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Abstract

The goal of this project is to design an application acceleration architecture that can be
integrated into a multimedia communication baseband SoC, and a OS kernel scheduler for
dynamic partitioning of tasks for heterogeneous multi-core systems. Conventional baseband
processor only provides computational acceleration for speech codecs and network protocol
stacks at layer-2 and below. However, in order to support new multimedia communication
applications efficiently, new chip venders such as TIl, Freescale, and Qualcomm have all
announced baseband chipset with multimedia acceleration capabilities. For the past three
years, our project team has completed the following major tasks. First of all, we have designed
a multi-format video codec acceleration SoC platform. The platform is different from the
conventional codec SoC that is hard-wired for a particular codec. Instead, we have followed
the latest Reconfigurable Video Codec Framework Standard that is being developed within
MPEG. Secondly, we have designed a dynamic task partitioning OS kernel scheduler for
heterogeneous multi-processor (HMP) platforms. The design is completely implemented in a
embedded prototyping board based on TI-OMAP 5912. We have also shown that for complex
multimedia applications, this dynamic partitioning approach can outperform the traditional
static partitioning approach. Finaly, we have also investigated techniques to accelerate
hardware-based Java Runtime environment. The project team developed an innovative
Dynamic Code Optimization for Java processors. The proposed technique is implemented for
an open source Java processor, JOP, on Spartan |11 FPGA and obtains over 10% performance
gain. In summary, we have accomplished all the goals listed in the original project proposal.

Keywor ds. multimedia communication, embedded OS, digital baseband processor,
reconfigurable video coding, Java processors
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I. INTRODUCTION

Most multimedia devices today have to
support multiple codec standards. Take
video codecs for example, a portable
multimedia player usualy supports the
playback of the MPEG-1/2, MPEG-4 SP,
WMV, and H.264/MPEG-4 Part 10 video
contents. In order to reduce system cost, a
single-chip SoC solution that supports all
these standards is a sensible approach. From
IC designers’ point of view this is not a
serious problem since most (if not al)
popular video codecs share the same
block-based motion compensated transform
coding data flow. In addition, many coding
tools have similar architecture. However,
there are some application issues that makes

traditional codec design  approaches
unsatisfactory [1].
A mgor problem with existing

approach of defining a codec standard is the
lack of flexibility when new applications
emerge. A video codec is composed of
severa coding tools (e.g. DCT/IDCT, MC,
VLC/VLD, etc.). However, for a codec
standard, the conformance point is defined at
codec-level, instead of tool-level. Different
profiles/levels are created for each codec to
address the need of different classes of
applications. This approach worksfinein the
past since the application scenarios were
quite smple (e.g. DVD, DTV). However,
with the exponential growth of new
multimedia applications, the old approach of
defining conformance point a codec-level
becomes awkward. Quite often, a new
application designer finds it impossible to

find a reasonable codec profile@level to fit
the target application well. For example, the
FMO tool of H.264 is usdless for many
applications but a decoder may still need to
support it simply because it is included in
AV C baseline profile. In general, application
environment is changing faster than an
international standard can catch up that there
should be a more efficient way of allowing a
codec to adapt to new applications while
maintaining interoperability among different
solutions.

MPEG has recognized this issue and
started a new work item caled Video
Coding Tools Repository (VCTR) in 2004.
After some investigations, the direction and
benefit of VCTR is becoming clear [2].
Later, this  effort becomes  the
Reconfigurable Video Coding (RVC)
framework in 2006 [3]. This new framework
defines the conformance point at tool-level.
Therefore, in principle, an RVC-enabled
codec can negotiate on-the-fly with the
video bitstream encoder/sender about which
coding tools is required and how the data
path can be wired among these coding tools
in order to decode the video bitstream. After
the setup stage, the decoder can decode the
bitstream correctly. With this approach, an
SoC can support multiple codec standards as
well as creating customized codecs in real
time as long as it contains al the
standard-conforming tools that is necessary
to decode bitstreams from different
encoders.

So far, the RVC framework is still in
development. Most of the investigations are
done using C models and behavioral model



simulators such as Moses [4]. In this report,
SoC architecture that can be used to
implement the RV C framework is proposed.
The report is organized as follows. The
RVC framework is introduced in section II.
The SoC architecture for direct support of
RVC is presented in section Ill. Some
comparisons of the RVC architecture to a
common hard-wired solution is also given in
this section. Section 1V studies an
implementation to get an idea on the cost for
such flexibility. Finaly, some discussions
aregivenin section V.
II. MPEG RVC FRAMEWORK

The concept of MPEG RV C framework
can be illustrated in Fig. 1. The key
difference between RV C and the old MPEG
codec standards is that the interface of each
coding tools is defined precisely so that they
can be used (like LEGO blocks) to build
various codecs. The decoder configuration
describes how input bitstream can be parsed
so that the raw input data to each coding
tools can be extracted. A decoder description
language is under development so that the
configuration of a specific codec (such as
H.264) can be described using a (small)
configuration  bitstream. The decoder
configuration bitstream will be processed by
an RV C decoder before decoding of a video
bitstream conforming to the described
standard. Note that after processing a
configuration bitstream, the RVC decoder
will generate a Global Control Unit (GCU)
that governs the operation of the coding
tools.

In  principle, the  configuration
description tells the RVC decoder how to
wire the coding tools to form a data path. In

the RVC framework, each coding tools is
caled afunctional unit (FU) and is specified
in Fig. 2 [1]. In Fig. 2, a control signal is a
signal embedded in the video bitstream (for
example, the width and height of the video
frame). A context signa is a signd
generated from the processing of bitstream
data (for example, the AC prediction
direction in the MPEG-4 Pat 2 video
standard). The context-control unit reads in
the context and control signals generated by
previous FU’s and generates (or passes on)
some context and control signals to the next
FU’s based on the result of the processing
unit.

A partia example of a configured RVC
codec that behaves like an MPEG-4 Simple
Profile video decoder is shown in Fig. 3. In
Fig. 3, VLD is the FU for variable length
decoding, RLD is the FU for run-length
decoding, and MBG is the 8x8 block
coefficients composition FU.

‘ Applications

Old MPEG

MPEG-4 Decoder

conformance point
‘ Configuration and API

H.264 Decoder ’J_L

Configuration and API

New RVC - |
conformance point ~~

4x4 intra-
prediction

Tools in RVC Toolbox { |8x8 IDCT || 4x4 GBT Ys-Pel MC

1%-PelMC| oo

Fig. 1. Concept of MPEG RVC framework

Output
P Dbitstream
data

Processing
Unit

Input
bitstream »
data

(!

Context-Control
Unit

l Context & control [out]
e.g. derived parameters
from the video data

¥

Context & control [in ‘

e.g. coding parameters,
mode selection signals

Fig. 2. Definition of an FU in RVC
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x
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Fig. 3. Example of RVC configuration
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1. SOC ARCHITECTURE FOR RVC

Since the specification of the video decoder
configuration language and the actua
mechanism of a GCU are dtill under
development at MPEG, this report proposes a
potential VLS| architecture that is suitable for
supporting the RVC framework and perform
some early analysis on such architecture. The
RV C framework actualy fits the platform-based
design principle of SoC quite well. For maximal
flexibility, the GCU will be implemented in
software and running on the processor core of an
SoC. Each coding tool can be implemented as an
IP on the bus with limited configurability via a
private register file. The proposed architecture is
show in Fig. 4.

In Fig. 4, the coding tools are not attached
to the main system bus (AMBA AHB) directly.
A local bus, MMB, is used to off-load the
bandwidth from the main system bus. Here,
MMB stands for Multi-Media Bus.
implementation, the bus protocol of MMB is a
simplified version of AHB. A two-way DMA is
used to transfer data between externa SDRAM
and interna SRAM banks. The DMA can be

In our

invoked from either the ARM core or the coding
tool 1Ps (as long as the tool isimplemented as an
MMB master). The reason for multiple SRAM’s
on the MMB is to reduce the memory bandwidth
requirement for parallel operations of the coding
tools.
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Fig. 5. Hard-wired decoder example

Although local bus and multiple SRAM
banks are used to dleviate the bandwidth issue,
the performance of this architecture still cannot
match that of a hard-wired architecture. For
example, a hard-wired H.264 baseline decoder
may have a tighter MB decoding pipeline as
shown in Fig. 5. There are two main advantages
of the architecture in Fig. 5. First of al, the
decoding pipeline is controlled by a hard-wired
FSM with cycle-based synchronization. On the
other hand, for the RVC framework, the
controller will be implemented in software, and



hence, cannot guarantee cycle-based operation of
the pipeline. Another advantage of the
hard-wired approach is that it does not require
excessive accesses to external memory.

It is important to point out that the purpose
of the RVC framework is not to obtain the most
efficient design of a single codec, but to allow a
flexible and extensible design of codec systems.
Multi-standard codec support (or even generate
customized codec on-the-fly) can be achieved by
configuring a new GCU via decoder description
bitstreams. In the next section, we will study an
actual implementation of the proposed
architecture in Fig. 4 to get an idea about the
cost one has to pay for such flexibility.

IV.IMPLEMENTATION STUDY OF THE
PROPOSED SYSTEM

In this section, an implementation of the
proposed system architecture (Fig. 4) is
investigated. The implementation is based on an

SoC emulation platform, the ARM Integrator [6].

The platform is composed of a main board, an
ARM 9 processor core module, and a Xilinx
VirtexE XCV2000E FPGA logic module. The
platform adopts the AMBA bus protocol. The
RVC coding toolbox logic of the proposed
system is implemented in the FPGA. The loca
bus protocol, MMB, of the toolbox logic is a
reduced version of AHB with much less wires
and aminima implementation of bus arbiter and
decoder.

In the proposed system architecture, the
finite state machine (FSM) that drives the
operation of the coding tool FUs is implemented

in software. As aresult, the codec pipeline is not
executed in a lock step fashion but instead
driven by the software FSM via control signals.
Each coding tool FU (please refer to Fig. 2) is
implemented so that the input bitstream data is
coming from a SRAM bank on the MMB and
the output bitstream data will be stored in
another SRAM bank on the MMB. Block RAMs
of the Virtex Il FPGA and the ZBT SRAM of
the ARM Integrator are used for this purpose.
Table | and Table I list the required memory for
the input data and output data. It is obvious that
such implementation is not as efficient as a
tightly-coupled pipeline [5] where different
pipeline stages are connected via registers or
FIFO.

