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Abstract—Discrete Cosine Transform (DCT) has been widely used
in image/video coding systems, where zigzag scan is usually
employed for DCT coefficient organization. However, due to local
diversity of prediction errors, the fixed scan pattern, such as the
traditional zigzag scan, is not efficient all the time for organizing
the DCT transformed prediction errors. In this paper, the
statistical distribution of prediction residuals is studied first, and
two other scan patterns are introduced to complete the set of
possible patterns. Then, a new adaptive scheme that adaptively
chooses for each macroblock the best scan pattern to arrange the
quantized DCT coefficients into arrays is presented. The best scan
pattern is selected for each macroblock according to its own
residual characteristics and hence leads to improved coding
efficiency. Experimental results show that this macroblock-level
adaptive scan scheme (MLASS) can always outperform the
traditional zigzag one and the Peak Signal to Noise Ratio (PSNR)
gain can be up to 0.65dB. Moreover, the extra two scan patterns do
not increase memory requirement much. Additionally, a fast scan
pattern decision algorithm is given for complexity reduction. This
fast version of MLASS can keep almost the same coding efficiency
while with much lower complexity.

L. INTRODUCTION

Nowadays, block-based transform/prediction hybrid video
coding scheme has been successfully used as the basic framework in
the series of H.26x and MPEG video coding standards. In these
standards, an input picture is always first divided into fixed size
blocks such as 8x8 block in [1]. Each block will be spatially or
temporally predicted and the produced prediction errors undergo a
two-dimensional transformation to output an equal-sized array of
transformed coefficients. The discrete cosine transform (DCT) has
emerged as the most practical transform for its effective de-
correlation capability and low implementation complexity. After
DCT, the energy of prediction errors is usually compacted into a few
low pass sub-bands. The DCT coefficients are quantized, scanned
and then entropy coded.

According to some scan pattern, each quantized DCT coefficient
is arranged into a one-dimensional array. An efficient scanning
pattern should satisfy that scanning the data in such fashion can
minimize the length of coding bits during the subsequent entropy
coding process. To realize it, nonzero coefficients should be grouped
together and positioned at the start of the reordered array. Scanning
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in this way can make small run-length of zero coefficients more
frequently occur (run-length is defined as run). Therefore, the
probability distribution of runs will shape as a big peak appearing
around zero, which means runs have lower entropy and we can use
fewer bits to code them. Thus, designing suitable scan patterns can
bring further coding efficiency

As stated above, how to organize the DCT coefficients is of
great importance for higher coding efficiency. And it is tightly
related to the characteristics of DCT coefficients. The statistical
distribution of DCT coefficients has been extensively studied in the
past two decades [2] [3]. Typically, DCT block in progressive video
(frame block) has such distribution that nonzero DCT coefficients
are clustered around the top-left (DC) coefficient and roughly
symmetrically positioned in the horizontal and vertical directions.
Hence, to produce more small runs, a proper scan pattern for this
case is the zigzag scan, where the coefficients are scanned
sequentially along diagonal direction of 45 degree. Zigzag scan has
been widely adopted in many block-based video coding standards
such as H.261 and H.263 [4]. In MPEG-2/4, H.264 [5] and Audio
Video Coding Standard (AVS), another scan pattern, called field
scan, is applied for blocks of interlaced video (field block) besides
the traditional zigzag scan. With this new scan pattern, coefficients
vertically positioned are scanned earlier than those horizontally
positioned. This is because a field block is apt to have more high
frequency information in vertical direction. Thus, a suitable scan
pattern should be consistent with the particular distribution of DCT
coefficients.

The upper mentioned zigzag scan and field scan will at most be
adaptive at the picture level. This is based on the hypothesis that the
distribution diversity of DCT only happens picture by picture. But it
is not always true. The distribution will be different among different
blocks due to local versatile contents. Thus, it is necessary to use
the adaptive scan scheme on units smaller than picture. MPEG-4 has
utilized block-level adaptive scan for intra blocks, where the
selection of three scan patterns (alternate-vertical, alternate-
horizontal and zigzag [6]) for each block is determined according to
DC prediction direction. In [7], multiple scanning patterns are used
for different spatial prediction directions on block basis. All these
block-level adaptive scan schemes have brought in coding efficiency
improvement. But the existing schemes are all confined to intra
block coding. With the following analysis, we will see that for inter-
predicted errors, adaptive scan on units smaller than picture is also
needed. Therefore, in this paper we present a macroblock-level



adaptive scan scheme (MLASS) not only for intra blocks but also
for inter blocks.

