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Abstract In order to develop a low-power and high-
performance SoC platform for multimedia applications, the
Parallel Architecture Core (PAC) project was initiated in
Taiwan in 2003. A VLIW digital signal processor (PACDSP)
has been developed from a proprietary instruction set with
multimedia-rich instructions, a complexity-effective micro-
architecture with an innovative distributed & ping-pong
register organization and variable-length VLIW encoding, to
a highly-configurable soft IP with several successful silicon
implementations. A complete toolchain with an optimizing
C compiler has also been developed for PACDSP. A dual-
core PAC SoC has been designed and fabricated, which
consists of a PACDSP core, an ARMY core, scratchpad
memories, and various on-chip peripherals, to demonstrate
the outstanding performance and energy efficiency for
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multimedia processing such as the real-time H.264 codec.
The first part of the two introductory papers of PAC
describes the hardware architecture of the PACDSP core,
its software development tools, and the PAC SoC with
dynamic voltage and frequency scaling (DVES).

Keywords Parallel Architecture Core - PACDSP- VLIW
DSP- VLIW compiler- DVFS - Heterogeneous multicore -
Application processor

1 Introduction

The design complexity of today’s consumer electronics
with more integrated functionalities and components is
dramatically growing. However, their time to market and
time in market (i.e. product lifetime) are getting much
shorter. Therefore, the design productivity becomes a vital
factor for the product success. Software programmability
effectively raises the design productivity, which simplifies
portability across platforms and allows late modifications.
Moreover, multimedia systems prefer software implemen-
tations over hardwired approaches, for they require much
more flexibility than ever, even after the product delivery to
end customers. For example, today’s audio players need to
support multiple codecs such as MP3, WMA & AAC, and
software-based products can be upgraded as the algorithms
evolve or when new standards are introduced.

The PAC project [1-3] was initiated in 2003 and
executed by Industrial Technology Research Institute
(ITRI) [4] in Taiwan, of which the target is to provide a
fully-programmable solution for next-generation media-rich
and multi-function portable devices, such as portable media
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players and smart phones. The speech, audio, image and video
processing on these devices demand extremely high comput-
ing power under tight power constraints. Digital signal
processors (DSP) are programmable processors customized
for signal processing, of which the instruction set and the
microarchitecture are designed to perform computation-
intensive tasks efficiently [5, 6]. Since their inception in the
late 1970s, DSPs have been used into various domains, such
as multimedia processing, communications, and industrial
control. Very long instruction word (VLIW) architectures are
the mainstreams of high-performance and energy-efficient
designs [7], but they have serious drawbacks both on their
register complexity and code density. A VLIW DSP
(PACDSP) has been developed in the PAC project [3], of
which the innovative distributed & ping-pong register file and
variable-length VLIW encoding overcome the VLIW prob-
lems. A dual-core PAC SoC, which is composed of a
PACDSP core, an ARM9 core and various on-chip periph-
erals, has been designed with dynamic voltage and frequency
scaling (DVES) capability. The SoC has been fabricated in the
TSMC 0.13 pm CMOS technology to demonstrate its
outstanding performance and energy efficiency for program-
mable multimedia processing. Complete software develop-
ment tools for PACDSP have also been constructed, including
an optimizing C compiler for the distributed & ping-pong
register organization. Figure 1 shows the our project roadmap,
where PACDSP V3 is the latest instruction set architecture and
PAC-plus! is the latest V3-based core with the AMBA3 AXI
interface and enhanced low-power features. The ongoing
research and development works include the next-generation
PACDSP instruction set & microarchitecture designs for
ultra low-power and energy-efficient applications and multi-

Figure 1 PAC roadmap. Normalized Power

PACDSP architectures (i.e. PAC Duo & PAC Quad with two
& four PACDSP cores respectively).

The rest of this paper is organized as follows. Section 2
reviews the microarchitecture design and the silicon
implementation of the PACDSP core. Performance com-
parison with other licensable DSP cores is available in this
section. Section 3 describes the software development tools
for PACDSP, with focus on the optimizing compiler for the
distributed & ping-pong register file, which is unique in the
PACDSP core. Section 4 summarizes the PAC SoC
platform and its silicon implementation, PAC Solo, with
one PACDSP core and one ARM9 core respectively. The
power modes of PAC Solo and an energy-aware H.264
decoder based on DVFS are also addressed. Finally,
Section 5 concludes this paper.

