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Abstract In this paper, the spatial properties of high-
de nition (HD) videos are investigated based on a large set of
HD video sequences. Compared with lower resolution videos, the
prediction errors of HD videos have higher correlation. Hence,
we propose using 2-D order-16 transforms for HD video coding,
which are expected to be more ef cient to exploit this spatial
property, and speci cally propose two types of 2-D order-16
integer transforms, nonorthogonal integer cosine transform (ICT)
and modi ed ICT. The former resembles the discrete cosine
transform (DCT) and is approximately orthogonal, of which the
transform error introduced by the nonorthogonality is proven
to be negligible. The latter modi es the structure of the DCT
matrix and is inherently orthogonal, no matter what the values
of the matrix elements are. Both types allow selecting matrix
elements more freely by releasing the orthogonality constraint
and can provide comparable performance with that of the
DCT. Each type is integrated into the audio and video coding
standard (AVS) Enhanced Pro le (EP) and the H.264 High Pro le
(HP), respectively, and used adaptively as an alternative to the
2-D order-8 transform according to local activities. At the
same time, many efforts have been devoted to further reducing
the complexity of the 2-D order-16 transforms and specially for
the modi ed ICT, a fast algorithm is developed and extended to a
universal approach. Experimental results show that 2-D order-16
transforms provide signi cant performance improvement for
both AVS Enhanced Pro le and H.264 High Pro le, which means
they can be ef cient coding tools especially for HD video coding.

Index Terms AVS, H.264, HDTV, ICT, order-16 transform,

VBT.

. Introduction

ODAY, high-definition (HD) videos become more and

more popular with many applications, such as high-
definition television (HDTV) broadcasting, high density stor-
age media, video-on-demand (VOD), and surveillance. The
most common algorithms for HD video coding are mainly
based on the hybrid framework of motion compensated pre-
diction (MCP) and discrete cosine transform (DCT).
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MPEG-2 [1] is the most widely used standard for HDTV
broadcasting, which uses only basic coding tools, such as
the 2-D order-8 DCT, bidirectional motion prediction and
compensation, and variable length coding (VLC). Although
the efficiency is relatively low, the widespread acceptance of
MPEG-2 is mainly attributed to its low complexity and its
adoption in consumer electronic products. The latest video
coding standard H.264/AVC [2] can bring significant perfor-
mance improvement compared to all the previous standards. It
employs complicated intra and inter prediction tools to achieve
accurate prediction and advanced entropy coding schemes to
remove statistical redundancy. The recently completed High
Profile (HP) [3], aiming at HD video coding, further improves
the coding efficiency by variable block size transforms (VBT),
where a 2-D order-8 integer cosine transform (ICT) is used
adaptively as an alternative to the 2-D order-4 ICT in H.264.
The audio and video coding standard (AVS) [4] is the national
standard of China. Its Enhanced Profile (EP) [5] also aims at
HD video coding in the efficiency aspect and does not provide
rich functionalities. So, it is quite similar to the Main Profile
of H.264. JPEG 2000 [6] is another attractive choice for HD
video coding. Compared with those MCP/DCT-based coding
techniques, it provides a wavelet-based framework and offers
the richest set of features, such as lossy and lossless coding,
spatial and quality scalability, region-of-interest (ROI) coding,
and error resilience tools. Although it was originally developed
for still image coding and does not remove temporal redun-
dancy of video sequences, JPEG 2000 can address the needs
for very demanding HD applications, e.g., digital cinema, and
remote medical consultancy.

However, the techniques, focusing on improving coding
efficiency, are all originally designed as general coding tools
for videos of various resolutions. Although efficient when
applied to HD videos, they do not fully exploit their properties.
Wien and Sun [7] once proposed a VBT scheme to H.264,
with seven transform block sizes of 4 4 up to 16 16.
However, this scheme was not proposed for HD video coding
and the reported experimental results were based on a set
of CIF sequences. The maximum transform block size was
finally reduced to 8 8 due to the visible artifacts and the
overall complexity [8]. Recently, Naito and Koike [9], and Ma
and Kuo [10] have investigated the efficiency of using super-
macroblock (MB) for HD video coding within the framework
of H.264. Naito and Koike [9] allow the MB size to be
adaptively selected from 16 16to 2N 2N (N 4), where N
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may be configured at the picture level. The block sizes of intra
prediction and motion compensation are scaled, according to
the MB size. The experimental results based on two 4K 2K
sequences are reported and significant bit saving can be
observed, when the sequences are coded using the fixed QP
45. In [10], the MB size is fixed to be 32 32 and a 2-D order-
16 integer transform is also proposed and adaptively used in
addition to the 2-D order-4 and order-8 ICTs in H.264 HP.
Modest PSNR gain is shown based on two 1080p sequences,
but subjective improvement is invisible.

In this paper, we study the unique properties of HD videos
and thus develop special coding tools. First of all, the spatial
properties of HD videos and their motion prediction errors are
both investigated and compared with those of low resolution
videos. It is found that the HD videos are distinguished from
other low resolution ones by higher spatial correlation. To
exploit the property, we propose using 2-D order-16 transforms
for HD video coding. Specifically, two types of 2-D order-16
integer transforms are proposed, both of which can achieve
comparable performance with the DCT, if well-designed, and
provide the freedom of selecting matrix elements by releasing
the orthogonality constraint, such that trade-off can be made
between performance and complexity.

One type, called nonorthogonal ICT (NICT), allows the
basis vectors to be nonorthogonal, in order to use matrix
elements with small magnitudes on one hand and maintain
the structure of the DCT matrix, e.g., dyadic symmetries and
relative magnitudes, on the other hand. The transform error,
which makes the average variance of the reconstruction error
larger than that of the quantization error due to the nonorthog-
onality, is analyzed quantitatively. The specific NICT proposed
in this paper achieves the balance among the performance, the
complexity, and the transform error.

