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This paper presents a new distortion control scheme 
with a simple estimation model for the propagation errors 
incurred by dropping some parts of the bitstream in a 
frame dropping–coefficient dropping (FD-CD) transcoder. 
The primary goal of this paper is to facilitate bit-rate 
conversions and rate-distortion controls in the compressed 
domain without introducing a full decoding and re-
encoding system in the pixel domain. First, the error 
propagation behavior over several frame sequences due to 
coefficient dropping is investigated on the basis of 
statistical and empirical properties. Then, such properties 
are used to develop a simple estimation model for the CD 
distortion accounting for the characteristics of the 
underlying coded-frame. Finally, the proposed estimation 
model allows us to determine the amount of coefficient 
dropping and to effectively allocate rate-distortions into 
coded-frames. Experimental results show that the 
proposed estimation model accurately describes the 
characteristics of propagation errors adaptively in the 
compressed domain and can be easily applied to distortion 
control over different kinds of video sequences. 
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I. Introduction 

In the framework of universal multimedia access (UMA), 
one challenge for video transmission is to deliver video content 
through heterogeneous network channels matching the 
diversity of client devices [1]. As one approach, video 
transcoding schemes are commonly used [2]. In particular, 
transcoding based on dropping some parts of the bitstream in 
the compressed domain is used mainly due to its low 
computational complexity and simple implementation [3], [4]. 
Since a frame memory is not required, and there is no need for 
an inverse discrete cosine transform (IDCT), regardless of the 
techniques used to achieve the reduced bit-rate, these schemes 
are relatively simple. This paper focuses on the frame 
dropping–coefficient dropping (FD-CD) scheme, which 
provides trade-offs between spatial and temporal qualities and 
extends the range of rate reduction. By combining frame-
dropping and DCT CD, it is possible to simply adapt the bit 
rate of a pre-coded video to the available dynamic bandwidth, 
especially in streaming applications. Furthermore, the FD-CD 
scheme can achieve rate shaping across a wide range of rate 
reduction while maintaining spatial-temporal quality as much 
as possible. For a particular FD-CD operation, in which non-
reference frames (namely, B frames) are dropped to avoid the 
decoding dependency, CD is applied to meet the available 
bandwidth quite accurately by adjusting the number of dropped 
coefficients. 

Some previous studies on FD-CD transcoders have focused 
on the optimal selection of the number of dropped coefficients 
within a frame [1], [5]-[9]. The dynamic rate shaping (DRS) 
approach was introduced as a technique to adapt the rate of 
compressed video bit-streams [10]. The behavior of DRS was 
analyzed for both constrained and unconstrained cases by 
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assuming a first order autoregressive source [9]. In [7] and [8], 
by incorporating frame dependency into the rate shaping 
process and using feedback information, the shaping 
performance could be improved. In these FD-CD schemes, 
each coded DCT coefficient is treated as an intra-coded one, so 
its propagated/accumulated errors are ignored [1], [10], [11]. 
However, these errors are also accumulated, which often 
results in significant visual quality degradation. In this paper, 
we analyze the characteristics of the propagated errors incurred 
by CD and propose an effective estimation model which 
adaptively and efficiently describes the characteristics of 
propagation errors in the compressed domain. Furthermore, 
based on this model, a method is developed to determine the 
number of coefficients to drop to effectively allocate rate-
distortions into coded frames.  

II. Overview of FD-CD Transcoding Schemes 

The FD method is a temporal down-sampling technique to 
achieve large scale bit rate changes by dropping some frames. 
To reduce the complexity of re-encoding, we adopt the more 
straightforward operations of an FD that drops B and/or P 
frames which do not have decoding dependency in the unit of 
group of pictures (GOP) by taking into account the GOP 
structure.  

