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ABSTRACT

This paper discusses a novel algorithm that combines the DCT
with the quantizer to achieve energy scalability in DCT based mul-
timedia codec. A throughout analysis of the algorithm is pre-
sented. Simulation results showed that a 15% reduction in com-
putational energy can be obtained in an implementation of MPEG
coder over a wide range of bit-rate when compared to that of the
standard MPEG coder test model.

1. INTRODUCTION

The multimedia codec system consumes a significant amount of
energy in wireless multimedia applications. It would be desirable,
in terms of energy conservation, to use a low complexity algo-
rithm in multimedia coder that can obtain energy scalability. The
energy scalability is similar to bitrate scalability that trades qual-
ity for a corresponding level of energy consumption will allow the
application to configure the multimedia coder’s energy spending
budget according to the system needs. The amount of energy that
can be spent on the multimedia codec depends on variables such
as the user requirement, the multimedia content, and the state of
the power supply. Since the quantization system in the multimedia
codec system directly affects the quality of the system and at the
same time consumes a significant percentage of the energy, which
makes it an important target for enabling energy scalability.

As an example, the computational complex of MPEG-4 com-
pressed video sequence at 30 frames per second (fps) and 720 X
480 resolution on an MMX-enable 233-MHz mobile Pentium is
listed in Table 1. According to the specifications published by
Intel, a Tillamook-class mobile Pentium MMX (1.8V, 233MHz)
is capable of executing 932 16-bit media MOPS. The quantization
process alone account for 14.1% of the machine cycles in MPEG-4
requires 128 megaoperations per second (MOPS) which accounts
for less than 14% of the processor resources, and therefore real-
time performance is more than feasible. Yet, the power dissipation
of such a software implementation can be substantial. The mobile
Pentium MMX (1.8V, 233MHz) exhibits 7nF of switched capac-
itance per machine cycle, which corresponds to 9mF of switched
capacitance (1.3M machine cycles at 7nF per cycle), and a soft-
ware applications supporting real-time video at 30fps will require
0.88W just for the quantization process.

Various strategy has been considered. The most noticeable
technique is the approximated DCT algorithm [2]. Depends on
the property of the encoding frames (whether it is a I, P or B
frames), DCTs with different precision are used to encode the
video frame, and thus achieve energy saving. However, there is a
significant quality penalty associated with this approach that may
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not always be acceptable. In this work, we presented the design
of an NQDCT. The NQDCT is an approximated DCT algorithm
with the consideration of the quantizer. Noticed that the quality
of the encoder depends on both the DCT precision and the quan-
tizer being used, therefore, the NQDCT will be able to control the
quality/energy tradeoff and achieve better quality than that of [2].

The NQDCT strategy for reducing the computation power was
twofold. First, we select a DCT algorithm such that the quantizer
can be embedded into it. [3] successfully merged DCT/Q to reduce
the computational complexity. However QDCT has restriction on
the scalar quantization process that can be merged with the DCT.
The QDCT cannot be applied together with variable quantization
step size. A new quantized DCT (NQDCT) is proposed in this
paper to remedy the problem, such that the quantization process is
merged with the DCT, where variable quantization step size can be
applied in the proposed algorithm.

Second, we optimize the bit-width especially the bit width re-
quired in the computation of the NQDCT algorithm. Though ap-
propriate scaling with the consideration of the quantization DCT
coefficients, the NQDCT can be computed with shorter bit quan-
tity with almost no loss in precision. Further gain in the reduction
in computational complexity can be obtained by reducing the bit
quantity to enable packing multiple data into a single SIMD in-
struction. Such a trade-off design will be presented in later section
together with the error analysis of such implementation on INTEL
processor using SSE2 instructions.

2. ALGORITHMIC DESIGN

The DCT of a N x 1 real signal vector X = [xo, 1, -+ ,xn—1]7
is defined as
y _CkNilw COS(?n-i—l)kTr k-O,l,Lkali,O
k — —— n = anr = \/E’ - ’
‘2 n=0 2]Y Ck { 1, otherwise.
In matrix vector representation,
Y = CX7, )
. 2j4+1)xi
with Y = [yo,y1,--- ,yn—1]", and [Cl;,; = cos (%)

is the cosine transformation matrix. As an example, the cosine
transformation matrix C for N = 8 is given by
C4 C4 C4 C4 C4 C4 C4 C4

