
Parallel Architecture Core (PAC)—the First Multicore
Application Processor SoC in Taiwan Part II:
Application Programming

Jia-Ming Chen & Chun-Nan Liu & Jen-Kuei Yang &

Shau-Yin Tseng & Wei-Kuan Shih & An-Yeu Wu

Received: 9 November 2009 /Revised: 3 March 2010 /Accepted: 3 March 2010
# Springer Science+Business Media, LLC 2010

Abstract Two representative multimedia applications—
AAC and H.264/AVC decoders on the parallel architecture
core (PAC) SoC are introduced in the second part of the
two introductory papers. The applications have been
programmed on the PACDSP core and the PAC SoC to
demonstrate the high-performance, low-power DSP com-
putations and the effectiveness of the dynamic voltage and
frequency scaling (DVFS) capability on the heterogeneous
multicore SoC. First, techniques to exploit data- and
instruction-level parallelisms existing in the application
kernels are described for performance optimizations on the
clustered VLIW architecture of PACDSP with the distrib-
uted register organization. Next, two variation techniques of
asymmetric programming model are introduced by exam-
ples of decoders. Then, the energy efficiency of the
programmable multimedia SoC is demonstrated using an
innovative power-aware H.264/AVC decoder. Finally, a
DVFS-aware framework for soft real-time video playback
is provided by extending the power-aware decoding
scheme. The work provides practical references of realizing
multimedia applications on PAC SoC suitable for rich-
function and resource constraint portable devices.

Keywords VLIW DSP. Heterogeneous multicore .

Dual-core architecture . Power-aware . Dynamic
voltage/frequency scaling (DVFS) . PACDSP. PAC

1 Introduction

The emerging embedded applications in multimedia process-
ing such as video streaming and image analytics have
extremely high processing demands that motivate processor
designers to reconsider which execution paradigm is the most
appropriate for the next-generation processor architectures[1,
2]. The recent proposed architectural approaches for the
demands can be classified from dedicated multimedia
processor to programmable processor and general-purpose
processors (GPPs) with multimedia extensions. Among these
approaches, the programmable architectures often introduce
the features in single instruction multiple data (SIMD) and
very long instruction word (VLIW) to capture the
instruction-level parallelism (ILP) and data-level parallelism
(DLP) existing in the application kernels of multimedia
processing. The studies are compared and summarized in [1].
The evidences show that none of the processor architectures
has absolutely advantages associated with multimedia
processing due to the complexity of high computation,
resource constraints (such as power, memory, and real-time),
and flexibility of multi-functions or multi-standards. Accord-
ingly, both detail analysis of computational complexity and
real-time constraints for multimedia processing in the view-
points of DLP, ILP, and thread-level parallelism (TLP) are
essentials to match architecture designs of processors.

On the other hand, multimedia applications on portable
devices—such as PDAs, smart phones, and portable media
players (PMPs)—have become increasingly popular. Since
these devices are battery-operated, lowering power con-
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sumption to prolong battery life would be a major concern.
However, power dissipation becomes more severe with the
increasing frequency of operations as the relentless VLSI
processing technology moves forward to the deep-
submicron. Meanwhile, overheat problem arises as Intel
[3] reported that the power consumption of their chips have
doubled approximately every 36 months.

As a result of two major concerns stated above, in the
recent trend for portable devices, hardware system design-
ers [4–6] often integrate a RISC processor with coproces-
sors (DSP or ASIC) into one SoC chip. By this way,
portable devices can take advantage of modern VLSI
designs to achieve better cost-effective and rich function-
ality in more compact size. In addition, the dynamic voltage
and frequency scaling (DVFS) technology built into those
SoC platforms can further provide power saving in
advance. For example, Texas Instrument Inc. provides
SmartReflex™ technology on their OMAP™ architecture
[7]. Likewise, the PAC project executed by ITRI [8] in
Taiwan provides the alternative solution. The first part [9]
of these two introductory papers has presented the
development results of hardware architecture and toolchains
of the PAC SoC. The hardware architecture resolves several
specializations, such as clustered VLIW architecture with
simple inter-cluster communication mechanism,
complexity-reduced distributed and ping-pong register file,
efficient variable-length VLIW instruction encoding archi-
tecture, and DVFS capability. Thus the PAC SoC can be
expected to developing embedded multimedia products.

However the higher degree of extraction for the ILP and
DLP existing in embedded multimedia applications intro-
duces more notorious VLIW code density problem. Thus
programming on the PAC SoC requires advanced sophis-
ticate programming methodologies. Therefore, in this
paper, we focus on three major aspects to facilitate the
completeness of developing embedded applications on the
PAC SoC. First, we reveal the VLIW programming
techniques of the PACDSP core by realizing the prevailing
multimedia decoders—AAC and H.264/AVC. The
approaches proposed in the paper are appropriate for the
highly meticulous hardware customizations of the PACDSP
core while satisfy the limitations of memory and power
requirements. The methodologies also provide valuable
principles so that developing complicated multimedia
applications on the similar VLIW microarchitectures
becomes achievable. Second, we propose two asymmetric
programming models for the heterogeneous dual-core
architecture of the PAC SoC, of which specific portions of
applications can take benefit of optimizations on each core.
Lastly, the DVFS capability provided on the PAC SoC is
exploited through the proposed power-aware H.264/AVC
video player. The novelty demonstrated in the paper contains
a content adaptive power-aware decoding kernel inlaid in a

DVFS-aware framework. It can facilitate the power-saving in
hard and soft real-time embedded applications.

The remainder of this paper is organized as follows.
Overview of the multimedia decoders and DVFS-aware
video decoding is first introduced in Section 2 as the
background information. Then VLIW programming techni-
ques of the algorithms for each decoder on the PACDSP
core are proposed in Section 3. Next, the programming
techniques on the PAC SoC from two major orientations—
asymmetric programming model, and DVFS-aware
programming are proposed in Section 4. Experimental and
superior implementation results are given in Section 5, and
conclusions are set out in Section 6.

2 Background

2.1 Overview of Multimedia Algorithms

2.1.1 AAC

There are three profiles in AAC with different operational
complexity. Among them, the Low Complexity (LC) profile
consumes lower power but has the close quality with the high
performance Main profile. Thus, the LC profile is suitable for
most portable applications for the low power consideration. The
decoding flow of AAC LC profile is shown in Fig. 1(a). The
first process is bitstream demultiplex, which extracts the audio
stream signals and the decoding information that will be used
in the following decoding process. In Huffman (Noiseless)
decoding, the variable length codeword are extracted from the
bitstream and decoded into quantized spectral values. Next,
the quantized values are inversely quantized by the inverse
quantizer and then scaled by the rescale process. The Middle/
Side (M/S) and intensity stereo processes recover and add the
redundancies removed from the encoder to the frequency
domain. The Temporal Noise Shaping (TNS) process controls
the temporal shape of the quantization noise in the frequency
domain. It can be applied to the entire spectrum or only a part
of the spectrum. Finally, in the Filterbank process, the
frequency domain signals are transformed into time domain
and the output audio signals are produced.