Unlike FD, CD provides the ability to meet the available 
bandwidth quite accurately by adjusting the number of dropped 
coefficients. Our CD work in this paper is based on a previous 
work on dynamic rate shaping (DRS) [10], as shown in Fig. 1. 
We assume that a set of high frequency DCT coefficient bits 
run-length coded at the end of each block is eliminated as in the 
constrained DRS case in [9] and [10]. In another unconstrained 
DRS [9] and [10], the dropping of an arbitrary set of 
coefficients is considered and done by optimization search. 
Because the zigzag scanning pattern of a DCT block provides a 
quite successful ordering of the DCT coefficients according to 
their importance, the sub-optimum result usually achieved by 
the constrained DRS varies very slightly from the 
unconstrained scheme in terms of decoded video quality [10]. 
Therefore, we drop AC DCT coefficients to avoid somewhat 
 

 

Fig. 1. CD operation of the constrained DRS scheme. 
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complicated syntax changes and to maintain the minimum 
necessary quality.  

There are several CD control algorithms [1], [6]-[9], [12], 
[13]. In [5], a two-stage R-D optimization approach was 
proposed to solve the error concealment aware rate shaping 
(ECARS) which used the model-based hyper-surface and the 
hill climbing based refinement. In [1], [12], [13] two CD 
methods were presented: the uniform rate-based CD (URCD) 
and the Lagrange optimization CD (LOCD). Using URCD, a 
uniform ratio of bits is truncated from each frame and the 
number of truncated bits is uniformly distributed into each 
DCT block. This uniform distribution is simple but does not 
yield even distortion to every frame. Using LOCD, for the j-th 
frame with bit budget Bkeep, the problem is to find a new 
breakpoint set 1 2( , , , ),Mk k k k=
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iteration stops. This LOCD ensures that the given bit budget is 
distributed so that all blocks have the same incremental 
improvement in quality for the same increment in bit rate.  

III. Statistical Property and Estimation Model for the 
Propagation Errors Incurred by Coefficient-Dropping 

1. Statistical Properties of CD Errors 

As shown in Fig. 1, we assume that only a contiguous string 
of DCT coefficients at the end of each block is dropped 
(constrained DRS) [9]. Let , 1, ,{ }j j i i My y == L

 denote the frame 
j having M blocks, where yj,i is the decoded block i of frame j. 
Based on these notations, let 1ˆ jy −  and ˆ jy  represent the 
decoded frames j-1 and j, respectively, degraded by CD 
operations. Then, decoded blocks with and without CD can be 
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expressed as 

, , 1 ,( ) ,j i j i j j iy C y e−= +   

,ˆ j iy = , 1ˆ( )j i jC y − ,ˆ , j ie+              (2) 
 

where cj,i(yj-1) is the motion compensated (MC) component 
with reference to frame j-1, and ej,i is the coded residual 
component. Additionally, when the coefficients of which the 
scan order is greater than ki are dropped, ,ˆ j ie  is obtained from 
ej,i as shown in Fig. 1. Thus, the mean square error (MSE) 
distortion of block i of frame j, Dj,i(ki), is given by  
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where N is the block size measured by the number of pixels. 
Here, , 1, , 1,ˆ( ) ( )j i j i j i j iC y C y− −−  is the propagated error from the 
previous degraded frame j-1 by the MC operator and simply 
denoted as aj,i, while , ,ˆj i j ie e−  is the current CD error for 
block i of frame j. 

Let Aj,i(k), Ej,i(k), and ( ),
ˆ

j iE k  denote the k-th DCT 
coefficient of aj,i, ej,i, and ,ˆ j ie in the DCT-domain representation 
as 
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Then, since coefficients greater than ki along the scan order are 
dropped, based on the energy reservation property and the 
additive property of DCT [14], (3) can be expressed as 
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From this analysis, it is shown that the CD distortion involves 
not only the propagated errors (first term) and the current error 
(third term), but the correlated error (second term) as well. The 
average distortion over all blocks in the j-th frame, Dj, is given 

by 
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Property 1. The MSE in the j-th frame can be approximated 
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correlated error is negligible; thus, the distortion of the j-th 
frame is determined by the sum of the current error and the 
propagated error.  