On the other hand, since the system control
FSM is implemented in software, the Globa
Control Unit of the MPEG RV C framework can
be dynamicaly implemented using this FSM.
Therefore, any video decoders can be emulated
on-the-fly by the proposed architecture as long
as al the coding tools required by the target
codec are supported by the architecture.
Therefore, the proposed architecture is very
flexible and scalable. It is important to point out
that in order to support dynamic reconfiguration
of the RVC decoder, the software-based system
FSM shall not be a hard-coded FSM. Instead, it
should be implemented as a table-driven FSM
where the table content can be modified by the
RV C decoder configuration bitstream.

The implementation of the processing unit
and context-control unit of a coding tool FU
traditional hard-wired [P design
methodology where the processing unit is

follows



implemented as a data path and the
context-control unit is a hard-wired FSM with
register files for memory-mapped 1/O
configuration and signaling. Currently, most of
the FUs supported in the proposed platforms are
for H.264. The synthess report of some of the
implemented FUs is shownin TABLE III.

V.CONCLUSIONS
This report introduces the MPEG RVC
framework and proposes an SoC architecture to
support the framework. Since the RVC
framework is still under development at MPEG.
There is not much research on how the

framework can be efficiently supported using an
SoC platform design paradigm. The table-driven
software FSM for dynamic generation of a GCU
and the decoder configuration language is still
yet to be defined by MPEG. However, based on
our study, the proposed architecture is very
feasible for practical SoC implementation of the
RVC framework. Although a reconfigurable
video codec cannot compete with a hard-wired
codec for performance given current VLSI
implementation technology, it is much more
scalable in the sense that any new codecs
(coding tools) can be added into the platform
with minimal effort.

TABLE I. Thedata sizefrom external of the FUsin the proposed RV C architecture

Dataform External Memory

Luma Chroma Total Cycles
Intra 256 bytes 128 bytes 384 bytes 96
predictor(input)

Luma Chroma Block info Total Cycles
Deblocking 384 bytes 256 bytes | 120 bytes 760 bytes 190
filter(input)

TABLE II. Thedata size from internal memory of the FUsin the proposed RV C architecture

Datafrom Internal Memory

Residua Luma Residua Chroma  Totd Cycles
Intra 256 bytes 128 bytes 384 96
predictor(outpu bytes
B

Trans.& quant. Trans.& quant Total Cycles

Luma Chroma
TQ/TQ (outpu 512 bytes 256 bytes 768 192
pt) bytes

Luma Chroma Total Cycles
TQITQ (input) 256 bytes 128 bytes 384 96
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bytes
Deblocked Luma Deblocked Chroma  Total Cycles
Deblocking 256 bytes 128 bytes 384 96
filter(output) bytes
residual data MVD Total Cycles
CAVLC(input) 768 bytes 64 bytes 832 208
bytes
TABLE I11. The Synthesis Report of some L ogics
Intra Intra
Module H.264 , predictor 1 , Inloop . | MPEG-2
name | Transform Quantizer (other predictor 2 Filter CAVLC IDCT
(DC mode)
modes)
Clock rate] 72MHZ NA 198 MHZ | 158 MHZ | 60MHZ | 50MHZ | 77/MHZ
197 LUTS 3125 3232
. with LUTS LUTS
Logicsize| 252 LUTS MULT18X18 879 LUTS | 188 LUTS |3105 LUTS
LE
11
output/clk depend on| 64/158
. 16/18 4/1 (14MB) 2/11 content |(output/clk)
Bandwidth (output/clk) 11 (output/clk) output/clk 1/5 (output/clk)
output/clk
(116MB)
96 words by 14 128x22-bi
bits t 64x16 bit
Memory 1 (16x16 bit) 52 words by 5 NA NA 16x384 bitq 16x16-bit
usage bits
52 words by 3
bits

*CAVLC isbased on a Spartan || FPGA device, and the others are based on a VirtexE FPGA device
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% Z_ARM #) o 3% Idcti*d ARM &
7| DSP -t =T » Cost
Calculator 3+ & e DSP ¢ #.-| » % d DSP
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IR ERIEF RN AL o LA
F]2% :k DSP 2 {7 idct enpF fF d T 357500
i timetick ~ < #% = 3] 2000 i timetick »
Aotz {5383 ¢d DSPH fFidet: 4 7 ¢
LartfeTne - %0 ks hidet B
&;flﬁg 22 % ARM k{7 - & - = idct
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o =axt, +(1-a)xT, /2
=axk+1-a)xk/2
=0.7k+0.3k/ 2
=0.7k +0.15k
=0.85k
=0.85T,,;

SRR R A eyt R
¥ 2_ {4 » Task Dispatcher & %} /i Au? &
loading table 3 4« service % 4 > fr {
REXFNNEFE ¥
JWEHF o

45 Task Terminator

Task Dispatcher 4= Task Terminator
o gsed bk d EApF e U X ARM
& §_DSP % & servicef i7e i > B
service loading table #% T service & 4% > v
LATRILE 23R FRRF - T - Ll 4
B* AN 2 & x A savicg o
4.6 Loading Tables

Loading table * 3 ‘¢ 4% & 2 %
loading 7+ & - fr»’z T E (7 eh
services - % % + ARM(DSP) servicetable
£_% 4% service 847 » m» ARM(DSP) loading
table ¥ %455 - BAIZE I I 4

T

R e
2 1 service b &

e

b (7 e

,1,-/

service - # w135 0 IF - fE service fARE
ARM(DSP) servicetable ¥ 3 — & ‘}—" re
# ARM(DSP) loading table + > ?Aﬁ i

AN - fEservice & KR 7S -
i serwce;féf»ﬁi%g A5 T e
LI 4p A7 F o B 14 5 loading table ¢

S
—

Header node
Service name

,| Common node

Task number Total time

Index Execution time

Service name

Execution time

Common node | Index

Fig. 15. Loading table -
Loading table ~ % header node -



common node - Header node % 43 § § /v
R AT (7Y task el P (task
number) > 75 3 {7 pF F (total time) o
F KA € A4 2 fe cost function ¥ g <7
Fl & o PRiE ok A7 e fA8E 0o loading
AR o 4T 4 4 o & header node 7R -
B o ks dRTH o loading

it o & — 1 common node * 4 — B 7 ¢
grservice & 4% % loadingtable F enix
% (index) ~ 34 {7 p* A (execution time) ~ v &
f(servicename) - iz &~ # double
direction linked list F L. BH 3 HEN IR
shsarvice 7 I mf*% 7P 7T service
‘v~ table (g A 7 ¢ fr3p i table o B
Ak o @ * linked list &g :is B 4F 1 o

A7 B Sk

iz * mailbox - shared memory e
& - OHMP5912 + 5 » ‘» mailbox > # ¢
% 2% ARMtoDSP: ¥ % % 2 DSPto
ARM - jig & % % » ARM toDSP % ARM
¥ DSP e mailbox> DSPto ARM %_DSP
# % ARM “imailbox - # &
7 1% 16 i+~ register> - B 3% Z_3 command
register- ¥ — % % dataregister- & ARM to
DSPmailbox + > ARM 3 = 23§ B &
F1°DSP 7 3 # B-erafg rL K 277 2R ARM
s - B register oA B € p R T -
i# flag> #1+ DSP ¢ 5 interrupt A2 # -DSP
B 438 P~ B register cnF A = % - B
register7~ s oflagg£d AT 0 £
7 DSP: B~ & - ] % mailbox &L
fé?%? ooservice 3 7 e Hg o
#* 3 = 7 ARM to DSP mailbox
action command > 4= :
® Register : xf serviceeo
® Invoke: 3% {7 serviceo
® Remove: # “,$ service e
2 %2 DSPto ARM mailbox action
command > £_ARM to DSP v s dp 4 4o

T

mailbox + 7

31

® Return register :

® Returninvoke: = = service#y {7 o

® Returnremove: = = service #% % °

ARM 7 register mailbox action
command ;i# service 2w » ARM 1 *
DSP API # serviceimage *< » DSP space
internal RAM ° = = 23 & i¥ > DSP ¢ v
return register mailbox action command »
f1* dataregister % 7+ service DSPID -
d Service Registrar i+ » DSP service
table o 4p I 38 GAHCFY 0 L # A0 AR K AL
remove e
B fs - fi4q £ % invoke 4y £ -ARM

7 command register # » invoke 4y 4 - data
register 32 » p DSP servicetable P~ e
serviceDSPID - ik 4t {7 5 DSP if ¢ B 4
7 & Resarvice o F PR3t mailbox %
i i 16 = ehregister 0 Xy PEE
mailbox @ » # v Sficst T o L7 fEA
i 1 A 42 > shared memory i ¥ % b * 3o
Shared memory 4, ¥ . OMAP 5912
on-chip SRAM » £ 5 250 k-byte ¥ 12
* e K3t parameter table s FiEdcT

%5 oservice i o

i
i

Parameter 1

Parameter 2

Parameter 3

Parameter 4

Source data

Destination data

Fig. 16. Parameter table
Parameter 1 | parameter 4 » & — i
B4 4> o 7 %k sourcedata 2
destination data # — i it 4000 =~ % o i%
B R AERERY ok R i
B Hoe iAo ¥ 20 B G o parameter 1



£ parameter 2 & %] 45 I'| source data {=
destination data- % /i * 4234 3K 3+ K {3 %
47 R oo dom it H.263 idct(short block)
|+ > ¥ 4 g B short block £_ARM
e heap 4.3 sourcedata > 3= Parameter 1
ip Il source data > + ¥ * Parameter 2 4p &
- Bz Rtd - DSP = shidct.image ;i&? r
j€ Parameter 1 £ DL T > B = &
& f K-35 3 3] Parameter 2 4 3| chix
‘BEL. o

& - T service § 3 - Mt
parameter table- i€ * = 2 (¥ = e
Bz - ARM sz a0 5 byte
addressing > m DSP 3 4t fic;¢ & word
addressing(+ # word 2 bytes) - & & = st ¢
o™ o
DSP_address = (ARM_address —
ARM _base address)/ 2 +
DSP_base address

F1t ARM 7:E # parameter table
e h o % F A 16 =g T 2 04
8- CiE -DSPA it FEd B0 1
€7 2T RBaE

