

Many studies have performed transcoding of compressed 
video streams in the discrete cosine transform (DCT) 
domain to reduce computation complexity. Most video 
compression standards recommend motion compensation 
in the spatial domain. On the other hand, compressed data 
that is motion-compensated in the spatial domain should 
be motion-compensated in the transform domain for the 
transform-domain transcoding. However, this 
combination of encoding in the spatial domain and 
decoding in the transform domain degrades image quality 
due to mismatches of the inverse discrete cosine 
transform (IDCT) and motion compensation (MC). There 
have been few investigations into this mismatch problem. 
We investigate the mismatch problem and propose a 
precision lifting (PL) method to reduce the effects of the 
mismatch problem. Experimental results show that our 
proposed method can effectively reduce the mismatch 
problem. 

1. INTRODUCTION 

With the increasing demand for digital media, digital 
videos are becoming widely available in compressed 
forms such as MPEG and H . 2 6 ~  [I]-[4]. In some 
applications, we need various image manipulations such 
as filtering, bit-rate change, image resizing, and data 
format conversion. 

There are two categories in the manipulation of digital 
videos according to the operation domain: one is 
accomplished in the spatial domain and the other is 
accomplished in the transform domain. The existing 
videos are usually stored in a compressed form that is 
motion-compensated in the spatial domain. To manipulate 
these digital video data in the spatial domain, several 
operations of an IDCT, a spatial-domain manipulation, a 
spatial-domain motion compensation, and a DCT are 
sequentially applied to the compressed data. Thus, the 
spatial-domain processing has a heavy computation load 
of video decoding and re-encoding. 

In order to reduce heavy computation load, several 
methods of image manipulation in the DCT domain have 

been introduced [5]-[7]. Recently, Koc ef al. studied the 
mismatch 'problem in transcoders [S]-[9]. Motion 
compensation of the decoder that is performed in the 
same domain as the encoder has no mismatch problem, 
whereas there is a mismatch problem when motion 
compensation in a decoder is performed in a different 
domain from the encoder. Koc established two conditions 
for the mismatch problem: one is the distributive property 
of IDCT and the other is the commutative property of 
motion com-pensation and IDCT. In this paper, we 
investigate in detail the mismatch problem and two 
conditions in conventional video coders such as MPEG 
[IO], and then propose a precision lifting method to 
reduce the effects of the mismatch problem. 

This paper is organized as follows. In Section 2, we 
introduce the mismatch problem of spatial domain and 
transform domain motion-compensated coders. Then, we 
analyze the mismatch problem in Section 3 and propose 
the precision lifting method to reduce the mismatches in 
Section 4. Experimental results are shown in Section 5 .  
Finally, we conclude this paper in Section 6. 

2. MISMATCH BETWEEN SPATIAL-DOMAIN 
AND TRANSFORM-DOMAIN 

MOTION-COMPENSATED CODERS 

Koc ef al. studied the mismatch problem between 
encoders and decoders with different operation domain 
[SI-[9], where establishing two conditions to overcome 
the problem. In conventional encoders such as MPEG and 
H.26x, motion compensation is usually performed in the 
spatial domain. The encoder includes a recursive loop of 
the image reconstruction for motion compensation. 

The mismatch problem is generated when motion 
compensation in the decoder is not equivalent to that in 
the encoder. In order to match the reconstruction results 
of a spatial-domain encoder (SE) and a DCT-domain 
decoder (TD), the two conditions should be satisfied. One 
is the distributive property ofthe IDCT as follows, 

IDCT(A+B)  =IDCT(A)+IDCT(B), (1) 

and the other is the commutative property of the MC and 
IDCT as follows, I 
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MC(IDCT(C)) = IDCT(MC(C)). (2) 

where A, B,  and C are any 8 x 8 blocks in DCT 
domain. 

Similarly, the conditions of' a spatial-domain encoder 
(SE) and a transform-domain decoder (TD) must be 
satisfied to match the TE-SD pair. Koc ef al. established 
conditions of ( I )  and (2) to match the SE-TD pair or the 
TE-SD pair [8]-[9]. 

Fig. 1. PSNR curve of Foreman sequence fiom SD and 
TD (300 frames, N=100, M=l). 

3. ANALYSIS OF IDCT AND MOTION- 
COMPENSATION MISMACHES 

Fig. 1 shows peak signal-to-noise ratio (PSNR) curves of 
the decoded "Foreman" sequence. The "Foreman" 
sequence was encoded at 3Mbps by using a TM5 encoder 
[IO] in the spatial domain, where there is an I-frame for 
every 100 frames. PSNR of the SE-TD pair is decreasing 
continuously along P-frames in a sequence of video. This 
severe degradation occurs because the reference image 
decoded in the DCT domain is used as a reference frame 
for motion compensation of the following P-frames so 
that the motion compensation error propagates. 