2.1.2 H.264/AVC

H.264/AVC is the latest block-oriented motion-compensation-
based video coding standard [10]. As shown in Fig. 1(b), an
H.264/AVC decoding flow can be classified into four main
procedures: entropy decoding (ED), inverse quantization/
inverse transformation (IQ/IT), predictive pixel compensa-
tion (PPC), and a deblocking filter (DF). First, the ED
procedure decodes the compressed bitstream from the NAL
to produce a set of reordered quantized DCT coefficients X.
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Second, the IQ/IT procedure scales and inverse transforms X
to D′

n (residual data). Third, the PPC procedure creates a
prediction block P via motion compensation (MC) using
reference data F′

n−1 or via intra prediction, according to the
header information decoded from the bitstream. Finally, P is
added to D′

n to produce uF′n, which is filtered to produce
decoded block by the DF procedure.

2.2 DVFS-aware Video Decoding

Video services play an important role in multimedia
applications, examples being video conferences, video
phones, digital TV broadcasting, and DVD players.
However, processing video data requires high computa-
tional rates and power consumption. Based on the state-of-
the-art video coding standard H.264/AVC [11, 12], many
researchers [13–15] have shown that there are great
variations in computational complexity between subproce-
dures during video decoding—mainly due to different
frame types and different ways of handling moving objects
between scenes. This variation suggests that investigation
of ways of reducing power consumption during video
decoding will prove worthwhile.

Traditional low-power techniques, such as clock gating,
power gating, and dynamic voltage and frequency scaling
(DVFS), have been commonly used in modern hardware
and software designs. And the techniques have proved to be
an effective and practical solution to reducing power
consumption. The main principle behind these techniques
is to provide just enough computational power without
degrading system performance, leaving open possible
avenues for minimizing power dissipation. Thus, many
researchers have applied DVFS techniques to reduce power
for video decoding. Using prediction models that estimate
the decoding time of incoming frames, the processor can be

set to a voltage and frequency that minimizes power
consumption without degrading the quality of video
streaming. These studies have been compared and summa-
rized in [16]. Similarly, related work [17] has investigated
prediction accuracy through analyzing video workloads and
using a methodology called “interframe compensation” to
reduce prediction errors further. In addition, since predic-
tion methods inevitably incur errors and are harmful to
video decoding with hard real-time constraints, recent work
[18] has proposed a power-aware video-decoding scheme
based on information in non-zero-coded macroblocks
(MBs) in cases where this information is re-encoded in
the video stream.

In general, most researchers investigating power-aware
video decoding by DVFS techniques only concentrate on a
single processor. Their results do not explicitly point out
that the naturally encoded information in a generic
DPCM/DCT hybrid codec, such as coded block patterns
(CBPs), motion vectors (MVs), and macroblock (MB)
partitions in the H.264/AVC standard, can be well utilized
in DVFS decisions on dual- or multi-core architectures.
Therefore, in this paper we propose a power-aware H.264/
AVC video player through both pipelined programming
model and DVFS-aware video decoding framework to
demonstrate how this technology can be applied to the
PAC SoC.

3 Programming on PACDSP

In this section the realizations of complicated AAC and
H.264/AVC algorithms demonstrate the comprehensive
programmability of the PACDSP. The approaches fully
exert the superior customized features of the PACDSP for
multimedia application programming and meantime pro-
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Fig. 1 Decoding flow of (a) AAC LC profile; and (b) H.264/AVC.
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vide valuable principles in developing other coding stand-
ards on comparable microarchitectures.

3.1 AAC Decoder

Main processing blocks of AAC decoder are transformed
from sequential algorithm to parallel processing for the
PACDSP. The proposed techniques hold the characteristics—
flexibility for extending algorithms, resolving the limited
resources of memory and computation of the PACDSP. The
realization shows the superior results (described later in
Section 5.1) of only 15 MHz frequency and 27 KB of
program memory and 27 KB of data memory to achieve
real-time decoding process. Next, we explain the techniques
of each processing block in detail.

3.1.1 Variable Length Huffman Decoding

Traditional approaches, including linear search, binary
search, or two-step table lookup [19] cannot achieve great
results due to the memory constraints and innate VLIW
structure of the PACDSP. Therefore, a newly index-based
grouping with two-level lookup scheme is devised to tackle
the issue. Taking an example as illustrated in Fig. 2, an
original Huffman table in Fig. 2(a) can be transformed into
sub-group index table, and the actual symbol table, denoted

as IndexTable, SymbolTable respectively(as shown in
Fig. 2(b) and (c)). The IndexTable is constructed according
to the first N-bits of leading sign bits, thus it is efficient to
lookup a codeword by using CLS instruction provided in
the PACDSP to extract the number of the leading sign
bits. Then the offset and height information provided
in IndexTable can resolve the actual address in the
SymbolTable to extract the output symbol directly.

In order to increase the ILP utilization further, the
grouping is decomposed to two groups according to
appearance rate by offline statistic analysis. The group with
higher appearance rate is implemented via direct table
lookup, while the other adopts the proposed scheme. Then
the ILP arrangement as shown in Fig. 3 can save the cycles
in advance. The result listed in Table 1 shows that our
scheme outperforms traditional approaches both in cycle
and table size.

3.1.2 Inverse Quantization and Rescale

First, as Eq. 1 shows, the inverse quantization is nonlinear
operation. Direct table lookup to implement the operation is
impractical due to limitation of the data memory on the
PACDSP. A compromised approach [20] is adopted which
combines table lookup and interpolation methods. There-
fore, the operation is decomposed to three segments as

Fig. 2 (a) Original Huffman
table; (b) Corresponding
IndexTable; (c) Corresponding
SymbolTable.
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formulated in Eq. 1.1, Eq. 1.2, and Eq. 1.3 respectively.
Figure 4 shows the result of the ILP arrangement on the
PACDSP. Usually, most coefficients are located in Segment
I and can be finished earlier than the other two Segments.

x invquant ¼ Sign x quantð Þ» x quantj j4=3 ð1Þ
Segment I with direct table lookup:

Xj j4=3 ¼ req table Xð Þ for 0oXo256 ð1:1Þ
Segment II and III with interpolation:

Xj j4=3 ¼ 2» req table
X

8

� �
þ 1

� �
�req table

X

8

� �� �� �

»rem
X

8

� �� �
þ req table

X

8

� �� �

»16 for 257oXo2048

ð1:2Þ

Xj j4=3 ¼ 4» req table
X

64

� �
þ 1

� �
�req table

X

64

� �� �� �

»rem
X

64

� �� �
þ req table

X

64

� �� �

»256 for 2049oXo8191

ð1:3Þ

Second, the nonlinear rescale operation as shown in
Eq. 2 is modified to Eq. 2.1. By this modification, we can
reduce the size of a table from 256 entries to 4 entries, of
which the required memory space can be efficiently
reduced for the implementation on the PACDSP.

x rescale ¼ x invquant»gain; where gain ¼ 20:25 sf�100ð Þ

ð2Þ

x rescale ¼ x invquant» 2N
� �

» 20:25k
� �

;

where N is integer and k ¼ 0; 1; 2; 3:
ð2:1Þ

3.1.3 Stereo Processing

The stereo processing includes M/S and intensity stereo
decoding as shown in Fig. 5(a), and (b). Due to the
similarity control flow, two processing are merged into one
decoding flow as displayed in Fig. 5(c). The merged
decoding flow saved around 50% of cycles, which is
incurred by branch instructions.