Proof. The proof is straightforwardly based on the fact that 
Aj,i(k) and Ej,i(k) are statistically independent, and their expected 
values are zero for NM>>1 [13], [14].                   □ 

Furthermore, when CD can be applied to two consecutive 
frames, namely, frames (j-1) and j, (2) is expanded as 

1,ˆ j iy + ( )1, ˆj i jC y+= 1,ˆ j ie ++  

1, , 1ˆ( ( )j i j i jC C y+ −= + ,ˆ )j ie 1,ˆ .j ie ++          (7) 

Generally, since universal MC algorithms deal with 
translation motion, we assume that the MC operator C(·)is a 
linear function [15]. Then, the expression of (7) can be easily 
extended to the (j+1)th frame as 
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By using these notations, the overall distortion of the (j +1)th 
frame can be summarized as property 2.  

Property 2. When CD is applied to two consecutive frames, 
namely, frame (j -1) and frame j, the overall distortion of the  
( j +1)th frame, Dj+1, can be approximated to 
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which means  the overall distortions of the (j +1)th frame can 
be expressed by the sum of the current error and the propagated 
errors from the previous frames ( j -1) and j.  
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Proof. The proof is similar to that of property 1.  
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Similarly to (5), based on the energy reservation property 
and the additive property of DCT [14], this is computed in the 
DCT domain. Moreover, since Gj+1,i(k), Aj+1,i(k) and Ej+1,i(k) are 
independently determined and their expected values are zero 
for NM>>1, Dj+1 can be simply approximated.             

Extending property 2 to frame (j+2), frame (j+3) and so on, the 
overall distortion in a frame can be expressed as the sum of the 
current error and the propagated errors from all previous frames.  

2. Simulations for the Proof of Properties 1 and 2 

For simulations, well-known MPEG test sequences with 
different classes (Class A: Akiyo, Mother and Daughter; Class B: 
Foreman, Coast Guard; Class C: Stefan, Table Tennis) are used. 
Table 1 summarizes the coded characteristics and classes of the 
test video sequences used in this study. (Note that this paper uses 
renumbering in all figures after removal of the B frames.) 

First, the Foreman sequence in CIF format is coded at 1.5 
Mbps with a GOP size = 15 and a sub-GOP size = 3. The 
sequence is transcoded to 800 kbps by CD with uniform rate  
 

Table 1. Test video sequences (compressed by MPEG-4 SP with 
GOP=15, Sub-GOP=3). 

Test seq. SC Bit rate N-intra N-inter N-not

Akiyo A 1.2 Mb/s 0 1584 695.3

Mother & Daughter A 800 kb/s 1.2 1582.8 673.4

Foreman B 1.5 Mb/s 34.1 1549.9 224.6

Coast Guard B 2 Mb/s 0.7 1583.3 84.1 

Stefan C 1.5 Mb/s 19.6 1564.4 350.7

Table Tennis C 3 Mb/s 12.1 1571.9 185.8

 SC: MPEG-4 sequence class. 
Bit rate: bit rate before transcoding. 
N-intra: the average number of intra-coded blocks per frame (PVOP) 
N-inter: the average number of inter-coded blocks per frame (PVOP) 
N-not: the average number of not-coded blocks in inter-coded MBs per  

frame (PVOP) 

Fig. 2. Each component of the CD distortion for Foreman 
sequence. 
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reduction among frames and FD of all B-frames dropping. 
Figure 2 compares each component of the CD distortion 
(measured in MSE). As denoted in (5), “current error” is the 
DCT coefficient-drop distortion per frame and “CD distortion” 
represents the overall distortion including the errors propagated 
and measured in the decoded frames. In this simulation, to obtain 
“accumulated error,” CD operation is applied to each coded 
frame independently. That is, CD operation is applied to all    
I-frames and not applied to the other frames. By decoding the 
transcoded bit stream, the accumulated error at the first P-frame 
is found. Then, CD operation is applied to all I-frames and the 
first P-frame, simultaneously, but it is not applied to the other 
frames. By decoding the transcoded bit stream, the accumulated 
error at second P-frame is obtained. The accumulated error of the 
other P-frames is found by using this step. On the other hand, the 
correlated error is found by subtracting the current error and the 
accumulated error from the CD distortion frame by frame. This 
result ensures that the correlated error term can be ignored while 
the current and the propagated errors are dominant. Therefore, 
property 1 is very useful.  

