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Abstract—A novel mechanism that flexibly adapts data flows and
configures computational units is proposed to establish an
application-specific data path in the Digital Signal Processor (DSP)
that can efficiently perform multi-standard video codecs. Based on
this mechanism, the proposed application-specific data path, using
the Very Long Instruction Word (VLIW) architecture with eight
computational units of five Arithmetic Logic Units (ALUs), one
multiplier and two load/store units, is designed to perform five
adaptive operations according to the characteristics of the
low-level functions of MPEG-2, MPEG-4 and H.264/AVC video
codecs. Using these adaptive operations, the proposed
application-specific data path reduces the number of clock cycles
required by the TI TMS320C64x data path to perform the
low-level functions of the MPEG-2 video encoder and the
H.264/AVC video decoder by 23.10% and 28.43%, respectively,
for 30 352x288-pixel Foreman frames. Additionally, considering
the operating frequency, the proposed application-specific data
path reduces the computation time required by the TI
TM S320C64x data path to realize the abovementioned encoder
and decoder by 19.86% and 25.41%, respectively. Based on the
TSMC 018um CMOS cdl library, the proposed
application-specific data path is implemented, and exhibits the
highest ratio of computational power to hardwar e cost among all of
the data paths associated with the conventional DSPs in
implementing the low-level functions of video codecs.

Index Terms—digital-signal-processing-chips,
parallel-processing, pipeline-processing, VLSI.

video-coding,

|. INTRODUCTION

IDEO compression is a key technique for storing,

communicating and manipulating video, and is adopted
in many multimedia applications. Various video compression
standards such as MPEG-2, MPEG-4, H.264/AVC and VC-1
have been established to meet numerous demands [1]-[3]. A
cost-effective processor or co-processor that can run many video
codecs is required to promote rapid deployment and develop
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competitive products that satisfy al of these demands using a
single platform. A dual-core processor, like TI
TMS320DM644x with a C64x DSP and an ARM CPU, is
employed to implement video codecs, in which the DSP and
CPU handle the low-level and high-level functions of video
codecs, respectively [4]. The low-level functions include intra
prediction, Quantization (Q)/Inverse Quantization (1Q),
Discrete Cosine Transform (DCT)/Inverse Discrete Cosine
Transform (IDCT), motion estimation, motion compensation
and others, whereas the high-level functions include memory
access, high-level decision-making, variable length
coding/decoding, the multiplexing/demultiplexing of data
streams and others. Meanwhile, the architecture developed by
Berekovic et al. used a VLIW macroblock engine and a CPU to
implement a video codec [5]. The Motorola MSC8101
processor also comprises a CPU, a SC140 DSP and peripheral
controllers for multimedia applications [6].

The VLIW data path with numerous computational units
offers high instruction-level paralelism, which is extensively
adopted to design high-efficiency DSPs such as TI
TMS320C64x, Motorola/Lucent StarCore140 and NEC SPXK5
processors [7]-[9]. As for the special applications, specia
instructions are typically designed to increase the computational
efficiency of the VLIW data path. If the operating modes and
interconnections of the computational units in the VLIW data
path can be adaptively and dynamically changed to perform the
special functions efficiently, then the computation efficiency of
the data path can be further enhanced. In this work, the adaptive
mechanism, which is used to increase the flexibility of data
delivery in a VLIW data path, is proposed to improve the
processing parallelism for a specific application [10]-[12]. The
increased flexibility of data delivery enables an input/output
port of the computational unit to access data for itself or other
computational units. Given such an adaptive design, with
increased flexibility of data access, the input/output ports of the
computational units can be effectively used to increase the
number of hardware components being executed at the same
time. Aswell as computing data accessed from a register file, a
computational unit can perform calculations on data obtained
from other computational units, like dataforwarding, to increase
the utilization of its hardware components without the need for
additional input/output ports [13]. Hence, by increasing the
flexibility of data delivery, the proposed adaptive mechanism
can be applied to reduce the number of the idle hardware
componentsin the computational units. In addition to increasing
the flexibility of data delivery, the proposed adaptive
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mechanism can configure the computational units of the data
path to become special computational units for effectively
computing a specific function.

The characteristics of the low-level functions of the MPEG-2,
MPEG-4 and H.264/AVC video codecs are such that the
proposed adaptive mechanism is adopted to implement an
application-specific data path, involving the execution of five
adaptive operations, which effectively performs these low-level
functions. The proposed application-specific data path is
designed by referring to the TI TMS320C64x data path.
Additionally, the hardware implementation of the five adaptive
operations is based on the available computational units
allocated in the proposed application-specific data path to
reduce the hardware complexity. Hence, by simply adjusting the
configurations of the computational units, and the paths along
which data are delivered among computational units, the
proposed application-specific data path can execute the five
adaptive operations at a low hardware cost. The results of the
implementation herein reveal that the hardware cost of
executing the five adaptive operations represents only 5.06% of
the overall datapath whenthe TSMC 0.18um CMOScell library
is used to implement the application-specific data path. These
adaptive operations enable the proposed application-specific
data path to conserve 23.10% and 28.43% of the clock cycles
demanded by the TI TMS320C64x data path for executing the
low-level functions of the MPEG-2 video encoder and
H.264/AVC video decoder, respectively. Therefore, the
proposed application-specific data path with ahigh utilization of
hardware resources is established to yield the highest ratio of
computation power to hardware cost than the data paths of
conventional DSPs.

Il. PROPOSED ADAPTIVE MECHANISM

A VLIW architecture with numerous computational units can
execute instructions in a highly parallel manner. However, a
computational unit may comprise several hardware components
that cannot easily be integrated, so some hardware components
of thiscomputational unit tend to beidle during the execution of
a gpecific instruction, wasting hardware resources. The TI
TMS320C64x data path with two sets of .L, .S, .M and .D units
is taken as an example to explicate further the above
phenomenon [7]. The .L and .S units execute arithmetic, logic,
shifting, comparing, packing/unpacking and other instructions.
The hardware component used to execute arithmetic, logical and
comparative instructions primarily consists of an adder and
some logic gates. This hardware component cannot easily be
integrated with the one executing shifting and
packing/unpacking instructions, most of which involve
multiplexers. Accordingly, each of the .L and .S units has two
hardware components. The .M unit consists of two identical
hardware components, each of which performs one 16x16-bit
multiplication, one multiplication on four pairs of 8-bit dataand
one inner product on four pairs of 8-hit data. Combining these
two hardware components enables the .M unit to perform a
further 32x16-bit multiplication, one multiplication on two pairs

of 16-bit data and one inner product on two pairs of 16-bit data.
The .D unit can compute the address of the data and execute
some addition/subtraction operations. The execution of these
operations is associated only with adders, so the .D unit is
treated as an independent hardware component. With two sets
of .L, .S, .M and .D units, the TI TM S320C64x data path can be
regarded as having 14 independent hardware components
(2x(2+2+2+1)=14). Summing the numbers of hardware
components used in each clock cycle to execute a program
enables the degree of utilization of hardware components in the
Tl TMS320C64x data path that runs the program to be
formulated as follows;
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where m is the number of clock cycles required to run the
program and N; is the number of hardware components used in
thei™ clock cycle.

(1) yields the degrees of utilization of hardware components
inthe TI TMS320C64x data path used to run various programs.
However, each of the .L, .Sand .M units has a pair of hardware
components, so these hardware components may not be used
simultaneoudly and thus the degree of utilization of the hardware
components is reduced. Hence, in maximizing the degree of
utilization of hardware components, the TI TMS320C64x data
path is assumed to have 14 input/output ports associated with its
14 hardware components, so 14 instructions at most are to be
executed in parallel. This new architecture with 14 input/output
ports has the same number of hardware components as Tl
TMS320C64x data path, but has a higher bandwidth of data
access than has TI TMS320C64x data path. Based on the
architecture with 14 input/output ports, the programs can be
re-coded to determine their assembly codes. (1) is then applied
to estimate the maximum degrees of utilization of the hardware
components. Figure 1 shows the degrees of utilization of the
hardware components of the TI TM S320C64x data path and the
architecture with 14 input/output ports used to run various
programs. This figure reveals that, excluding the Finite Impulse
Response (FIR), the multiplication of two matrices and the
weighted vector sum, the TI TM S320C64x data path has lower
degrees of utilization of the hardware components than the
architecture with 14 input/output ports, indicating that the
utilization of hardware components associated with TI
TMS320C64x data path can still be improved by adapting data
delivery.