3.1.4 Filterbank Processing

The Filterbank is the most computation intensive processing,
which occupies half the computation complexity in the AAC
decoder. The Inverse Modified Discrete Cosine Transform
(IMDCT) is the critical operation in it. Hence a fast algorithm
[21] is adopted to transform the IMDCT into IFFT for the
purpose of reducing the complexity from O(N2) to O
(N·log2N). Then the butterfly instructions provided by the
PACDSP is well suitable for implementing the IFFT. Around
50% cycles are further reduced through ILP arrangement of
two clusters in the PACDSP as shown in Fig. 6.

3.2 H.264/AVC Decoder

In the next subsections, the main processing blocks of the
H.264/AVC decoder are programmed on the PACDSP to reveal
the optimizations in both algorithm and ILP perspectives.

3.2.1 CAVLC of the Entropy Decoding

Context-Adaptive Variable Length Coding (CAVLC) is the
dominated kernel algorithm of the entropy decoding (ED).
Thus, the performance of ED can be improved by speeding
up CAVLC decoding process. Through statistic analysis of
various typical video clips, we found that around 60% of
4×4 subMB decoded from 500 bitstream patterns are
within length of 12 bits, where further around 87% of
them are within length of 8 bits. Therefore, designing a 12-
bit pattern table from these 500 bitstream patterns to decode
directly the 4×4 subMB via table lookup can improve the
ED substantially. To save memory usage, single 12-bit
pattern table can be constructed by being separated into
four 8-bit pattern tables and twenty-one 4-bit pattern tables.
Accordingly a two-phase pattern search algorithm is estab-

Fig. 3 ILP arrangement for two
groups to increase the
utilization.

Table 1 Comparison results of Huffman decoding approaches.

Linear search [19] Our scheme

Cycles/Frame 99502 (89%) 14767 (25%) 11096

Table size (Byte) 5448 (33%) 4932 (25%) 3676
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lished (as shown in Fig. 7) to speed up the CAVLC decoding
algorithm. Detail information can be found in [22].

If the two-phase pattern search algorithm failed, original
CAVLC decoding is applied. A direct mapping method is
proposed to speed up original CAVLC decoding process.
All possible codeword can be derived through this method.
In our method, three kinds of look-up table (LUT) are built
to extract coefficients of Total Coefficient (TC), Trailing Ones
(T1), and Total zeros and Run before. According to the code-
bit cluster scheme proposed in [23], memory space for the
LUT could be further reduced. That is, taking the coef_token
table of nC=−1 for example, the original form of this table is
shown in Table 2(a). By sorting codeword length (CL) and
partitioning, we can derive Table 2(b) from Table 2(a).
Finally, Table 2(c) shows the LUT produced from codeword
partition with four clusters denoted as C0, C1, C2, and C3.

Each element in the LUT in Table2(c) is composed of
three parameters. The first one is the end flag, which indicates
whether the last parameter of each element is either offset or
symbol. The second parameter specifies the length of current
sub-codeword if end flag=1 or the length of sub-codeword in
next associated cluster if end flag=0. The last one is either the
target symbol or the offset indexing to the first element of next
cluster. Next memory address in the LUT can be calculated by
adding offset and bit-string (, treated as a binary number that is
extracted from bitstream with CL bits). The target symbol is
found when end flag=1. In this example, comparison for bit-
string matching will not excess three times. The worse case of
searching in three LUTs only requires four times of compar-

isons for the CAVLC decoding process. As a result, merely
around 710 bytes of memory requirement for allocating a LUT
in CAVLC decoding process. In addition, table search methods
for these LUTs can be unified to reduce program size further.

3.2.2 Inverse Transformation and Quantization

For each 16×16 MB, there are totally five data formats for
the IQ/IT operation—4×4 luma DC, 4×4 luma level, 2×2
chroma Cb/Cr DCs, and 4×4 chroma level. For optimizing
the parallel processing as shown in Fig. 8, the VLIW
instructions for the five data formats are fairly partitioned into
the two clusters of the PACDSP. Especially note that the IQ/IT
operations on 4×4 luma or chroma level depends on the
results of the IT/IQ operations on 4×4 luma DC or 2×2
chroma DC, respectively. Therefore, the execution flow
cannot be exchanged. As shown in Fig. 9(a), the data partition
is applied for 4×4 luma DC, whereas the 2×2 chroma DCs
are equally separated into two clusters. Figure 9(b) shows
that according to the LumaCBP value, which denotes a 16bit
data derived from the ED procedure to represent the CBP
value for each 4×4 block of the 16×16 luma block, the
VLIW instructions for IQ/IT operation on 4×4 luma level
can be evenly distributed to two clusters with predicated
instruction execution supported by the PACDSP. Similarly,
the technique can be applied for the 4×4 chroma level.

Finally, as illustrated in Fig. 10, the row and column
transformations for the 4×4 subMB can be further simplified
to the butterfly SIMD instructions provided by the PACDSP.

Fig. 4 ILP arrangement for IQ
operation on the PACDSP.
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Fig. 5 (a) M/S stereo decoding flow; (b) Intensity stereo decoding flow; (c) The merged flow of the M/S and Intensity stereo decoding flow.
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Moreover, the instructions can be executed on the two
clusters concurrently to leverage the ILP utilization and
reduce the instruction code size in advance.

3.2.3 Predictive Pixel Compensation

The PPC procedure for a 16×16 MB contains the intra and the
inter predictions, where their reference data comes from
adjacent MBs or previous reconstructed frames, respectively.
For intra prediction on a 16×16MBwe utilize a simple scheme
to reduce access to external memory for reference data. That is,
once a MB is reconstructed, we preserve its bottom-most row
and right-most column in the local memory of PACDSP for the
purpose of intra prediction on its bottom and right adjacent
MBs.Meantime totally only one row ofMBs in a frame require
this preservation. On the contrast, the reference data for inter
prediction on a 16×16 MB, coming from previous recon-
structed frame, is determined by reference frame index and
MVs of its subMB partitions. Since the reference data resides in
the external memory, in order to hide the overhead of memory
access to external memory, inter prediction of a MB incorpo-
rates with DMA for reference data movement in MB-level
parallel fashion, as described in Section 4.1. Once these
reference data is ready, intra or inter prediction can be
efficiently realized to multiplied-and-accumulated (MAC)
instructions provided by the PACDSP.