The other type, called modified ICT (MICT), is an ortho-
gonal integer transform with the dyadic symmetries of the
DCT matrix modified. It is naturally orthogonal, no matter
what the values of the elements are. There are some related
publications. The one proposed by Wien and Sun [7] has a
one-norm transform matrix, which means the norms of all
the basis vectors are the same and the memory for storing
the scaling matrix can be saved. However, as the cost, this
2-D order-16 integer transform has much lower coding
gain [11] than the DCT and introduces ringing artifacts, when
integrated into H.264. The one proposed by Ma and Kuo [10]
is simple and compatible with the 2-D order-8 ICT in H.264.
However, the proposed transform modifies the structure of the
DCT matrix so significantly that it is actually equivalent to
the combined processes of 2-D order-8 ICTs and 2-D order-2
Hadamard Transforms (HT). In other words, first, the four
8 8 partitions of the input 16 16 block are transformed by
2-D order-8 ICT, respectively, and then the coefficients at the
corresponding positions of the four transformed blocks are
transformed by 2-D order-2 HT and thus further de-correlated.
Liang et al. [12], [13] proposed a family of approximations of
the DCT, named binDCT, and the lifting scheme for implemen-
tation. The lifting parameters, which are theoretically rational,
are replaced by proper dyadic approximations and thus enable
the multiplication-free fast algorithm. The trade-off between
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coding gain and computational complexity can be made by
tuning the resolution of the approximation. However, the
binDCT is not a unitary transform and thus uses the exact
inversion, although invertibility is guaranteed by the lifting
scheme. As a drawback, matrix multiplication cannot provide
the exact same results as the lifting scheme, unless additional
shifts are used.

The proposed two types of 2-D order-16 transforms are both
integrated into AVS EP and H.264 HP, respectively, using
16-bit integer arithmetic and used adaptively as an alter-
native to the 2-D order-8 ICT in whichever standard they
are integrated into. The related problems of transform size
selection, 16 16 intra prediction, entropy coding, and coded
block pattern (CBP) are solved. Both 2-D order-16 integer
transforms are compatible with the 2-D order-8 ones in the
standards. The fast algorithm for the MICT is developed and
extended to a general approach.

The remainder of this paper is organized as follows.
Section |l investigates the unique spatial property of HD
videos. To fully exploit the property, two types of 2-D order-
16 integer transforms are proposed in Section Ill. Section 1V
introduces the efforts we have made to reduce the complex-
ity of the proposed transforms. Section V briefly presents
the solutions of the related problems, when the 2-D order-
16 transforms are integrated into the standards. Section VI
reports the experimental results, followed by the conclusion
in Section VII.

Il. Spatial Analysis of HD Videos

The most useful statistical function for all video coding
methods is correlation. Spatial correlation is useful for estimat-
ing the energy of the coefficients in the case of unitary trans-
form coding, whilst temporal correlation can help to estimate
the prediction error and design the predictor for interframe
coder [14]. Our research work starts from analyzing the spatial
correlation of raw HD videos. Since all the transforms used for
video coding are separable and the spatial property of columns
and rows can be taken as equivalent [15], we only focus on
the horizontal correlation.

In a video frame, each row is regarded as an observation of
a discrete stochastic process and the observations in total are
the rows in one frame. So each column represents a random
variable. In probability theory and statistics, correlation of a
stochastic process is often measured by the function, correla-
tion coefficient r, as defined below [16]

r(ng, nz) =E[(x(ny)  1)*(x(n2)  2)M(1* 2) (D)

where n; and n, are two positions in a certain row, x(n;)
and x(n,) are the values of pixels at the two positions with
ensemble averages, 1 and , and standard deviations, 1
and », and E is the ensemble average operator. Due to the
variable local activities in a frame, r(n,n + ) depends not
only on but also on n in different positions. In other words,
a video frame is not a collection of samples of a wide-sense
stationary (WSS) stochastic process. Hence, for a given , r( )
is a random variable instead of a constant.

We calculate r( ) with =1, which represents the corre-
lation of adjacent pixels. Table | shows the expected value
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TABLE |
The Correlation Coefficient of Two Adjacent Pixels in Raw
Video Sequences

Test Sequence Resolution r)
ri rl

Riverbed 0.9894 | 0.0042
Flamingo HD 0.9882 | 0.0063
Kayak 1920 1080 | 0.9864 | 0.0065
Fireworks 0.8159 | 0.0441
Raven 0.9770 | 0.0129
Night HD 0.9548 | 0.0511
Crew 1280 720 0.9758 | 0.0460
City 0.9513 | 0.0456
FlowerGarden 0.9417 | 0.1154
F1 SD 0.8923 | 0.1439
Basketball 720 576 0.9391 | 0.1066
Mobile 0.8836 | 0.1154
Foreman 0.9722 | 0.0712
News CIF 0.9199 | 0.1259
Tempete 352 288 0.8815 | 0.0478
Paris 0.8656 | 0.1053

and standard deviation of r(1). A frame in a video sequence
is a still image that can be approximated by the first-order
Markov source with correlation coefficient tending to 1.0 [15].
Therefore, as what we expected, for all resolution sequences,
the mean values of r(1) approach the upper bound of 1.0
and the variances are very small. Though, overall, r(1) of
HD videos is slightly higher than others, the difference is not
substantial.

However, the transforms in video codecs are usually applied
to motion prediction errors instead of original pixels. Even for
intra frames, prediction errors are transformed thanks to the
intra predictions in the recent video coding standards, such as
H.264 and AVS. Therefore, it makes sense to investigate the
correlation of prediction errors, which influence coding strate-
gies directly. In this paper, the prediction errors are obtained
using the criterion of rate-distortion (R-D) cost [17] and
only the horizontal correlation is analyzed, as the correlation
equivalence of two spatial directions still holds for prediction
errors, according to our experimental results.