The first condition of ( I )  represents the distributive 
properly of the IDCT. An 8 x 8 block x can be 
transformed by the DCT as follows, 

(3) 
where A is the 8 X  8 DCT matrix. Its inverse transform 
(IDCT) is described as follows, 

(4) 
The distributive properly of the IDCT can be written as 

y = DCT(x) = AxAT, 

x = IDCT(y) = A'yA. 

IDCUY, + y Z ) = A T ( y I  +Y,)A (5) 

follows, 

= A'y,A + ATy,A = /DCT(y,)+ /DCT(y,). 
When the matrix multiplications and additions are 
performed in floating-point operation, this properly will 
be satisfied without any objection. In conventional 
encoder and decoder, the short integer (8-byte) arithmetic 
operations are usually used, and thus the distributive 
property of IDCT cannot be satisfied as follows, 

Fig. 2. Motion compensation in the spatial domain 
and the DCT domain 

LIDCW, +yI)J=LAT(y, +yl)AJ (6) 
f ~ A ~ Y , A ~ + [ A ~ Y ~ A J =  L m " ,  )1+L/ocrcY,)j 

where 1x1 represents the largest integer value that is less 
than or equal to x. In most DCT-based coders, all the 
computation results must be rounded as above. 

This rounding operation in the recursive motion- 
compensation loop can induce error propagation. To 
eliminate the rounding effect, results of arithmetic 
processing should be rounded after the motion 
compensation, and then the distributive property can be 
preserved in the recursive loop. 

In order to analyze the mismatch of the motion 
compensation in the spatial domain and the DCT domain, 
let us assume a , , l s  is 4, and x are 8 x 8 blocks in the 
spatial domain and b,,l si s 4, and y are 8 x X DCT 
coefficients of the corresponding blocks as shown in Fig. 
2. Then, motion compensation in the spatial domain is 
described as follows, 

On the other hand, motion compensation in the DCT 
domain followed by IDCT can be described as follows, 

(8) 
The second condition of (2) is also satisfied when the 
motion compensation is performed in floating point. Thus, 
the motion compensation in the spatial domain (7) is 
equivalent to that in the DCT domain (8). 

In general, the motion compensation in the DCT 
domain can be performed by matrix multiplications [SI as 
follows, 

MC(IDCT(b)) = MC(a) = x. (7) 

IDCT(MC(b)) = /DCT(y) = A'yA = x. 

MC(b) = Cs, ,b,S, , ,  (9) 
li, 

where s,, and s,? are the shifting matrices. 
The matrix multiplications of (9) should be performed 

in floating-point to guarantee that the MC in the DCT 
domain is equivalent to that in the spatial domain. 
However, most encoders and decoders use fixed-point or 
integer operations to save computation time, where the 
MC in the DCT domain is not equivalent to that in the 
spatial domain. 

In general, the floating-point operation requires a long- 
word buffer with floating-point format (4 byte) and heavy 
computation load in comparison with the fixed-point or 
integer operations. If the fast processing is required, these 
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floating-point arithmetic operations in the recursive 
motion-compensation loop are not appropriate. Therefore, 
we propose the precision lifting method to reduce the 
mismatch in the SE-TD or TE-SD pair as well as to save 
computation time. 

4. PROPOSED PRECISION LIFTING METHOD 
TO REDUCE THE MISMATHES 

The proposed precision lifting (PL) method can reduce 
the rounding effect for the distributive property of IDCT 
as follows, 

L/DCT(a x y ,  +a x y z ) l / a  

amcqa x y , ) l + L / D C ~ ( a  x y 2 ) J / a  

=LAT(axy, + a x y , ) A ] / a ,  (10) 

= t A A ’ ( a  xy,)A]+1A7(a xyi)A]/a, (11) 

where a is a lifting constant for lifting the precisions. 
The PL method can reduce the difference in inequality of 
(6); for example, when a is IO,  

Ll Ox 0.4 + I Ox 0.6JllO = LI 01/10 = 1, (12) 

(l-1 Ox 0.41 + 11 0 x 0.6& IO = (4 + 6)/10 = 1. (1 3) 
The rounding of the decimal part from floating-point to 

integer causes an error in the distributive property. The 
distributive property can be satisfied by the precision 
lifting with I O  as in (12) and (13). However, the PL 
method cannot remove all the rounding effect for more 
complicated operations. As a become large, the rounding 
error decreases. Although there are slight rounding errors, 
our proposed method can reduce the mismatch without 
severe computational overhead. 

The proposed precision lifting method is also used to 
reduce the mismatch in the recursive motion 
compensation loop. The data type in the recursive MC 
loop is a short integer except the motion compensation in 
the DCT domain (MC-DCT). Though the input data type 
of the MC-DCT is a short integer, internal computation is 
performed in long integer type in order to overcome the 
overflow during the matrix multiplications in (9). MC- 
DCT in long integer arithmetic operations requires 
shifting matrices with long integer type elements. Most 
elements of the shifting matrix are fractional numbers less 
than I. To use integer arithmetic operations in the MC- 
DCT, (9) should be modified as follows, 

MCW = f: {{tan x S , J X  x,)/an,j x lam, x s,21j/aM. (14) 
,=I 

The lifting constant for MC, a,,, , must guarantee the 
precision of the MC-DCT. 