Second, CD with a uniform ratio of bit rate reduction is 
applied to the Foreman sequence on a frame by frame basis. 
That is, after FD of all B-frames, the CD operation is applied to 
each frame individually and the error propagation behavior is 
investigated as shown in Fig. 3(a). For instance, “I_15%” 
indicates the result of a 15% rate reduction of the I-frame only, 
while keeping other coded frames not transcoded. Similarly, 
“Px_15%” is the result of a 15% rate reduction of the x-th   
P-frame only, while keeping other coded frames (including all 
I-frames) not transcoded. In Fig. 3(a), we see that each CD 
distortion is propagated to subsequent frames in a 
monotonically decreasing manner (see the plots of I_15%, 
P1_15%, and so on). Note that the sum of the propagated 
errors from the past frames and the current error (“sum_15%”) 
approximates the result of CD applied to all frames together  
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Fig. 3. Error propagation behavior of the CD distortion. 
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(“all_15%”). In Fig. 3(b), a 25% rate reduction is applied to the 
“Akiyo” sequence. Figure 3(b) also shows that the overall 
distortions can be approximately expressed by the independent 
sum of the current error and the propagated errors from the 
previous frames. Therefore, the estimation of CD distortion 
becomes feasible due to the independent modeling of the error 
propagation of each frame. Accordingly, as stated in property 2, 
when CD is applied to multiple frames simultaneously, each 
CD distortion can be approximated by the sum of the current 
error and the propagated errors from all the previous frames. 

On the other hand, in Figs. 3(a) and (b), the decaying slope 
of the Akiyo sequence is not steep and, in particular, the CD 
error of I-frames is critical compared to that of the Foreman 
sequence. This is mainly due to the characteristics of the coded 
video sequences, as shown in Table 1. When there is low 
spatial detail and a small amount of motion in the video as in 
the class A sequence, the slope decays slowly because each 
frame is highly correlated in temporal direction and the power 
of the motion-compensated component is dominant. On the 
contrary, when there is high spatial detail and a medium 
amount of motion in the video as in the class C sequence, the 
slope decays steeply because of some intra-coded blocks. From 
other experiments, it is observed that when there is  

 

Fig. 4. Adaptive estimation for each propagated distortion within 
one GOP. 

DP2= Estimated values for overall distortion at frame P2

DI(0)

DI(1)

DP1(0)
DI(2)

DP1(1)

DP2(0)

DI(3) 

DP1(2)

DP2(1)

DP3(0)

DI(4)

DP1(3)

DP2(2)

DP3(1)

 
 
medium spatial detail and a medium amount of motion in the 
video as in the Class B sequence, the slope of the decay is 
between the other two cases. Therefore, to find a feasible 
model to describe the error propagation behavior of each frame, 
it is necessary to effectively exploit the coded block 
information per frame in the compressed domain. 

3. An Adaptive Estimation Model for the Overall CD 
Distortions 

From the above simulations, it is observed that the CD 
distortion is propagated to subsequent frames in a monotonically 
decreasing manner. That is, the propagation behavior of the CD 
distortion can be stated as the following property. 

Property 3. Let xj be the decoded value of the m-th pixel in 
scan order within block yj,i, and let xj-1 be the motion-
compensated component of xj, that is, the m-th value of block 
Cj,i(yj-1) in the same scan order. If the relationship between these 
two values can be described as a first-order autoregressive 
[AR(1)] sequence [16] and random MSE distortion (0)jδ  is 
added to xj-1, the distortion is propagated to xj with 

(1) (0)j jδ δ≤ . Extending this relationship to frame (j+2), frame 
(j+3) and so on, the distortion is propagated to subsequent 
samples of the decoded sequence in a monotonically decreasing 
manner: ( ) ( 1)j jp pδ ζδ= − for 1, 1 pζ ≤ ≥ .  