3.2.4 Deblocking Filter

The DF procedure composes of three steps—Boundary
Strength (Bs) decision, filter decision, and filter execution.
As shown in Fig. 11(b), the decision flow of the Bs values is
control-plane computation, therefore mass of branch instruc-
tions are replaced with predicated instruction executions
thoroughly. The calculations of 32 Bs values, corresponding
to the vertical and horizontal edges of a MB are distributed
into Scalar, Cluster 1, and Cluster 2 of the PACDSP. Then the
realizations of filter decision and filter execution are merged
to process each 4×4 subMB, where a partition scheme is
adopted as depicted in Fig. 11(a). In addition, the technique
of common-subexpression elimination is applied to alleviate
the register utilization (due to the distributed register
organization) and improve the performance meantime.

4 Programming on PAC SoC

With respect to the asymmetric dual-core architecture, we
propose two major prescriptions to complete the application
programming on the PAC SoC. First, two common
variations of asymmetric programming techniques—mas-
ter-slave and pipelined models are explained by AAC and
H.264/AVC decoders individually. Second, the DVFS-
aware programming methodology on the PAC SoC is
demonstrated by devising a power-aware H.264/AVC video
player, of which two models are proposed for both soft and
hard real-time decoding environments. Finally we discuss
and summarize the significant results in Section 5.

4.1 Asymmetric Programming Model for Parallelization

4.1.1 Master-slave Model for AAC Decoder

Figure 12 displays control flow for the typical master-slave
programming model of the AAC decoder on the PAC SoC.
The control flow is handled by the MPU, while input
bitstream and decoded PCM data are processed by DMA.

Fig. 6 Example of the ILP
arrangement for the IFFF
operation.
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Fig. 7 Two-phase pattern search algorithm of CAVLC decoding.

J Sign Process Syst



For the sake of simplicity, communication between the
MPU and PACDSP are handled by shared memory
mechanism associated with the local memory of the
PACDSP. Through this programming model, the MPU can
focus on the control- and I/O-related functions for audio
output, while the PACDSP exerts its peak performance to
handle the full computation-intensive decoding process.

4.1.2 Pipelined Model for H.264/AVC Decoder

We explain the pipelined programming model by partition-
ing the H.264/AVC decoding procedures into two parts: the
MPU part and the DSP part. As shown in Fig. 13(a), the

MPU part includes the ED and memory management
control (MMCO) procedures, while the DSP part includes
the IQ/IT, PPC, and DF procedures. There are two primary
reasons why the MPU (instead of the DSP) executes the ED
and MMCO procedures. First, on the one hand the innate
behavior of the ED procedure goes back and forth between
bit extraction and table-look-up operations, and on the
other, the MMCO procedure is I/O-intensive compared to
the IQ/IT, PPC, and DF procedures. Both procedures are
better executed on the MPU rather than on the DSP because
the former is suitable for I/O- and control-intensive
procedures while the latter is suitable for computation-
intensive procedures. Second, the information gathered

Table 2 (a) Original table of coef_token for nC == −1; (b) codeword sorted by CL and its partition, where x means don’t care; (c) LUT produced
from codeword partition.

(a) (b) (c)

Fig. 8 Execution flow of the
IT/IQ operation for a MB on
the PACDSP.
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during execution of the ED procedure on a picture
contributes to the calculations of required computational
power for the next remainder procedures (e.g., IQ/IT, PPC,
and DF). Therefore, it is better to execute the ED procedure
on the MPU and to keep other procedures on the DSP for
exploiting performance in the sense of power-aware
decoding flow in parallel fashion, which will be described
later in Section 4.2. Through this partition scheme, the
pipelined programming model is proposed as depicted in
Fig. 13(b). The MPU and DMA handle three sorts of data
transmissions: (i) transferring MB data (containing residual
data and related parameters such as CBPs, MB-type
information, and MVs) from the entropy-decoded buffer
into DSP memory; (ii) transferring the required reference
data from the reconstructed buffer to DSP memory for MB
to proceed with the PPC and DF procedures; and (iii)
transferring the reconstructed MB performed by the DSP
from DSP memory to the reconstructed buffer. We denote
these three procedures as TransED, DMA_Ref, and
DMA_Out, respectively. During the decoding process, the
consecutive MBs are processed in parallel by the pipeline

technique, where each MB is processed in the order of
TransED, IQ/IT, DMA_Ref, PPC, DF, and DMA_Out. For
instance, the solid arrows in Fig. 13(b) illustrate the order of
execution for the third MB of a picture and the DF on the
first MB, the PPC and DMA_Ref on the second MB, the
IQ/IT on the third MB, and the TransED on the fourth MB
(which are executed in parallel). Note in particular that the
dashed line in Fig. 13(b) indicates that the DMA_Out on
the (n–1)-th MB cannot execute earlier than the DF on the
n-th MB (where n=3) because the DF procedure applied on
the n-th MB depends on the (n–1)-th previously decoded
piece of MB data.

4.2 DVFS-aware Programming Methodology

4.2.1 Scenario of DVFS-aware H.264/AVC Video Player

Figure 14(a) is the power transition chart of the PAC
SoC and Fig. 14(b) displays the behaviors mapping onto
Fig. 14(a) when a typical H.264/AVC video player is run-
ning on a PAC SoC. Once the video player changes its
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operational state, the dual-core subsystem can switch power
states. For example, when the video player changes its
operation from “play” to “pause within 15 min.”, the dual-
core subsystem switches its power state from “Active state 1”
to “Active state 2”, in which the MPU remains in active
mode but the DSP switches from active to inactive mode. At
this moment, the frequency of the DSP is turned off by the
DVFS controller in order to save dynamic power. With this
mapping implementation, a H.264/AVC video player can tell
the DVFS controller to adjust the supply voltage dynami-

cally and reduce the power requirements of the whole
system.

In our experience, as soon as the user of a H.264/AVC
video player selects “play” mode, the unit stays in that mode
for quite some time. Many researchers [24, 25] have
presented evidence that, for a single processor, power
consumption is reduced by 30∼40% during continuous
video decoding. Likewise, when a dual-core subsystem stays
in “Active state 1” (as shown in Fig. 14(b)) for H.264/AVC
video decoding, fine-grained frame-based voltage and frequen-
cy adjustments for the DSP can further save power consump-
tion (i.e., switching between three active DSP modes—
228 MHz, 152 MHz, and 114 MHz—depending on the
required computational power. In general, a dual-core system
or even multicore system with similar DVFS capability can
form its own power-state transition, such as Fig. 14(a) for the
PAC SoC to fulfill power-saving purpose for a H.264/AVC
video player by means of the coarse- and fine-grained models.

Next, in the following sections we explain how to
complete the fine-grained power-saving model in a contin-
uous video decoding behavior.