Figs. 3 and 4 show the SE and TD block diagrams, 
respectively, with the proposed precision lifting method. 

Fig. 3. 
U 

Spatial-domain encoder with the 
precision lifting method 

proposed 

Fig. 4. DCT-domain decoder with the proposed precision 
lifting method 

The bold lines are the data paths with PL and the 
precision descending (PD) lowers the lifted precision. In 
this structure, the IDCT module is performed in floating- 
point. This can increase computation time in the encoder 
and decoder. In order to reduce the computation time, 
many practical DCT/IDCT modules use integer 
coefficients instead of fractional ones. In order to reduce 
the rounding effect of the integer DCTIIDCT, the DCT 
and IDCT can be performed with the precision lifting 
method as follows, 

y =  ~ c ~ ( x ) = { { a ~ , x ~ 1 x x ) / a , ) x l a , x ~ 7 I l / a ~ ,  (15) 

r=~~~~(y)={{aa~xAJxy)/a,)xla,xA~D/a,, (16) 
where a, is the lifting constant for integer DCT/IDCT. 

5. EXPERIMENTAL RESULTS 

In experiments, a “Foreman”tes1 sequence (CIF format of 
352x288, 300 frames) was encoded at 3Mbps with the 
MPEG-2 TM5 encoder, where modification of the TM5 
is performed only in DCT, IDCT, and MC as shows in 
Figs. 5 and 6. Group of picture (COP) size is set to 100 
frames and there are no B-pictures (N=lOO,  M=l), i.e., 
there is one I-picture for every 100 frames and the other 
99 frames in a GOP are all P-pictures. Experiments were 
conducted on a Pentiumm 111 computer running at 1 GHz 
with 5 12 Mbytes of memory. 

In Fig. 5 ,  ‘RE’ is a spatial-domain encoder usivg 
floating-point operations for MC and DCTIIDCT, and 
‘rSE’ is a spatial-domain encoder using integer operations 
of MC with PL method and rounding of the floating-point 
DCT/IDCT. Similarly, ‘tTD is a transform-domain 
decoder using floating-point operations for MC and IDCT 
and ‘rTD’ is a transform-domain decoder using integer 
operation of MC with the PL method and rounding of the 
floating-point IDCT. The experimental results show the 
performance of the rSE-rSD pair is almost the same as 
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that of the RE-RD pair and better than that of the rSE- 
rTD pair. We can see the mismatch in the rSE-rTD pair is 
greatly improved in comparison with the SE-TD pair in 
Fig. 1. Since the floating-point operations are still used 
for DCT/IDCT in the rSE-rTD pair, it is not adequate for 
fast encoder and decoder. The term ‘iSE in Fig. 6 means 
that all the operations of DCTIIDCT and MC are 
performed by integer processing with the PL method, 
where the corresponding lifting constants are 
a = I O ,  a, = 200000, and ad = 2048. As shown in Fig. 
6, PSNR of the iSE-iTD pair is much higher than that of 
the SE-TD pair in Fig. 1 ,  and it is lower than that of the 
RE-fSD pair. Table I lists the computation time to 
decode the Foreman sequence with the tTD and the iTD, 
respectively. The iTD achieves about 43% computational 
savings in comparison with the ffD. In the iTD, 
computation overhead for precision lifting is about 0.1 
sec. 

6. CONCLUSIONS 

We analyzed the mismatch problem in the SE-TD and 
TE-SD pairs and proposed a precision lifting method to 
reduce the effects of the mismatch problem. Since the 
distributive property of the IDCT and the commutative 
property of the MC and IDCT are not satisfied in the 
integer processing, mismatch can occur and a decoded 
image can be degraded gradually. We theoretically and 
experimentally investigated the effects of mismatch in the 
conventional video coders. In a DCT domain decoder 
using integer arithmetic operations, the proposed 
precision lifting method can prevent severe degradation 
in decoded image quality. When a decoder that is 
performed in the different domain from the encoder is 
used, the proposed method can reduce the mismatch 
problem without heavy computation overhead. 
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Fig. 5 .  PSNR of SE-SD and SE-TD with rounding of 
floating-point DCTIIDCT and integer MC 
(a = IO,a, = 200000) 

Integer operations 2.03 
with PL 

Fig. 6. PSNR of SE-TD from integer processing wi 
proposed precision lifting method 
(a = IO,a,  = 200000,a, = 2048). 

5.82 9.73 17.58 

the 

Table 1. Computation time in seconds for decoding 
Foreman sequence with floating-point operations 
and integer operations in TD (CIF format of 352x 
288,300 frames,N=lOO, M=l). I DecodingMethod 1 VLD+IQ I MC I IDCT 1 Total 1 
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