Table Il shows the expected values,  and [, of r(1)
and r(2) of prediction errors. Generally, the correlation of
prediction errors increases with the resolution, and the dif-
ference of r(1) values between HD and low resolution videos
is substantial. The mean values of r(2), the correlation of every
other pixel, are relatively high for HD videos, but approach 0
for most of the low resolution videos. Therefore, as evident in
Table II, the prediction errors of HD videos are distinguished
from the low resolution ones by higher spatial correlation.
However, this conclusion does not hold in some extreme cases.
For example, if a human face in sequence Crew was captured
by a CIF video, the spatial correlation of the CIF would
be higher than the HD. However, based on a large set of
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TABLE Il
The Correlation Coefficients r(1) and r(2) of Prediction Errors
of Video Sequences

Test Sequence Resolution r(l) re)
r r1 r2 r2

Riverbed 0.8909 | 0.1658 0.7570 0.1891
Flamingo 0.8606 | 0.1596 | 0.6835 | 0.1869
Kayak HD 0.8596 | 0.1320 0.6630 0.1267
Tractor 1920 1080 | 0.7804 | 0.1504 | 0.5174 | 0.1968
Pedestrians 0.7772 | 0.1862 0.5473 0.2601
Station 0.6814 | 0.1793 | 0.3551 | 0.3200
Fireworks 0.5031 | 0.1285 0.1005 0.1325
Raven 0.7328 | 0.1174 | 0.3746 | 0.1813
Optis 0.6966 | 0.0698 0.2916 0.1043
Night HD 0.6807 | 0.1660 | 0.3196 | 0.2361
Crew 1280 720 0.6712 | 0.1476 0.2647 0.2329
Harbour 0.5738 | 0.1859 | 0.0749 | 0.2559
City 0.5618 | 0.1080 | 0.1015 | 0.1239
FlowerGarden 0.5774 | 0.1423 0.2140 0.1504
F1 SD 0.5629 | 0.1809 | 0.2304 | 0.2473
Basketball 720 576 0.4912 | 0.2401 0.1888 0.2461
Mobile SD 0.3729 | 0.1704 0.0875 0.1871
Foreman 0.5445 | 0.2035 0.1725 0.2939
News CIF 0.3543 | 0.1870 | 0.0466 | 0.1960
Tempete 352 288 0.3176 | 0.2353 0.2049 0.2182
Mobile 0.2323 | 0.1686 0.0539 | 0.1617
Paris 0.1770 | 0.2223 0.0798 0.1588

HD videos, the conclusion is useful and quite instructive for
studying the tools specially for coding HD videos.

For a given bit rate, the MSE produced by transform coding
improves with the block size, but the improvement is not
significant as the block size increases beyond 16 16 [18].
In other words, compared with order-8 transforms, order-
16 transforms compact energy to a smaller proportion of
coefficients, which are more likely to survive the quantization.
In practice, for image or video coding, the performance of
2-D order-16 transform suffers nonoptimal entropy coding
(typically run-length coding), as it is difficult to accurately
model the distribution of a run, which has a much larger
dynamic range than that produced by order-8 transforms
and dramatically varies throughout video sequences. Besides,
order-16 transform is much more computationally complex, so
order-8 transform is a good trade-off in the current image and
video coding standards. However, based on the aforementioned
observation that the prediction errors of HD videos have higher
correlation, 2-D order-16 transforms deserve more study as a
special coding tool, as the transform coefficients have high
probabilities to be distributed in the low frequency domain
and thus run can be modeled more accurately.

Table Il also shows the standard deviations, ,; and o, of
r(1) and r(2) of prediction errors, where there is no significant
difference between HD and low resolution videos. So, the
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Forward Forward Inverse Inverse
Transformation Scaling Scaling Transformation
Fig. 1. Flow diagram of traditional ICTs.
Forward .| Combined Inverse
Transformation Scaling Transformation

Fig. 2. Flow diagram of the pre-scaled integer transform.

spatial correlation of prediction errors varies greatly within
an HD video sequence, just like that in low resolution videos.
To exploit such a property, VBT should be employed, in which
smaller transforms are the complements to the 2-D order-16
one, in order to reduce the complexity and avoid the ringing
artifacts especially in more detailed areas.

I1l. The Proposed 2-D Order-16 Integer
Transforms

A. Review of ICT

ICT is generated from the DCT by replacing the real-
numbered elements of the DCT matrix with integers while
maintaining the structure, such as relative magnitudes and
signs, dyadic symmetries, and orthogonality, among the matrix
elements [19]. ICT can be implemented using integer arith-
metic without mismatch between the encoder and decoder and
if well-designed, can provide almost the same compression
efficiency as the DCT. Furthermore, ICT has fast algorithms,
which can be developed in the similar way for the DCT.

The flow diagram of ICT from the input data to the
reconstructed data is shown in Fig. 1. As the transform matrix
of ICT contains only integers and the norms of basis vectors
are much larger than unity, the transformation process shown
as (2) is not normalized. Therefore, a normalization process
in (3), known as scaling, is required after transformation to
ensure the conservation of energy and the reversibility of ICT

Fon=Tn Tan TnT 2

Sn n=Fn of/[Ry . (3)

In (2) and (3), f, n is the input data, T, is the n n
transform matrix, S, , is the output of ICT and symbol //
indicates that each element of the left matrix is divided by the
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element at the same position of the right one. The elements in
the scaling matrix R, , are derived from the norms of basis
vectors of T,, as below, where vector m, 1 contains the norms
of all basis vectors

mf 1 @)

T2G0§), 0 i<n.

J=0

®)

Mn 1(i) =

The divisions in (3) are usually approximated by integer
multiplication and shift as shown in (6)

Shn=Fan Pnn>>N

(6)

where symbol  indicates that each element of the left matrix
is multiplied by the element at the same position of the right
one and >> N means the N-bit right shift.

Similarly, for the inverse ICT, the whole process including
inverse scaling and inverse transformation can be represented
by (7) as follows:

fon= (Tr;r Snn Pnon) (7

The block diagram shown in Fig. 1 is further simplified
by the pre-scaled integer transform (PIT) (see Fig. 2), which
moves the inverse scaling from the decoder to the encoder and
combines it with the forward scaling as one single process,
named combined scaling. With PIT, the inverse scaling is
saved and thus no scaling matrix is needed to be stored, whilst
the complexity of encoders remains unchanged. However, the
inverse scaling moved to the encoder side can be considered
as a frequency weighting matrix to the transformed signals.
In order not to alter the energy distribution of the transformed
signals significantly, the elements’ magnitudes in the scaling
matrix should be almost the same. In other words, the norms of
the basis vectors should be very close to each other according
to (4) and (5), which is a key for PIT designing. Interested
readers may refer to [20] for more details.

Tn) >=>N.