Cq C3 Cs Cc7 —-C7; —-Cs —-Cs3 —-Cq
Cx Cs -Cs —-Cy —C2 —-Cs Cs C2
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Cy —Cy —-Cy4 (4 Cy -Cy —C4 C4 ’
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with C, = cos (’T‘—G’r) For image and video compression, these
1D DCT algorithms are applied to the codec using the Row-Column

2D DCT, which can be defined in a similar manner as
T\T

Y = 2
where X, Y € Ryxy are the input and output signal blocf(s?
The scalar quantization of the DCT output y; ; = [Y];,;

Yig = Wi.i/%,5] 3)
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Table 1. Computation loading of different MPEG-4 processes

DCT/Q | NQDCT
DCT 14.5% 20.5%
Quantization | 14.1% 0%
MC 23.5% 26.2%
ME 9.3% 10.4%
Others 38.6% 43%

Table 2. NQDCT coefficients for each quantizer q.

Table 3. Scaled NQDCT Coefficients for Each Quantizer q.
g |cf ¢l ol o o cf Il r

C1 C2 C3 C4 C5 C6

EEENVV I Nl Na)

0.4904  0.4619  0.4157 0.3536  0.2778  0.1913  0.0975
0.2452  0.2310 0.2079  0.1768  0.1389  0.0957  0.0488
0.1635 0.1540 0.1386 0.1179  0.0926  0.0638  0.0325

31 | 0.0158 0.0149 0.0134 0.0114 0.0090 0.0062  0.0031

where ¢;,; = [Q]s,; are the quantization step sizes for the DCT
output at location (z, 7). In MEPG-4 each g;,; must takes a value in
[1,2,---,31], and each ¢; ; can takes a different values, which is
known as variable scalar quantization. In general the quantization
process can be defined as

. Y =Y. /Q, @
where Q is the quantization step size matrix, e.g. Q € Rgxs
in MPEG-4 video coder, and ./ represents the element to element
division between the two matrices in the operand. Such transform
and quantization processes are abbreviation as DCT/Q.

2.1. NQDCT
Consider the last stage of 1D DCT signal flow graph in Figure 1(a),
which has the general form of

yr = Cha + Cpb, )
where a and b are intermediate DCT results, and CY is the twiddle
factor at the last stage of the DCT signal flow graph for the output
signal yy. The DCT output signal y;, is quantized according to

Yy =(Cn*a+Cm*b)/qg= (%) *a+(07m) b, (6)

As aresult, the quantizer can be embedded into the DCT algorithm
by using a quantized twiddle factor at the last stage of the DCT
signal flow graph. Noted that the quantized DCT coefficients at the
last stage of the DCT signal flow graph will has the same values of
those list in Table 1 for the MPEG-4 video coder.

There are several advantages to use NQDCT when compared
to QDCT. Firstly, NQDCT solved the problem of using variable
quantizaton matrix in MPEG-4 video coder associated with QDCT.
The NQDCT computes the quantized DCT coefficients by first per-
form the row transformation using the normal DCT with the signal
flow graph in Fig.1(a), and then perform the column transforma-
tion using the modified DCT with the signal flow graph in Fig.1(b).
Since only the twiddle factors of the last stage of the DCT is re-
quired to be modified by the quantizer, as a result, a simple index-
ing scheme can be used to acquire the quantized DCT coefficients
from Table 1, which in turn allows each DCT outputs to has its
own quantizer step size and thus achieve higher compression qual-
ity. Secondly, since quantized coefficients are only used in last
stage before the generation of the quantized DCT coefficients to
be the input of the entropy coder in the video encoder. As a re-
sult, the NQDCT will not suffer from rounding error accumulation
problem when compared to that of QDCT. Therefore better visual
quality is obtained as observed in the simulation results.

3. BUS WIDTH OPTIMIZATION

The datapath width of the arithmetic units has been optimized
to meet IEEE Standard 1180-1990 for DCT/IDCT precision by a
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Fig. 1. (a) The 1D Chen DCT signal flow graph, and (b) the
NQDCT signal flow graph. Noticed that the quantized DCT co-
efficients are indicated by C7.

comfortable margin but at the same time discard unnecessary pre-
cision bits that would increase the power dissipation. As an exam-
ple, the pixels in MPEG-4 video are represented using 8-bit quan-
tity. In the 8 x 8 block DCT, each one of the 64(2°%) elements con-
tributes to every transformed coefficients, so at least 14-bit (8+6)
precision is needed. Existed DCT implementation in Intel proces-
sor use 32-bit precision because registers are 32-bit long in Intel
architecture. However, to get more performance gain from using
SSE2 technology, shorter bit quantity is preferred (because one
register could contain more individual processing data). As a re-
sult, the designers are facing a trade-off between the calculation
error and the processing power.

