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ABSTRACT
The Recursive Optimal per-Pixel Estimate (ROPE)
algorithm allows the encoder to estimate the pixel-by-
pixel expected distortion of the decoded video sequence
due to channel loss. The algorithm requires in input an
estimate of the packet loss rate and the knowledge of the
error concealment technique used at the decoder with no
need to perform any comparison between original and
decoded frames.
Although the ROPE algorithm computes the expected
distortion in the pixel domain, in some applications it is
important to have access to the expected distortion in the
DCT domain, eg., for an accurate alocation of the
redundancy bitsin error-resiliency schemes.
This paper presents the extension of the ROPE algorithm
in the transform DCT domain that allows estimating the
expected distortion of the decoded video sequence for
each DCT coefficient.

1. INTRODUCTION

Nowadays, sending a video sequence over a network
that does not provide any QoS guarantee (eg., IP
network) is a very common application. If errors occur,
some information does not reach the decoder and error-
concealment techniques cannot completely avoid error
propagation due to inter-frame dependency introduced by
predictive encoding. In the design of error-resilient
approaches, it is interesting for the sender to estimate the
decoded video distortion that the receiver is expected to
suffer.

The Recursive Optimal per-Pixel Estimate (ROPE)
algorithm [1] alows the encoder to calculate the pixel-by-
pixel expected distortion of the decoded video due to
channel loss. In the case of packet-switched networks, the
only required parameters are an estimate of the network
Packet Loss Rate (PLR) and the error conceament
technique used at the decoder side. The encoder does not
know the loss pattern, hence it has to characterize the
actual reconstruction of a pixel value operated by the
decoder as a random variable. The agorithm in [1] is
based on the assumption that the considered video
sequence is encoded with integer-pixel motion vectors.
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Since most of the common encoders implement a sub-
pixel precison motion estimation, the work in [5]
proposes an extension of the ROPE algorithm in order to
obtain an accurate solution for this case.

The knowledge of the expected distortion in the
reconstructed video sequence is a valuable information in
several applications e.g., when comparing different
encoding techniques in various scenarios (in [3] the
competitors are MDC and optimized one-layer encoding),
tuning of the encoder parameters (in [1], [2], and [4] an
estimate of the decoded video distortion, due to packet
losses, is used for mode decision and to improve the error
resilience of the stream), etc. In all these approaches the
expected distortion is computed in the pixel domain and
applied at macro-block level.

In contrast with the above-mentioned approaches, in
several emerging applications, it can be interesting to have
access to an estimate of the expected distortion directly in
the DCT domain. This information can be used, e.g., for
an accurate alocation of the redundancy in error-
resilience schemes. More recently, error resiliency tools
based on the principles of distributed source coding have
appeared in the literature [6][7][8]. In [8] an estimate of
the expected distortion for each DCT coefficient is used to
drive the rate alocation of the side channel, i.e. a
redundant representation that is used to correct errors at
the decoder, thus stopping drift. The fundamental idea
behind the work in [8] is that the encoder needs to
characterize in statistical terms the induced channel noise
between the original sequence and the reconstructed
sequence at the decoder (the so-called side-information in
distributed source coding jargon). Intuitively, the higher is
the estimated noise level, the larger is the number of bits
that need to be spent for the side channd in order to
correct errors. In [8], a simple approximation of the DCT
coefficients distortion is given by an extension of ROPE
algorithm to the transform domain. Simulation results
reveal that this approach leads to a coarse approximation
of the estimated distortion. In this work we propose a
more accurate algorithm to estimate the expected decoded
distortion of each DCT coefficient.



This paper is organized as follows: Section 2 presents a
brief overview of ROPE algorithm and its extension to
half-pixel precision motion estimation. In Section 3 the
DCT extension of ROPE presented in [8] is briefly
summarized. Section 4 describes the proposed video
distortion estimation agorithm (EDDD) in the DCT
domain. Section 5 shows some simulation results and the
conclusions are given in Section 6.

2. ROPE ALGORTIHM OVERVIEW

In this section the origina ROPE algorithm [1] is briefly
summarized together with its extension to half-pixel
precision motion-estimation as proposed in [5].