4.8 DSP API

# | f§ /1 DSPAPI i & g s B 54 5 o

TABLE |. DSPAPI

APl name description
dsp_init() ?ﬁ?wDSP%ﬁﬂ
BN
dspmmu_f or _sdr am() [[fi»DSPMMU
prem.i ni t () %ﬁ@DSP
interna ram
pmem al | ocat e() TV DSP
interna ram
pmem free() FE DSP
interna ram

e3R8 > ok 3 A _fe & DSP hred-time

=
e

5. F&% %%
Ay - ERERDZ AT R
B0 R BT o B ;Mgﬁigﬁ
I e 5% % 5% % HMP Scheduler & fi £
fert i ek Soki o FAANPE 5T %
PRECRFENSLEETR CHETR
e F foith o
51 RHERR

Lip- BEAANLERHRR Y i
* 425 o v §¥_H.263 s decoder - H.263
decoder ¥_* &k #-2 TR YHFFmlv %
2% yuv % o 1 & enfunction » ijk,{%
L B¢ xp % oservice hfunction 4o
® idct: ¥t*t3 frame i inverse DCT -
® dequant_inter : ¥ inter frame fx
Inverse quantization o
degaunt_intra: ¥t intraframe & inverse
guantization -
interpolation : % inter frame -2
2L~k T Bz s ot b gk
en interpolation °
GPP 7w fr DSP 7 1< 373K &
% 96MHz - i# * 1 bit-stream &_foreman -

° 2

AR E T =7 Fabitrate H B iche
E I
TABLE Il. g/ bit-stream
Name | Type | Frame | Frame |Bitrate
rate

Foreman| QCIF | 300 30 192k
Foreman| QCIF | 300 30 128k
Foreman| QCIF | 300 30 64k
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B2 * entimer £. OMAP 5912 - 4
+ ARM private peripheral timer 2 > v
F % 12MHz - timetick 2 micro second =
4T

(timetick +1) * 2/ Frequency
micro second

eFBE

*

1000




ARM Private Timer 2 Registers idct 3888 | 18043 | 3659 | 21702
v | recisTERNAVE e L T el dequant inter [ 2221 | 14693 | 3385 | 18078
B e Bt dequantinra| 455 | 2049 | 675 | 3624
8% timer register 7 & - % — I & &5 interpolation | 4158 | 25646 | 5843 | 31489
B register & ARM =g 48 5 7 o addresse servicetime | 10724
BF S e Lregister & fifods dce % w apptime | 14256
i E R reg|st-er L REE 32 0 % - sum(-*) 61331 | 13562 | 74893
7| &_control register » * kB fxt B ¢
timer > % % MPU_CNTL_TIMER 2+ % =
slenregister . MPU_LOAD TIM2 > & # E@ﬁ;g@gjﬁ?z
timer = ¥ J23E » p 3TERE 0 d 3% E B 4
Hoo B E 4 timer rpEF>INE B o time(ms) [ARM(-+)|DSP(-*)[sum(-+)
% = 7 E_timer At fads 2 {8 > R pERF idct 3886 | 18059 | 3643 | 21702
MPU_LOAD_TIM_2 3 #7 (8 enfT e § ) dequant inter| 2220 | 14699 | 3379 | 18078
e B register @ o gt register 5 dequantintral 454 | 2047 | 677 | 3624
MPU_READ_TIM_2 = 3 * interpolation| 4162 | 25625 | 5864 | 31489
MPU_CNTL_TIMER 2 # ¥ $= 4% timer ervicetime| 10723
FEIT|EF R T L5 3T IEH spptime | 14258
H— Fohiepd230ER 0 £ B Aeipdcs N
VoA - AR sum(-*+) 61330 | 13563 | 74893
MPU_LOAD TIM 22 % £ + & 2/32> &_
S - S B pE R sy timer i) dcE] PR 3
gfﬁ‘?qm B > AL BT BT A4S
}AER D ek i o time(ms) ARM ()| DSP( )| sum( )
52 i 2 % idct 3894 | 18033 | 3669 | 21702
dequant inter | 2218 | 14693 | 3385 | 18078
HRE DD AR AR
. dequantintra | 455 2941 683 3624
f TR%E o AARRIRBET 0 % bitrate
162 K-bps ¢ bit-stream - 3, = HMP interpolation | 4164 | 25632 | 5857 | 31489
Scheduler - 3¢ B+ - #& service & p & fF & servicetime | 10733
ARM e DSP + et G & dp £ 8 5 » fe £ gppiime | 14271
P gE I PBT I R T A 9 P4 11 sum(-+) 61299 | 13594 | 74893
A AR I R B3 f% = ke
sk iwe 7ML 73 F servicer %
- A& B service #ri- § hpE 0 H
FF) o %= ok = 4 6 137 service &
EIEPRHE R 1 ARM - DSP ﬁ e R
A5 B osarvice hx € ek o F AT
time(ms) [ARM (-*) [DSP(-*) | sum(-*) * 1 bit stream #p b sin B E g o
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Pure DSP

%3 7| E 47T service L3 epER o % 2 |
A B 1B decoder 34 {7 PR o % = SR : -
“4e ARM fe DSP ¢t 7 = # - SOVIee application
. L . time(ms) time(ms)
2 interpolation = ] > ARM *F # {7
st efe DSP 2L (7 bt He= 89 57 5 L 14510 111
M2 % 5113 ARM 4o DSP # 7 s = 2 14638 18039
Bei 60 1c % A BB ERATAH Y £ 14892 18301
FERETIH AR (Feni 4 o A U 4 14775 18184
PR L A fRL (Tkdy > AEBF KT S 14560 17970
¥ 114 ) ARM #7# |1 it § 8 _DSP th 6 14475 17876
6 o ixd ? k¥ ARM AUl izt 7 15252 18652
service eig B vt ? & 3F i B A AL 8 13558 16966
R Th - BRI ET & 9 13577 16987
5.3 4P R AL BP % 10 14739 18039
¥3% bit rate 57 192 K-bps = average 14498 17893
bit-stream > ¢ % % Pure ARM ~ Pure DSP - Dual core
fr Dual-core pF e o & B a2 B ¢ 55
10 = decoder & AT 5 5 LR H seil 1 service application
oo hFRT LEIA BR e B o I time(ms) time(ms)
34 ARM - DSP % decoder service 4p %t 1 11003 14446
@R o % - > %% dud-core £_F ¥ i T 2 11055 14502
B 4 & gy 4 3 12471 15924
4 14868 18365
PureARM
5 10170 13598
service application 6 10581 14030
time(ms) time(ms) 7 11041 14496
1 12454 15855 8 11803 15287
2 12451 15853 9 10708 14117
3 12459 15850 10 11494 14381
4 12451 15853 average| 11520 14915
5 12452 15845
6 12452 15855 + 2 =5k 4 & A _pure ARM -~ pure
7 12451 15855 DSP {f- dual-core = f& 4 {7 chig % o 7 ¥
8 12450 15853 pure ARM ¥ pure DSP et i * 7\?;& &
9 12454 15857 % DSP fl}wﬁ'\; RELE i = A
10 12452 15852 FRIRE > Boki ki 6 ARM ki
average| 12453 15853 e Biplb s @avir AR R e B

34

g F] > HMP Scheduler [ sten
overhead - ‘m#ic overhead 3 T & & !



® DSPinvocation overhead
® Memory copy overhead

d % - B F 43P o ARM 4rimid
S DSP B 451 1500 2 £ (78— (B
service? 3% mailbox %k i = - ARM 4ri®
# 7+ & & mailbox * i
= o F]p =& B service R d DSP/%@PL#
¥ ¢ 1% -k X mailbox overhead- ¥ ¢+ & DSP
= kernel & A&J2 DSP F AR T 4 &R
{7 context switch » iz it " %_overhead -
BIE 2T ¥ 3 - = DSPinvocation
overhead = :5pF F & 450 B timetick - +*
% ARM H- DSP 4 idct & en3y (7 pF T »
ARM % 600 7 timetick ; DSP % 2080 i#
timetick - DSP invocation overhead it 7
DSP%*JLFB*F"*%Y 2= o

¥ ¢t » % = 18 overhead > ¥_memory
copy overheadeDSP&,Bt"—l%f: # ;2 5P ARM
dreR iz B oo % RSN R
HMP Scheduler % £ # #-% 424 ARM
heap ?F#H' |5 % e Rk B DSPiR * s4p
+ > DSPi#EE % & {5 » HMP Scheduler »
EEFHErI heap®-f Re- KFERF e
7 foservice % DSP AR ey (FPERF L o
,ijldctrn?. % 7 Hd 64 £ short FoRL
= 2 & 1100 B timetick o

# 12~ 134r 14347 “75 service
PERFEF DR 2 ¥ 2354 7 P
eI AGE A P AR & sercive 7 Fe
B (TR #A 12404 1325 %

EN

Bird ive B

— AP eI E AL A 40T 2 A
servicetime

ARM time(ms) DSP time(ms)
idct 3795 idct 4788
inter 2895 inter 3088
intra 501 intra 635
interpolation| 5172 |interpolation| 5998
servicetime| 12454 |servicetime| 14510
apptime | 15855 | apptime | 17911
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Reference profile

ARM clock cycles per DSP clock cycles per ratio

MB MB
(Y)DC pred. & comp. 44268 8465 5.229533373
(Y)Transform 188250 23178 8.121925964
(Y)Quant 247201 39521 6.25492776
(Y)Inv. Quant 238948 30002 7.964402373
(Y)Inv. Transform 202184 27863 7.256361483
(Y)Reconstruct 106392 17835 5.965349033
(DC)DC pred. & comp. 50458 10142 4.97515283
(DC)Transform 88928 11379 7.815097988
(DC)Quant 134689 20814 6.47107716
(DC)Inv. Quant 124131 15410 8.055223881
(DO)Inv. Transform 100497 13907 7.226360825
(DC)Reconstruct 51913 8861 5.858593838
cavic 396022 46204 8.57116267
ILF 420018 37209 11.28807547
Total 2393899 310790

w154 a ¥ 73] & 38 service ¢
HERFR -~ 2 savice f e} FERF e
B RARGFERF APELNLR
service 7 aJR E b3 TR et o