B. The Proposed Order-16 NICT

The general transform matrix of an order-16 ICT is shown
in (8), at the bottom of the page [19], which has alternating
even and odd symmetry with respect to the line. The basis vec-
tors with even symmetry form the even part of the transform
matrix, Tge, Whereas those with odd symmetry form the odd

Xo Xo Xo Xo
X1 X3 X5 X7
X2 X6 X10 X14
X3 X9 X15 X11
Xa X12 X12 X4
X5 X15 X7 X3
§6 §14 §2 ;<(10
7 11 3 15
Tis= X Xg Xg Xg
X9 X5 X13 X1
X10 X2 X14 X6
X11 X1 X9 X13
X12 X4 X4 X12
X13 X7 X1 X5
X14 X10 Xg X2
X15 X13 X11 X9

Xo Xo Xo Xo Xo Xo °°°
X9 X1 Xi13 X15 X15 X1z ***
X14 X10 X X2 X2 Xg *°°
X5 X1 X7 X13 X13 X7 o0
X4 X112 X12 X4 X4 X1 *°°
X13 X9 X1 X11 X11 Xy o
X10 X2 X Xg Xg X14 *°°
X1 X13 X5 Xg X9 X5 oe° 3
Xg Xg Xg Xg Xg Xg *°*° (®)
X15 X3 X1 X7 X7 X113 ***
X X14 X2 X10 X10 Xy o0
X3 X7 X5 X5 X5 Xi5  *°*°
X12 X4 X4 X12 X12 Xgq *0°
X11 X15 X9 X3 X3 Xg *°*°
X2 Xe  X10 X14 X14 Xip °*°°
X7 X5 X3 X1 X1 X3 o
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part, Tgo. Designing an order-16 ICT is equivalent to designing
Tge and Tgo, and the orthogonality of each part is necessary
and sufficient for the orthogonality of the order-16 ICT

Xoo Xo Xo Xo Xo Xo Xo Xo
X2 X X0 Xua X4 X0 Xg X2

X4 X2 X2 X4 X4 X2 X2 X4

Xe Xia X2 Xio Xio X2 Xia X
Tee= (9)

Xg Xg Xg Xg Xg Xg Xg Xg

Xio X2 Xia X X Xia X2 X0

X12 Xa X4 X2 X2 Xa Xg4 X2

X14 Xio Xe X2 X2 X X0 Xu4

X1 X3 Xs X7 X9 X11 X13 Xi5

X3 Xg X5 X1 X5 X1 X7 X3

X5 X5 X7 X3 X3 Xg X1 X1

_ X7 X1 X3 X5 X1 X13 X5 X
Tgo= (10)

X9 X5 X3 X1 X5 X3 X1 X7
X1 X1 Xo X3 X3 X7 X5 Xs
Xiz X7 X1 X5 X1 X5 X9 X3
X5 X13 X112 X9 X7 Xs Xz X

Tge is an order-8 ICT. For the compatibility, it is de-
signed to be the scaled version of the transform ma-
trix of the order-8 ICT in H.264 or AVS, according to
whichever standard it is integrated into. The scaling factor
is 4. In other words, the element set of the even part,
{Xo, X2, . . . X12, X14}, is equal to {32, 40, 40, 36, 32, 24, 16, 8}
and {32, 48, 32,40, 32,24,16, 12}, as proposed to AVS and
H.264, respectively.

The possible element sets of an orthogonal Tg,, i.e., X1,
X3, ... X13, X15, are the solutions of a set of three quadratic
equations [21]. The solutions have relatively large magnitudes,
i.e., represented by at least 6 bits, and those with small DCT
distortion [7] have even larger magnitudes that increase the
computational complexity significantly. In this paper, NICT
is proposed for the freedom of making trade-off between
complexity and performance at the expense of orthogonality.
Except orthogonality, NICT preserves all the advantages of
ICT, such as bit-exact implementation and the fast algorithm.

Based on the property of orthogonal transforms, if there
is no quantization in the frequency domain, signals can be
reconstructed perfectly; otherwise, the average variance of the
reconstruction error equals that of the quantization error [11].
For a nonorthogonal transform, the average variance of the
reconstruction error is larger than that of the quantization error,
and even though there is no quantization, the reconstruction is
imperfect. Hence, we analyze the transform error introduced
by the nonorthogonality.

First of all, we discuss the reconstruction error without
quantization. Let vector x be a sample from a 1-D, zero-
mean, unit-variance first-order Markov process with length
N and adjacent element correlation . x is transformed by
nonorthogonal T, and the vector is obtained in the transform
domain, i.e., = Tx. Let the reconstructed vector be y, where
y=TT =TTTx. Obviously, TTT is not equal to the identity
matrix I, and the difference between T'T and I is denoted
as E;, ie, E, = T'T I. The average variance of the
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reconstruction error 2 is expressed as
N 1
2

1 1
0Nl Y1 = SEI YT y)]

%E [(ExX)T (Erx)] = %E[XT E]E/x]. (11)

Then, we denote M = EI E,, and the deduction continues
1 N 1IN 1
—EX'Mx] = = Mk, J)E [x()x(k)]
N N k=0 j=0

N IN 1
M(k, ))RG k)
k=0 j=0
N 1IN 1
z M(K, j)
k=0 j=0

Z|+~

(12)

Z|l+

where R(.) and 2 are the autocorrelation function and the
variance of the source, respectively. As the autocorrelation is
less than or equal to the variance, the upper bound of 32
for a given NICT is shown in (12). Hence, minimizing 3%
is equivalent to minimizing the term ’k\l:ol }\':01 M(k, j) in
(12). Table 111 gives some examples of 2 in the design of
NICT with 2 equal to 1.0, and it will be explained later.
Then, we take the quantization into consideration and show
the relationship of the average variances of the reconstruction
error 2 and the quantization error g Let u be the quantized
version of and y, be the reconstructed vector, i.e., y, = TTu.