Embedding the proposed adaptive mechanism enables a
VLIW datapath, as presented in Fig. 2, to exhibit highly flexible
data delivery and configurable computational units. The data
delivery by the adaptive mechanism can be classified into two
modes. An interconnection circuit between the register file and
the computational units can be used to enable the first mode to
be implemented such that an input/output port accesses data for
its corresponding or other computational unit(s) to increase the
flexibility of access to data. In the second mode



09 OTI TMS320C64x data path

W Architecture with 14 input/output ports

Degrees of utilization

Fig. 1. Degreesof utilization of TI TMS320C64x data path and the architecture with 14 input/output ports.

like data forwarding, an interconnection circuit and some
pipelined latches located after computational units can deliver
the results among the computational units and improve the
computational efficiency. As well as computing the data
accessed from the register file, a computational unit can
simultaneously compute the data generated by the other
computational units to increase the utilization of its hardware
components. Moreover, the computational units of the data path
can be configured into special computational units for effective
computing of a specific function. This study uses the term
“adaptive operation” to interpret the delivery of data and the
configuration of computational units by using the adaptive
mechanism, and then performs computations on these data. The
proposed adaptive mechanism is based on the characteristics of
the low-level functions of the MPEG-2, MPEG-4 and
H.264/AV C video codecs, to implement a VLIW data path with
high computational efficiency.

Register file

|~ Adaptive
mechanism

An Interconnection circuit and pipelined latches

Fig. 2. A VLIW data path using the proposed adaptive mechanism.

I11. PROPOSED APPLICATION-SPECIFIC DATA PATH

To effectively implement multi-standard video codecs, the
dua-core platform with the CPU, DSP, memory and
input/output device is proposed, as shown in Fig. 3, in which the

CPU manipulates i nput/output access, memory management and
high-level functions of video codecs, while the DSP computes
the low-level functions of video codecs. The proposed adaptive
mechanism is implemented in the data path of this DSP to
dynamically adapt the flow of input and output data and
configure computational units. Figure 4 illustrates the proposed
application-specific data path, which comprises two register
files and eight computational units, with reference to the data
path of the TI TMS320C64x DSP. The following introduces the
proposed application-specific data path in detail.
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Fig. 3. A dual-core platform for multi-standard video codecs.

A. Computational Units

With reference to the configurations of computational unitsin
the data paths of the conventional DSPs, TI TM S320C64x data
path comprises two load/store units, two 32-bit ALUs, two
40-bit ALUs, and two 32x16-bit multipliers, one of which can
be treated as two 16x16-bit multipliers [7]. Motorola/Lucent
StarCorel40 data path is established with two address
generation units, four 40-bit ALUs and four 16x16-bit
multipliers; NEC SPXK5 data path includes two 32-bit data
address units, two 40-bit ALUs and two 16x16-bit multipliers
[8], [9]. Inthese data paths, the number of multipliersiscloseto
the number of ALUs. However, computations of popularly used
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video codecs require the multiplications to be fewer than the
arithmetic and logical operations. In particular, the H.264/AVC
video codec performs addition, subtraction and shifting
operations to execute simple multiplication operations in the
integer transform and inverse integer transform functions.
Hence, with the reduced number of multipliers and the increased
number of ALUs, the data path has an enhanced ability to
parallel process the video codecs. In Fig. 4, the proposed
application-specific data path includes five ALUs, one
multiplier (MUL) and two load/store units.

With referring to the TI TMS320C64x data path, each of the
load/store units in the proposed application-specific data path
can determine the address at which up to 64-bit data are loaded
or stored. It can also perform 32-bit addition/subtraction. In
ALU 1, ALU 2, ALU 3 and ALU_4, they can perform 40-hit
arithmetic, 32-bit logic, comparative and shifting operations.
ALU_5 can execute 32-bit arithmetic, logic, shifting and branch
operations. All five ALUs have the Single Instruction Multiple
Data (SIMD) operations. Moreover, these five ALUs can
perform multiple packing/unpacking operationsto align the data
for the SIMD operations. The carry select adder structure is
employed to implement the adders in the five ALUs, as
displayed in Fig. 5, to minimize the computational delay. With
the same multiplier asthat of the TI TM S320C64x data path, the
proposed MUL can perform the multiplication and the inner
product operations on 8, 16 and 32-bit data where an 8x8-bit
multiplier is regarded as a fundamental unit. Changing the
interconnection among eight 8x8-bit multipliers and hardware
components enablesthe MUL shownin Fig. 6 to execute several
multiplication operations.

B. Register File (RF)

In the proposed register file, two clusters of RF_1 and RF_2
are designed with reference to the TI TM S320C64x data path’s
register file. Each cluster includes 32 32-bit registers to support
the operations of computational units. Two additional 32-bit
read ports are accommodated to implement the cross path
between two clusters and thus eliminate the moving of data
between two clusters. Accordingly, this register file can

effectively access data to execute genera and adaptive
instructions.
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Fig. 6. The MUL architecture.

C. Adaptive Operations

According to MPEG-2, MPEG-4 and H.264/AVC video
codecs, five adaptive operations are developed to accelerate the
computation of their low-level functions with high
computational complexities, including motion estimation,
motion compensation, DCT, IDCT, integer transform, inverse
integer transform, quantization, inverse quantization, mode
decision, intra prediction and inter prediction. The structures of
eight computational unitsare well designed, as described above,
to implement easily adaptive operations. Additionally,
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FEATURES OF THE FIVE ADAPTIVE OPERATIONS

Computational
unitg ALU_ 1 ALU 2 ALU 3 ALU 4 ALU 5 MUL
IAdaptive operation
Performing four of 8-bit| Performing four of 8-bit | Performing four of | Performing four of Performing the addition
SAD adaptive operation|subtraction and absolute| subtraction and absolute [8-bit subtraction and8-bit subtractionand Not used on 16 8-bit data and a
operations operations absolute operations | absolute operations 32-bit accumulation

Adding the four results from ALU_1,
ALU_2, ALU_3and ALU_4 witha

four 8-bit data

four 8-bit data

: . | Performing an 8x8-hit | Performing an 8x8-hit Performi ngan Performi ngan I35 bt valueto complete amultiplication
MAS adaptive operation N N 8x8-hit 8x8-hit . . Not used
multiplication multiplication multinlication multinlication land accumulation operation (MAC), and
P P then performing a shifting operation on
the result of MAC
. ) Two input ports used for a Performing an addition
A0S adaptive operation Not used CPA of MUL Not used Not used Not used or subtraction operation]
Performing an alignment| Performing an alignment ai Zerr;;:?lngr;ﬂ onlali Zerr;;:?lngr;ﬂ on
AA adaptive operation | operation and an SIMD | operation and an SIMD 9 p 9 p Not used Not used
arithmetic operation arithmetic operation and an SIMD and an SIMD
P P arithmetic operation|arithmetic operation
Performing four average| Performing four average
AFP adaptive operation [operations on four sets of| operations on four sets of Not used Not used Not used Not used

effectively using theinput/output ports of computational unitsto
access data, and sending the outputs of computational units to
each other, the designs of the five adaptive operations do not
increase the number of ports on the register file. Therefore, only
the configurations of computational units and the paths along
which data are delivered among computational units must be
adjusted, and the proposed application-specific data path can
implement the five adaptive operations at alow cost. Table |
lists the features of the five adaptive operations, which are
further illustrated as follows.