2 PACDSP Core

PACDSP is a 32-bit VLIW DSP core, which has been
developed from a proprietary instruction set, a low-power
and complexity-effective microarchitecture, to a highly-
configurable soft [P with several silicon implementations. It
combines high-performance and low-power signal process-
ing capability of ASIC and flexibility of microprocessors.
PACDSP features scalable datapath for easy adaptation to
different applications, an innovative distributed & ping-
pong register organization, a rich & optimized instruction
set with 8-bit/16-bit SIMD operations, and a high-
performance memory subsystem. Figure 2(a) shows the
microarchitecture, including a program sequencer, a scalar
unit and clustered DSP datapath. Each DSP cluster has a
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Figure 2 a Microarchitectur
and b die photo of PACDSP.
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Table 1 BDTIsimMark2000 scores for licensable cores [10].

Vendor Processor Score/MHz
ARM ARMYE 2.1
Verisilicon ZSP400 4.7
ZSP500 7.9
Ceva TeakLite-111 6.4
Ceva-X 1620 8.1
ITRI/STC PACDSP V3 8.8

distributed & ping-pong register file, which supports high-
bandwidth data operands to and from the parallel functional
units. Compared with an equivalent centralized register file
used in state-of-the-art high-performance VLIW processors,
the distributed & ping-pong register file reduces 76.8%
silicon area and shortens 46.9% access times [3, 8, 9].
Table 1 summarizes the performance comparison of
licensable cores for digital signal processing [10]. ARM9E
is a multimedia-enhanced single-issue RISC core with rich
DSP instructions that exploit subword parallelism. ZSP400
and ZSP500 were developed by LSI Logic and then
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Figure 3 Toolchain for
PACDSP [14].
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acquired by Verisilicon, which use a 4-issue superscalar
architecture that issues and completes up to four RISC-like
instructions per cycle. Ceva TeakLite is a conventional
MAC-based DSP for audio processing, while Ceva-X is an
8-issue VLIW DSP for high-performance video processing.
Among them, ZSP500, Ceva-X 1620, and PACDSP V3
have similar computing resources. However, PACDSP has
a low-complexity register file instead of a centralized one in
the other two DSP cores, and it still has the outstanding
performance for its customized instructions and optimized
program flow mechanisms. By the way, PACDSP has very
high code density through its variable-length operation
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encoding, NOP removal, and embedded code replication
techniques [3, 11, 12]. The program sequencer dynamically
aligns the VLIW packets with different numbers of
operations, each of which is itself variable-length encoded.

The PACDSP microarchitecture is modular and highly
configurable. For example, PACDSP can be simply
integrated into an existing SoC platform with AMBA3
AXI, AMBA2 AHB, or simple FIFO interfaces with a
corresponding bus interface unit. PACDSP has an internal
power management unit to shut down each of the parallel
clusters, the memory blocks and the cache lines individu-
ally with an appropriate power mode setting to reduce
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Figure 4 Performance of the PACDSP compiler.
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Figure 5 PACDSP GDB.

leakage power. A PACDSP testchip has been implemented
with a 32 KB direct-mapped instruction cache and a 64 KB
data memory and the gate count is 250 K. It has been
fabricated in the TSMC 130 nm generic process and the die
photo is shown in Fig. 2(b). The maximum operating
frequency is 300 MHz and the average power consumption
is only 0.08 mW/MIPS.

3 Software Development Tools

As described in the previous section, PACDSP has
outstanding performance and energy efficiency owing to
its optimized microarchitecture for streaming multimedia
applications (i.e. clustered/distributed & ping-pong register
file and hierarchical VLIW encoding), but they significantly
complicate the application programming. This section
summarizes the challenges and our approaches in the
toolchain development, including an optimizing compiler,
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Fig. 6 Eclipse-based IDE environment.
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binutils, a debugger, and an Eclipse-based IDE environment
as depicted in Fig. 3 [13].