Proof. An AR(1) process xj is defined as 1j j jx xλ ε−= + , 
0 1, 0jλ≤ ≤ ≥ . Let 1ˆ jx − denote the degraded signal incurred 
by adding random distortion to xj-1. For a given MSE distortion, 

2
1 1ˆ(0) [( ) ]j j jE x xδ − −= − , 

2

2 2 2
1 1

ˆ(1) [( ) ]

ˆ[( ) ] (0)        
j j j

j j j

E x x
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δ

λ λ δ− −
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are obtained. According to this relationship, (0) (1)j jδ δ≥  is 
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found. The extension of this proof gives 
(0) (1) ( 1)j j j pδ δ δ≥ ≥ ⋅⋅⋅ ≥ −  for 1p ≥ .               

Based on properties 1 and 2, it is shown that the CD 
distortion can be approximated by the independent sum of the 
current errors and the propagated errors. Figure 4 shows an 
adaptive estimation model for each propagated error. In Fig. 4, 
for example, coded frame indices within one GOP are denoted 
as the I-frame, the first P-frame, and so on. This pattern is 
repeated GOP by GOP. By generalizing the expression, an 
overall distortion of the j-th frame is simply described as   

1

(0) ( ),j j p
j

p

D D D p−

≥

= + ∑            (10) 

where the first term is the distortion caused by CD applied to the 
j-th frame and the second term is the propagated distortions from 
the CD operations of previous frames, as denoted in Fig. 4.  

The error propagation behavior of each frame is directly 
related to the decaying slope of the frame. According to property 
3, the second term of (10) is found adaptively frame by frame. 
For this purpose, let j p qρ − +  denote the decaying slope of the  
(j-p+q)th frame, representing how much the previous distortion 
Dj-p(q-1) contributes to the current one Dj-p(q) in a monotonically 
decreasing manner. By using this parameter, a model describing 
the propagation behavior of each CD distortion in (10) is 
proposed in an adaptive manner as  

( ) ( 1),j p j p
j p qD q D qρ− −
− += −             (11) 

where Dj-p(0) means the distortion caused by CD applied to the 
(j-p) th frame. In (11), as q increases, Dj-p(q) is monotonically 
decreased as shown in Fig. 3. 

As mentioned in the previous experimental results, the 
decaying slope, j p qρ − + , is directly dependent on the coded 
characteristics of frame (j-p+q). To find the model parameter, 
the spatial and temporal activities are measured, based on the 
statistical characteristics of coded blocks per frame. To take 
account of these spatial and temporal activities, j p qρ − +  is 
chosen to be a compound form as follows: 

{ }1j p q j p q j p q j p qρ α β γ− + − + − + − += + ⋅  , 1.j p qρ − + ≤    (12) 

Here, j p qα − +  reflects the spatial activity of the (j-p+q)th 
frame, j p qα − +  represents the power portion compensated 
from the  (j-p+q-1)th frame in the overall power of all inter-
coded blocks (denoted the block set as S) in the (j-p+q)th frame 
and is measured as 

inter
, , ,j p q j p q i j p q i

i S i S

P Pα − + − + − +
∈ ∈

= ∑ ∑           (13) 

where inter
,j p q iP − +  and ,j p q iP − + , which denote the propagated 

power and the total power of the inter-coded block i, 

respectively, can be simply estimated in the DCT domain.  
However, in this paper, for simple implementation, the 
propagated power is obtained by calculating the power portion 
of the MC block over the total block power at the same block 
position without using moving information.  

Furthermore, to exploit the temporal activity between the  
(j-p+q)th frame and the (j-p+q-1)th frame, j p qβ − +  and 

j p qγ − +  are introduced to reflect the portion of the uncoded 
block and the portion of inter-coded blocks at the (j-p+q)th 
frame, respectively. Based on several experimental investigations, 
and to take into account different decay slopes of the propagation 
error, 0.5( )not

j p qj p q M Mβ − +− + = and ( )/not mc
j p q j p q j p qM M Mγ − + − + − += +  

are obtained, where not
j p qM − +  is the number of uncoded blocks 

in inter-coded macroblocks of frame (j-p+q), and mc
j p qM − +  is 

the number of MC-coded blocks in frame (j-p+q).  