1) Sum-of-Absolute-Difference (SAD) Adaptive Operation:
Motion estimation and mode decision of H.264/AVC involve
primarily SAD operations, which are highly computationally
complex, so accelerating the SAD operation can effectively
improve the computational performance of video codecs [14].
The SAD adaptive operation, shown in Fig. 7, is designed to
achieve this goal. Figure 7(a) presents the data flow associated
with the SAD adaptive operation. As indicated in Table I,
ALU 1, ALU 2, ALU_3 and ALU 4 can simultaneously
perform 16 8-bit subtraction and absolute operations, to obtain
16 values that are stored at the latches for subsequent
accumulation. The MUL is then applied to add these 16 values,
which in turn are accumulated with a 32-bit value to accomplish
the SAD operations on 16 pixels in parallel. During the SAD
adaptive operation, the 40-bit carry select adders in ALU 1,
ALU 2, ALU_3and ALU_4 must be converted into something
that can execute four 8-bit subtraction and absolution operations,
as shown in Fig. 7(b). Two 8-bit ripple adders and one
multiplexer (MUX) are required in an 8-bit subtraction and
absolution operation, so that if the input data are X and Y, then
one 8-bit ripple adder executes the subtraction X-Y, while the
other executes the subtraction Y-X. The carry-out bit from Y-Xis
then used to control the MUX to choose the positive result. This
design can cause that the four ALUs generate simultaneously 16
8-bit subtraction and absolute values. The 16 8-bit values
yielded by the four ALUs are treated as the partial products of

the MUL, and are added in the MUL, as displayed in Fig. 7(c).
Adding these 16 8-bit valuesinvolvesfour 8x8-bit multipliersto
add these 16 8-bit values under the same precision. The other
four 8x8-bit multipliers are set to generate zero outputs. The
results accumulated from the eight 8x8-bit multipliers are
summed by the carry-save addition manner, and thus this
summed result and the other 32-bit input value are added to
generate the carry and sum values. Finally, a 32-bit CPA is
employed to add the carry and sum values to complete the SAD
adaptive operation. Based on the characteristics of additions on
multiple values, the MUL can be easily adapted to perform the
SAD adaptive operation at alow cost.

2) Multiplication-Addition-Shifting  (MAS)  Adaptive
Operation: Although few multiplication operations are required
in H.264, the multiplication operations for some functions of
MPEG-2 and MPEG-4 are till used commonly; these include,
for instance, quantization/inverse quantization and DCT/IDCT.
Accordingly, the MAS adaptive operation can combine some
adders as a 16x16-bit multiplier to increase the number of
multipliers and thus effectively execute these functions, which
require extensive multiplications. Figure 8 displaysthis adaptive
operation based on ALU 1, ALU 2, ALU 3, ALU 4 and
ALU_5. Figure 8(a) presents the block diagrams of a 40-bit
carry select adder and an 8x8-bit array multiplier. Using a 7-bit
ripple adder as a basic unit, an 8x8-bit array multiplier is
constructed by eight 7-bit ripple adders that come from a 40-bit
carry select adder. Additionally, apart from adding logic gatesto
generate partial products, some multiplexers can be allocated to
change two input data in each of eight 7-bit ripple adders of a
40-bit carry select adder, so that a 40-bit carry select adder can
be simply converted into an 8x8-hit array multiplier.

The four 40-bit adders in ALU_1, ALU 2, ALU 3 and
ALU_4 are transformed into four 8x8-bit array multipliers.
Through a cross path from the cluster RF_2 of the register file,
the 8x8-bit array multipliersin ALU_1 and ALU_2 can access
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Fig. 7. SAD adaptive operation. (a) Data flow. (b) Configuration of the adder. (c) Configuration of the MUL.

the same data as those in ALU_3 and ALU_4, which in turn
execute four 8x8-bit multiplication operations to yield the four
16-hit results. These four results are latched and then inputted
into ALU_5. Figure 8(b) depicts the data flow of this adaptive
operation, and the configuration of ALU_5. In ALU_5, the
carry-save addition is executed to add the four 16-bit results and
a 32-hit datum, which is accessed from the register file, to derive
the sum and carry values. The sum and carry values are added
using the 32-hit adder in ALU_5 to complete a multiplication
and accumul ation operation. However, in case this 32-bit datum

from the register file is zero, this adaptive operation becomes a
16x16-bit multiplication. Additionally, by changing the
configuration of ALU_5, the adder’s output can be sent to the
programmable shifter, as shownin Fig. 8(b). Apart from a 32-bit
adder and a programmable shifter, ALU_5 needs a carry-save
addition unit, a pipelined latch and some multiplexers, to
perform this adaptive operation. In Fig. 8, the input/output ports
and hardware components of ALU_3 and ALU_5 are employed
to implement the MAS adaptive operation. Additionally,
ALU 1, ALU_ 2 and ALU_ 4 wuse
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only their addersto execute the MAS adaptive operation, so they
can aso execute the shifting, the logica or the
packing/unpacking instructions that do not involve the adder.
When this adaptive operation is performed in quantization and
inverse quantization, the proposed application-specific data path
can improve the paralel processing of their multiplication,
addition/subtraction and shifting operations. Similarly, the MAS
adaptive operation can be also applied in DCT and IDCT to
enhance the computational performance.

3) Addition-or-Subtraction (AoS) Adaptive Operation: As
presented in Fig. 6, MUL hastwo CPAs, which add the sum and
carry values generated by the carry-save adder tree. However,
when the MUL executes such instructions as one 16x16-bit
multiplication and the inner products, only asingle CPA is used
while the other is idle. Additionally, when executing the MAS
adaptive operation, the ALU_1, ALU 2, ALU 3 and ALU_4
cannot execute the instructions that are associated with their
adders, such as addition, subtraction and comparing. Hence, for
these two reasons, the AoS adaptive operation, as shown in Fig.

9, isdesigned to include an extra addition or subtraction. In this
figure, when ALU_2 is used to perform the MAS adaptive
operation, itstwo 32-bit input ports can be used by a 32-bit CPA
of the MUL to access the data. Therefore, the proposed
application-specific data path can execute an additional addition
or subtraction instruction and thus improve its computational
performance. As well as using the input ports of the other
computational unit to access data, this adaptive operation can
also efficiently exploit hardware components.

4) Alignment-Addition (AA) Adaptive Operation: In video
codecs, the word length of input data is primarily 8 or 16 bits.
Designing the SIMD operations simultaneously to process
multiple 8-bit or 16-bit data in computational units can
effectively increase the computational efficiency of video
codecs. This SIMD design has been extensively used in many
conventional data paths. However, before the SIMD operation
has been performed, the data paths must execute extra packing
operationsto align the data for the SIMD operations, so that the
packing operations degrade the computational efficiency
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of the SIMD. The AA adaptive operation was developed to
address this issue; Fig. 10 shows its data flow. Herein, ALU_1
and ALU_2 are configured to enable their packing/unpacking
units deliver outputs to the 32-bit adders to accomplish two
alignments and two SIMD arithmetic operations. Like ALU_1
and ALU 2, ALU 3 and ALU_4 can aso execute such an
adaptive operation. With a packing/unpacking unit and a 32-bit
adder to execute aignment and arithmetic operations,
respectively, each of ALU_1, ALU_2, ALU 3and ALU_4 uses
only some multiplexers to change its configuration. Hence, the
proposed application-specific data path can simultaneously
perform two of the AA adaptive operations.

5) Average-on-Four-Point (AFP) Adaptive Operation:
Interpolation and intra prediction are used mainly by average
operations on two 8-bit data and four 8-bit data. Conventional
data paths employ specia instructions to perform average
operations on multiple pairs of 8-bit datain parallel, such asthe
AVG4 ingtruction of TI TMS320C64x data path and the
QUADAVG ingtruction of Philips PNX1500 data path [15],
[16]. Nevertheless, these data paths cannot effectively perform
the average operation on four 8-bit datain parallel, the equation
of which can be described as follows;

t = (XO+X1+x2+x3+2) >> 2. 2

When addition operations are executed on four 8-bit data, x0, x1,
X2 and x3, and a constant value, two, the word length of the
summed result exceeds 8 bits. Although the summed result is
shifted right by 2 bits to yield the final 8-bit value, the
conventional data paths still execute four 16-bit addition
operations and a single shifting operation to compute (2), and
thereby waste hardware resources. (2) is further modified as
follows, to use effectively hardware resources;