%%’LLL L fEH FAST B - B service
FUESLE R o 4 idet 3 6] > ARM - DSP

ol ) 10 1.26(3.7 1 47) o & AT
13 E &3 hnipE[24] ARM f- DSP
¥idet e FRER Y 5 7.226 ¢ 1(Inv.
Transform # i) > & B #cF £ & ARM X
7 Bz cache il ™ A& 2 che 3+ ARM
shcache 37 B 14 » ARM ehaJd@ pE i v+ iy ¢
T 5 DSPe234 v grAE DSP
¥ idct el 71 B Y ARM B o bl A
0 % H_ARM v DSP -0 iz B £ Bk
AT 5 AP anservice €31 % reference
software * C a & fe £[24]51 DSP 2% (>
EEFueizad sk b ibimL 1&’%‘“ 0
pLoek OMAP 5912 57 DSP ¥_C55 x &) » T
ik 2E 8 § 16 =~ X16 A enF & o
i reference software © #r3 32 iz~ X32
ek EEY iz (7 DSP R E ] A
16 =~ 3288 kfE 32 Ak 2iE
o B 5 B e & DSP kA T 72

x

=

¥
5
LA PR S e wiE kB DSP
Mipefe;ifrezgahizanig * > N2 2 R
%1 #_HMP Scheduler 3% 3+ enE Bk 30 )5‘& =
platform dependence 12 2 = if 425\ 4%
LB £ > 2 ¥ reference

et EiE



software ¥ iad. > ¥ & B enig e > H 8 -

ExhANDEZ LT ER-- 2 £FuEC
= PR AR Rk i3
o 9l ipgn DSP ekl A 4e[24] #ip]

£ 9k e o
54 3p 3 bitrate ® %

hizBFHRY 03 £ F bitrate ¥

HMP Scheduler »x st er82 58 - 2 idet 5 &)
bltrateﬁw,:k&m‘ri T € F s 0
B, F 2 fbitrate & B o T o oyi_}w
Bh o SRR KA K AR 0ok
b Qg (EA TR PR § AT e o

X BB R %KIFT A F bitrate

HMP Scheduler si»xic § @ 2 o T & =

ks b

B4 ikgd bitrate § I AR
bit rate /& : 192k bps
service application
time(ms) time(ms)
1 11004 14447
2 11056 14502
3 12471 15925
4 14869 18365
5 10171 13598
6 10582 14031
7 11042 14496
8 11804 15288
9 10708 14117
10 11494 14381
average| 11520 14915
bit rate ¥/ : 128k bps
service application
time(ms) time(ms)
1 9514 11967
9139 11565
3 10204 12660
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4 9598 12039
5 9525 11969
6 8682 11084
7 8760 11163
8 8633 11033
9 8526 10936
10 9031 11455
average 9161 11587
bit rate 8/ : 64 bps
service application
time(ms) time(ms)
1 7082 8541
2 8555 10050
3 7320 8788
4 6367 7789
5 6496 7925
6 7371 8836
7 6356 7781
8 7658 9127
9 8444 9935
10 9074 10559
average 1472 8933

# - 3%k 4 & $ {7 10 = decoder > X
{8 L BT 5E - % — {f servicetime &5 -
i service #7i- § IpF R e s % AF
application time i~ # % i# decoder % = &
B 22 & 3 /0 ek i» o 192 K-bps =
servicetime #_11520 % #; ; 128 K-bps
servicetime #_9161 £ 4, ; 64 K-bps
servicetime B & 7472, = §) o %P kg 2
bit rate #& 4 1 bit-stream #7 i@ * cpF 1L
bit rate # % = bit-stream > - 2% % 300
& frame bit-stream % 1] > decoder A2 192
K-bps:xic % # ) 26 5 frame; 128 K-bps
A & 5 33 5k frame; & » & F 25 164
k-bps ] 2_# #; 40 3% frame - ¥ 1 & ¥




T ¥ bit-rate # % 0 bit-stream » H 38 &

EERA - HURF TR pRLT

DSP invocation overhead = memory copy

overhead iz % B overhead ri& & & vt

€ "% Mo ¥ U Rk X overhead $ i it 0 R
5.5 DSPdelay % %

HMP Scheduler 2 & chix & € 5 ik
b fm A 31 B4R o 22 2. » HMP Scheduler
R PEeR A o - L A o IR R
DSP &J% service (¢ & -3 ARM > service
¢ o fe | DSPe 4o % DSP I phx #] 5
A 1% -7 EH 3 decoder s
TaF? - 2 DSP €% 4 context
switch #/ik i service fr ¥ — 78 1 (¥ o ip
Fi-— K service s o € E 4T o= ehpF
Fé?ijhg RE cEBRPEE R E HMP
Scheduler #- service 4 fie % ARM 4 {7 > 11
B (F A2 T B ey o

0 DSP g {4 ? 2
£ &g i¢ DSP ! chservice ot #&
1000~5000 v timeticks # & o %] 5 jplz& *
sservices» H = service (T hpE R Al
¥R T B # €424 2500 B timetick -
FH &5 L 5000 B timetickfi.%g ¥
DSP i3 & {2+ B 488> ¥ ik Pl e p

BERERY 50 DSPutl o wg
7 decoder =i service 2.t enn¥ — B % DSP
ATkt servicer fLz & D-service o
Kernel 4] # 5g = X% § % & DSPat
B o do% g it B o ijf‘u}% P& #- decoder
service v D-service - # i i @7 < i
41 7 DSP ¢ {7 - D-service ¢ 3|} - &
/i 12 i e parameter table 3% P~ kernel % &
g fice b 284 v D-sarvice & # b b =
loop > 4% 2. 7 kg B entimetick -

FERE > - = mailbox Lk ¢
= ¢ L 32450 B timetick - i 4+ D-service
1t Y cnpr 2 F R mailbox ALK e

37

7 71 E_550~4550 i timetick-D-service
= i service 3+ 5 if 4~ 550 & time
tick » >t §_550~4550 & timetick zt & & %]
H loopl~9=% - % %% 4% 1819
20~ 214- 22 :

dual-corewithout delay

time(ms) [ARM(-+)[DSP(-*) [sum(-*)
idct 3889 18043 | 3659 | 21702
dequant
. 2221 14693 | 3385 | 18078
inter
dequant
. 456 2949 675 3624
intra
interpolation| 4158 25646 | 5843 | 31489
servicetime| 10724
lication
app. 14257
time
sum(-*) 61331 | 13562 | 74893

218 i ¥Ry BAP Ffod 9
Al o T A RMIAFTHRTHRE -
Dual-core with delay f= delay distribution =
k4 % - k& o p g Il dud-corewith
delay: & - # % service ¥ jpesy (7 pF A ~
servicetime ~ - application time - 3 % &
WAeuE_t saviceH 7 At adR B
% #ce £ k5 T| delay distribution &5 %
delay i&— 7% 7 i3 §_deay tick
#c > 4 1000 {:}ﬁ delay 1000 i timetick
F] 1999 7 timetick - 2000 {J}ﬁ delay 2000
® timetick 3] 2999 i# timetick- iz ¥_5000
g £.4 e B3 3 5050 B timetick e
F] 5 5000 13+ % ste mH x4 ehdday »
F 7 fé * 3] 5050 i timetick o

dual-corewith delay 1

ARM(*) | DSP(-+) [sum(-)

time(ms)




idct 3889 18043 3659 | 21702
dequant inter| 2221 14693 3385 | 18078
dequant intra| 456 2949 675 3624
interpolation| 4158 | 25646 5843 | 31489
servicetime | 10724

lication

app_ 14257
time
sum(-*) 61331 | 13562 | 74893
Delay distribution 1
delay(tick) | 1000 [ 2000 | 3000 | 4000 | 5000
i 945 | 1038 | 788 | 893 40
Dual-corewith delay 2
time(ms) [ARM (-+)| DSP(- %) | sum(-+)
idct 4348 | 18247 | 3455 | 21702
dequant inter | 2608 | 15039 | 3039 | 18078
dequant intra| 532 3006 618 3624
interpolation | 4823 | 26206 | 5283 | 31489
servicetime | 12310
lication
app_ 15837
time
sum(-%) 62498 | 12395 | 74893
Delay distribution 2
delay(tick) | 1000 | 2000 | 3000 | 4000 | 5000
Ve 918 | 1033 | 824 | 865 | 60

e i te » DSPdelay fri 5 o4 »
DSP delay ¢o#ict}. » 7 12 f 5| DSP AJE éfn
= gt *§ - Dequant inter (il 3385
% 7 3039 { 3045 > ¥ F 350 = chupt > o
e 'fa 'J dequant intras™ ¥ fre 4 70

A
g

).

’ F] % € v+ 3] dequant intra spF
Wis o ,ft”ﬁ intraframe * £ macro block
Fe inter frame + <1 macro block ¢ = # o
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A

iz i# foreman bit-stream = intraframe ¥ 3
-3 His fgrs{interframeo S ek
dequant intra % =c i © F 3624 = > v
His servicerd e g 3 - B inficz £ 0T
‘v ~ DSPdelay :c B erntg B ARV 22T % % o

fz g B4 % dud-core sk
it = ** pure ARM 4 pure DSP - % DSP
delay % 4 ’HMPScheduIeri*F.g:? DSP
service sy (TPF M 4 > BRI A
ARM pE > riﬁg %"Jiserviceé ARM
T o M A Ad DSPH 7 -
service » ¥] DSP delay %2 58 » i&% 72
d DSP { # - Dual-core 4 » DSP delay 7]
% & ¥ servicetimed 107241 % §) F 2 3
12325%1/’09:@ M oY - Sk 'JF]‘ )
F 5 SUPIET) DSP 2 G ot BT O 1S
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1. Introduction

In this appendix, we first presented a
popular method caled dynamic code
optimization (DCO) for speeding up Java
VM. Using DCO in a hardware/software
co-design approach is examined in section 2.
In section 3, we list the advantages of DCO
and hardware/software  co-design  for
embedded Java applications. Finaly, the
overview of thisthesisis given in section 4.

1.1 Why Dynamic Code Optimization
(DCO)

Code optimization for dynamically
typed object-oriented languages is more
difficult than statically typed object-oriented
languages. Research shows that the main
bottleneck is in the unpredictability of
dynamic message sending, which is
determined at runtime for dynamically typed
object-oriented languages.

In this section, we first illustrate the
differences  between  staticaly  and
dynamically typed object-oriented |anguages,
and then we focus on dynamic message
sending. Optimizing code dynamically on
this topic will significantly improve the
efficiency of the system.