The quantization error is denoted as q, i.e., q = u. The
average variance of 2 is expressed by (13)
1 N 1
;= N Elx® yr(K))]
k=0
1 T
= NELx v (xynl
= %E[(T Lottt TTu). (13)

Since T ! is not equal to TT with the nonorthogonal T, we
use (TT  Te) to represent T 1, and substitute T ! into (13)
with (TT  Te). Then we get (14)

1
z= NE[(TTq Ter )'(TTQ Ter )]
1
= NE[QTTTTQ 20" TTer + (Ter ) Ter ]

= SEW(+En 29'T@T T Y
+(TT T 1 )T(TT T 1 )]
1
= NE[qTq+qTErq 20°Er +(y X'y x)]

1 2
= g + r20 + NE[qTErq] NE[qTEr I (14)
The third and fourth terms in (14) are both equal to zero,
because the autocorrelation of g and the cross-correlation of
and are both zero as shown by Widrow et al. [22]. Therefore,
the relationship between ?Z and 2 is shown in (15)
P= it b (15)
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TABLE Il
Comparison of Sets of Matrix Elements

DCT Upper Bound
XX X X7 Xe Xaw X1 X5 | pistortion (%) | of 2, (10 7)
42 38 37 32 22 19 10 12.90 0
62 61 49 47 37 31 21 5 10.38 0
94 93 73 70 58 51 26 6 15.71 0
120 114 103 94 68 57 34 14 8.77 0
120 108 104 85 69 52 32 2 11.64 0
28 27 23 21 17 14 8 2 9.04 10.85
29 28 26 22 20 13 10 2 6.92 8.36
38 36 3529 25 18 9 3 8.53 7.61
39 37 35 29 26 18 11 2 7.36 7.03
40 39 33 31 24 19 14 4 8.70 18.53
40 38 35 31 24 19 11 4 3.74 6.54

Clearly, the average variance of the reconstruction error 2 is
always 2 larger than the quantization error variance g no
matter the transform coefficients are quantized or not, whereas
with an orthogonal transform, Z is equal to .

The key of designing an NICT is the balance among 2, the
approximation of the DCT, and the magnitudes of the matrix
elements. Table 111 gives 11 element sets of Tg, in (10). Their
DCT distortions [7] and upper bounds of % in (12) shown in
the table are of Tg, instead of Ti¢ in (8). The upper five sets
are given by Cham and Chan [21], which lead to orthogonal
Tgo, but the magnitudes and DCT distortion of these sets are
larger than the rest six sets leading to nonorthogonal Tg,.

Although nonorthogonal, the bottom six element sets are all
with negligible %, and specially, the one in the bottom row
has the minimum DCT distortion and 2. Another advantage
of this element set is that its norm is close to those of the even
part Tge in (9) and therefore is suitable for PIT implementation,
which is required when integrated into the AVS platform.
Hence, the vector in the bottom row is used for the element
set of the odd part, and the performance will be verified in
Section VI.

C. The Proposed Order-16 MICT

The MICT transform matrix is obtained by modifying the
structure of the order-16 DCT matrix using the principle of
dyadic symmetry. The basis vectors of the order-16 MICT
are inherently orthogonal no matter what the elements are, so
compared with the elements in the NICT transform matrix,
even smaller magnitudes can be selected. The even part of the
general transform matrix remains the same as the Tge in (9),
while the odd part is changed, shown as (16)

X1 X3 X5 X7 Xg X1 X3 Xis
Xo X1 X3 X5 X1 X3 X5 X7
Xs X7 Xig Xz X3 X5 Xo Xi1
X5 X1z X121 Xo X7 X5 X3 Xg
X3 X155 X9 X1 X5 X7 Xp X3
X3 X1 X7 X5 X1 Xo X5 X13
X7 X5 X3 X1 X5 X3 X1 Xg
X1 Xo X5 X1z X3 X1 X7 Xs

. (16)
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Fig. 3. Compatible structures for order-8 and order-16 (a) forward transfor-
mation and (b) inverse transformation.

With the even part Tge in (9) and the odd part Mg, in (16),
the first three basis vectors of the order-16 MICT transform
matrix resemble those of the DCT and represent low frequency
components. So the MICT shows good energy compaction
capability especially for the regions in HD videos, where
pixels are higher correlated. Though the dyadic symmetries
of most basis vectors in the odd part of the transform matrix
are different from those in the DCT matrix, the MICT will
not bring significant performance penalty, if the elements are
well-selected, as evident in Section VI.

Since the elements in the transform matrices are selected
without orthogonality constraint, it is free to make a trade-
off between the performance and the magnitudes of the
elements, i.e., the computational complexity. In this paper, the
magnitudes of elements are represented by only 3 to 4 bits
and 16-bit integer implementation can be developed easily. In
detail, the even part is selected to be the same as the order-8
ICT in AVS or H.264, according to whichever it is integrated
into. For the odd part, there are three considerations for
elements’ values. First, the magnitudes should be comparable
to those of the even part. Second, the waveform of the
second basis of the 16 16 MICT transform matrix should
resemble that of the DCT. Third, it should be suitable for
the design of fast algorithm, which will be illustrated in
Section IV-B. Taking all these constraints into consideration,
{X1, X3, ... X13, X35} is designed to be {11, 11, 11, 9, 8, 6, 4, 1}.

IV. Complexity Reduction

This section introduces the research efforts we have made
for complexity reduction. First of all, the 2-D order-16 integer
transforms are compatible with the 2-D order-8 ICT in AVS
EP or H.264 HP, according to whichever standard they are
integrated into. Furthermore, the fast algorithm for the 2-D
order-16 MICT proposed in Section 111-C is developed and
extended to a general approach.

A. Compatibility with the Order-8 ICT

It is natural that the order-16 DCT is compatible with
the order-8 one. However, it is not always true for integer
transforms. Bossen [23] points out that the compatibility of
order-8 and order-4 ICTs can be achieved by taking the order-4
ICT as the even part of the order-8 one. In this paper, the order-
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16 integer transforms use the order-8 ICTs in the standards or
their scaled version as the even part for the compatibility.

First, the compatible transformation is presented. Fig. 3(2)
shows the flow diagram of the forward transformation, applica-
ble for both types of order-16 integer transforms. The bottom-
right and upper-right blocks complete the function of matrix
multiplication with the odd and even parts of Tyg, respectively.
In case of the order-16 MICT, where Tg, is exactly the same as
the order-8 ICT, the upper-right block may be reused directly
for the order-16 forward transformation. In the other case of
the order-16 NICT, where Tg, is equal to the order-8 ICT
scaled by a factor 4, the output of upper-right block should
be left shifted 2 bits before they are reused for the forward
transformation of the order-16 NICT. Therefore, a module
specially for the order-8 forward transformation is saved, and
the output data from the order-8 forward transformation can be
reused by the order-16 one. For the inverse transformation, the
compatibility can be achieved in a similar fashion, as shown
in Fig. 3(b).