The rest of the paper is organized as follows. Section II firstly
analyzes the distribution of prediction errors including inter blocks,
and then two additional scan patterns are introduced. At last, the
algorithm of MLASS is explained in detail. Section III describes a
fast scan pattern decision algorithm for MLASS. Section IV
provides the experimental results and conclusions are drawn in
section V.

II.  NOVEL SCHEME OF MACROBLOCK-LEVEL ADAPTIVE

SCAN FOR DCT COEFFICIENTS

A. Residual Distribution

Since the coefficients in a DCT-based scheme are achieved from
the transform on the residual signals predicted from different modes,
the distribution of coefficients of each block may be diverse as well.
In order to prove this hypothesis, the distribution of the coefficients
is first studied here. Three typical kinds of quantized coefficient
distribution in an 8x8 block are shown in Fig.1 (a)-(c). All the pixels
unmarked with a nonzero integer are zeros. These data are from the
first frame of the test sequence CIF ‘Paris’. QP is 27 and frames are
coded in IBBP order [8]. From these figures, it can be clearly
observed that the distribution of the transformed coefficients in
different blocks shows variety. As shown in Fig.1 (a) and (b), the
nonzero coefficients are distributed among the left columns and the
up rows, while the nonzero coefficient distribution in Fig.1 (c) is
roughly symmetrical along the top-left bottom-right diagonal. For
many blocks in this sequence, the residuals are not symmetric
distributed, but gather in the up rows or left columns. Therefore, the
zigzag scanning might be inefficient for these cases. In order to find
out the ratio of such blocks of unsymmetrical distribution, we design
an experiment as follows. In our experiment, we first define three
classes: vertical, horizontal and symmetric. Then each 8x8 block
will be classified by the following method. For an 8x8 block, we
calculate two energy distribution weighting values of the top right
and down left respectively, and the weighting value is defined as the
multiplication between the number of nonzero residuals nb and the
sum of absolute value in a 4x4 block. The down left and top
right 4x4 block in an 8x8 block is marked with red frames in
Fig.1 (a) and (b) respectively. It’s not difficult to understand that
both nb and the sum of absolute value have the positive correlation
with energy. Thus, the weighted value of a 4x4 block can be
represented by

Weight(x,y,nb) = nbx i 23 abs(Level(x,y)) (1

y=0 x=0

where Level(x, y) is the Level value at a spatial position (x, y) and
abs( * ) calculates the absolute value. Then the weighted values of
top right and down left 4x4 block, named W TR and W DL, can be
calculated respectively. If the two weighted values are both zero,
this block will not be classified. This is because the coefficients are
gathered in the top left 4x4 block. If the absolute difference is
smaller than threshold K, this 8x8 block is classified into Symmetric.
If it is not the case introduced above, and W TR is larger than W DL,
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this block is Horizontal. For other cases, it’s Vertical. Fig.2 shows
the ratio of the three classes in the ‘Paris’ sequence. Here, K is 100
for intra frame and 50 for P and B frames. The residual energy in P
and B frames are usually smaller than intra frame, thus the threshold
K is accordingly set smaller for P and B frames. From Fig.2, we can
easily find that the symmetric class (case (a)) is not the mainstream,
Horizontal (case (b)) and Vertical (case (a)) classes bulk large.
Furthermore, case (b) of residuals gathering in the up rows is more
than case (a). The reason for this is that there is a hand moving
horizontally in front of books which results in strong high frequency
vertical features. While for filed sequences, because of the
spatial/temporal prediction and camera horizon moving, there are
much stronger high frequency horizontal features. Here we give a
statistic result of the first frame of the 10801 ‘kayak’ sequence, as
depicted in Fig.3. The number in each position of the 8x8 block is
the occurrence numbers of nonzero coefficients in this frame. It is
apparent from the statistic result that it decays horizontally but not
vertically. All the reasons mentioned above directly bring on the
residuals asymmetric distribution. Intuitively, using zigzag scan we
can’t get high coding compression efficiency. We’d better design
better scanning patterns to further improve the coding efficiency
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B.  Algorithm of MLASS