1.2 Dynamically-Typed OO
L anguages

Dynamically typed object-oriented
languages, such as Smalltalk and Java, are
much slower than statically typed languages
like C++. The reason is that the reference
variables in dynamically typed languages
may potentially reference to any objects in
the program at runtime. Therefore type
checking of the references can only be done
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at runtime. Furthermore, the addresses of the
dynamic objects are aso unknown at
compile time. As a result, indirect access
must be used, which is again very expensive
at runtime. [4]

Consider the Java program segment in
Fig. 17, integer i is a local variable in
method m(B), and f is an object field in class
B. Object cc is sent to method m(B), and the
field f of object cc is retrieved and assigned
to local variable i. Because the address of
object cc is unknown at compile time, the
address resolution of cc.f must be done at
runtime. When executing the statement i =
cc. f, the address of object cc is retrieved
first, and then the address of field f is
calculated based on the address of the object
cc. As a result, there are two indirect
accesses in order to get the value of cc.f.
These accesses cause the inefficiency of
executing dynamically-typed object-oriented
programs.

class A {
public void m(B cc) {
inti;

cc. f;

Fig. 17.  Indirect Access Example

1.3 Dynamic Message Sending

In object-oriented languages, message
sending is the most frequent operations.
When we invoke a method, a message is
sent to a class or an object, which selects the
method to be executed. Message sending is



adso caled method invocation in some
languages.

Polymorphic operations from dynamic
binding and inheritance make it easy for
object-oriented language programmers to
develop well-designed systems, but also
result in the difficulty of efficient execution
of these programs. Because the address of
the method can only be determined at
runtime. To perform a message sending we
must extract the name of the method, use it
as a key to find the method in the current
class (or in the superclass that this method is
inherited), continue in this way up the class
hierarchy until we find the corresponding
method or the top of the inheritance
hierarchy is reached.

In Fig. 18, we will show how the
polymorphic operations make the execution
of object-oriented programs more difficult.

Class A isthe superclass of class B, and
the m1() method of class B override the m1()
method of class A. mO(A) is a method of
class A, and m1() method is invoked in it.
m2() is aso a method of class A, which
method is just directly inherited in class B.
Note that in the main program, the two
statements x.mO(y) and x.mO(z) will invoke
aml() while execute method mO(A). In the
first message sending, the class of y is A, so
the statement amZ1() will invoke the m1() of
class A. While in the second message
sending, the class of z is B, so the statement
aml() will invoke the ml() of class B.
Inheritance property also makes it difficult
in
object-oriented programs. Consider the
statement z.m2() in Fig. 18. Theclassof z is
B, but we can not find the method m2() in
class B, so we try to look it up in the

to determine the access addresses

superclass of B, i.e, class A. The address of
method m2() in class A is then retrieved in
order to execute this statement. From this
example, one can redlize that the dynamic
message sending is the crucia property of
dynamically typed object-oriented
languages.

By analyzing the message sending
behavior, we can develop dynamic code
optimization techniques to improve the
efficiency of the language systems. Using
the caching mechanism, some duplicated
method lookup procedure can be prevented.
In this thesis, an adaptive dynamic code
optimization mechanism for a java virtual
machine is developed. By modifying the
runtime behavior, method invocation can be
more efficient and the extra memory

required for thistechniqueis limited.

Class A {
public void nD(A a) {
a. mi();

public void nml() {

}..,
public void n2() {

}

Class B extends A {
public void ml() {

}
}

mai n() {

A x = new A();
Ay = new A();
B z = new B();

X. mo(y);
x. mo(z);
z.m2();

Fig. 18. Polymor phic Oper ations Example
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1.4 DCO for Java VM Using HW/SW
Co-design Approach

Java is aso a dynamically-typed pure
object-oriented language developed by Sun
Microsystems in the early 1990. It has many
features of modern programming languages,

such as simple, object-oriented, robust,
secure, architecture neutral, automatic
garbage collection, dynamic linking,

multi-threaded, and portability. However, it
loses the efficiency. Slow execution speed
makes Java incapable of handling
multimedia applications efficiently without
resort to native code or hardware accelerator.
implementation
can

Pure hardware
approach, such as java processor,
improve the execution speed greatly. The
disadvantages are high design cost and low
upgradeability. Hardware/software co-design
takes the advantages of both approaches:
low cost, flexibility and efficiency, but the
execution speed can not be as fast as the
pure hardware approach. DCO can
significantly improve the system efficiency,
which makes this HW/SW co-design
approach more useful and powerful.

2. Reélated Work

In this chapter, we first list some papers

systems about dynamic code
optimization. Then we introduce the Java
platform including Java execution flow, Java
classfileformat, VM and itsinstruction set.
In the next section, popular implementation
approaches of VM are discussed, including
Java interpreter, Just-In-Time compiler,
HotSpot, and Java processor.

and
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2.1 Previous DCO Mechanisms

In this section, we will discuss severa
dynamic code optimization mechanisms for
various dynamically typed object-oriented
programming language systems. This
concept was first proposed in 1983 [1], with
implementation of the smalltalk-80 system.
It is called lookup cache. In 1984, an
efficient implementation of the Smalltalk-80
system that used a modified cache
mechanism (caled inline cache) was
presented by Deutsch and Schiffman [2].
The inline cache concept now is adapted into
many object-oriented language systems. One
classical example is polymorphic inline
cache, which is implemented in SELF
system [3]. Another famous implementation
is in the Java programming language. The
Java virtual machine and K virtual machine
of Sun’s reference implementation which
adopts this mechanism will be discussed in
the end of this chapter.

2.2 Lookup Cache Mechanism in

Smalltalk-80

The Smalltalk definition specifies that
the source code is trandated into a sequence
of primitive operations called byte codes.
Smalltalk-80 was originally run on virtual
machines which implemented the byte codes
in microcode. Early implementations of
Smalltalk-80 on hardware interpreted the
byte code in software, which led to poor
performance [5]. Ungar and Patternson
proposed a lookup cache mechanism that
can improve the performance of message
sending for Smalltalk. [1]

Lookup caches are used to cache the
previous lookup result. Method addresses
are retrieved from the lookup cache, a hash



Fig.

table of the most recently used method
addresses, via the pair (recelver class,
message selector) as the key. The receiver
class is the class that the called object
belongs to, and the message selector selects
the method to be executed. Fig. 19 illustrates
the selection mechanism of the lookup cache.
When a method is invoked, the pair
(receiver class, message selector) is used as
a key to the lookup cache. If it hits this hash
table, the message address will be extracted
and the method lookup procedure can be
avoided. Otherwise, the method lookup
routine will be processed. And then the new
address information will be kept in the
lookup cache for next method invocation.

Lookup Cache

dclass Key Address

selector

v 4

B

«—

no

Update
Cache

Lookup
routine

le—|

19. Selection M echanism of Lookup Cache

Lookup cache is very effective in
reducing the lookup overhead. Berkeley
Smalltalk [1], for example, would have been
37% slower without a cache. Furthermore, if
the hit ratio of the lookup cache is high, this
advancement will be more observable.

2.3 Inline Cache Mechanism in

Smalltalk-80

The inline cache mechanism proposed
in 1984 [2] predicts the method addresses
and places them in the message send site.
Even with a lookup cache, sending a
message still takes considerably longer than
calling a simple procedure because the cache
must be probed for every message sent.
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However, send operations can be sped up
further by the observation that the class of
the receiver at a given cal site rarely varies,
that is, if a message is sent to an object of
class X at a particular cal site, it is very
likely that the next time the send is executed
will aso have areceiver class X.

This locality of receiver class usage can
be exploited by caching the most recently
look-up method address at the call site (e.g.
by overwriting the call instruction). Fig. 20
(see [5]) shows the modification using this
technique. Subsequent executions of the sent
code jump directly to the cached method,
completely avoiding any lookup. Of course,
the class type of the receiver could have
changed, so the calling method procedure
must verify that the receiver class is correct
and call the lookup routine if the type test
fails. After updating the method code of the
receiver class, it may be matched and the
method lookup cost can be saved next time.
This form of caching proposed by Deutsch
and Schiffman is called inline cache since
the target address is stored at the sent point.

[2]

Implementation
of bb method
code of object a

System
Lookup
Routine

Call Execute

Method (a.bb)

Before

After Implementation
of bb method

code of object a

object a

Method (X.bb)

not
object @&

System
Lookup
Routine

Implementation
of bb method
code of object x

Call Execute

Fig. 20. Inline Cache

Inline caching is surprisingly effective,
with a hit ratio of 95% for Smalltalk code
[2]. SOAR, a Smalltalk implementation for a
RISC processor, would be 33% slower
without inline cache [6]. Nowadays all
compiled implementations of Smalltalk that



we know is integrated with inline cache
mechanism.
in

2.4 Polymorphic Inline Cache

SELF System

Inline cache mechanism is effective
only if the receiver class remains relatively
constant at a call site. Although it works
very well for the mgjority of sends, it does
not speed up a polymorphic call site with
several equaly likely recelver classes
because the call target switches back and
forth between different methods. Worse,
inline cache mechanism may even slow
down these sends because of the extra
overhead associated with
Mi SSes.

Based on the inline cache technique,
Polymorphic Inline Cache (PIC) caches all
method addresses, if the degree of
polymorphism is less than ten [3]. The
examplein Fig. 21 (see[3)) illustrates this.

Code to display
ad/dé'
If class = circle

arectangle
jump to method 2

inline cache

PIC

rectangle display

Call display | If class = rectangle method

rectangle
circle

triangle

Code to display
acircle

ddress

List Element else call lookup circle display

method

System
Lookup
Routine

Fig. 21. Polymorphic Inline Cache (PIC)

Suppose that the method display is sent
to al classes in the list, the polymorphic
inline cache mechanism will handle this
method invocation. First, the list element is
a rectangle class. Similar to the normal
inline cache, the method address will be
extracted and the calling code will jump to
the direct method code to display a rectangle.
It is the same with the class circle.
Following the type test, a triangle class is
passed. When the system finds that it is a
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new receiver class type that does not exist in
current cache the Polymorphic Inline Cache
handler will call the method lookup routine
and construct a new branch routine for the
display method to rebind the receiver class
triangle. Next time the receiver class triangle
is cdled, it can just branch to the
corresponding code of the method.