4. Simulation Results for the Adaptive Estimation Model 
for the Overall CD Distortions 

The effectiveness of CD distortion estimation using the 
proposed model is tested for two quite different sequences, 
namely, the Akiyo and Stefan sequences. The sequences in CIF 
format are coded at 1.2 Mbps and 1.5 Mbps with GOP (size = 
15, sub-GOP size = 3), respectively. Then, the uniform ratio of 
bits per frame is truncated. Figure 5 shows the experimental 
results. In Fig. 5(a), for instance, “I_25%CD_model” indicates 
the trajectory of the estimated distortion caused by the 25% CD 
of the I-frame, based on (11), and “Sum_models” denotes the 
sum of all the individual models as defined in (10). 
“All_25%CD” is the plot of the actually measured distortion at 
the 25% CD of all coded frames.  

These experimental results show that the distortion 
estimation model accurately approximates the measured 
distortion. In particular, when the activity of moving objects is 
very low as in the Class A sequence, the decay slope of CD 
errors is not steep. This result is mainly because the Akiyo 
sequence has a larger percentage of uncoded blocks in inter-
coded macroblocks and so the CD errors of I-frames are 
critical, as shown in Table 1 (Also, the experiment with the 
Mother and Daughter sequence is very similar to the Akiyo 
sequence). On the other hand, compared to the Akiyo sequence, 
since the Stefan sequence has a larger percentage of intra-
coded blocks and so the intra-refresh effect is working, the 
slope of CD errors steeply decays. 

IV. Distortion Control Using Estimation Model 

1. Uniform Distortion Allocation Algorithm 

As discussed in section III, the loss of high-frequency  
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Fig. 5. Results of the estimation of the CD distortion. 
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information is subject to non-uniform visual qualities in the 
reconstructed frames. As time goes on, these errors 
progressively accumulate, resulting in the reconstructed frames 
becoming severely degraded. In some applications of the FD-
CD transcoder, it is necessary to reduce or exclude the 
subjective quality fluctuations due to these errors. In this 
subsection, considering these application areas, let us suppose 
that there are no explicit rate constraints and CD distortion per 
frame should be maintained as uniformly as possible. 

For this aim, by introducing (1), a uniform distortion 
allocation (UDA) algorithm is designed on a frame-by-frame 
basis. First, we assume that an allowable distortion per frame, 
Dkeep, is to be allocated for all coded frames. Then, for the j-th 
frame, the problem is to find a new breakpoint set 

1 2( , , , )Nk k k k=
v

L . The problem formulation is given as  

1 2

1
2 ,

,
( , ,..., ) 1 1 0

minimize{ ( )}
i

M
i

kM N
i k

i k coeff
k k k k i k k k

z bλ
−

= = = + =

+∑ ∑ ∑r   

such that      keep j dD D ε− ≤ ,                 (14) 

where zi,k is the dequantized-DCT coefficient for the k-th 
symbol in the i-th block, and dε  is the allowable distortion 
bound. To allocate Dkeep over all coded frames evenly, an 
overall distortion propagated from the previous frames should 
first be estimated. That is, the distortion of the j-th frame, Dj, is 
estimated by using (7)-(10). Then, the practical CD error of the 
j-th frame should be controlled to satisfy Dkeep-Dj. Under the 
distortion constraint, Dkeep-Dj, the dropped DCT coefficients 
within the j-th frame are determined by the LOCD scheme. For 
an example with the second P-frame within GOP, overall 
propagation errors are incurred by the CD errors of the I-frames 
and the first P-frame. Denoting j-2 and j-1 as the index of I-
frame and the first P-frame, respectively, the practical CD error 
to be allocated into the second P-frame is Dkeep-(Dj-1(1)+Dj-2(2)). 