Based on above observations, two scan patterns are introduced
in our scheme: vertical scan and horizontal scan, as shown in Fig.4
(a) and (b) respectively. The proposed scan pattern starts from the
left-top position, then scans each position column by column from
left to right or row by row from top to bottom. In this way, the
coding efficiency of those cases as shown in Fig.1 (a), Fig.1 (b) and
Fig.3 can be improved, since it can better group together nonzero
coefficients at the start of the scanned array, followed by long
sequences of zeros than conventional zigzag scan pattern. In other
words, after organizing with vertical/horizontal scan pattern, we can
easily get efficient representation of the remaining zero-valued
quantized coefficients, which can favor entropy coding. In MPEG-4,
besides zigzag scan pattern, there are also two other patterns, named
Alternate-Horizontal scan and Alternate-Vertical scan [9]. However,
in our scheme, the proposed scan patterns are totally horizontal or
vertical, which is different from that in MPEG-4. The reason for this
is that this kind of scan patterns is easy for hardware implementation
in the decoder. For the two proposed scan patterns, they needn’t to
be stored which avoids additional memory requirement.
Furthermore, the position of non-zero coefficients can be calculated
through addition operations of runs in stead of table look-up. In this
way, the decoding time can be saved.

13805 8805 | 4465 | 1864 | 255 2 1 0
13401 8729 | 4402 | 1762 | 203 29 2 0
12554 8537 | 3871 | 1390 | 106 | 20 0 0
12795 9014 | 4096 | 1039 | 73 5 0 0
12093 | 8469 | 3335 | 576 21 1 0 0
12476 9127 | 3620 | 444 10 0 0 0
12051 8761 | 3283 | 231 i 0 0 0
11688 8576 | 3268 | 213 i 1 0 0

Occurrence numbers of nonzero coefficients in each position of an
8%8 block

Figure 3.

Thus, for each block, we have three scan patterns to
choose from. The criterion of scanning strategy is the rate-
distortion cost. The rate-distortion cost of each block in different
modes and three scan patterns is calculated by

J=D+ AR 2)

where 4 is the Lagrange multiplier, D is the reconstruction distortion
and R is the number of coded bits of each coding unit. The best mode
and scan pattern can be chosen according to the lowest rate-distortion
costs. Then the information about scan pattern is sent to decoder as
side information. For each individual macroblock, a flag in the
macroblock header is used to indicate if the block is coded in the zigzag
scan pattern. This flag is coded by one bit. If the block isn’t coded with
zigzag, it is indicated by another one bit flag to discriminate vertical
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scan from horizontal scan. Thus, the form of binary tree to index scan
patterns is adopted in our scheme, as depicted in Fig.5.

(2) (b)

Figure 4. Different case rates in Paris sequence

0 zigzag

10: vertieal 11: horizon

Figure 5. Index for three different scan patterns

II1.

As stated above, three different scan patterns are adopted in
MLASS to further improve the coding efficiency. Each block
can make full use of current coefficient distribution to choose the
best scan pattern based on rate-distortion cost calculated with
Equation (2). This leads to highly efficient entropy coding.
However, the computational complexity of the encoder is also
increased beyond doubt because of the new-added rate-distortion
decisions although the new-designed scan patterns needn’t be
stored. To reduce the computational complexity, we bring
forward a novel fast scan pattern decision approach. For each
given block after DCT, the nonzero residual distribution is fixed.
Thus, the key problem of fast decision algorithm is how to
represent the gathering degree of these scattered nonzero
residuals. We define different weighted value for each non-zero
coefficient according to some scan pattern, and it can be
represented as