4.2.2 Precise Model for Power-aware Video Decoding

Part1. Power-aware decoding flow

Based on the pipelined programming model described in
Section 4.1, we propose the decoding flow for an H.264/
AVC decoder, which incorporates the power-aware tech-
nique depicted in Fig. 15. First, the MPU executes the ED
procedure to extract quantized coefficients and related
parameters, such as coded block patterns (CBPs), motion
vectors (MVs), and MB types for those of the current
picture denoted as CurPic. The data is stored into an
entropy-decoded buffer. Then the MPU calculates the
required computational power of the remaining decoding
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procedures (IQ/IT, PPC, and DF) for CurPic based on the
information from the entropy-decoded buffer, and chooses
the most appropriate frequency and voltage for the DSP.
Afterward, the MPU, DMA, and DSP cooperatively handle
the remaining procedures—IQ/IT, PPC, and DF—on an
MB basis and in raster order. During this period, the MPU and
DMA handle three sorts of data transmissions: TransED,
DMA_Ref, and DMA_Out, respectively. Meanwhile, the
MPU leisurely executes the ED procedure on the next picture,
called NextPic, and stores the data into the entropy-decoded
buffer. When decoding of CurPic has been completed and

entropy-decoded data of NextPic prepared, CurPic is replaced
by NextPic and the decoding flow starts over again.

Next, we explain how to derive equations based on the
entropy-decoded data on the MPU to calculate the required
computational power for the DSP; in this way, it can
execute its decoding procedures on a picture using the
DVFS technique provided in the PAC SoC.

Part2. Formulations of DVFS techniques for the PACDSP

As stated in Part1, specifying the proper supply
frequency fdsp (in MHz) for the DSP to start decoding a
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picture can be formulated as Eq. 3, where TIQ/IT, TPPC, and
TDF denote the respective decoding times (in clock cycles
per picture) spent by the IQ/IT, PPC, and DF procedures.
TCtrl denotes the cycles (per picture) spent on a control-flow
procedure of the DSP to coordinate parallel execution with
the MPU and to maintain the correct execution order of
successive MBs in a picture. The parameter FrameRatevideo
(in fps) denotes the frame rate provided by the video stream
(for example, 30 fps in real time). Equation (3) is a
conservative calculation because the ED procedure for
decoding a picture is concurrently executed by the MPU
instead of the DSP. Note in particular that during DSP
decoding of a picture, the overhead of data-transfer
procedures (i.e., DMA_Out, DMA_Ref, and TransED) is
not counted in Eq. 3 since they are hidden from parallel
execution flow, as shown in Fig. 13(b). We also ignore the
cycles of executing the TransED procedure on the first MB
because it can be compensated by conservative calculation
of executing the ED procedure on the MPU.

fdsp ¼ TIQ=IT þ TPPC þ TDF þ TCtrl

� �� FrameRatevideo � 10�6

ð3Þ
Previous research [26] has demonstrated that different

computational powers are required when decoding different

types of pictures (e.g., I/B/P/SI/SP types). This implies that
IQ/IT, PPC, and DF procedures for decoding each picture
consume different levels of battery power. Note that for a
B-type picture containing in the main or high profiles of the
H.264/AVC decoder, its decoding is quite similar with a P-
type picture. The only difference is the reference blocks are
bi-predictive (i.e., coming from pictures before or after the
current picture in display order) when a B-type picture
decoding is in the motion-compensated inter prediction
mode. In the proposed power-aware decoding scheme, the
derived frequency equations for a P-type and B-type picture
will be similar expectably (for a P-type picture, the derived
frequency equation will be shown in Eq. 5 later). Therefore,
for the sake of simplicity, but not limiting the scope of our
work, we merely focus on a H.264/AVC decoding with
baseline profile, which contains only I-type and P-type
pictures. Thus, we can further divide Eq. 3 into two cases as
follows.

Case 1. Decoding an I-type picture

According to the H.264/AVC baseline profile standard,
an I-type picture only contains intra coded MBs such that
only three modes are supported: intra 4×4 mode (i.e., a
luma MB with 4×4 intra prediction), intra 16×16 mode
(i.e., a luma MB with 16×16 intra prediction), and intra

MPU

ED on CurPic

DSP

Set Volt./Freq.
for DSP

IQ/IT on a MB

PPC on a MB

DF on a MB

Send the
decoded MB to
reconst. buffer

ED on NextPic

Got a MB ?

Start
decoding
CurPic ?

CurPic is
decoded ?

Notify DSP to start
decoding CurPic

Send a MB
to DSP mem.

CurPic is
decoded ?

Send a MB ?

Finished ED
on NextPic ?

Calculate cycles
required by DSP

to decode CurPic

no

yes

no

yes

no

yes

yes

no

no

yes

yes

no

CurPic
x

NextPic Notify MPU
CurPic is decoded

Get ref. data of a
MB

DMA

Entropy decoded
buffer

Reconstructed
buffer

Fig. 15 Decoding flow of
H.264/AVC with the power-
aware technique.

J Sign Process Syst



8×8 mode (i.e., a chroma MB with 8×8 intra prediction).
Based on the values of CBP for each MB (which are
acquired during execution of the ED procedure), we can
further decompose Eq. 3 into Eq. 4.

fdsp ¼ TI
IQ=IT þ TI

intra þ TI
DF þ TCtrl

� 	
� FrameRatevideo � 10�6

ð4Þ
, where

TI
IQ=IT ¼ NI

4x4CBP � T4x4IQ=IT þ NI
16x16CBP

� 17� T4x4IQ=IT

� �þ NI
ChrCBP

� 8� T4x4IQ=IT þ 2� T2x2IQ=IT

� � ð4:1Þ

TI
intra ¼ NI

intra4 � 16� T4x4PREDð Þ þ NI
intra16

� 16� T4x4PREDð Þ þ NI
intraChr

� 4� T4x4PREDð Þ ð4:2Þ

TI
DF ¼ NbS3 � TbS3 þ NbS4 � TbS4 ð4:3Þ
Equation 4.1 represents the IQ/IT procedure applying to

a picture containing intra 4×4 mode, intra 16×16 mode,
and intra 8×8 mode MBs (including chroma blue and
chroma red). We implement a subroutine of IQ/IT operation
on a 4×4 block since IQ/IT operations on 4×4 AC or 4×
4 DC blocks (irrespective of luma or chroma MBs) have the
same cycle counts. The cycle counts spent in intra 16×16
mode (which contain 16 4×4 AC blocks) and 1 4×4 DC
block can be summarized as 17 times T4x4IQ/IT. Similarly,
cycle counts spent in intra 8×8 mode can be summarized as
8 times T4x4IQ/IT plus 2 times T2x2IQ/IT for 8 4×4 AC blocks
and 2 2×2 DC blocks, respectively. Note especially that the
number of appearances of NI

4x4CBP, N
I
16x16CBP, and NI

ChrCBP

for each prediction mode only consider nonzero coefficient
blocks—this can be judged by the corresponding CBP values
extracted from the ED procedure (i.e., a block contains
nonzero coefficients if its CBP value equals one).