2. Simulation Results for UDA Algorithm 

Figure 6 shows the simulation results for the Akiyo and 
Coast Guard sequences, which were controlled for MSE=15 
and MSE=25, respectively. In order to compare the 
performance of the UDA algorithm, a uniform distortion-based 
CD (UDCD) scheme was chosen [1], [5], [6], [10], [12], [16], 
[17]. In the UDCD scheme, without considering the 
propagated errors of each CD distortion, DCT coefficients 
corresponding to a constant distortion per frame are dropped. 
As shown in Fig. 6, by using the proposed UDA algorithm, 
nearly constant distortions can be controlled over coded frames 
in the compressed domain. However, in the UDCD scheme, as 
time goes on, the propagated errors progressively increase and 
accumulate, resulting in the subsequent frames becoming 
severely degraded. The experimental results demonstrate that 
the proposed UDA algorithm is effective for allocating nearly 
constant distortions into coded frames in DCT domain.  

On the other hand, as shown in Fig. 6, the Coast Guard 
sequence shows a relatively weak control performance 
compared to that of the Akiyo sequence, particularly, in the 
region of frames having uncovered objects (namely, frames 21 
to 45). This is mainly because moving information is not 
considered in (13). In every test video sequence, the UDA 
algorithm is very effective for controlling uniform distortion 
over coded frames in the compressed domain. 

3. Proposed GOP-Based Rate-Distortion Control Algorithm 

The challenge of handling (1) in the FD-CD transcoder is 
finding a way to allocate a given bit budget into the retained 
frames. Some studies on rate-distortion control in the FD-CD 
transcoder have focused on the URCD [1], [5], [10], [12]. The 
operation of URCD is simple.  

Based on the target bit rate, a uniform ratio of bits is dropped 
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Fig. 6. Simulation result of UDA algorithm. 
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from each frame. Then, the optimal selection of coefficients to 
be dropped within a frame is achieved by uniformly 
distributing them into each DCT block, based on (1). However, 
the URCD scheme suffers from significant visual quality 
degradations in reconstructed frames. In [11] and [12], Wang 
used a new global CD rate-allocation scheme to obtain better 
visual quality. The scheme allocates a larger number of 
coefficients to be dropped to several frames having strong 
decoding dependency in the temporal direction. However, this 
scheme is not adaptive to the characteristics of a given coded-
video stream and may result in high fluctuations of decoded 
visual quality. 

In this subsection, the distortion estimation model is 
exploited to develop a content-adaptive rate-distortion control 
algorithm in the compressed domain. The main goal of the 
rate-control scheme presented in this paper is to allocate a 
given bit-budget into coded frames within one GOP, while 
keeping CD distortions as constant as possible. For this aim, let 
s represent an index of the ordered picture coding type within a 
single GOP, that is, { , 1, 2, }s I P P∈ ⋅⋅⋅ . Then, let us suppose a 
coded frame with the picture coding type s undergoes 
transcoding from r(s) into ( )ir s′  [r(s) > ( )ir s′  with iteration 
index i]. By using these notations, (1) is modified to develop 
the GOP-based rate-distortion control as follows.  

 
Step 1. Let us denote R and R′ (<R) as the number of 

original bit counts over one GOP (after only FD is applied) and 
the number of target bit counts over one GOP (after both FD-  

 

Fig. 7. Simulation results for the rate control schemes. 
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CD are applied), respectively. As presented in [1], [5], [11], 
auniform ratio of bits, denoted as ( ) ( )R R r s r sη ′ ′= = , is 
calculated for each frame. Then, based on (1), a coded frame 
with the picture coding type s undergoes the CD operation 
under the rate constraint 0 ( ) ( ),r s r sη′ = ⋅  where index 0 
means initial allocation. 

Step 2. An overall distortion of the coded frame s, Ds, is 
estimated by using (10). Based on the estimated distortions, Ds  
for { , 1, 2, },s I P P∈ ⋅⋅⋅ the averaged distortion, 1 ,avg s

s

D S D−= ∑  

is found, where S is the number of the frames kept within one 
GOP. If avg s dD D ε− ≤  for { , 1, 2, }s I P P∈ ⋅⋅⋅  is satisfied, 
this routine is stopped; otherwise, go to step 3. 