Based on the compatibility of transform matrix, the inherent
relationship between the scaling matrices, Rg g and Rig 1, IS
derived as (17), according to (4) and (5)

Rs s(i,j) 2™ =Rus 16(2i, 2j), 0

where M equals 5 and 1 for the case of the NICT and the
MICT, respectively. When the divisions in (3) are approxi-
mated by integer multiplication and right shift as shown in (6),
the relationship between the scaling matrix Pg g and Pig 16
for the scaling is

Ps g(i,j) = P1s 16(2i, 2j)

where K equals 5 and 1 for the case of the NICT and the
MICT, respectively. When the order-16 integer transforms
are implemented as PIT to be compatible with the order-
8 PIT in AVS, (18) is also true for the combined scaling
with K doubled. Interested readers may refer to [24] for
more details. Equation (18) indicates that Pg g(i, j) is 2K
times larger than Pis 16(2i,2J) if N, the number of bits
for right shift in (6), is the same for the order-16 and the
order-8 transforms. The difference between Pg g(i, j) and
P1s 16(2i, 2J) can be easily sorted out by shift operations. In
other words, P 16(2i,2J), 0 i, j < 8, may be used for the
combined scaling of the order-8 ICT but N in (6) for 8 8
scaling is K bits less than that for the 16 16 scaling. Hence,
the memory for storing an 8 8 scaling matrix is saved, thus
achieving the compatibility of scaling matrix.

iLbj<8 (17)

2K, 0 i,j<8 (18)

B. Fast Algorithm for the Order-16 MICT

ICT and NICT have fast algorithms, which can be developed
in a similar way for the DCT. However, fast algorithms
for the MICTs are not guaranteed, and little research effort
has been devoted to it. We propose a universal approach to
developing fast algorithms for the integer transforms with
different structures from the DCT matrix, including the MICT.
Due to the separability of a 2-D transform and the similarity of
the forward and inverse transformation flows, we focus on the
fast algorithm for 1-D order-16 transformation in this section.

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY, VOL. 19, NO. 10, OCTOBER 2009

The eight butterflies in the left part of Fig. 3(a) can be easily
developed as the first stage, which exploits the symmetries
with respect to the line in (8). The upper-right block completes
the function of matrix multiplication with the even part, which
is the same as the order-8 ICTs in the standards in this
paper. Fortunately, both order-8 ICTs in AVS and H.264 have
efficient fast algorithms, which are borrowed here. For a more
general case that the even part of the MICT has different
structure with Tge in (9), the fast algorithms can be developed
in the same way for Mg, as introduced below.

The bottom-right block in Fig. 3(a), completing the function
of matrix multiplication with the odd part, has a quite different
structure from the odd part of the order-16 DCT matrix. So we
cannot decompose it to butterfly operations just as we do for
Tge. Instead, we represent Mg, as the product of three 8 8
matrices, as shown in (19)

Mgo = Ml MZ MS- (19)

There are some considerations for the three matrices. First,
they should contain integers only. Second, the integers should
be very small such that only additions and shifts are involved
and multiplications are avoided in fast algorithms. Last but not
least, the matrices should be sparse, which means that many
zeros appear in the matrices.

Obviously, row vectors in Mg, are orthogonal and have the
same length, where the length of a row vector a is defined as
a a'. We denote the length of every row vector of Mg, as
No, and clearly |det(Ms,)| is equal to ng, where det(.) and |.|
mean determinant and absolute value, respectively. To simplify
the problem, we assume M;, M, and Mj in (19) are also
row-orthogonal and the row vectors have the same length in
each matrix, denoted as ny, n,, and nz, respectively. Similarly,
|det(My)], |det(My)|, and |det(M3)| are equal to n{, n3, and n3,
respectively. If (19) is satisfied, (20) is necessarily true

|det(Mso)| = ng, = |det(My)|  [det(Mp)|  |det(Ms)|
=n{ n} nj}. (20)
Therefore
Npo=N; Ny N3 (21)

So, when designing an order-16 MICT with a fast algorithm,
we should make sure that no of Mg, is the product of
three integers. Otherwise, (19) has no solution under this
assumption. With the constraint of (21), the lengths of row
vectors in My, My, and M3 are much smaller than that in
Mg,, which means the elements in the three matrices have
very small magnitudes and may also contain many zeros.

Among the three matrices, M3 will be found first. Both sides
of (19) are postmultiplied by the inverse of M3, which is equal
to MJ/n3, so (19) changes to (22) as follows:

Mg, Mi/ng=M; M. (22)

It is noticed that M] may be regarded as a set of eight column
vectors and Mg,  MJ /n3 contains only integers. So we first
collect a set of column vectors by exhaustive search, in which
each column vector, b, satisfies two conditions. One is that the
length of b; is n3, and the other is the elements in (Mg,bj/n3)
are all integers. If (19) has solutions, we can pick out eight
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orthogonal column vectors from the set to form M] and thus
get M3. To find My, both sides of (22) are postmultiplied by
the inverse of My, i.e., MJ /n,, so (22) becomes (23)

(Mgo M;/n3) M;—/nz =M.

M, can be obtained by the similar method of searching Ms.
Finally, with M, and M3 known, M; is computed by (23).
For the case of Mg, in this paper, its determinant is 9.9049
10%° which is equal to 561* and the corresponding no is 561.
To show that ng is a product of three integers as in (21), we
let ny, Ny, and n3 be 3, 11, and 17 with the order changeable.
Then the method introduced above is used to search for My,
M, and M3, and (24), shown at the bottom of the page, shows
one of the solutions of (19). The magnitudes of elements in
(24) are so small that the fast algorithm can be implemented by
using only additions and shifts. Fig. 4 shows the flow diagram
of the forward transformation of the order-16 MICT. The shifts
are not indicated in the bottom-right block for a clearer view.

(23)

V. Integration of the 2-D Order-16 Integer
Transforms into the Standards

In this paper, the proposed two types of 2-D order-16 integer
transforms are integrated into AVS EP [5] and H.264 HP [3],
respectively, and used adaptively as an alternate to the 2-D
order-8 ICTs. For H.264, the 2-D order-4 ICT is not included
in the VBT scheme, although it exists in the HP. That is
because the 2-D order-4 ICT does not contribute much to
the efficiency of HD video coding, as verified in Section VI.
The selection of transform size is based on the MB-level R-D
cost [17]. The transform with lower cost is selected and a 1-bit
binary signal is transmitted in MB header for the indication.