If the cache misses agan, the
Polymorphic Inline Cache will simply be
extended to handle the new case. Eventualy,
the Polymorphic Inline Cache handler will
contain all cases seen in practice, and there
will be no more cache misses or method
lookup procedures. Thus, a Polymorphic
Inline Cache is not a fixed-sized cache
similar to a hardware data cache; rather, it
should be viewed as an extensible cache in
which no cache item is ever displaced by
another newer item.

Since many methods are very short, the
Polymorphic Inline Cache can be modified
to be more effective and more space can be
saved. At polymorphic cal sites, short
methods could be integrated into the
Polymorphic Inline Cache handler instead of
being called by it. For example, suppose the
lookup routine finds a method that just loads
the receiver’s X field. Instead of using the
stored method address to call this method
from the handler, its code can be copied
directly into the handler, eliminating the
caling and return procedure. The figure in
Fig. 22 (see[3]) explains this example.

The hit ratio of the Polymorphic Inline
Cache depends on the runtime behavior of
the programs. In [3], this mechanism is
implemented for SELF, a typica
dynamically-typed pure object-oriented
language. In SELF, all operations including



variable accesses and basic arithmetic
operations are implemented by dynamically
bound procedure calls.

return receiver.x
PIC

/

address

triangle display

Call display | If class = triangle method

return receiver.x
If class = circle
jump to method

rectangle
circle
triangle

Code to display

acircle
circle display
method

List Element else call lookup

System
Lookup
Routine

Fig. 22. Inlining a Small Method into Polymor phic

Inline Cache

Fig. 23 (see [3]) shows the individua
execution time with several benchmark
programs. PolyTest is an artificid
benchmark with only 20 lines that is
designed to show the highest possible
speedup with Polymorphic Inline Cache
while all the others are produced by software
in order to cover a variety of programming
styless. The median speedup for the
benchmark programs (without PolyTest) is
11%. And the space overhead of
Polymorphic Inline Cache is very low,
typically less than 2% of the compiled code.

Execution Time ( normalized to base system)

PolyTest

I

Richards ‘

PathCache

Ul

PrimMaker

Parser

Fig. 23. Impact of Polymor phic Inline Cache

This research also found an interesting
observation. In Fig. 24 (see [3]), there is no
direct correlation between cache misses and
the number of polymorphic call sites. For
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example, in these benchmark programs, one
receiver type dominates at most call sitesin
PathCache, while the receiver class
frequently changes in Parser’s Inline Caches.
Thus, ordering a Polymorphic Inline Cache
Mechanism may win with programs like
Parser.

12%
* PrimitiveMaker

10% f * Parser

8%

6%

+ Richards

PathC

che!

4%

Inline Cache miss ratio

2%

* Ul

0%

0% 10% 20% 30% 40% 50% 60% 70%

Polymorphic sends

80%

Fig. 24. Inline Cache Miss Ratios

2.5 Java Virtual Machine Reference
Implementation

The Java programming language relies
on the simulated machine, known as Java
Virtua Machine (JVM). JVM dlows the
computer programmer to communicate with
the virtual machine instead of the rea
hardware system. This is advantageous,
because it allows for portability. If the
individual JVM are instaled on two
completely different machines, the Java
programs should work well on both
machines without any code modification,
because it relies on the JVM and not the
hardware system it is running on.

Sun  Microsystems developed this
powerful language system, and this language
becomes very popular nowadays. Various
Java VM were constructed by different
teams that conform to the Java Virtua




Machine Specification [7] but have
independent  implementations.  For a
reference implementation, Sun

Microsystems also develop a Java Virtua
Machine and aK Virtual Machine for a part
of the Java 2 Micro Edition (2ME) called
Connected Limited Device Configuration
(CLDC) [8]. Dynamic code optimization is
also used in these reference implementations
to improve the efficiency of Java VM
execution.

In Sun’s version of the Java Virtual
Machine, compiled java Virtual Machine
code is modified a runtime for better
performance. This optimization takes the
form of a set of pseudo-instructions that are
distinguishable by the suffix _quick in their
mnemonics. These are variants of normal
Java Virtua Machine instructions that take
advantage of information learned at runtime
to do less work than the origind
instructions.

TABLE |. Fast Bytecodes in Sun’s
Java VM Reference Il mplementation

203
204
205
206
207
208
209
210
211
212
213
214
215
216

Idc_quick
Idc_w_quick
Idc2_w_quick
getfield_quick
putfield_quick
getfield2_quick
putfield2_quick
getstatic_quick
putstatic_static
getstatic2_quick
putstatic2_static
invokevirtual _quick
invokenonvirtual_quick
invokesuper_quick
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217
218
219
221
222
223
224
225
226
227
228

invokestatic_quick
invokeinterface quick
invokevirtualobject_quick
new_quick
anewarray_quick
multianewarray _quick
checkcast_quick
instanceof _quick
invokevirtual_quick_w
getfield_quick_w
putfield_quick_w

To learn from inline cache mechanism
[2], the Reference Implementation (RI) of
Sun’s JVM also uses the concept of caching
the previous method lookup information and
stores them in the instruction space. Only
standard java bytecode instructions
numbered from 0 to 201 may be generated
by the java compiler. The optimization
works by dynamically replacing occurrences
of certain instructions by the reserved
instructions (in the range of 202-255) after
the first time they are executed. These new
instructions listed in Table 1 have been
loaded and linked the first time the
associated regular instruction is executed.

Note that these new instructions
(referred to as fast bytecodes) are not
specified in the Java Virtua Machine
Specification [7]. However, for the
implementation of Java Virtual Machine the
adoption of the fast bytecodes has been
proven to be an effective optimization
technique.



Source code:
Constant pool

DhgSerial() { onstant poo
waitHs = w;

} No.

Type Value

1 | Methodref

l 2 Fieldref

5 |cl

Class:6; NameAndType:20
Class:5; NameAndType:21

At any time: Name:25

putfield 00 02

lass
utf8

1.
[.
utis |
[.
[.

return pointer
to the data
structure

NameAndType Name:7; type: 8

“waitHs"
P

Utf8.

7]
8 |
21[
25 |

“util/DbgSerial”

Fig. 25. Original Execution Flowchart

Fig. 25 shows the original execution
flowchart if we do not enable fast bytecodes.
Consider the assignment instruction waitHs
=w in Function DbgSerid (). A sequence of
java bytecodes will be generated after
compilation, and putfield 00 02 is the core
instruction of this assignment. When Java
VM fetches this instruction for execution,
first it will check that if this constant pool
component, indexed by 2 in this case, has
been resolved. The java constant pool inside
the java class file format is designed to
support dynamic linking. When the Java
Virtual Machine encounters a use of a
constant pool entry for the first time (e.g.,
when you first use the new statement to
create a new object of a class, or in the first
use of getfield to get a field), the constant
pool entry isresolved [9].

The actions the JVM performs to
resolve a constant pool entry depend on its
type. Resolution of an entry involves two
basic steps. checking that the item you are
trying to access exists (possibly loading or
creating it if it doesn’t already exist), and
checking that you have the right permissions
to access the item (i.e., making sure that you
don’t access private fields in other classes,
etc.). In Fig. 25 the constant pool of the class
DbgSeria is listed. The Java VM checks
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that the index 2 points to afield that belongs
to the class util/DbgSerial (index 25), its
name is waitHs (index 7), and its type is an
integer (“z” in index 8). If any illegal
situation happens, an exception will be
thrown by the Java VM. After the entry is
resolved, the address of this constant pool
item will be returned for execution of the
JavaVM. At the same time, this address will
be stored in the runtime constant pool of that
class. Next time this constant pool is used,
the Java VM will find that it has been
resolved and use the direct address in the
runtime constant pool.

If fast bytecode is enabled, many
duplicated subroutines can be avoided. A
flowchart in Fig. 26 shows the modification.

At the first execution of the Java
instruction, the Java VM resolves the item
address or gets the constant pool item
address from run-time constant pool if it has
been resolved. JVM then overwrites the
instruction with the _quick or _quick w
pseudo-instruction listed in 0 with
corresponding new operands which may be
one byte or two bytes determined by the
length of the item address. The instructions
putstatic, getstatic, putfield, and getfield
each have two _quick versions, chosen
depending on the type of the field being
operated upon (i.e., putstatic2_quick if the
type is long or double). From this point on,
the subsequence execution of that instruction
instance is always the _quick variant and can
be execute directly without any check and
runtime constant pool consulting.

The operands of these new instructions
are invisible outside of the Java Virtua
Machine. Sun Microsystems provides a
possible solution, but the decisions such as



the format of operands are left up to the
implementer. Just remember that the
operands of the _quick pseudo-instruction
must fit within the space allocated for the
original instruction’s operands.

With this dynamic code optimization, a
significant amount of time is thus saved on
all  subsequent invocations the
pseudo-instruction.

of

S ode:

ource Ct
Constant pool
DbgSerial() { onstant poo

waitHs = w; No. Type Value

}

1 | Methodref Class:6; NameAndType:20

2 | Fieldref Class:5; NameAndType:21

At the first time:

: putfield 00 02

5 ‘ Class ‘ Name:25

Get address

from run-time 7 ‘ Ut ‘

“waitHs"

constant pool 8 ‘ utf8 ‘ 'z’

es has been no
esolved? esolving
can be
resolved

21 ‘NameAndType ‘ Name:7; type: 8

I T
ro no 5 ]
xception
es

25 ‘ Utfg ‘ “util/DbgSerial”

next time:

putfield_quick_w offsetBytel uffselByteZ]

Fig. 26. Execution with Fast Bytecodes

2.6 Sun’s K Virtual Machine
Refer ence I mplementation

Recognizing that one size does not fit
al, Sun Microsystems has grouped its Java
technologies into three editions, and each of
them aimed at a specific area of today’s vast
computing industry. Java 2 Enterprise
Edition (J2EE) is for enterprises needing to
serve their customers, suppliers,
employees with solid, complete, and
scalable Internet business server solutions.
While Java 2 Standard Edition (J2SE) is for
the familiar and well-established desktop
computer market. The Java 2 Micro Edition
(J2ME), targeted at two broad categories of
products. CDC  (Connected Device
Configuration) and CLDC (Connected,
Limited Device Configuration), is specified

and
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for the consumer and embedded device
manufacturers, service providers,
content creators.

and

For these three different Java editions,
the underneath Virtua Machine aso have
different execution speed and ability. The K
Virtua Machine (KVM) is developed for
CLDC in Java 2 Micro edition, which is a
compact, portable Java Virtua Machine
specifically designed from the ground up for
small, resource-constrained devices. The
high-level design goal for the KVM was to
create the smallest possible complete Java
virtual machine that would maintain all the
central aspects of the Java programming
language, but would run in a
resource-constrained device with only a few
hundred kilobytes total memory budget.