Step 3. Under the averaged distortion, Davg, found in step 2, a 
newly allocated bit count with the i-th iteration, ( )ir s′ for 

{ , 1, 2, }s I P P∈ ⋅⋅⋅ , is re-allocated such that avg s dD D ε− ≤  
can be satisfied, based on (14). That is, if Ds < Davg, AC DCT 
coefficients corresponding to Davg-Ds are additionally dropped 
at frame s. Then, ( )ir s′ is reduced by the number of bits 
dropped. On the contrary, if Ds > Davg, ( )ir s′ is increased by 
gathering the coefficients bit counts corresponding to Ds - Davg. 
This is performed by finely re-allocating Davg into frame s in (14).  
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Step 4. For the newly re-allocated rates, ( )ir s′ , 
{ , 1, 2, }s I P P∈ ⋅⋅⋅ found in step 3, if the condition 

( )i r
s

r s R ε′ ′− ≤∑  is satisfied, this routine is stopped; 
otherwise, go to step 5. 

Step 5. A newly allocated bit counts with the (i+1)th iteration 
is re-allocated as 

1

( )
( ) ( ) ( )

( )

i
s

i i

s

R r s
r s r s r s

r s+

′ ′−
′ ′= +

∑
∑

 

and undergoes the CD operation under the rate constraint 
1( )ir s+′ . Then, go to step 2. 

4. Simulation Results for the Rate-Distortion Control 

As in the previous experiments, all B-frames are dropped. 
Then, the allowable bit-budget is allocated to the retained 
frames by three algorithms, namely, URCD [10], Wang’s 
allocation [12], and the proposed algorithm. First, the Mother 
and Daughter sequence coded at 800 kbps is transcoded to 360 
kbps. Figure 7(a) shows the simulation results. Since most of 
the P-frames in the Mother and Daughter sequence consist of 
inter-coded blocks and low spatial details, the propagation 
errors cause the severe blurring of successively predicted 
frames. Wang’s allocation distributes more bits into the I-frame, 
the P1-frame,⋅⋅⋅, in a decreasing manner. However, the decoded 
quality fluctuation is very severe, while the averaged distortion 
is lowest at some frames. Also, URCD suffers from severe 
smoothing, and CD distortions are also accumulated. 

As shown in Fig. 7(b), the Table Tennis sequence coded at 3.0 
Mbps is reduced to 1.5 Mbps. Compared with the Mother and 
Daughter sequence, the Table Tennis sequence has a smaller 
number of inter-coded blocks [18], so the predictive frames 
contribute to a smaller propagation error. Accordingly, Wang’s 
allocation is not effective for this kind of coded sequence. In 
contrast, since URCD treats each coded frame as an intra-coded 
one, to drop a uniform ratio of bits per frame has an effect on the 
allocation of nearly uniform distortion per frame. However, 
URCD fails to adaptively control the propagation errors. From 
the above simulations, it is evident that the proposed scheme is 
very effective for controlling rate-distortion over coded frames in 
the compressed domain, even if the algorithm is designed for the 
duration of one GOP window. 

V. Conclusion  

In this paper, to effectively control the distortions incurred by 
DCT coefficient dropping in the compressed domain, a novel 
estimation model describing propagation of the CD distortion 
is proposed. First, essential statistical properties of the CD 

distortion are investigated along with empirical observations. 
Several experiments with different compressed sequences have 
demonstrated the effectiveness of the estimation model. The 
proposed model enables efficient estimation of the distortion 
depending on the number of coefficients dropped in the 
compressed domain. Furthermore, without introducing a full 
decoding and re-encoding system in the pixel domain, it was 
demonstrated that the proposed model can easily be extended 
to allocate nearly uniform distortions among frames and to 
control an effective rate-distortion control in the compressed 
domain. 

In future works, it will be necessary to analyze the error 
characteristics by dropping coefficients on a variety of 
compressed frames or video sequences (for example, B-frames, 
with scene changes, and so on). Furthermore, we are trying to 
apply the proposed distortion model to recent codecs (for 
example, H.264), where entropy coding of DCT coefficients 
does not follow the traditional zigzag scanning order. 
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