For AVS EP, the largest block size for intra prediction is
8 8. To apply the 2-D order-16 integer transforms to intra-
coded MB, the 16 16 intra prediction is employed, which
is simply extended from the five prediction modes in AVS.
The reference pixels are not used for prediction directly, but
filtered by a 3-tap low-pass filter [1 2 1]/4 at first. Otherwise,
visible artifacts would be introduced due to large block size
intra prediction [25], [26].

In AVS EP and H.264 HP, the 8 8 residual blocks
are coded by CABAC [3], [5]. Their arithmetic coding
engines can code sources with various statistics by using
many automatically updated probability models and therefore
remain unchanged in this paper. Two additional sets of
probability models specially for coding the 16 16 residual
blocks are designed for AVS and H.264, respectively, to drive
the arithmetic coding engine.
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Fig. 4. Flow diagram of the order-16 forward transformation.

CBP is a 6-hit integer in AVS and H.264, of which the four
least significant bits (LSB) indicate whether the four 8 8
luminance blocks contain nonzero coefficients, respectively. In
this paper, if an MB is coded by the 2-D order-16 transform,
CBP becomes a 3-bit integer with the LSB indicating whether
the 16 16 luminance block contains nonzero coefficients.

VI. Experimental Results
A. Transform Coding Gain

An important measure for the evaluation of the compression
performance is the transform coding gain Gtc [11], which
weights the reconstruction error variance of quantized trans-
form coding 2. and the corresponding reconstruction error
variance of PCM coding 3.,

Grc = (25)

2
TC

Under the assumptions of optimum quantization and bit allo-
cation at the same overall rate, G¢ is the ratio of arithmetic
to geometric means of the variances of transform coefficients

2. (0 k< N), as shown in (26)
1 N1 7
_ N k=0 'k

Suppose the source is 1-D zero-mean, unit-variance first-
order Markov processes with adjacent element correlation

20111310 00
31110201 00
13101021 01
01013112 01

Mgo=M1 M2 Ms= 4 1 3 95 01 0 1 01
11102013 10
02011131 10
10231110 10

0 01101 02010211
110010 0102110202
01 0010 02110012
1 00010 2 0102011 (24)
110000 10201120
0 00101 2 0110021
0 01001 11021200
001100 11202100
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Fig. 5. Comparing coding gain of orthogonal transforms.

ranging from 0.55 to 0.95, which is typical for the prediction
errors of HD videos (see Table II). Fig. 5 shows the coding
gains of the order-16 DCT, the proposed MICTs for AVS
and H.264, respectively, and the two MICTs proposed by
Wien [7] and Ma [10], respectively. DCT has the highest
coding gain, no matter what the value of is. The coding gains
of the proposed two MICTSs are too close to be distinguished
from each other, and are higher than those of the MICTs
proposed by Ma and Wien, especially when  approaches
1.0.

B. Reconstruction Error of Nonorthogonal Transforms

In the case of nonorthogonal transforms, even with optimal
quantization and bit allocation, (26) cannot be derived to
substitute (25), because 3., depends on guantization only,
whereas 2. depends not only on quantization but also on
the variance of the source. Therefore, we cannot evaluate
the performance of the proposed NICTs by (26) and instead,
we have to implement the transforms and quantization and
compare the reconstruction errors thus introduced.

Seven order-16 transforms are tested, including the order-16
DCT, the proposed two NICTs and the four ICTs, of which the
even part is the order-8 ICT in H.264 and the element sets of
the odd part are shown in the first four rows of Table I1I. These
transforms are applied to the 1-D zero-mean, unit-variance
first-order Markov processes with adjacent element correlation

ranging from 0.55 to 0.95. Before inverse transformation,
the transform coefficients are zonal filtered [11], which means
the bit rate is reduced by simply retaining the first n (n<16)
transform coefficients. The MSE between the source and the
reconstructed value are calculated.

Fig. 6 compares the MSE introduced by 4:1, 4:2, and
4:3 zonal filters. In detail, the three zonal filters retain the
first 4, 8, and 12 transform coefficients respectively, and
set all the others to zero. For a clear view, the curves in
Fig. 6 present the difference MSE compared with that of
the order-16 DCT. We notice that the four ICTs produce
larger MSE than the proposed two NICT, although orthogonal.
Therefore, the performance of an integer transform is greatly
determined by the approximation of the exact DCT rather than

the orthogonality, if 2 is negligible compared with g in (15).
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TABLE IV
Test Conditions

Platform RM62b (AVS), IM11 (H.264)
Sequence structure IBBPBBP. ..
Intra frame period 05s

Entropy coding Avrithmetic coding

Fast motion estimation on
Deblocking filter on
R-D optimization on

op fixed (27, 30, 35, 40, AVS)
fixed (20, 24, 28, 32, H.264)

Rate control off

Reference frame 2 (AVS), 5 (H.264)

Search range —32

Frame number 60

TABLE V
Experimental Results on the AVS Platform

Proposed NICT Proposed MICT
HD Sequence PSNR Gain | Bit Saving | PSNR Gain | Bit Saving
(dB) (%) (dB) (%)
Bigship 0.167 5.98 0.123 4.65
City 0.170 5.69 0.123 4.39
Crew 0.214 9.31 0.219 9.81
Optis 0.209 7.65 0.136 5.21
Raven 0.132 4.14 0.087 2.83
Sheriff 0.162 5.66 0.086 3.19
Pedestrian 0.227 6.90 0.223 7.12
Riverbed 0.471 8.86 0.235 4.77
RushHour 0.198 7.07 0.190 7.45
Station 0.195 8.74 0.116 4.02
Sun ower 0.158 4.41 0.151 4.41
Tractor 0.192 5.49 0.087 2.57
Average 0.21 6.66 0.15 5.04

C. Objective Evaluation

The proposed two types of 2-D order-16 integer transforms
were, respectively, integrated into the RM62b platform for
AVS EP and the JM11 platform for H.264 HP, using 16-bit
integer arithmetic. The implementation problems are solved in
Section V. The test conditions are listed in Table IV. Tables V
and VI show performance gains, compared to AVS EP using
a 2-D order-8 ICT and H.264 HP using both 2-D order-4 and
order-8 ICTs, respectively. The improvement is measured by
PSNR gain for equal bit rate or by bit rate saving at the same
PSNR, using the method in [27].