The PACDSP compiler [14, 15] is built based on the
open research compiler (ORC) [16], an open source
compiler infrastructure that contains various optimiza-
tions for high-performance EPIC/VLIW architectures.
The ORC frontend helps to generate the intermediate
representation, WHIRL, with five representation levels
from “very high” to “very low”, where various target-
independent optimizations are performed, such as control
flow optimization, extended basic block (peephole)
optimization, integrated global/local scheduling, and loop
transformation at the “very low” level. We have
developed specific optimization techniques in the back-
end for PACDSP, including copy propagation for
irregular register files [17], optimal local register file
assignment based on simulation annealing (SA-LRFA)
[18], ping-pong aware & local favorable register file
assignment (PALF-LRFA) [19], and local-conscious &
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Figure 7 pCore kernel for PACDSP.

global register file assignment (LC-GRFA) [20], etc. LC-
GRFA is the most important optimization, which minimizes
data communication costs between various registers. It
prioritizes the basic blocks by the static and dynamic
scores, and assigns physical registers accordingly. Codes
for intra-or inter-cluster communications are then inserted
to complete the code generation. Figure 4 shows the
compiler performance for DSPstone [21], where the
execution cycles are normalized by those without opti-
mizations (i.e. O0, shown in blue bars), and maximum 2.2
and 7.5 speedups can be observed by our proposed

Figure 8 PAC Solo.

optimization techniques at level 1 and level 2 respectively
(i.e. Ol and O2, shown in red and green bars).

The GNU debugger (GDB) [22] is adopted in the
PACDSP toolchain for software debugging, which con-
sists of three components: the target system handler, the
symbol handler, and the user interface, as shown in
Fig. 5. The PACDSP GDB first retrieves the debug
information in its symbol handling component from the
object files generated by the PACDSP compiler. It then
uses the GDB remote serial protocol (RSP) to commu-
nicate with the PACDSP instruction set simulator (ISS)
or the PACDSP chip through the in-circuit emulator
(ICE) in its target system handling component. In
addition to the protocols for accessing memory and
register contents and setting breakpoints & watch-points,
the PACDSP GDB defines various pseudo registers in
RSP to handle system events, such as timers and
interrupts. Finally, the PACDSP compiler, the PACDSP
GDB, the PACDSP simulator and binutils are integrated
in the Eclipse integrated development environment (IDE)
[23] to make the application development more conve-
nient as shown in Fig. 6.

Figure 7 shows a microkernel developed for PACDSP
[24]—pCore, which provides lightweight OS services
such as scheduling, synchronization, resource manage-
ment, and inter-process communication (IPC), etc, with
small memory footprint. The basic unit for resource
management in pCore is a task, of which the runtime
information is recorded in a task control block (TCB).
pCore supports priority-based scheduling and message
passing IPC, which facilitate heterogeneous multicore
configuration for real-time multimedia processing. All
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Table 2 Power domains of PAC

Solo. Power domain Power mode Condition Power gating
Supply (V) Frequency (MHz)
MPU Active-1 1.2 228 N
Active-2 1.2 152
Active-3 1.2 114
Inactive 1.2 0
Sleep 0 0
DSP Active-1 1.2 228 Y
Active-2 1.0 152
Active-3 0.9 114
Inactive 0.9 0
Pending 0.9 0
Sleep 0 0
AHB Full speed 1.2 152/114 N
Low power 1.0 76
SRAM/LCD Same as AHB-domain Y
APB/PMU Fixed V 1.0 48 N
PLL Fixed V 1.2 456 N

pCore system services are customizable for specific
system integrations.

4 PAC SoC Platform

In addition to PACDSP, a dual-core PAC SoC composed of
an ARM9 core and a single PACDSP core (i.e. PAC Solo)
has also been designed to demonstrate the outstanding
performance and the energy efficiency for multimedia
processing, such as real-time H.264 codec. A multi-
layered AHB is implemented to connect the two processor
cores, a system DMA, an on-chip SDRAM controller,
vector interrupt controllers (VIC) and so on, as shown in
Fig. 8. System software including the DSP driver and the
DSP kernel for dual-core programming has been built with
the inter-processor communications (IPC) through mail-
boxes. PAC Solo adopts various power optimization
techniques to reduce both dynamic and leakage power
dissipations. Common low-power techniques such as
operand isolation and clock gating have been extensively
applied in the silicon implementation. Most importantly, the
SoC has been divided into six independent power domains

for individual control on the power supplies and operating
frequencies [25].