I nteger -pixel ROPE
The expected distortion at the decoder for pixel i in frame
n can be expressed asin Eq. (1)
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where £ isthe value of pixel in original video, and Fn' is

the decoder reconstruction; p is the probability of a packet
to get lost. We assume this quantity is known at the
encoder side. According to Eq. (1), Fn‘ first and second

moments are required to compute the distortion. We
assume a simple motion-compensated temporal error-
concealment scheme, i.e. the lost MB is replaced with the
one in the previous frame pointed by the motion vector
(MV) of the above MB; if not available, a smple zero-
motion replacement is used.

For an Inter-coded MB (similar equations can be written
for the Intra case [1]), the ROPE algorithm computes
recursively the first and second moments, frame after
frame, for each pixel:
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fni is the correct reconstruction of the considered pixel

and & isthe reconstruction of the prediction error (i index

refers to actual pixel location, j to the location pointed by
the actual MV and k by the reconstructed MV).

If the video is encoded at half-pixel precision, the
algorithm proposed in [1] rounds the half-pixel precision
MVs to integer values. This solution leads to a sub-
optimal distortion estimate that is often unacceptable.

Half-pixel ROPE
In [5] the ROPE algorithm is extended to deal with half-
pixel precision MVs. The expression of a half-pixe |,
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interpolated horizontally or verticaly from two adjacent
integer-pixelsj; ej, isreported in Eq. (3)
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where | | represents the integer part and r is a

polarization terms (to obtain a zero-mean quantization
error). Eqg. (4) and (5) present the expressions of the first
and second moments of Eqg. (3), neglecting the integer
rounding:
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In Eqg. (4) and (5) every term is known but the last one in
Eqg. (5), which represents the expectation of the product of
two adjacent integer pixels*. If the two pixels j, and j, of
frame n belong to the same MB, in every possible packet
loss pattern they have the same MV. The work in [5]
proposes to calculate the expected value of the product of
two integer adjacent pixels as a linear combination of the
various expected values of products of the adjacent pixels
from whom they are predicted in the different loss

scenarios (analogue equations for the Intra case can be
found in [5]):
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If the MV associated to the pair of integer pixelsi, and i,
is a half-pixel precision MV, the reference pair of pixel is
formed by half-pixels (caled j; and j,). A possible
configuration is shown in Figure 1:
X 2
o b c

Figure 1 - Example of two horizontally adjacent pixels (j; and j,) that are
used as referencesin MC operation. Their values come from
interpolation of the consecutive pixels a, b, and c.

In order to calculate the expected value of the product of
half-pixels j; and j,, given the known expected products
between integer (a,b) and (b,c), the product can be
developed substituting j; and j, with their expression asin
Eq. (3). In this way a new unknown term is needed: the
expected value of the product between not adjacent

! Thework in [2] proposes to approximate the expectation of
the product of two adjacent integer pixelswith its superior limit
indicated by Cauchy-Schwartz inequality.



integer pixels a and c. The problem is tackled using the
following well-known relation
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where 4 e o represent the expected value and the

standard deviation of reconstructed pixel (known by Eq.
(2) and (3)) and p, . isthe correlation coefficient between

fe, e f° p,. is then approximated (assuming an

autoregressive linear model between adjacent pixels) by:
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In case pixels i; and i, belong to different MBs (it

happens less than 10% of the cases), they are supposed to
be uncorrelated and the expected values of products of the
adjacent pixels are approximated by the product of the
expected values. The results presented in [8] show the
accuracy of this solution on the whole sequence.

3. DCT-ROPE

In [8] an extension of ROPE that works directly in the
DCT domain is proposed. The basic idea is to use the
recursive eguation of the original ROPE algorithm [1] on
the DCT coefficients instead of working on pixel values.
This straightforward solution (that we call here DCT-
ROPE) has to cope with the difficulty of managing the
motion compensation phase in the transform domain.

In order to map DCT coefficients from the current to the
reference frame, motion vectors are quantized with a step
size equa to the block side length in such away that each
macroblock of the current frame is matched with the
nearest macroblock of the reference frame. This coarse
approximation of motion vectors leads to a loss of
accuracy in the distortion estimation as shown by the
simulation results reported in Section 5.