In Sun’s Reference Implementation,
dynamic code optimization is also used in
the K Virtua Machine. The implementation
details are just like Sun’s JVM RI, but _fast
suffix is used as the new instructions instead
of _quick. By caching the method lookup
result in the call site, the time of searching
constant pool and method table can be
saved.

Astherestrictions of DCO in Java VM,
the KVM implementers also need to assure
that the executed javainstructions are stored
in RAM or other memory types that the
stored data can be modified at runtime. The
other important restriction is, the operands
of the fast pseudo-instruction must fit
within the space alocated for the origind
instruction’s operands. Instead of just saving
the corresponding address, KVM provides a
second technique to save more execution
time. Some instructions need much
information to be executed, such as



invokevirtual, which instruction will invoke
a method of an object instance. The
information (e.g. parameter, method’s return
type, etc) now can be stored in an externd
memory called inline cache, and an index to
the inline cache is used in the instruction
operands. The new instruction format is
illustrated in Fig. 27.
This  additiona
optimization technique in Sun’s KVM RI
requires about 100 Kbytes extra memory,
but it has been proven to be very efficient.
The execution time with fast bytecodes
enabled is two or three times faster than
without it. Because using inline cache to

dynamic  code

execute method invocation, the performance
of Sun’s KVM RI is much better than the
JVM RI.

Code before optimization:

| opcode | operand |
After optimization
Type 1:  [opcode_quick [ offset |
. 3
Type 2 opcode_quick | inline cache .
(only KVM RI) index InI||r:e
cache

Such as invokevirtual

Fig. 27. Java Instruction Format Using DCO

3. Proposed Dynamic Code Optimization
System

Due to the demand of efficiency in
DVB-MHP applications, we need to further
improve the performance of the JOP system.
By anayzing the execution frequency, we
observed an important feature and use it to
design our new dynamic code optimization
scheme.

In this chapter, we first discuss the data
structure using our framework. Then we
analyze the bytecode execution frequency
and give an overview to our scheme. Finally,
the hardware and software modules of our
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design are respectively illustrated.

3.1 Data Structure Using in Our
Dynamic Code Optimization

In this section, the data structure using
dynamic code optimization is given. These
include the data arrangement in the external
memory, method cache and each of the

runtime data structure.

i. Data Arrangement in the

External Memory

The application programs are compiled
into Java class files by the Java compiler
(javac), with al the linked library programs
recompiled, and then passed to
JavaCodeCompact (JCC).

In conventional class loading, javac is
used to compile Java source files into Java
class files, which are loaded into a Java
system, either individually, or as part of ajar
archive file. Upon demand, the class loading
mechanisms resolve references to other class
definitions. JCC provides an dternative
means of program linking and symbol
resolution. First the multiple input classfiles
will be combined, and JCC will determine
the layout and size of an object instance.
Only the designated class members will be
loaded and linked with the Java Virtua
Machine reduce JVM’s
bandwidth and memory requirements.
Resolution of symbols is also performed in
this stage, which reduces the start-up time of
JVM.

The output of JCC is a C file and its
format can be arranged by the user-defined
writer. In JOP system, the writer is
redesigned to have JCC output a data layout
file like the data arrangement in the externa
memory (SRAM in Spartan-3) and loaded it

in  order to



directly to the externa memory. An
illustration of it isshownin Fig. 28.

0 Address of Special Pointer
1

All Method’s: Bytecode

Special Pointer

String Table
| __ Static Fields____
_Class Information__
Al
Classes! Method Table :

(a method use 2 address)

Fig. 28. Data Arrangement in the
External Memory

All of datain this output file are united
in 32 bits of an address. This means that the
address O has 32 bits data, and the 33rd bit is
the first bit in address 1. After collected all
the designated method bytecodes, JCC has
the bytecode size in 32-bits. The JOPWriter
writes this size added one in the first address,
and then al the designated method
bytecodes. Finished al the writing of
bytecodes, the next writing address must be
the data saved in address O, because it is the
size of bytecodes added one.

Then we save four specia pointers. a
pointer to boot code, a pointer to first
non-object method structure of class VM, a
pointer to first non-object method structure
of class JVMHelp, and a pointer to main
method structure. We can easily get specid
pointers by using the data in address O,
because it is also the address of first special
pointer. For example, the data in address O
adds three is the address of main method
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structure.

The next area is the string table area,
followed by the al-class data area. The
all-class data area contains the static fields,
class information, method table, constant
pool, and interface table if this class has
interfaces. In this area, the data related to all
the classes are listed one after another.

All of the information in the output file
(the same as in externa memory) will be
used while execution. The method table (Fig.
29) of aclassis the key data structure to get
the address to other class information. Note
that a method table occupies two address
spaces, and an address is 32 hits.

Start Address Method Length
Constant Pool | Local Count Arg. Count
0 22 27 31

Fig. 29. Method Table Sructure

The highest 10 bits in the first address
of method table are the length of method
bytecodes with 32 bits a unit. By shifting
right 10 bits of the first address we can get
the method bytecodes’ start address that
points to the second block in Fig. 28. The
start address has 22 hits and it is in
Big-Endian byte order. The second address
stores the constant pool pointer in 22 bits,
the number of local variables in 5 bits, and
the number of argumentsin 5 bits.

ii. Method Cache

Method cache is dso called bytecode
cache. Because the fetch of externa memory
IS very expensive, the concept of method
cacheis created in JOP. During one external
memory fetch, the whole bytecodes of one
executing method are fetched and loaded to



the method cache, which is usualy a
memory area synthesized on FPGA. The
external memory fetch time can be smaller
than fetching one address a time. For
example, assume that we fetch one address
in externa memory takes 3 microseconds.
We will spend 30 microseconds if we want
to fetch a method with 10 units (32 bits a
unit) address bytecodes. However, if we
fetch all bytecodes of that method ( 10 units
address) one time, we may just spend 22
microseconds in fetching external memory.

Method cache is designed to cache just
one method bytecodes. Consider this
example program [14]:

Foo () {
AQ:;
B();
}

We will have the following cache loads:
1. method Foo is loaded on invocation of
Foo()
2. method A isloaded on invocation of A()
3. method Foo is loaded on return from A()
4. method B isloaded on invocation of B()
5. method foo is loaded on return from B()

It should refill the method after
returned from its internal method. Thisis the
main drawback of the method cache. But by
that we can amost make sure that the
method cache will reload when executing
the same method next time. As a result, we
do not need to reflash the method table when
modified the executing method
bytecodes in our dynamic code optimization
scheme. This aso saves much time in doing

we
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optimization.

iii. Runtime Data Structure

As we mentioned before, memory is
addressed as 32 bits data, so the memory
pointers are incremented for every four bytes.
No single or 16 bits access is necessary in
our JOP system. The reference datatypeis a
point to memory that represents the object or
an array, which is pushed on the stack before
an instruction operating on it. A null
reference is represented by the value 0 [14].

In the following we are going to see
each runtime data structure.

a. Stack Frame

First we look into the stack frame. On a
method invocation, the information of the
invoker is saved in a newly alocated frame
on the stack. It is restored when the method
returns. The information consists of five
registers. SP (Stack Pointer), PC (Program
Counter), VP (Vaiable Pointer), CP
(Constant Pool Pointer), and MP (Method
Table Pointer).

SP, PC and VP are registers in JOP
while CP and MP are local variables of VM.
Fig. 30 (see[14]) provides an example of the
stack change before and after invoking a
method. The caller has two arguments and
the called method has two local variables.
The arguments that we want to pass into the
invocated method can be accessed in the
same way as loca variables. As in this
example, the arguments arg 0 and arg 1
will become var 0 and var_ 1 with the
original var_ 0 and var_1 shifted to var 2
and var_3. The start address of the frame can
be calculated with the information from the
method table:

Frame address = VP + Arg. Count + Local



Count

VP — var_0 var_0 —
var_1 var_1
var_2 var_2
Previous SP Previous SP
Previous PC old Previous PC
Previous VP Frame Previous VP
Previous CP Previous CP
Previous MP Previous MP
Operand Stack Operand Stack
arg_0 VP —| var_0
SP —| arg_1 var_1
var_2
var_3
This — Previous SP —
Frame Previous PC
Previous VP —
Previous CP
SP — Previous MP

Fig. 30. Stack Change on Method I nvocation

b. Data layout

In JOP, objects are stored in memory
during runtime in the Fig. 31 (see [14])
format. Note that the object reference points
directly to the first reference of the object to
speedup. We can access the class
infformation pointer by object reference

subtracted one.

Class Method Pointer
Object —— Instance Variable 1
Reference Instance Variable 2
Instance Variable n
Fig. 31. Object Format

The array layout in memory is just like
an object. We showed the array format in
Fig. 32 (see[14]). Also, if we want to access
the array length, just take object reference
subtracted one.

Array Length

Array — > Element 1
Reference Element 2
Element n
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Fig. 32. Array Format

c. RuntimeClass Structure

The runtime class structure of JOP is
shown in Fig. 33 which had discussed in i as
all classes’ information. This class structure
is stored in the externa memory. For
indicating the pointers in previous data
structure, we drew this class structure again
with pointers Class Reference, Class Method
Pointer, MP, and CP.

Class Variable 1
Class Variable 2

Instance Size
Interface Table
Method Structure 0
Method Structure 1

Class Reference ——

Class Method
Pointer

Current Method (MP) —*

Class Reference
Constant Pool Length
Constant 1

Constant 2

Constant Pool (CP) —

Interface Reference 0
Interface Reference 1

Fig. 33. Runtime Class Structure

3.2 The Proposed Dynamic Code
Optimization Scheme

In this section, we propose our dynamic
code optimization scheme. First we analyze
the bytecode execution frequency, from
which we get the new idea of improvement.
Then we compare the access time of the
external memory and the internal memory.
By reducing the number of dynamic code
modifications that do not improve the
performance, we can make the system more
efficient. The architecture overview
illustrated in the last subsection.

is



i. Analysis of Bytecode Execution
Frequency

We have mentioned that Hotspot uses
optimistic ~ compilation
dynamically choose which instructions
needs to be compiled and the rest are
executed by the interpreter. The decision is
based on the execution frequency. This
concept is used in many systems. For
example,
processor

which can

the famous code morphing
from Transmeta aso uses
execution frequency to decide whether the
code is to be interpreted or to transated. As
Fig. 34 (see[22)]), the trandation threshold is
decided by the code execution frequency.
When the number of executions of a section
of x86 machine code reaches a certain
threshold, its address is passed to the
tranglator.