t = (XO+X1+x2+x3+2) >> 2
= ((XO+x1+1)+(x2+x3+1)) >> 2

= (YO+y1) >> 2. ©)
y0 and y1 equal (xO0+x1+1) and (x2+x3+1), respectively. From
(3), the averaging operation on four 8-bit data comprises two
steps. The first is to compute the two values, (x0+x1+1) and
(x2+x3+1), which are determined using two 8-bit adders with
carry-in bits being one to generate two 9-bit outputs, including
two carry-out bits. In the second step, the operation, (yO+y1)>>2,
isimplemented using a 9-bit adder with acarry-in bit being zero
wherey0 and y1 are the two 9-bit outputs of the two 8-bit adders
inthefirst step. The AFP adaptive operation, asdisplayed in Fig.
11, is developed according to (3), to perform effectively the
averaging operation on four 8-bit data. The two 40-bit carry
select adders in ALU_1 and ALU_2 that
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consist of 18 8-hit ripple adders can be configured as a special
unit that can perform averaging operations on eight sets of four
8-bit data in parallel. The second step involves eight 9-bit
additions with zero carry-in and eight added results shifted right
by two bits, each of which eight addition and shifting operations
can be simply implemented by using an 8-bit adder and a 1-bit
AND gate to generate an average value of four 8-bit data.
Accordingly, as shown in Fig. 11, by adapting the output paths
and the carry-in bits of 8-bit ripple adders, the 8-bit ripple adders
in ALU_1 and ALU_2 can be effectively used to accelerate the
averaging operations to ensure the efficiency of computation.

D. Code Generation

This sub-section discusses the effects of introducing the
application-specific data path on a compiler, and in particular,
on the code generation phase of a compiler. Each of the five
adaptive operations can be implemented by a sequence of
primitive instructions, called adaptive instructions, which are
characterized in Table Il. The instruction format for the
application-specific data path is based on that for the
TMS320C64x data path [15]. Since the number of operation
types associated with each computational unit in the
TMS320C64x data path is under 64, sufficient spacesremain to
accommodate these adaptive instructions.

A simple and effective way to retarget a compiler to a new
architecture is to provide intrinsics for the new features of the
new architecture. For simplicity, the organization of a C
compiler for a VLIW architecture can be abstracted, as
displayed in Fig. 12. It comprises a C compiler for a general

architecture, which trandates the C code with intrinsics for
adaptive operations into a linear assembly code, and an
instruction scheduler for a VLIW architecture, which schedules
the linear assembly code into a parallel assembly code in a
manner that meets the resource constraints of adaptive
instructions. Table 1 lists the intrinsics designed for the SAD,
MAS, AA and AFP adaptive operations. The AoS adaptive
operation is unspecified in the C source code and is introduced
by theinstruction scheduler. Therefore, no intrinsic existsfor the
A0S adaptive operation. The handling of the AoS adaptive
operation is discussed later. Since the trandation of intrinsicsis
quite straightforward, the rest of this sub-section discusses only
the instruction scheduler.

C code
. Intrinsics of
C com pi ler adaptive operations|

Linear assembly code
Instruction
scheduler

l

Parallel assembly code
Fig. 12. Organization of acompiler for aVLIW architecture.

constraints of
adaptive instructions|
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TABLEI
CHARACTERISTICS OF ADAPTIVE INSTRUCTIONS
Adaptive Latency
apt Adaptiveinstructions Used computational unit (clock Description Resour ce constraints
operations cycles)
SAD_AD4 srcl, Sc2 ALU 1 ALU 2, ALU 30r ALU 4 1 Perform the subtraction and apsolunon on one pair of (1) Four SAD_AD4 instructiong
- = = = - four packed 8-bit values must be simultaneous!
performed in  ALU_1,
SAD Perform the addition on 16 8-bit values from ALU_1, ALU_2,ALU 3and ALU_4
SAD_SUM src, dst MUL 3 ALU_2, ALU_3 and ALU_4, and perform a 32-bit  |(2) SAD_AD4 and SAD_SUM
accumulation must be performed in two
successive clock cycles
MAS MULL srcl, src2 ALU 3 1 Perform four 8x8-hit multiplication on the values (1) ALU_1, ALU_2 and ALU_4|
extracted from lower or higher half words of src1 and b thei ion
MAS MULH srcl, src2 ALU 3 1 ol only perform the instructions
not involving the adder such
Perform the addition on the four 8x8-bit multiplication as shifting ol
MAS_ADD srcl, dst ALU_5 1 results from ALU_1 ALU_2, ALU_3 and ALU_4 with g packing/unpacking, when
MAS 32-bit value (src1), and store the result to the register dstf  MAS MULX is performed
- : ...l MAS MULx and
MAS ADD_SHL srcl, src2, dst ALU 5 2 Perform the addition on the four 8x8-bit multiplication MAS ADD o
- - - results from ALU_1 ALU_2, ALU_3 and ALU_4 with g MAS ADD SHx must be
32-bit value (srcl) then shift left or .right src2 bits, and perfor_med in two successive
MAS ADD_SHR srcl, src2, dst ALU 5 2 store the resuit to the register dst clock cycles
AoS_ADD srcl, src2, dst ALU_2 1 Perf addit ottt 1 and 52 MUL can’'t perform the two
orm addition or subtraction on srcl and src _bi b
A0S SUB srcl, src2, dst ALU_2 1 16x16-hit or one 32x16-bif
AoS — = ultiplication operation, when
AoS_ADD?2 srcl, src2, dst ALU_2 1 Perform addition or subtraction on one pair of packed [these adaptive instruction are
A0S SUB2 srcl, src2, dst ALU 2 1 16-bit values performed
AA PLL ADD2srcl, sre2, dst|ALU 1, ALU 2, ALU 3orALU 4 1
AA_PLH ADD2 srcl, src2, dstjALU 1, ALU 2, ALU 3orALU 4 1 Two  of these adaptive
AA PHL_ADD2Scl, 562, dALU L ALU 2, ALU SorALY 4 1 Perform an alignment operation on srcl and src2, and |instructions must be
AA_PHH ADD2 srcl, src2, dstjALU 1, ALU 2, ALU 3orALU 4 1 - i ; X
AA AR PLL SUB25cl 52 dXALU 1 ALU 2 ALU 3orAlU 4 1 then perform an addition or subtraction with a value fromsimultaneously ~ performed  in
S Sred, Srez, — —= 5 or — the other computational unit LU_1 and ALU_2 or ALU_3
AA_PLH SUB2srcl, src2, dstJALU 1, ALU 2, ALU 3orALU 4 1 and ALU 4
AA PHL SUB2srcl, sre2, dst |JALU 1, ALU 2, ALU 30orALU 4 1 -
AA_PHH SUB2 srcl, src2, dst|ALU 1, ALU 2, ALU 3orALU 4 1
AFP AFPL srcl, sre2, dst ALU_2 1 Perform four average operations on four 8-bit values AFPL and‘ AFPH must  bg
erformed simultaneously
TABLE Il
INTRINSICS OF THE ADAPTIVE OPERATIONS
Adapt'lve C compiler intrinsics Pseudo instructions Adaptive instructions
operations
SAD_AD4 a0, al
i _ ) ) : : : : : SAD_AD4 b0, bl
SAD mtdst—_sad(lntao,mtal,ilnr;té):l(-)),|ntb1,|mc0,|ntcl,|ntd0, SAD SAD_AD4 c0, c1
SAD_AD4d0, d1
SAD_SUM dst, dst
int dst =_mas_mulx_add (int mO, int m1, int a0), where x can MAS_MULx m0, ml1
behor | MAS MULx ADD MAS_ADD 20, dst
intdst =_mas mulx_add_shl (int mO, int m1, int &0, int s0), MAS_MULx m0, ml1
MAS wherex canbehor | MAS_MULX ADD_SHL MAS ADD_SHL a0, s0, dst
intdst =_mas mulx_add_shr (int mO, int m1, int a0, int s0), MAS_MULx mO, ml1
wherex canbehor | MAS_MULX_ADD_SHR MAS ADD_SHR a0, s0, dst
double dst = _aa pxx_add2_pxx_add2 (int a0, int al, int b0, AA_Pxx_ADD?2 &0, al, upper word of dst
int b1), where xx can be I, Ih, hi and hh AA_PXX ADD2_Pxx ADD2 AA_Pxx_ADD2 b0, b, lower word of dst
double dst = _aa pxx_add2_pxx_sub2 (int &0, int al, int b0, AA_Pxx_ADD2 &0, al, upper word of dst
A int b1), where xx can be I, Ih, hl and hh AA_PXX ADD2_Pxx_SUB2 AA_Pxx_SUB2 b0, bL, lower word of dst
double dst = _aa pxx_sub2_pxx_add2 (int a0, int al, int b0, AA_Pxx_SUB2 a0, al, upper word of dst
int b1), where xx can be Il Ih, hl and hh AA_Pxx_SUB2_Pxx ADD2 AA Pxx ADD2 b0, b, lower word of dst
double dst = _aa pxx_sub2_pxx_sub2 (int a0, int a1, int b0, AA_Pxx_SUB2 a0, al, upper word of dst
int b1), where xx can be I, Ih, hi and hh AA_Pxx_SUB2_Pxx_SUB2 AA_Pxx_SUB2 b0, b, lower word of dst
_ . . AFPH &0, al, upper word of dst
AFP double dst = _afp(long a0, long al, int b0, int bl) AFP AFPL b0, b1, lower word of dst