In the same way, we consider the cycle counts spent in
intra prediction mode for the PPC procedure, which is
represented by Eq. 4.2. Parameters NI

intra4, N
I
intra16, and

NI
intraChr stand for the respective occurrences of three

distinct modes in an I-type picture. Moreover, we imple-
ment each subroutine for various prediction types (e.g., DC,
vertical, horizontal, planar) on a 4×4 block basis. In the
H.264/AVC baseline profile standard, there are 9 types of
intra 4×4 mode, 4 types of intra 16×16 mode for luma, and
4 types of intra 8×8 modes for chroma. In order to meet the
precise timing requirements of video decoding, we choose
the most demanding as the parameter T4x4PRED (i.e., the

planar type in our implementation). The values 16, 16, and
4 represent the respective frequencies of calling subroutines
on a MB for intra 4×4, intra 16×16, and intra 8×8 modes.

Finally, within an I-type picture, a bS (boundary strength)
value equal to just 3 or 4 occurs in the DF procedure.
Therefore, two subroutines (for bS=3 and bS=4) are applied,
where NbS3 and NbS4 stand (respectively) for their occurrence.

Case 2. Decoding a P-type picture

Equivalently, with the information of CBPs, MB types,
and MVs extracted from the ED procedure, Eq. 3 can be
decomposed into Eq. 5.

fdsp ¼ TP
IQ=IT þ TP

intra þ TP
inter þ TP

DF þ TCtrl

� 	

� FrameRateVideo � 10�6 ð5Þ
, where

TP
IQ=IT ¼ NP

4x4CBP � T4x4IQ=IT þ NP
16x16CBP

� 17� T4x4IQ=IT

� �þ NP
ChrCBP

� 8� T4x4IQ=IT þ 2� T2x2IQ=IT

� � ð5:1Þ

TP
intra ¼ NP

intra4 � 16� T4x4PREDð Þ þ NP
intra16

� 16� T4x4PREDð Þ þ NP
intraChr

� 4� T4x4PREDð Þ ð5:2Þ

TP
inter ¼

X8
i¼0

X7
j¼0

Ninter i;jð Þ � Tinter i;jð Þ

þ
X8
i¼0

X7
j¼0

NinterChr i;jð Þ � TinterChr i;jð Þ ð5:3Þ

TP
DF ¼ NbS1 � TbS1 þ . . .þ NbS4 � TbS4 ð5:4Þ
Eqs. (5.1) and (5.2) have similar meanings to Eqs. (4.1)

and (4.2) stated in Case 1, except for the various execution
frequencies of each subroutine. Moreover, the PPC proce-
dure of Case 2 introduces an additional motion-compensated
(MC) inter prediction mode, as formulated in Eq. 5.3. It can
be divided into 72 subroutines by applying 9 types of
interpolation operations (according to distinct MVs) to
8 sorts of MB partitions (including the skip mode) in our
implemented DSP codes. Finally, during the DF procedure,
we need to take bS=1, 2, 3, and 4 into consideration due to
the coexistences of inter and intra coded MBs in a P-type
picture. The definitions of symbols in each equation are
summarized in Table 3.
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Consequently, while executing the ED procedure on a
picture, the MPU can calculate the computational power
required by the DSP as set out in Eqs. (4) and (5). As a
result, the proper supply voltage and frequency for the DSP
to execute the remaining decoding procedures are deter-
mined and triggered via the DVFS controller according to
the action states of the DSP.

4.2.3 Imprecise Model for Power-aware Video Decoding

The methodology proposed in precise model seeks to save
power by estimating the required frequency of the DSP
under the hard real-time constraint that the frame rate
indicated by the parameter FrameRatevideo cannot be
circumvented. However, by taking a closer look at Eqs.
(4) and (5), TI

IQ/IT, T
P
IQ/IT, and TP

inter, and considering all
the different cases of prediction modes and MB types, we
can bring about significant savings in computational power
of the MPU. The equations indicate that, when the MPU

stays at the highest frequency (e.g., MPU_active-1), it
consumes large amounts of power. Contrarily, if video
decoding only needs to satisfy soft real-time constraints so
that only broad estimates are required, we can simplify
several subroutines in Eqs. (4) and (5) to let the MPU stay
at a lower frequency to save power. We summarize these
techniques in the following paragraphs.

First, the IQ/IT procedure is simplified by estimating
NI

16x16CBP, N
I
ChrCBP, N

P
16x16CBP, and NP

ChrCBP in Eqs. (4.1)
and (5.1) based on the historical probability of appearance
rate. Thus, Eq. 4.1 is reduced to Eq. 4.1.1, where NI

16x16

and NI
8x8 are the total amounts of MBs in intra 16×16

mode and intra 8×8 mode for luma and chroma, and P16x16,
PCb, and PCr are individually historical probabilities of
NI

16x16 and NI
8x8 with non-zero-coded blocks. Eq. 5.1 is

similarly reduced to Eq. 5.1.1. Especially note that, to
approaching P16x16, PCb, and PCr in realistic environment,
dynamic workload behavior with different video clips to
adjust these probability values should be attentively
considered. Second, the PPC procedure is simplified by
two methods: (1) using the average value rather than of the
maximum one for T4x4PRED in Eqs. (4.2) and (5.2) although
the latter makes more power saving and (2) replicating one
of the selected MVof a subMB to other subMBs instead of
calculating all MVs for various MB partitions in Eq. 5.3.
For instance, an MB partition with 16 4×4 luma sub-
samples is treated as having 4 MVs instead of 16 MVs.
Finally, the DF procedure is simplified by unifying the
TbS1, TbS2, TbS3, and TbS4 in Eqs. 4.3 and 5.4 into an
average value such that we only execute the DF procedure
on each MB depending on the bS value (i.e., skip the
calculation when bS=0).

TI
IQ=IT ¼

NI
4x4CBP þ NI

16x16 � 16� P16x16 þ 1ð Þ
þ NI

8x8 � 8� PCb þ PCr
2

� �
2
64

3
75

� T4x4IQ=IT þ NI
8x8 � 2� T2x2IQ=IT ð4:1:1Þ

TP
IQ=IT ¼

NP
4�4CBP þ NP

16�16 � 16� P16�16 þ 1ð Þ
þ NP

8x8 � 8� PCb þ PCr
2

� �
2
64

3
75

� T4x4IQ=IT þ NP
8x8 � 2� T2x2IQ=IT

ð5:1:1Þ
Broadly speaking, the simplifying technique provided in

this section is a tradeoff between the estimation error of the
decoding time for the DSP and the computational power
required for the MPU when soft real-time decoding is
allowed. Note that for a picture (or frame), the estimation
error may resolve to perform the DSP in a lower frequency

Table 3 Definitions of subroutines used in Eqs. (4) and (5).