Table 2 lists the power domains and the power modes
thereof. The MPU domain only has a constant supply
voltage due to the lack of control over the ARM9 hard
macro. On the other hand, the DSP domain has various
operating frequencies and the corresponding minimum
supply voltages. Programmers can adjust the performance
and thus the power consumption according to the
application requirements by setting the control registers
in the DVFS controller, which record the current state, the
next state and possible states of each power domain. It is
of note that the DVFS control is application-dependent
and specific control schemes need to be developed to
adapt computation dynamically for the optimal power
dissipation. For example, H.264/AVC supports various
resolutions and profiles for different applications. In video
conferencing applications, the bitstreams of low resolu-
tions and low frame rates can be decoded at relatively low
operating frequency on handheld devices, where the
supply voltage can be lowered accordingly to reduce the
power dissipation. On the contrary, the supply voltage
should be raised to boost the operating frequency for

Table 3 Power dissipation of

H.264 decoding in different Power Mode Condition Power Time Energy (mJ)
power modes.
Active-1 1.2 V/228 MHz 161.20 mW 10 sec 1612
Active-2 1.0 V/152 MHz 75.99 mW 13 sec 987.87 (39%)
Active-3 0.9 V/114 MHz 48.82 mW 17 sec 829.94 (49%)
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decoding high-quality video on high-definition televisions.
Moreover, the decoding complexity and the required
computations vary significantly even in a video sequence.
In the following, an energy-aware H.264/AVC decoder is
briefly described, which utilizes the DVFS on PAC SoC
frame by frame. Please refer to Part II of these two
introductory papers for the detailed algorithm optimiza-
tions for DVFS and VLIW.

The operating frequency and the supply voltage of
PACDSP are dynamically adjusted in our energy-aware
H.264/AVC decoder, while ARM9 runs at the fixed
114 MHz clock rate. To understand the relationship
between power dissipation and frequency/voltage, we first
characterize the different power modes of PACDSP. The
measured power and energy dissipations are summarized
in Table 3, which were obtained by repeatedly decoding
the same video sequence on real silicon. Active-2 and
Active-3 modes reduce the energy dissipations by 39%
and 49% respectively. Figure 9 shows the control scheme,
where the DVFS controller dynamically adjusts the
frequency/voltage depending on the input sequence. Te
and Ta are the execution time of previous frame and the
allowed execution time of current frame respectively. At
the beginning, 30 frames are used to train the controller by
establishing the performance database. The power mode
will be determined hereafter with a prediction model based
on timing and power information. The results of the same
sequence (cars, 1888 frames) with two different frame

Timing Power
Information | | Information

rates are summarized in Table 4, where the higher frame
rate kept PACDSP in the Active-1 mode longer, and 35%
and 43% energy savings were observed over the non-
DVEFS counterpart respectively.

5 Conclusions

This paper introduces the first multicore application
processor developed in Taiwan: PAC and describes its
hardware architecture including the PACDSP core, the PAC
SoC, and the software development tools. Based on the
achievements, we are pursuing next-generation embedded
computing platforms with even lower power dissipation,
higher performance, and improved energy efficiency. We
are now studying improved ISA (PAC-lite & PAC-
SIMD) for ultra low-power applications and multi-
PACDSP architectures (e.g. PAC Duo & PAC Quad with
two & four PACDSP cores respectively). In addition to
core developments, much more efforts will be put on
platform technologies such as low-power and high-
bandwidth on-chip network, optimized memory organi-
zation & DMA controllers, platform-optimized runtime
software, and electronic system-level (ESL) design
methodology. Once the overheads on software program-
ming and the data communications are well controlled,
these multicore architectures will be much more energy-
efficient than pushing a single processor to an even

Table 4 Energy savings.

Frame rate (fps) Mode Occurrence Saved energy
Case 1 22 Active-1 359 (19%) 35%
Active-2 874 (46%)
Active-3 655 (35%)
Case 2 20 Active-1 82 (4%) 43%
Active-2 688 (36%)
Active-3 1,118 (60%)
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higher operating frequency. Based on the rich software
components already optimized for PACDSP and the
expertise of software development on PAC Solo, we are
developing a component-based software development
methodology and its associated ESL tool. The tool
allows drag & drop binding of software tasks developed
on the single-core processor for multicore simulation
with cycle-accurate transaction modeling. We are now
developing an automatic task binder that considers
system-level overheads such as cache misses and DMA
accesses on the on-chip interconnect.
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