The modulo scheduler is one of the most effective instruction
schedulers for VLIW architectures [17]. Using modulo

scheduling, theiterations of aloop are executed inapipeline: the

execution of each iteration needs not wait until the completion of

Initial Il =

the preceding one. The delay between iterations is fixed in

modulo scheduling and is called the Initiation Interval (11). 11 is
determined by both the data dependence and resource

ietypesof computational unit

congtraints. The initial 11 can be estimated only using resource
constraints and is given in the following formula

Inst(i)

=3 )
CuU(i)

where Inst(i) is the number of instructions that are executed in
the computational units of type i and CU(i) is the number of



computational units of type i. Figure 13 shows a simplified
modulo scheduling algorithm.

Modulo-Scheduling (C) {

Construct the data dependence graph D of the linear assembly code C;

Sct the initial 1 according to the resource constraints of C;
Completed = false;
while (!Completed) {
Set the set S of scheduled instruction to ;
D=0;
Initialize the resource reservation table 7'
Completed = true;
while (D' is not empty) {
Select a ready instruction / from D';
Schedule 7 as carly as possible without violating the resource constraints in 77
if (/ cannot be scheduled) {
Completed = false; break;
} else {
S=S {I}: Update 7; D' = D' -{I}

}

)
H=11+1;

1
5

emit S;

Fig. 13. A simplified modulo scheduling agorithm.

The characteristics of adaptive instructionsraise two issuesin
the modulo scheduler. First, some adaptive instructions must be
executed simultaneoudly or consecutively. For instance, the
SAD adaptive operation must be implemented as follows. Four
SAD _AD4 adaptive instructions must be first executed
simultaneously on ALU_1, ALU 2, ALU_3 and ALU 4, and
then an SAD_SUM adaptive instruction must be executed in the
next clock cycle. Second, some adaptive instructions may use
some of the functionality of more than one computational unit.
For example, the MAS MULL and MAS MULH adaptive
instructions use ALU_3 and the adders of ALU_1, ALU_2 and
ALU_4. Accordingly, in the same clock cycle, ALU_1, ALU 2
and ALU_4 cannot be adopted to execute instructions that
involve adders.

The proposed solution to the first issue is discussed first. A
pseudo instruction is designed for each intrinsic to enable the
adaptive instructions that correspond to an intrinsic to be
scheduled as a unit. To this end, the C compiler first trandates
intrinsics into pseudo instructions. After a pseudo instruction
has been scheduled by the modul o scheduler, it isthen trandated
into adaptive instructions. Since a pseudo instruction represents
several adaptive instructions, it may exploit different resources
in different clock cycles during its execution. Hence, the update
operation of the resource reservation table is modified to
accommodate the more complicated resource constraints on
pseudo instructions. Additionally, because adaptive pseudo
instructions incur stronger resource constrains, ready adaptive
pseudo instructions are given higher priority than other ready
instructions in scheduling.

The proposed solution to the second issue is now presented.
The representation of the resource reservation table is modified
to enable an instruction to use only some of the functionality of a
resource, allowing the rest of the resource to be used by another

11

instruction. This modification in the data structure is quite
straightforward. Additionally, when the MAS MULL or
MAS_MULH adaptive instruction is executed, the three ALUSs,
ALU 1, ALU 2 and ALU_4, cannot be adopted to execute
instructionsthat involve adders. At the sametime, if the adder in
MUL is unused, an addition or a subtraction instruction can be
replaced with an AoS adaptive instruction and executed on the
adder of MUL to increasethe parallelism. When determining the
initial Il in such a case, the number of instructions executed in
ALU, Inst(ALU), should be adjusted accordingly. Let MAS be
the number of MAS_MULX ingtructions; NADD be the number
of instructions that do not involve the adder, and ADD be the
number of addition or subtraction instructions. Then, Inst(ALU)
can be defined as

Inst(ALU) = Insto(ALU) + (3xMAS)

— min(NADD+min(ADD, MAS), 3xMAS),  (5)

where Insto(ALU) is the origina number of instructions
executed in ALU.

A set of benchmarks was employed to evaluate the
performance of such a compiler. Each of the benchmarks has a
linear assembly codefor the TM S320C64x data path and one for
the proposed application-specific data path. Thelinear assembly
code for the TMS320C64x data peth is scheduled by the TI
compiler for TMS320C64x, while that for the proposed
application-specific data path is scheduled by the proposed
modulo scheduler. Table 1V presents the results of the
performance evaluation. In benchmarks SAD, Inverse Integer
Transform (11T) and Diagonal Half-Pixel Interpolation (DHPI),
since SAD, AA and AFP adaptive instructions are successfully
generated, the proposed application-specific data greatly
outperformed the TMS320C64x data path. However, in
benchmarks DCT and quantization, since their codes involve
many multiplications, the proposed application-specific data
path with a single multiplier performs no better than the
TMS320C64x data path with two multipliers. Since SAD, AA
and AFP adaptive instructions do not degrade the functionality
of other computational units, they can generally be more

effectively scheduled than MAS and AoS adaptive instructions.
TABLEIV
PERFORMANCE EVALUATION OF THE INSTRUCTION SCHEDULERS FOR THE
PROPOSED APPLICATION-SPECIFIC AND Tl TM S320C64X DATA PATHS

Data pathsl TMS320C64x Proposed application-specific data path _
Functions data path Clock cycles Saving
ratio
16x16 SAD 64 32 50.00%
* (using SAD adaptive operation) )
138
- 0/
88 DCT 130 (using MAS and AoS adaptive operations) 6.15%
A 66
0,
8+8 quantization 66 (using MAS and AoS adaptive operations) 0.00%
4x4 inverse integer 16
transform 20 (using AA adaptive operation) 20.00%
Diagonal 16x16 64 o
half-pixel interpolation 224 (using AFP adaptive operation) 71.43%

IV. ANALYSES OF COMPUTATIONAL PERFORMANCE

A. Analyseson Low-Level Functions of Video Codecs



The computational performance of the proposed
application-specific and conventional data paths, as listed in
TableV, in executing low-level functions of MPEG-2, MPEG-4
and H.264/AVC video codecs, is studied [18]-[20]. Since
different code generation techniques result in different
computation efficiencies, the hand coding is adopted to trand ate
the programs of the low-level functions to ensure fairness of
comparison. Table V1 liststhe numbers of clock cycles required
to execute the low-level functions by using the proposed
application-specific and conventional data paths. Additionally,
the scheduling of the data flows associated with the low-level
functions executed in the proposed application-specific and
conventional data paths are described as follows.