Symbol Meaning

TI
IQ/IT ,T

P
IQ/IT Total cycle counts spent in IQ/IT procedures for

I-type and P-type picture respectively

T4x4IQ/IT Cycle counts spent in IQ/IT operation
for a 4×4 block

T2x2IQ/IT Cycle counts spent in IQ/IT operation
for a 2×2 block

TI
Intra , T

P
Intra Total cycle counts spent in intra-coded MBs

(including luma and chroma) for I-type and
P-type pictures respectively

T4x4PRED Cycle counts spent in the maximum prediction type
operation for a 4×4 block (i.e., the planar type)

TP
inter Total cycle counts spent in inter-coded MBs for

P-type pictures

Tinter(I,j) Cycle counts spent in interpolation on each
inter-coded luma MB or subMB, there are
totally 72 cases (9×8) where

i=0,..,8 indicates 9 variances of interpolation
based on MVs (*)

j=0,..,7 indicates 16 × 16,16×8,8×16,8×8,8×4,
4×8,4×4 MB partitions and skipped mode

TinterChr(i,j) Similar to above Tinter(i,j), but proceed on chroma
MB or subMB

TI
DF , T

P
DF Total cycle counts spent in DF procedures for

I-type and P-type pictures respectively

TbS1, .., TbS4 Cycle counts spent per 4×4 block for bS=1, 2,
3, 4 respectively within DF procedure (luma
and chroma MBs are considered together)

(*) {(0,0)}, {(1/2,0)}, {(1/4,0), (3/4,0)}, {(0,1/2)}, {(0,1/4),(0,3/4)},
{(1/4,1/4),(3/4,3/4),(3/4,4/1),(1/4,3/4)}, {(1/4,1/2),(3/4,1/2)}, {(1/2,1/
4),(1/2,3/4)}, {(1/2,1/2)} totally 9 variances for i=0,..,8; We can group
several MVs together since their cycles are the same in our
implementation on DSP
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and voltage, which lengthens the execution time on the
DSP (probably missing the decoding deadline) but still
reduce the power consumption comparing with the case of
resolving the DSP in a higher frequency and voltage with
shorter execution time.

4.2.4 DVFS-aware Framework for Video Decoding

Figure 16(a) displays the proposed DVFS-aware video
decoding framework, where Te and Ta represent the
execution time of the previous frame and the available
execution time of the current frame, respectively. The
performance database and timing information are built upon
the proposed simplification techniques and statistics anal-
ysis of the probability of the decoding coefficients (as
described in the previous paragraph). Pi denotes the power
information extracted during the runtime decoding envi-
ronment. T1, T2 and T3 represent the estimated execution
time based on the historical decoded frames with respective
to corresponding Active-1 to Active-3 power modes, where
the relationship T1<T2<T3 is maintained. As shown in
Fig. 16(b), the power mode prediction kernel is activated
during the runtime decoding environment when a power
mode is required for decoding a frame.

5 Experimental results

5.1 Multimedia Decoders on PACDSP

First, Table 4 displays the optimization results of the AAC
decoder described in Section 3.1. For 44.1 KHz sampling
frequency, only 15 MHz are needed for the PACDSP to

fulfill the real time decoding process. Other implemented
specifications are also given in Table 4, indicating that
only 27 KB of program memory and 27 KB of data
memory are required. The superior results compared with
other implementations of the AAC decoder are drawn in
Table 5.

Then the implemented results of H.264/AVC decoder are
shown in Table 6. Except the main control flow, the number
of DSP cycles for each procedure (in MB basis) range from
the best case to worse case depending on the contents of
encoded video clips. Statistical analysis in various encoded
video clips has provided evidences that the probability of
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Fig. 16 The DVFS-aware
framework for video decoding
on the PAC SoC.

Table 4 Summary of the implementation results of the AAC decoder.

Procedures of AAC decoding Number of cycles

Huffman 32,557

Inverse Quantization and Rescale 54,886

M/S 3,621

TNS 94,208

Filterbank 165,008

Total 350,280

Other implemented specifications

Profile LC(Low Complexity)

Bitstream format ADIF/ADTS

Channel Mono/Stereo

Sample frequency 8∼96 kHz

Output 16bit PCM

PACDSP frequency 15 MHz(Fs=44.1KHz)

Program memory 27 KB

Data ROM 14.33 KB

Data RAM 12.66 KB
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appearances within the best and worse cases for each
decoding procedure is not equally distributed. Thereby our
implementation achieves 40.5 fps in average for video clips
of QCIF resolution when the PACDSP is running at
24 MHz. Moreover, making benefit of hiding the overhead
of ED procedure executed on the MPU by MB-level
parallel execution fashion on the PAC SoC, the decoding
speed in average can be obviously improved from 40.5 fps
to 48.5 fps. Therefore, we can expect that only 250 MHz
(or 300 MHz) are required in average on PAC SoC (or
PACDSP) to achieve real-time decoding on video clips of
D1 resolution. As a result, our implementation provides
superior performance compared to other implementations
[27, 28].

5.2 DVFS-aware Video Decoding on PAC SoC

According to the typical power-transition states of the dual-
core subsystem drawn in Fig. 14, evaluation of the coarse-
grained model highly depends on the user’s behavior of
playing the video. For the static workload of a user’s
behavior, it can be easy calculated by tracking the power-
transition states via the static workload. Nevertheless, for
the dynamic workload of a user’s behavior, it is a
complicated research topic, and many techniques such as
stochastic model by finite-state Markov Chains or adaptive
dynamic power management [31] can be used to approach-

ing the power-saving results, whose behavior is very similar
to the hard disk access by a user program. Indeed the
coarse-grained approach significant contributes to power
saving of a dual-core subsystem as many research results
can be converted to present similar evidences. Therefore,
instead of drawing much effort on evaluating the coarse-
grained model, in this paper we primitively propose the
mapping between user’s behaviors and a dual-core subsys-
tem. Thereafter, mainly focus on fine-grained approach
when a user enters the state of continuous video decoding
to complete the whole power-aware scheme of a video
player on the PAC SOC. Next, the experimental results
are given for the fine-grained model in the following
paragraphs.

The results listed in Table 7 demonstrate that when
decoding the ‘mobile’ video sequence with D1 (720×480)
resolution at 15 fps (baseline profile with ±16 search
range), our power-aware decoding scheme reduced the
frequency and voltage while decoding several frames (e.g.,
1st, 3rd, …, 13th, 14th, and 15th frames) on the DSP,
resulting in a power saving of about 22% compared to the
non-DVFS decoding scheme. The derivation of 22% is in a
straightforward sense by (E1-E2) / E1×100 %, where E1=
43.62×228×1.22 + … +35.07×228×1.22, and E2=65.43×
152 × 12 + …+52.60×152×12, according to the results
listed in Table 7. That is, E1 and E2 represent the
summation of energy consumed in 15 frames (on the

ARM9E [29] TI C64x [30] PACDSP

Architecture RISC with DSP instructions 8-way VLIW 5-way VLIW

Multiplier 32x16 16x16 16x16

Operation freq. 25 MHz 17 MHz 15 MHz

Program memory N/A 48 KB 27 KB

Data ROM 44 KB 33 KB 14.33 KB

Data RAM 23 KB 18.9 KB 12.66 KB

Table 5 Comparison with other
implementations of the AAC
decoder.