The NQDCT approach this trade-off problem by appropriate
scaling similar to that used in traditional fixed-point FFT compu-
tation [6]. The only difference is the coefficients in the last stage
of the NQDCT computation, where the scaled NQCT coefficients

f .

C}, are given by of = L(Cn2™) /al, @
with n being the number of right shifts involved. The scaled NQDCT
outputs are rounded to obtain the final output of the quantized DCT
output. The rounding factor r is given by

r=20"Y/q, @®)
which is the same as that in [6]. The scaled NQDCT coefficients
(C¥ and the rounder (r) for each q used in MPEG-4 video coder
is listed in Table 3 for reference.

3.1. Error Analysis

The scaled NQDCT computation reduces computational complex-
ity by using fixed-point arithmetic but at the same time, induced
rounding and truncation error in the quantized DCT output.

3.2. Rounding Error
The rounding error is the result of scaled NQDCT output being not
divisible by the rounder q. An example of the rounding error:

Non-divisible coefficients
(251 %5+ 213 % 5)/2 = 1160
(251/2 % 5 4 213/2 % 5) = 1155

DCT/Q
NQODCT
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Fig. 2. Transposition signal flow implemented using SSE2

where a difference of 5 in magnitude is observed from the output
of DCT/Q and QDCT, and 251 and 213 are the intermediate signal
entering the last stage of the DCT process.

3.3. Truncation Error

The truncation error is the result of the scaled NQDCT output be-
ing down shifted and thus losses it precision. An example of trun-
cation error:

1160 >>8 =4
1155 + 128 >>8 =5

DCT/Q
QODCT

Although the difference between scaled NQDCT and DCT/Q out-
puts are very large, the maximum difference is 1 after a right shift
operation, and in most cases, zero differences are observed. Ex-
tensive simulations using random sequences and MPEG-4 test se-
quences revealed the following

Random data 0 — 5 unit difference per block
Testingsequence | 0 — 2 unit difference per block

which showed that the difference between DCT/Q and NQDCT is
very small. In deed, for MPEG-4 test sequence, 99.5% DCT/Q and
NQDCT are identical. As a result, the encoded PSNR are almost
the same for DCT/Q and NQDCT results, and hence no visible
difference is observed.

4. SIMD MULTIMEDIA PROCESSOR
IMPLEMENTATION

Further performance gain can be obtained by considering the im-
plementation of the codec on SIMD machine. In this paper, the
implementation of NQDCT on Intel processors with Intel SIMD
extensions known as the SSE2 was considered. In SSE2 imple-
mentation, the NQDCT computational cost is not dominated by
the number of multiplications and additions, rather it is dominated
by the parallelism within the processing. Parallelism can be ap-
plied in two ways: 1) within a single block, and 2) between blocks.
In MPEG-4 video coding, each iterations will store 6 blocks (4-
luminous, 2-chrominous) into the cache before being processed.
As a result, it is more convenient to adapt the first approach, as it
requires less temporal register and memory. Further noticed that
the NQDCT is appropriately scaled, such as to increase the amount
of parallelism achievable for each register usage.

4.1. Parallelism within a single block

The overhead of this approach is that it requires two transpositions
of a single block. Fig 2 shows a typical way using SSE2 instruc-
tions to transpose a row. The transposition is done by mainly using
punpcklwd, punckldqg and punpcklqgdq instructions to in-
tervene the data. A complete matrix transposition requires more
instructions to perform. As a result, the CPU time spend on trans-
position become significant in SSE2 implementation.

03

17 16, 5" 14 _|1& 1_24 11 |0 add | mul | shift | mem read | mem write

13 43 | 12— 1% To1 |1 [To ID-DCT 28 | 16 | 8 8 8
8x8 Q 0 | 64 | 65 65 64

3 |23 |3 |22 s lo1 [30 l20 8x8 DCT/Q | 448 | 320 | 193 193 192

31 2101 |30 10100 8x8 NQDCT | 448 | 256 | 128 136 128

The row column DCT computation is the reason of the 2 trans-
positions. The first transposition will first the xmm registers with
8 indices of each row. After the 1D NQDCT, another transposi-
tion to fill xamm with 8 indices of each column. We found that
by changing the order of passing row and column can save one
transposition from the tradition order

Y=c(cx")", Xx=c'(cT'Y"), ©)
to the proposed order
Y=(cx)c”, x=(c'y)c’. (10)

It is easy to show that the about two computations will produce
the same results. Although the proposed DCT computation order
can reduce computational costs, changes are required to be made
in the quantization matrix, zig-zag scanning order, etc.