Motion estimation in MPEG-2, MPEG-4 and H.264/AVC
video codecs and the mode decision in the H.264/AVC video
codec depend strongly on the SAD operation. The proposed
application-specific data path, using the SAD adaptive operation,
can execute the SAD operation on 16 pixelsin aclock cycle, so
it computationally outperforms the conventional data paths, as
presented in Table VI. The execution of specia instructions
causes the TI TMS320C64x data path to outperform the
Motorola/Lucent StarCorel40 data path in performing SAD

operations.
Asfor DCT and IDCT in MPEG-2 and MPEG-4 video codecs,
these two functions require many multiplication,

addition/subtraction, shifting and packing/unpacking operations.
The inner product instructions can accel erate the execution of
the DCT and IDCT [5], [16]. Apart from the MUL used to
implement an inner product, the proposed application-specific
data path can execute the MAS adaptive operation to accelerate
the determination of inner products. The AoS adaptive operation
can also be executed to cooperate with the MAS adaptive
operation to enable that an additional arithmetic operation can
be executed in parallel. In considering the addition/subtraction,
the shifting and the packing/unpacking operations of DCT and
IDCT, the proposed application-specific data path with five
AL Us can execute five operations simultaneously under general
instructions. Therefore, the proposed application-specific data
path has a similar computational performance to that of TI
TMS320C64x data path, which has two multipliers and four
ALUsto execute DCT and IDCT.

The MPEG-2, MPEG-4 and H.264/AVC video codecs
perform quantization and inverse quantization on the
transformed coefficients and the variable-length-decoded data,
respectively. The MAS adaptive operation can be executed to
accelerate their multiplication, addition/subtraction and shifting
operations, so the proposed application-specific data path
computationally outperforms the conventional data paths, as
illustrated in Table VI.

With respect to the 4x4-pixel integer transform, the 4x4-pixel
inverse integer transform and the 4x4-pixel Hadamard
transform in H.264/AVC video codec, these three functions
require many 16-bit addition, subtraction and shifting operations.
Although conventional data paths perform SIMD operations to
accelerate the computation of 16-bit data, they need additional
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operations on packing and unpacking to align these data,
degrading the computational performance. The proposed
application-specific data path executes the AA adaptive
operation that includes alignment operations before arithmetic
operations to increase the computational performance.

Motion compensation in the MPEG-2 and MPEG-4 video
codecs needs diagonal half-pixel interpolation. The diagonal
half-pixel interpolation uses averaging operations on four 8-bit
data, so the proposed application-specific data path exploits the
AFP adaptive operation to accelerate its computation,
optimizing computational performance. The half-pixel
interpolation of the H.264/AVC video codec depends on the
six-tap filter, according to the following equation [20];

b = (E-5F+20G+20H-5J+K+16) >> 5

= (E+20(G+H)-5(F+J)+K+16) >> 5, (6)
where E, F, G, H, Jand K are the six input pixels and b is the
output pixel. 20(G+H)-5(F+J) can be computed by executing
two addition operations and one inner product. Accordingly, a
six-tap filter includes one inner product, five addition operations
and one shifting operation. The six-tap filter isfulfilled at aword
length of 16 bits, so the AA adaptive operation, based on SIMD,
can be employed to accelerate this function. Moreover, the
proposed application-specific data path with five ALUs can
effectively execute the addition and shifting operations of the
6-tap filter. Hence, as presented in Table VI, the proposed
application-specific data path computationally outperforms the
conventional data pathsto perform half-pixel interpolation.

The 4x4-pixel intraprediction inthe H.264/AV C video codec
involves nine modes in most of which averaging operations are
applied mainly to two 8-bit and four 8-bit pixels. The proposed
application-specific data path can use ALU_3 and ALU 4 to
average multiples of two 8-bit pixels. Simultaneoudy, the
proposed application-specific data path combines ALU_1 and
ALU_2 asaspecial unit to execute the AFP adaptive operation,
efficiently to average multiple sets of four 8-bit pixels. Hence,
the proposed application-specific data path can execute the
maximum number of averaging operations in a clock cycle in
most modes, minimizing the number of clock cycles required to
accomplish the 4x4-pixel intra prediction.

In addition to the low-level functions in Table VI, the other
low-level functions in the video codecs mainly take
addition/subtraction, shifting, comparing and logic operations,
which depend more strongly on the use of ALUS, for examplein
the de-blocking filter or in the summation of residual data and
motion-compensated data. When executing these functions, the
proposed application-specific data path with more ALUs can
computationally outperform than the conventional data paths.

B. Analyseson FIR, IIRand FFT

Besides the low-level functions of video codecs, other
functions like Finite Impulse Response (FIR) filter, Infinite
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TABLEV
FEATURES OF THE PROPOSED APPLICATION-SPECIFIC AND CONVENTIONAL DATA PATHS
Data paths
Proposed application-specific data path TM S320C64x data path Star Corel40 data path
Features
Number of instructions parallel 8 8 6
executed

1 of 32x16-bit multiplier

4 of 40-bit ALUs

1 of 32-bit ALU

2 of 32-bit load/store units

Hardware components for adaptive operations

Computational units

2 of 32x16-bit multipliers
2 of 40-bit ALUs

2 of 32-hit ALUs

2 of 32-bit load/store units

4 of 16x16-bit multipliers with 40-bit accumulators
4 of 40-bit ALUs
2 of 32-bit address arithmetic units

32 of 32-hit registers

Number of registers (two dlusters)

32 of 32-hit registers
(two clusters)

16 of 40-bit data registers
24 of 32-hit address, offset and modulo registers

Read ports RF_1: 11 of 32-bit ports and 4 of 8-bit ports ia_i; gfzt\gl? ;(I)L:iers having 16 of 40-bit ports for data registers
No. of portsin the RF_2: 11 of 32-hit ports and 4 of 8-bit ports 2 of S-hit ports 9 of 32-hit ports for address, offset and modulo registers
register file . RE_1: 7 of 32-bit ports and 2 of 8-bit ports Each of two clusters having 8 of 40-bit ports and 2 of 64-bit ports for data registers
Write ports RE 2: 6 of 32-bit ports and 2 of 8-bit port 7 of 32-bit ports
_2: 60 s2-bit ports and 2 of 8-bit ports 2 of 8-hit ports 5 of 32-hit ports for address, offset and modulo registers

Impulse Response (11R) filter and Fast Fourier Transform (FFT)
that are widely used in communication applications are also
explored. Table VI lists the clock cycles of the proposed and
conventional data paths for executing 16-tap FIR filter on 64
samples, fourth-order IR filter on 64 samples and mixed-radix
64-point FFT. When computing the FIR filter, the proposed data
path executes the MAS adaptive operation to increase the
multiplication operations. The proposed data path can complete
three multiplication and accumulation operations in a clock
cycle, compared to four multiplication and accumulation
operations in a clock cycle for the TI TMS320C64x and
Motorola/Lucent StarCorel40 data paths with two 32x16-bit
and four 16x16-bit multipliers, respectively [21], [22].
Consequently, to execute functions involving a number of
multiplication operations close to or exceeding the number of
arithmetic and logic operations, the proposed data path
underperforms the conventional data paths with two or more
multipliers.

The IIR filter has the prior output feedback to result in
loop-carried dependence, thus limiting the computational
efficiency of the data path. When the TI TM S320C64x data path
implements the fourth-order 1IR filter, four clock cycles are
required to execute this loop-carried dependence computation,
which comprises a multiplication operation at two clock cycles,
an addition operation at one clock cycle and a shifting operation
at one clock cycle. Accordingly, the TI TMS320C64x data path
takes four clock cyclesto obtain aresult of the fourth-order IIR
filter due to the pipelining latency [21]. The Motorola/L ucent
StarCoreld40 data path can perform a multiplication and
accumulation operation and a shifting operation in two clock
cycles to accomplish the loop-carried dependence computation.
Since the maximum number of instructions parallel executed is
six, the Motorola/Lucent StarCorel40 data path needs three
clock cycles to complete the fourth-order IIR filter [22]. By
using the MAS adaptive operation combining multiplication and
addition as a multiplication-accumulation operation, the
proposed data path can finish the computation of the
fourth-order IR filter in three clock cycles, exceeding and
equaling the requirements of the TI TMS320C64x and
Motorola/Lucent StarCorel40 data paths, respectively.

In computing the FFT that requires many 16-bit
addition/subtraction operations, the proposed data path can
employ the AA adaptive operations to process the real and
imaginary partsin the 16-bit addition and subtraction operations.
Additionally, the MAS adaptive operations are used to
implement the inner products for complex multiplications of the
FFT. Hence, the computation efficiency of the proposed data
path is superior to that of the TI TMS320C64x and
Motorola/Lucent StarCorel40 data pathsin executing FFT [21],
[22].