4. EXPECTED DISTORTION OF DECODED
DCT-COEFFICIENTS (EDDD)

This section illustrates the proposed agorithm that
alows estimating the distortion of the reconstructed video
sequence in the DCT domain, yet retaining the accuracy
of the origind ROPE algorithm. The basic idea of is to
run ROPE in the pixel domain and then to estimate the
distortion in the DCT domain, block-by-block, using the
corresponding spatial information. This is rather different
from the approach presented in [8], where the estimate
was obtained directly in the DCT domain.

As we saw in the previous section, the ROPE
algorithm considers the decoded value of each pixel j asa
random variable x whose statistics are expressed by the
estimated first and second moments of the pixel value

after the reconstruction at the decoder side. The two
expected quantities are calculated by recursive equations.
In similar way, for each image block, we represent each of
the i-th DCT coefficient as a statistical variable y;.. In
order to characterize the expected distortion we need to
estimate both the first (E[y]) and the second (E[y?])
moments. In the following, we refer to the proposed
approach as Expected Distortion of Decoded DCT-
coefficients (EDDD).

Given w;' (the j-th elements of the i-th DCT basis
function) the random variable y; can be written as in Eq.

(9).
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Using Eq. (9) we obtain the expression of E[y] and E[y;]
asreported in EQ. (10) and Eq. (11).
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Eq. (10) is of easy calculation while Eq. (11) presents
an unknown term that represents the expected value of the
product of pixels pairs within the considered block.
Although this quantity is not needed in the full pixel
precision version of ROPE [1], the work in [5] introduces
an extension of ROPE to work with half-pixel precision,
as briefly summarized in Section 2. In particular, the
additional recursive Eq. (6) gives the expected value of
the product of adjacent pixels in both horizonta and
vertical directions. The values of E[x, x] for not adjacent
pixels z and j are obtained by the combination of the
expected values of the product of the adjacent pixels that
connect z with j. This latter approximation is the only
cause of inaccuracy of the proposed EDDD algorithm.

Besides its accuracy, the proposed approach has the
significant feature of energy preservation over each block,
i.e, the distortion calculated by ROPE agorithm over
each block in pixel domain is exactly the same distortion
caculated by EDDD agorithm in the DCT domain. In
fact it is easy to show that this feature is not affected by
the aforementioned simplification and thus it is always
true.

5. EXPERIMENTAL RESULTS

This section compares the proposed EDDD approach
with the ROPE agorithm applied directly in the DCT
domain (DCT-ROPE). In order to assess the absolute
accuracy and consistency of both approaches, they are
compared with the actual distortion of the reconstructed
sequence averaged over several network simulations with
different error patterns.



Figure 2 illustrates the PSNR tracks at frame level of
the decoded ‘Foreman’ sequence (QCIF, 30 fps, 256
kbps, Intra MB refresh 10%) subjected to a random
packet loss rate of 10%. The network simulations track is
the average PSNR over 60 different realizations, while
pixel-domain ROPE (PEL-ROPE) and EDDD have the
same track due to the energy conservation feature of
EDDD. The inaccuracy of DCT-ROPE approach is
evident. Similar results can be obtained over other video
sequences.

Figure 3 shows the accuracy of EDDD and DCT-
ROPE agorithms in the DCT domain. Each 8x8 DCT
block is divided into four not-overlapped frequency
bands. DC coefficient, AC-3 (the three coefficients
adjacent to DC), AC-12 (the twelve coefficients around
AC-3), and AC-48 (the remaining coefficients). For these
bands we calculate the expected distortion (MSE). As we
can see, the proposed EDDD approach presents a
significant accuracy improvement with respect to the
DCT-ROPE approach. Moreover the estimated distortion
is rather close to the actua average distortion measured in
the network simulations Tests on other video sequences at
different PLRs lead to the same results.

To conclude, we showed that the proposed EDDD
approach in DCT domain presents the same expected
distortion of ROPE at frame level and that it estimates
with considerable accuracy the expected distortion in the
DCT domain.

6. CONCLUSIONS

This paper presents an extension of ROPE agorithm
that is able to estimate the expected distortion in the DCT
domain. The basic idea of the proposed EDDD approach
is to run the original ROPE algorithm in the pixel domain
and then to estimate the DCT domain, block-by-block,
using the corresponding spatial information. The accuracy
of the EDDD is validated by several simulation results.
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Figure 2. PSNR tracks for EDDD, DCT-ROPE and NS.
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Figure 3. MSE in the four not-overlapped DCT bands.