FAST SCAN PATTERN DECISION ALOGRITHM

Factor(c,) = p, i=0~63,p,=0~63 3)

where ¢, is the i-th non-zero coefficient and p, is the scan order in

the corresponding scan pattern. For example, there is a non-zero
coefficient at the position (1,2) in an 8x8 block, then the weighted
value in zigzag scan pattern is eight, in vertical scan pattern it is ten,
while in horizontal scan pattern it is seventeen. Then the cost of
different scan patterns can be represented by the sum of weighted
values of nonzero coefficients in a macroblock. The cost is defined
by



k
cost:ZFacotr(cl.):pl+p2+...pk @)

i=1

As the difference of two sequentially scanned non-zero
coefficient weighted values (Factor (¢,,,)) and Factor (C,)) equals

to the number of run minus one, and this value is different with
different scan patterns, the cost can effectively represent the
gathering degree of non-zero coefficients. The weighted value of
each nonzero residual position is smaller in the most suitable scan
pattern compared to the other two. Furthermore, with different scan
patterns, the difference of weighted values will increase more
quickly with the number of scanned nonzero coefficient. Then the
block will be scanned using the best scan pattern with the smallest
cost. Based on the fast scan pattern decision algorithm, the
calculations of R-D costs with different scan patterns can be skipped,
which lead to the alleviation of the computational load.
Experimental result shows that the correct ratio of this fast algorithm
is larger than 80% on average.

IV. EXPERIMENTAL RESULTS

In order to evaluate the proposed adaptive scan scheme, several
experiments have been performed. Since what we propose is on
macroblock basis, the frame-level adaptive scan scheme is
compared in this paper. The test model RM52¢ developed by AVS
working group in China as reference software is used as platform
into which the proposed scanning strategy is integrated. The scheme
that each frame can use zigzag scan or vertical-alternate scan
according to rate-distortion cost is integrated as well. This test result
is used as frame-level adaptive scan which is compared in this paper.
The sequences and common conditions of AVS testing used here are
illustrated in [8]. The first frame is coded as I-frame, and the other
frames are all P-frame. In order to verify that the proposed
coefficient scanning strategy is independent of the quantization
parameter, the different quantization step sizes are tested, i.e. 27, 30,
35 and 40 with different resolutions including 10801, 5761 and CIF.

Table I illustrates the experimental results using 2D-VLC
entropy coding. The first three rows in Table I show the gain of the
proposed macroblock-level adaptive scan scheme compared to
frame-level strategy. It can be seen that the proposed method
outperforms the conventional fixed zigzag scan under every
condition and especially for the sequence ‘kayak’ (1080i), the
performance gain is up to 0.65db. Table II illustrates the
experimental results using the proposed fast scan decision algorithm
compared to the scheme based on rate-distortion cost. The results
demonstrate that the performance is close to that of the original R-D
optimized encoder. In addition, it can be seen that by checking the
weighted cost obtained from quantized transform coefficients, the R-
D cost of three different scan patterns can be skipped to save the
computation. Thus, this fast decision algorithm almost does not
increase software/hardware complexity of both encoder and decoder
sides, and just needs some addition operations. What we need to
point out is that this method has been tested both in 2D-VLC and
CABAC [9] entropy coding methods respectively. Almost the same
gain can be achieved, and only the test results using 2D-VLC are
shown here.
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TABLE 1. CODING GAIN OF RD COST STRATEGY COMPARED WITH

2D-VLC ENTROPY CODER

Sequence Frames Gain(DB)
Paris (CIF) 250 0.103462
Kayak (1080i) 60 0.644649
Husky (576i) 120 0.222097

TABLE II. CODING GAIN OF FAST DECISION STRATEGY COMPARED
WITH RD COST STRATEGY.
Sequence Frames Gain(DB)
Paris (CIF) 250 -0.022621
Kayak (1080i) 60 -0.02359
Husky (576i) 120 -0.01807

V. CONCLUSION

This paper proposes an efficient macroblock-level adaptive scan
scheme (MLASS) to favor entropy coding. Meantime, a fast scan
pattern decision algorithm is introduced to reduce the hardware
complexity of encoder side whereas keeps the compression
efficiency. The experimental results prove that the proposed scheme
can achieve much higher efficiency than with conventional fixed
zigzag scan pattern. Also, it has been shown that the traditional fixed
zigzag scan is far from optimal. Since the entropy coding used in the
proposed algorithm is developed for the zigzag scanning, the future
work of this paper is to adjust the entropy coder according to the
proposed adaptive scanning strategy. Furthermore, a macroblock-
based dynamic scanning method is very promising. Thus, the further
improvement of coding efficiency can be expected.
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