TABLE VI

NUMBERS OF CLOCK CYCLES REQUIRED BY THE PROPOSED
APPLICATION-SPECIFIC AND CONVENTIONAL DATA PATHS

Data PathgProposed application-specific| TM S320C64x | StarCore140
Functions data path data path data path
16x16 SAD 16 32 256
8x8 DCT 130 126 231
8x8 IDCT 150 154 231
8x8 quantization 54 58 62
8x8 inverse quantization 62 66 90
4x4 integer transform /
4x4 inverse integer 12 16 20
transform
4x4 Hadamard transform 10 12 16
Diagonal 16x16 half-pixel
interpolation for MPEG-2 37 169 288
and MPEG-4
4x4 half-pixel interpolation
for II'il .264IAVF;: = 34 %
TABLE VII

NUMBERS OF CLOCK CYCLES REQUIRED BY THE PROPOSED
APPLICATION-SPECIFIC AND CONVENTIONAL DATA PATHS COMPUTING FIR
FILTER, IR FILTER AND FFT

Proposed
Data paths o .. | TMS320C64x | StarCorel140
. application-specific
Functions data path data path
data path
16-tap FIR filter on 64 samples 576 447 524
Fourth-order | IR filter on 64 samples 213 277 225
Mixed-radix 64-point FFT 294 304 388

V. ANALYSES OF COMPUTATIONAL POWER AND HARDWARE
Cosrt

Based on the TSMC 0.18um CMOS cdll library [23], the
proposed application-specific data path, including five ALUs,
an MUL, two load/store units, a register file, and hardware




components and interconnections for adaptive operations, is
designed and implemented using the Cadence tool. Figure 14
shows the layout of the proposed application-specific data path,
of which features are listed in Table VIII. The proposed
application-specific data path has five ALUs each of which
occupies an average of 4.90% of the overall data path. The
register file occupies 53.31%. The MUL and two load/store
units occupy 14.40% and 2.72%, respectively, and the hardware
components and interconnections used for adaptive operations
occupy 5.06%. The adaptive operations adapt data flows of the
data path, so most of the hardware components are multiplexers.
Circuits such as the Pass Transistor Logic (PTL) circuit or the
Complementary Pass-transistor Logic (CPL) circuit used to
implement the multiplexers may further reduce the area of the
hardware components required to perform adaptive operations.

Fig. 14. Layout of the proposed application-specific data path.

TABLE VIII
FEATURES OF THE PROPOSED APPLICATION-SPECIFIC DATA PATH

Proposed application-specific
Features data path
Technology TSMC 0.18um CMOS
Design scheme SAGE-X™ standard cell library
Supply voltage 1.8V
Critical delay 6.92 ns
Five ALUs 0.63 mn? (24.51%)
AnMUL 0.37 mn¥ (14.40%)
Hardware components and
Area interconnections for 0.13 mn? (5.06%)
(1.77mmx1.45mm) adaptive operations
Two load/store units 0.07 mn? (2.72%)
Register file 1.37 mn?’ (53.31%)
Total 2.57 mn¥ (100%)

The critical delay of the computational unitsis simulated by
using the NanoSim tool, which occurs in an 8x8-bit
multiplication, which is the fundamental multiplication
operation. However, the eight 8x8-bit multipliers required by
the MUL use compressors or counters to add their partia
productsin parallel and thus reduce the computational delay, so
the critical delay in the proposed application-specific data path
isat the 8x8-bit array multiplier for the MAS adaptive operation,
as presented in Fig. 8. Figure 8(a) shows that an 8x8-bit array
multiplier is composed of 56 1-bit full adders. Since a 1-bit full
adder generates the sum and carry with different delays, the
longer and shorter paths of a 1-bit full adder can be connected to
the shorter and longer paths of the next 1-bit full adder(s),
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respectively, to minimize the critical delay [24]. Based on such
hardware, the critical delay of the 8x8-bit array multiplier with
some logic gates and multiplexersis 5.68ns. The control circuits
of the register file, which decode the addresses of the registers,
are established in the instruction path [13]. Hence, the register
file only includes storage cells and tri-state buffers for reading
and writing [25], [26]. Given such a design, the access time of
the register file is 1.24ns. Summing the delays of the
computational units and register file reveals that the critical
delay of the proposed application-specific data path is 6.92ns
(5.68ns+1.24ns).

The critical delay of the data path depends on the
architectures and implementation manners of computational
units. Since detailed information on the conventional data paths
is not publicly available, the proposed adaptive mechanism
cannot be directly implemented in the conventional optimized
data paths. However, the high-level architectures of ALUs and
MUL in the proposed application-specific data path are
designed to be the same as those of the conventional data path.
Additionally, hardware components of the proposed
application-specific and conventional data paths are
implemented using the same cell library to do fair comparison.
Table IX lists the hardware costs, the computational power and
the ratios of computational power to hardware costs required by
the proposed application-specific and conventional data paths.
The normalized hardware cost of the proposed
application-specific data path is assumed to be unity, and the
hardware costs of the conventional data paths are divided using
that of the proposed application-specific data path to determine
the normalized hardware costs. The  proposed
application-specific data path includes five ALUs, a multiplier,
two load/store wunits, and hardware components and
interconnections for adaptive operations, whereas the TI
TMS320C64x data path comprises four ALUs, two multipliers
and two load/store units. According to Table VIII, an MUL
consumes a larger hardware cost than that of an ALU such that
the TI TMS320C64x data path with two MULSs is more
complicated than the proposed application-specific data path.
Four 16x16-bit multipliers can be formed as two 32x16-bit
multipliers so the hardware complexity of the computational
unitsin the Motorola/Lucent StarCore140 data path is similar to
that in the TI TMS320C64x data path. From Table VIII, the
hardware cost of the register file in the proposed
application-specific data path is 0.53 times the total hardware
cost of the data path. According to Table V, the register files of
the conventional data paths can be implemented using the same
design, and their normalized hardware costs are listed in Table
IX.

When the circuits are designed to be similar to those in the
computational units of the proposed application-specific data
path, the computational units of the conventiona data paths
exhibit critical delays in 8x8-bit multiplication using 3:2, 4:2,
5:2 and 6:2 compressors and half adders, of around 5.4ns when
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TABLEIX
HARDWARE COST, COMPUTATIONAL POWER, AND COMPUTATIONAL POWER OVER HARDWARE COST OF THE PROPOSED APPLICATION-SPECIFIC AND
CONVENTIONAL DATA PATHS

Nhs Proposed application-specific | TM S320C64x data Star Corel40
Features data path path data path
Hardware cost Computational units 0.47 0.54 0.56
(Normalized values) Register file 053 053 0.38
16x16 SAD 1.00 0.52 0.07
8x8 DCT 1.00 1.07 0.59
8x8IDCT 1.00 1.01 0.68
8x8 quantization 1.00 0.97 0.91
Computational power 8x8 inverse quantization 1.00 0.98 0.72
(Normalized values) 4x4 integer transform / 4x4 inverse integer transform 1.00 0.78 0.63
4x4 Hadamard transform 1.00 0.87 0.52
Diagonal 16x16 half-pixel interpolation for MPEG-2 and MPEG-4 1.00 0.23 0.12
4x4 half-pixel interpolation for H.264/AVC 1.00 0.70 0.67
4x4 intra prediction at mode 5 1.00 0.57 0.33
16x16 SAD 1.00 0.49 0.07
8x8 DCT 1.00 1.00 0.63
8x8IDCT 1.00 0.94 0.72
8x8 quantization 1.00 0.91 0.97
Computational 8x8 inverse quantization 1.00 0.92 0.77
power/hardware cost 4x4 integer transform / 4x4 inverse integer transform 1.00 0.73 0.67
4x4 Hadamard transform 1.00 0.81 0.55
Diagonal 16x16 half-pixel interpolation for MPEG-2 and MPEG-4 1.00 0.21 0.13
4x4 half-pixel interpolation for H.264/AVC 1.00 0.65 0.71
4x4 intra prediction at mode 5 1.00 0.53 0.35
the TSMC 0.18um CMOS cell library isused. The critical delay TABLE X

of the conventiona data paths is about 6.64ns (5.4+1.24),
including the access time of the register file. According to the
data in Table VI, the computational power of the proposed
adaptive and conventional data paths executing a function is
given by