To implement the new DCT computation order, the input data
is first transposed and pointed by pointers such that the registers
xmmO, xmml, xmm2, and xmm3 are filled with 8 same row ele-
ments X [0], X [1], X[2], X[3]. Parallel additions and subtractions
are operated for 8 elements. Intervene data in alternate order is
used for multiply and add instruction pmaddwd. Since each regis-
ter size is 128 bit wide, we can only perform 4 data multiplications
in each instruction. As a result, 2 multiply and add instructions are
required to compute 8 data output. The final NQDCT results are
obtained by an addition with the corresponding rounder r for the
specific quantizer following the 8 bit shift down operations.

The implementation can be further speeded up with extra mem-
ory. Since SSE2 only provides multiply and add instructions but no
multiply and subtraction instruction is provided. As a result, when
performing the butterfly computation g- (bo — b1 ), two instructions
are required, where one instruction is required for subtraction, and
one for multiplication. On the other hand, if we make use of the
extra memory to store the seven —g in the memory and loaded
into register. A single multiply and add instruction can be used to
compute the above butterfly process.

5. ENERGY COMPARISONS

The computational energy consumed by the algorithm is compared
in two ways. First, we will consider the energy saving resulted
from algorithmic changes. The number of instruction required
to implement a 8 X 8 DCT/Q and NQDCT are presented in Ta-
ble 4, which clearly showed a significant amount of saving on the
number of multiplications and shifts in NQDCT. Furthermore, the
numbers of memory access (both read and write functions) are re-
duced. All those reduction in the instruction counts contributes
significantly to the reduction in computation power of the NQDCT
algorithm. Noticed that this evaluation does not consider the in-
structions incurred in the control functions of the actual imple-
mentation. To complement the algorithmic complexity compar-
ison, the actual power consumption of an MPEG-4 video coder
implemented with DCT/Q and NQDCT are presented in Figure 4
under various bit rates.
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Fig. 3. Akyio and Funfair testing sequence.

5.1. Simulation Results

MPEG-4 video coder is implemented to demonstrate the perfor-
mance of the proposed NQDCT. Video coding results are col-
lected with MPEG-4 test sequence in 30 frames per second CIF
(352 x 288, i.e. 44550kB/frame) video. The small video size
is chosen, such that we can simulate a large number of encoding
bit rates. Furthermore, Intel Pentinum 4 processor graded com-
puter running at 1.8GHz is used to generate the simulation results.
Such that the high performance system will allows us to com-
press the video in real time under various bit rates. Furthermore,
both MPEG-4 coder implemented with DCT/Q and NQDCT al-
gorithms are optimized with SIMD extension whenever possible
for fair comparison. In particular, Fig.3 showed the screen capture
of the decoded video of Akyio and Funfair compressed at 32kb/s
and 127kb/s respectively. Noted that the Funfair video encoded
at 127kb/s has an encoding rate of 25frames/sec in our system.
Akyio and Funfair is chosen to report in this paper, because Akyio
has a static background and little motion, while Funfair contains a
lot of moving objects. As a result, the two test sequence represents
a large variety of real world video. The graph in Fig.4(a) showing
the proposed NQDCT algorithm can obtain similar PSNR when
compared to that of DCT/Q. Actually, the PSNR difference when
compared between NQDCT and DCT/Q is in the range of 0.01 to
0.5dB for Akyio and 0.09 to 2dB for funfair. At the same time,
a large reduction in power can be achieved by NQDCT. Showing
in Fig.4(b) is the estimated power of the MPEG-4 video coder im-
plemented with NQDCT and DCT/Q (where power dissipated by
memory storage and other external interface are not considered).
It can be observed that NQDCT based algorithm requires 15% less
power in average than that of DCT/Q based video coder.

6. CONCLUSION

A novel NQDCT algorithm is proposed where the quantization
process is merged with the DCT. The proposed algorithm can be
used with variable quantization step size. Furthermore, appropri-
ate scaling has been applied to optimize the precision and bus-
width to gain further reduction in computational complexity. Sim-
ulation results have shown that a 15% reduction in computation
power has been obtained with the new algorithm in MPEG-4 video
coding when compared to that of the standard MPEG-4 test model.
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