Decoding process of H.264 Number of cycles ( per macroblock )

Main control flow 150

ED 800∼1160
IQ/IT 200∼2600
PPC 500∼3200
DF 1000∼5000
Total 2650 ∼ 11760 (1850∼10600 without ED )

Other implemented specifications

Profile Baseline Profile without FMO

Video resolution QCIF(176×144)

PACDSP frequency 24 MHz (FPGA) as same freq. as AHB

Decoding speed in average 40.5 fps ( 48.5 fps without ED )

Program memory 48 KB (32 KB without ED)

Data ROM+RAM 20.8 KB (14.3 KB without ED)

Table 6 Summary of the imple-
mentation results of the H.264/
AVC decoder.
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DSP) for standard decoding scheme and our power-aware
scheme individually.

Figure 17(a) and (b) further clarify the difference
between the two schemes by displaying the decoding DSP
frequency versus time in a sequence of frames. Usually,
predecoding a small period of video data will result in
smooth video replay. Figure 17(c) shows that when our
scheme is combined with 1-second predecoding, it can save
up to 30% power (compared to the standard decoding
scheme). This is achieved by setting the DSP voltage at
152 MHz while decoding 15 consecutive frames (in 1 s).
The MPU can readily achieve this by extending our original
scheme by reordering and gathering each ED procedure of
15 frames so that it can continually execute the ED

procedure for 15 frames instead of only one. That is, for
1-second predecoding buffer, the decoding procedures of
the video frames are reordered. For example, the original
decoding sequences ED1, IQ/IT1, PPC1, DF1, …, ED15, IQ/
IT15, PPC15, DF1 are reordered into ED1, …, ED15, IQ/IT1,
PPC1, DF1, …, IQ/IT15, PPC15, DF15 for 15 frames in one
second where subindex denotes the frame number. Through
this scheme, the required computing frequency of the DSP
can be decided immediately after the MPU finishes the
continuous ED procedures for the 1-second decoding
frames (i.e., 15 frames in this example). Moreover, the
predecoding method also benefits from reducing the
amount of switching of DVFS from 15 times to once only.
Figure 17(c) also indicates that if the hardware platform can

Table 7 Non-DVFS decoding schemes versus our partition-based scheme when decoding the ‘mobile’ sample (D1 resolution at 15 fps).

Frame
no.

Required cycles
for DSP

Required freq.
(MHz) for DSP

Non-DVFS decoding scheme Our scheme

Decoding
time (ms)

DSP freq.
(MHz)

Voltage
(V)

Decoding
time (ms)

DSP freq.
(MHz)

Voltage
(V)

1 9946047 149.19 43.62 228 1.2 65.43 152 1

2 10672057 160.08 46.81 228 1.2 46.81 228 1.2

3 9545622 143.18 41.87 228 1.2 62.80 152 1

4 9662774 144.94 42.38 228 1.2 63.57 152 1

5 9825186 147.38 43.09 228 1.2 64.64 152 1

6 10182258 152.73 44.66 228 1.2 44.66 228 1.2

7 10638321 159.57 46.66 228 1.2 46.66 228 1.2

8 8206291 123.09 35.99 228 1.2 53.99 152 1

9 8994506 134.92 39.45 228 1.2 59.17 152 1

10 8445091 126.68 37.04 228 1.2 55.56 152 1

11 8358646 125.38 36.66 228 1.2 54.99 152 1

12 10743043 161.15 47.12 228 1.2 47.12 228 1.2

13 7002097 105.03 30.71 228 1.2 61.42 114 0.8

14 7632951 114.49 33.48 228 1.2 50.22 152 1

15 7995602 119.93 35.07 228 1.2 52.60 152 1

Fig. 17 Comparison of power
savings on DSP between a non-
DVFS decoding scheme and our
scheme with or without prede-
coding buffer.
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provide another DSP power state of 0.9 V at 137.85 MHz
then with 1-second predecoding, our scheme, can achieve
an optimal power saving of 43.7%.

Although we merely demonstrate the experiment results
by a video sequence with D1 resolution at 15 fps, the
innovation of the devised scheme in the paper is suitable for
worse-case video decoding scenario. That is, as indicated in
Eq. 3, the decision flow merely takes the pre-desired video
frame rate and MB-basis information as inputs to achieve
the power-saving decision. Once the SoC can provide the
comparable power state, the methodology is applicable for
the video sequences with any resolution and frame rate to
achieve the optimized power-saving results adaptively by
the video contents. Therefore the results shown in Table 7
provide the strong evidence that the voltage and frequency
is as low as possible to decode a video frame when the
decoding time is satisfied.

Next, we evaluated the simplifying procedures in
imprecise model as stated in Section 4.2 by investigating
the status of estimation errors for the DSP. In this
experiment, all test sequences are baseline profile of
IPPPPIPP… frame sequences and ±16 search range,
including 6 video sequences: (i) ‘container’ sequence—
QCIF, 100 frames; (ii) ‘silent’—QCIF, 100 frames; (iii)
‘foreman’—QCIF, 100 frames; (iv) ‘news’—QCIF, 100
frames; (v) ‘mobile’—CIF, 100 frames; and (vi) ‘foot-
ball’—CIF, 90 frames. The results listed in Table 8 show
that, although the MPU has a chance to switch its frequency
to a lower level, it incurs DSP estimation errors. Take the
peak error of 246 cycles/MB (i.e., ‘football’ in Table 8) as
the worst case; with D1 (a total of 1,350 MBs) resolution
encoded in real-time (30 fps), the total estimation error is
within 246×1350×30=9.96 MHz, which is quite accept-
able compared to the upper frequency of DSPs (228 MHz).
Finally, one video sample, namely ‘cars’, with totally 1888
frames setting up at 20, and 22 fps is used to demonstrate
the proposed DVFS-aware framework. Table 9 shows that
the energy savings are achieved up to 35%, and 43% in the
contrast to the non-DVFS results for video decoding under
different real-time requirements.

6 Conclusions

Multi-functions and multi-standards of multimedia applica-
tions on a portable device face challenges of low power,
high performance, and flexibility issues in current era. In
this paper, first, we have realized the representative
decoders by transforming the algorithms into ILP and
DLP optimizations for the PACDSP featuring clustered
VLIW and distributed register organization. Second, het-
erogeneous programming model associated with software
partitioning of the multimedia decoders on the PAC SoC
are presented. Then an innovative power-aware scheme for
H.264/AVC video player is proposed to demonstrate the
DVFS capability of the PAC SoC. The proposed scheme is
derived from a coarse-grained model that accords with the
typical user’s behavior while playing a video and a fine-
grained model that operates during continuous video
decoding. A simplified power-reduction scheme is also
proposed and inserted into a DVFS-aware framework that
can achieve further power savings under soft real-time
decoding environments. The results show that our scheme
adaptively achieves the optimized energy savings according
to the video contents. The work presented in the paper
provides practical references of techniques for realizing
multimedia applications on resource constraint portable
devices with comparable microarchitectures.
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