With the NICT, the improvements are all greater than 0.1 dB
and more than 0.2 dB on average, whilst for the best case
of Riverbed, the gain is up to 0.47 dB on the AVS platform
and 0.48 dB on the H.264 platform. The sequence Riverbed
has smooth textures and global motions, so the energy of
prediction errors is quite small, no matter using inter or intra
prediction. In the transform domain, the prediction errors can
be represented by only a few coefficients of the 2-D order-16
NICT, most of which cluster in the low frequency area.

With the MICT, the coding efficiency is improved on an
average of around 0.06 dB less than that by NICT on both
platforms, but for the sequences with large homogeneous re-
gions or smooth motions, such as Crew, Pedestrian, RushHour,
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TABLE VI

Experimental Results on the H.264 Platform

Proposed NICT Proposed MICT

HD Order-4, order-8, order-16 Order-8, order-16 Order-4, order-8, order-16 Order-8, order-16
Sequence PSNR Gain | Bit Saving | PSNR Gain | Bit Saving | PSNR Gain | Bit Saving | PSNR Gain | Bit Saving

(dB) (%) (dB) (%) (dB) (%) (dB) (%)
BigShip 0.14 5.09 0.10 3.76 0.12 451 0.08 3.13
City 0.17 5.29 0.13 4.18 0.13 4.27 0.10 3.21
Crew 0.18 7.71 0.19 8.26 0.17 7.49 0.18 7.98
Optis 0.28 9.47 0.28 9.46 0.24 8.33 0.23 7.96
Raven 0.33 10.61 0.30 9.87 0.27 8.70 0.23 7.48
Sheriff 0.16 5.08 0.14 4.56 0.12 3.81 0.09 3.02
Pedestrian 0.18 6.77 0.20 7.59 0.14 5.59 0.15 5.92
Riverbed 0.40 8.55 0.48 10.20 0.10 2.28 0.14 3.16
RushHour 0.15 7.41 0.14 6.95 0.11 5.90 0.09 4.82
Station 0.23 9.48 0.23 10.09 0.17 7.04 0.17 7.55
Sun ower 0.45 15.16 0.40 13.92 0.44 14.96 0.39 13.50
Tractor 0.30 8.35 0.27 7.75 0.22 6.28 0.16 4.80
Average 0.25 8.25 0.24 8.05 0.19 6.60 0.17 6.05

and Sun ower, the performance of the MICT is comparable to
or even better than the NICT, due to the efficiency of the first
three basis vectors. However, for the sequences full of details,
such as Sheriff, Station, and Tractor, the gain of the MICT
becomes trivial because of the relative inefficiency to compress
high frequency components. Overall, the performance gap
between the proposed NICT and MICT is small.

Fig. 7(a) and (b) show the percentage of MBs coded by the
2-D order-16 integer transforms. On average, more than half of
the MBs are coded by 2-D order-16 transforms, and for some
sequences, such as Sun ower and Station, the percentage of
2-D order-16 transforms is up to 80%. This implies that 2-D
order-16 integer transforms are very useful in HD video
coding. There is a tendency that the higher the bit rate is,
the less the 2-D order-16 integer transforms are used. That is
because at high bit rates, many high frequency coefficients
survive the quantization and high-cost coefficients, i.e., a
(level, run) pair with large run, have to be coded due to the
large block size of 16 16. Hence, 2-D order-8 ICT is more
likely to be selected.

We also study the VBT scheme using three transforms,
2-D order-4, order-8, and order-16 transforms, on the H.264

platform. As shown in Table VI, the performance gap of the
two VBT schemes with and without the 2-D order-4 ICT is
marginal. The same conclusion can also be drawn by Fig. 7(c)
and (d), where the percentages of MBs coded by 2-D order-4,
order-8, and order-16 transforms are compared on the H.264
platform. The percentage of using 2-D order-4 ICT is very
small as we expected. Therefore, in the proposed VBT scheme,
the 2-D order-4 ICT in H.264 is removed.

D. Subjective Evaluation

Using 2-D order-16 transform can preserve more details and
provide better visual quality, especially at low bit rate. Fig. 8
gives two examples for the subjective comparison. The images
are all cropped from H.264-coded HD videos with size of
150 150 pixels. The indicated PSNR and number of bits
are the R-D information of the associated frames. Obviously,
the vertical edges of the buildings in City and the horizontal
edges of the railway sleepers in Station are better preserved by
the additional 2-D order-16 transforms. However, at high bit
rate, the visual quality without using 2-D order-16 transform
is good enough and therefore the improved fidelity by using
2-D order-16 transforms is hard to be visually observed.
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Fig. 7. Proportion of different block size transforms used in H.264 HP. (a) 2-D order-8 ICT and order-16 NICT. (b) 2-D order-8 ICT and order-16 MICT.
(c) 2-D order-8 and order-4 ICTs and 2-D order-16 NICT. (d) 2-D order-8 and order-4 ICTs and 2-D order-16 MICT.

Fig. 8. Images cropped from City (720p) and Station (1080p) both coded with QP = 32. (a) and (d) are coded using H.264 HP. (b) and (e) are coded using
H.264 HP with additional 2-D order-16 NICT. (c) and (f) are coded using H.264 HP with additional 2-D order-16 MICT.

TABLE VII
Operations of Fast Algorithm and Matrix Multiplication

Operation Fast MICT | Matrix Multiplication
Addition 150 240
Multiplication 0 256

Shift 32 0

E. Ef ciency of the Fast Algorithm

If the transform is implemented by matrix multiplication, the
complexity is high, due to many additions and multiplications
introduced by the dot products. The fast algorithm developed

TABLE VIII
Execution Time of Fast Algorithms and Matrix Multiplication

Fast Algorithm (s) | Matrix Multiplication (s) | Saving Time
(%)
DCT 0.040 0.568 93%
MICT 0.031 0.282 89%
Mg, 0.005 0.026 7%

in Section IV-B can implement the transformation process of
the MICT by shifts and additions only. Table VII compares
the numbers of additions, shifts, and multiplications required
by transforming a 16-point vector using the fast algorithm and
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