1 .
number of clock cyclesx critical delay

Additionally, Table IX presents the normalized values of
computational power. The proposed application-specific data
path takes a similar number of clock cycles to that required by
the TI TMS320C64x data path to perform the DCT and IDCT.
However, due to a longer critica delay, the proposed
application-specific data path has dlightly less computational
power than the TI TMS320C64x data path. With respect to the
other low-level functions, by effectively reducing the numbers
of clock cycles required, the proposed application-specific data
path has a higher computational power than the TI
TMS320C64x data path. As compared to the Motorola/Lucent
StarCorel40 data path, the proposed application-specific data
path shows a higher computational power in executing these
low-level functions. Finally, the normalized computational
power is divided by the normalized hardware cost of the data
path aslisted in Table IX. When executing the DCT demanding
extensive multiplications, the proposed application-specific data
path has the same ratio of computational power to hardware cost
as the TI TMS320C64x data path. In executing the other
low-level functions, the proposed application-specific data path
showsthe highest ratio of computational power to hardware cost

)

computational power =

than the conventional data paths. Therefore, the
application-specific data path proposed herein is
computationally efficient and cost-effective in realizing

multi-standard video codecs.

PERFORMANCE OF THE PROPOSED APPLICATION-SPECIFIC AND Tl
TMS320C64x DATA PATHS EXECUTING THE LOW-LEVEL FUNCTIONS OF THE
MPEG-2 VIDEO ENCODER AT 30 352x288-PiIXEL FRAMES.

. Datapathy ~ Proposed |1y cannopay
Functions application-specific data path
data path p
Cycles/ | Pframe 654 1,086
block B frame 1,308 2,172
Motion estimation Number of | P frame 3,564 3,564
(threestep search) | “plocks [ g frame 7,128 7,128
Total clock cycles 11,654,280 19,352,520
Cycles/block 130 126
DCT Number of blocks 47,520 47,520
Total clock cycles 6,177,600 5,987,520
Cycles/block 150 154
IDCT Number of blocks 47,520 47,520
Total clock cycles 7,128,000 7,318,080
Cycles/block 54 58
Quantization Number of blocks 47,520 47,520
Total clock cycles 2,566,080 2,756,160
Cycles/block 62 66
Inverse quantization Number of blocks 47,520 47,520
Total clock cycles 2,946,240 3,136,320
. Cycles/block 68 68
Vertical /
horizontal Number of blocks 10,692 10,692
Total clock cycles 727,056 727,056
Interpolation Cycles/block 37 169
Diagonal | Number of blocks 10,692 10,692
Total clock cycles 395,604 1,806,948
Total number of clock cycles 31,594,860 41,084,604
Estimated run time (us) 218,636 272,802

In the proposed and Tl dual-core hardware platforms, 30
352x288-pixel frames of the Foreman video sequence are
processed by the proposed application-specific and TI
TMS320C64x data paths that focus on executing low-level
functions. The operations related to memory access, high-level
decisions, variable length coding/decoding functions and
multiplexing/demultiplexing the data stream are performed by
the CPU. Table X liststhe clock cyclesand runtimerequired for



motion  estimation, DCT/IDCT,  quantization/inverse
guantization and interpolation in the MPEG-2 video encoders
where the three-step search scheme is used to determine the
moation vector. To implement these six functions in 30 frames
with the coding condition of (1 intra-frame, 3 predictive and 6
bi-directional inter-frames), the proposed application-specific
data path can achieve a 23.10% reduction compared to the Tl
TMS320C64x data path in the clock cycles required to
implement these six functions. When the critical delays of
6.92ns and 6.64ns taken by the proposed and Tl TMS320C64x
data paths are considered, respectively, the proposed
application-specific data path at 144MHz needs 218,636us to
execute these six functionsin 30 352x288-pixel Foreman frames
compared to 272,802us for the TI TMS320C64x data path at
150MHz. Hence, the proposed application-specific data path
conserves 19.86% of computation time requested by the TI
TMS320C64x data path.

TABLE XI
PERFORMANCE OF THE PROPOSED APPLICATION-SPECIFIC AND Tl
TMS320C64x DATA PATHS EXECUTING THE LOW-LEVEL FUNCTIONS OF THE
H.264/AVC VIDEO DECODER AT 30 352x288-PIXEL FRAMES

. Datapaths|  Proposed | r)saoncay
Functions application-specific data path
data path
mode0 Cycles/block 3 3
and 1 Number of blocks 2,005 2,005
Total clock cycles 6,015 6,015
Cycles/block 8 8
Intra_4x4 mode2 | Number of blocks 2,054 2,054
Total clock cycles 16,432 16,432
Cycles/block 6 11
mo;ie 4d58 6. [Number of blocks 5,797 5,797
an Total clock cycles 34,782 63,767
Cycles/block 17 17
mot(ijelo Number of blocks 68 68
a Total clock cycles 1,156 1,156
Cycles/block 24 27
Intra_16x16 | mode2 |Number of blocks 58 58
Total clock cycles 1,392 1,566
Cycles/block 268 268
mode3 | Number of blocks 49 49
Total clock cycles 13,132 13,132
mode 0 Cycles/block 9 9
and 1 Number of blocks 1,604 1,604
Total clock cycles 14,436 14,436
Intra Cycles/block 15 17
predictionof | mode2 | Number of blocks 1,006 1,006
chroma block Total clock cycles 15,090 17,102
Cycles/block 67 67
mode3 | Number of blocks 238 238
Total clock cycles 15,946 15,946
Cycles/block 12 16
Inverse integer transform | Number of blocks 253,216 253,216
Total clock cycles 3,038,592 4,051,456
Cycles/block 10 12
Hadamard transform Number of blocks 175 175
Total clock cycles 1,750 2,100
Cycles/block 23 34
Half-pixel | 6-tapfilter | Number of blocks 202,570 202,570
and Total clock cycles 4,659,110 6,887,380
quarter-pixel Bilinear Cycles/block 6 6
interpolation | . polation [Number of blocks 70,163 70,163
Total clock cycles 420,978 420,978
Total number of clock cycles 8,238,811 11,511,466
Estimated run time (us) 57,013 76,436

Table X1 lists the number of clock cycles required by the
proposed application-specific and TI TMS320C64x data paths
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to implement the intra prediction, inverse transform and
half-pixel and quarter-pixel interpolation of the H.264/AVC
video decoder. The proposed application-specific data path
performs the adaptive operations to speed up these low-level
functions. Accordingly, the proposed application-specific data
path can conserve 28.43% of the clock cycles required by the Tl
TMS320C64x data path to execute these functions. The
proposed application-specific and TI TMS320C64x data paths
take 57,013us and 76,436us, respectively, to implement these
low-level functions of the H.264/AV C decoder and thus 25.41%
computation time is conserved in the proposed
application-specific data path. Therefore, the proposed
application-specific data path requires less computation time
than the TI TMS320C64x data path to execute the low-level
functions of video codecs.

V1. CONCLUSION

Thiswork proposes an adaptive mechanism for increasing the
flexibility of data delivery and configuring computational units
in a VLIW data path, so the hardware components and
input/output ports of computational units can be effectively used
to improve computational performance. Based on the
characteristics of the low-level functionsin MPEG-2, MPEG-4
and H.264/AVC  video  codecs, the  proposed
application-specific data path with eight computational unitsis
designed to perform five adaptive operations, and is established
to perform computationally at alevel equal to or better than the
conventional data paths, in executing the low-level functions. By
using these adaptive  operations, the  proposed
application-specific data path can conserve 23.10% and 28.43%
of clock cycles demanded by the TI TMS320C64x data path to
execute the low-level functions of the MPEG-2 video encoder
and H.264/AVC video decoder, respectively. The TSMC
0.18um CMOS cell library is used to implement the proposed
application-specific data path, to achieve the highest ratio of
computational power to hardware cost than is achieved by
conventional data paths. Therefore, the proposed adaptive
mechanism can be applied to awide range of DSP architectures
to improve their computational efficiencies in particular
application domains.
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