Interpreter Translator

Exceed
Translation
hreshold 2

Yes

Translate Region
Store in Tcache

No

Interpret
Next
Instruction

Execute
Translation
from Tcache

Rollback j———
fault

chain

Find Next
Instruction
in Tcache?

Found

Fig. 34. Transmeta Code Morphing
Software Control Flow

We anayze the bytecode execution
frequency using three common benchmark
programs. The distribution of bytecode
execution frequency is shown in Fig. 35.
The number of bytecodes is counted under
the given execution frequency. Consider the
following analysis data. When executing the
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UDP/IP program, there are 385 bytecodes
that are executed 9 times and 210 bytecodes
are executed 13 times. For the same
bytecodes (e.g. doad 0), they are different
in different methods or sequences.

Look at the curves in Fig. 35. We
observe avery important rule. The bytecodes
are almost executed exactly once or much
more than twice. This observation is the
critical point in our design.

700

600
500 o 0\
400 |, f/ [
300 -

I \ *
Lt / |
200 { // \i

100 £}

Number of Bytecodes

‘S,
R SRR

1234567 28910111213141516171819202122232425

Execution Frequency

Fig. 35. Distribution of Bytecode
Execution Frequency

ii. Access Time of External

Memory & Internal Memory

As we mentioned before, typical
dynamic code optimization can speed up the
execution of embedded Java VM, but it
suffers from the overhead of externd
Memory acCesses.

Consider the JOP system. The clock
frequency of both FPGA and SRAM is
50MHz, so the clock time is calculated as
following.

1 1

-  =— X

S0M 50

The internal memory access only needs
1 cycle. But if it is the external memory, it
needs 5 cycles for memory read and 7 cycles
for memory write on JOP because JOP is

10°° =0.02x10°°® = 2x10 ®seconds



designed for various developing boards. The
microcode sequence of externa memory
read is shown in Fig. 36.

stnra
nop
wai t
wai t
| dnr d

Fig. 36. Microcode Sequence of External
Memory Read

Upon execution of a memory read, the
address is stored and the processor waits for
the value to arrive and then pushed the value
to the top of the operand stack as in Fig. 30.
Each microcode executes in a single cycle,
so the external memory read needs 5 cycles.
For the microcode sequence of external
memory write shown in Fig. 37, it needs 7
cycles.

st mva
nop

st mvd
nop
wai t
wai t
nop

Fig. 37. Microcode Sequence of External
Memory Write

As a result, if we can reduce the
number of dynamic code modifications that
do not give us any advantages, e.g. the codes
that are exactly executed once, we can make
abig improvement of execution time and cut
down the power consumption. In next
subsection we are going to introduce the
design of our dynamic code optimization

module.

iii. Architecture Overview

From previous experiment, we knew

55

that bytecodes are aimost executed exactly
one time or much more than two times. Then
in subsection ii, we analyzed the memory
access time, and found that the access time
of external memory is a big overhead of the
traditional dynamic code optimization
scheme. Based on these two observations,
we designed the new dynamic code
optimization architecture called JDCO.

To speed up the execution and cut
down the power consumption, we only
modify the codes when it is necessary. That
is, if the code is executed exactly one time,
we do not do the dynamic code
optimization — constructing a new bytecode
to replace the origina bytecode and storing
the field or method offset in the operand of
new bytecode. the method
bytecodes are stored in external memory in
most embedded system and also our JOP
system (described in subsection 3.1 i), this
new module can execute the Java programs

Because

with dynamic code optimization in a more
efficient way.

However, if the execution frequency
can not be determined upon the first
encounter of a bytecode (unless we do a
check whether the
bytecode will be executed again, which has
unacceptable overhead). Another possible
way is to perform a pre-pass counting of the
execution of the bytecodes, but this is also
very expensive. We proposed a simple
algorithm  that reduces  unnecessary
modifications with very low overhead. The
proposal is as follows. A smal memory is
synthesized in the FPGA to count the
number of execution of each bytecode

“fast-forward” to

during execution. For the first execution, no
dynamic code modification is performed.



The DCO is only done at the second time the
code is executed, because we assume that it
will be executed again and again base on the
observation of subsection i. For third
execution and above, we can directly use the
operand of new bytecode to speed up the
performance and cut down the power
consumption.

! branch ‘
Bytecode Microco de Microco d Execute
and branch branch
I VT byecode [ N | plicrocor de branch cond | ‘
\
bytecode branch conditiofy,
\ N spill,
fill
\ N Stack Stack '
‘ >\ Address >
Pneration RAM
\ N
N

JDCO bytecodes.
implementation

Il Hardware

JOP pc JDCO | —»| JDCO_Java
w
imp
able

"y

3
23
s @
S
g5
:%

Fig. 38. Proposed JDCO Architecture

The flowchart of our JDCO architecture
is shown in Fig. 38. We mark our new
modules in colored background with
distinguishing hardware and software
implementation modules. In the beginning of
the first stage, bytecode fetch, a bytecode is
pointed by Java pc to be executed. The
bytecode will passto a JDCO check module,
which will check if this bytecode can be
optimized or not. For example, if the
bytecode has the information that can be
recorded for speeding up the next execution
(e.g. getfield. putfield. etc.), we say that it
can be optimized. If the answer of JDCO
check is yes, our system will further check if
it isthe first time to execute this bytecode to
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decide whether we should perform DCO or
not. If it is not the first time of execution, the
new JDCO optimization will look up the
bytecode in our new jump table to get the
JOP pc, which points to our new JDCO
module in the second stage, microcode fetch.
JDCO will execute this bytecode and get the
runtime information depending on the
specific bytecode. It may be the offset of an
object field, or of the class method that will
not change when next time we execute the
same bytecode. The runtime information
will be passed to a JDCO Java program
which will construct a new bytecode to
replace the original bytecode in external
memory, and store the runtime information
in the operand of this new bytecode.

If the answer of the JDCO check is no,
or it is yes but this is only the first time of
execution of the byte code, our architecture
will follow the origina procedure. Looking
up in the jump table, the JOP pc is retrieved
for execution. The corresponding bytecode
implementation is executed whether it is a
newly implemented bytecode that we
constructed or not. The implementation of
the bytecode may be the VHDL
implementation, microcode implementation,
or Java Code implementation.

3.3 Implementation Details

In this section, we are going to look
into more details of the implementation. The
description is divided
hardware implementation modules and

into two parts:

software implementation modules, which
distinguished in Fig. 38.
i. HardwareModules

In our design, a hardware module is
needed for first time of execution checking.



We need to synthesis a smal on-chip
memory that can count the execution times
of each bytecodes, and then decide to do the
original bytecode implementation or the
JDCO module.

8k * 1 bit

ranslation | jpaddr
e —»

Fig. 39. Java Bytecode Fetch Stage of
The Proposed JDCO

As we mentioned before, JOP has four
pipeline stages. In the first pipeline stage as
in Fig. 39, the Java bytecodes are fetched
from the internal memory (Bytecode RAM).
The bytecode is mapped through the
trandation table into the address (jpaddr) for
the microcode RAM in next stage.

We synthesize an 8K * 1 bit memory
caled Counting Memory, in which one bit
map to an address of method bytecode in
external memory (see Fig. 28). When Java
bytecodes are fetched from the internal
memory, we use its start address of method
as an index to see if the bit in Counting
Memory is set or not. If it is set, we know
that it is the second time executed. Then the
address of the modified bytecode
implementation (e.g. putfield modify in
next subsection) is mapped through the
trandation table and passed to next stage. If
the bit is zero, then the address of origind
bytecode (e.g. putfield) is mapped and
passed. Finaly the corresponding bit in
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Counting Memory is set.

JOP Core

BC Address
BC Data

—>

Memory Interface

Bytecode
Fetch

Bytecode
Cache
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ﬁData 1 Control

Extension
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Control

_—
B

Data

Decode

Multiplier

ﬁ Data

i Control

Stack

——
A ————
—

1/O Interface

Interrupt

....................

Fig. 40. Block Diagram of The
Proposed JDCO

The main modification to the JOP core
is in the Bytecode Fetch stage. But we do
not have the method start address of external
memory because method bytecodes are
fetched from the bytecode cache missing the
original address in external memory. So we
need to map this port (externa memory
address) from memory interface to JOP core,
and map to the Bytecode Fetch stage. We
summarize our modification and redraw this
asinFig. 40.

ii. Software M odules

In bytecode level, first we should figure
out what bytecodes are needed to do our
JDCO. Based on Sun’s JVM Reference
Implementation, we may have 25 bytecodes
(O) that can be considered. But most
operands of them are not modified. The new
bytecodes of these bytecodes just indicate
that they have been resolved. All bytecodes
are passed to JavaCodeCompact (JCC) firgt,
and then the output is loaded into the
external memory in JOP system. In other
words, all method bytecodes in externd
memory have been resolved, and the DCO is
not useable for these. As a result, we only



have four bytecodes needed to do JDCO:
getfield (180), putfield (181), invokevirtual
(182) and invokeinterface (185).

To fulfill our JDCO modules, two
bytecodes need to be constructed for one
bytecode without changing the instruction
length. We list the new bytecodes of our
architecture with their format in Table Il.

Upon the first time of executions, we
will execut the original bytecodes. Modified
bytecodes are used in the second executions
and above, and replaced itself in the new
bytecodes. The offset of object field or class
method will be stored in the operand of the
new bytecodes for next execution.

TABLE I1. Proposed JDCO Bytecodes

bytecode format

180
181
182
185

getfield indexbyte1 | indexbyte2

putfield indexbyte1
indexbytel

indexbytel

invokevirtual indexbyte2

indexbyte2 | nargs

invokeinterface

228
229
230
231
233
234
235 |_new
236 invokeinterface_ne

getfield_modify
putfield_modify
invokevirtual_modify

indexbyte1
indexbytel
indexbyte1
indexbytel
getfield_new offserbytel
erbytel
erbytel
erbytel

indexbyte2

indexbyte2
indexbyte2

Our JDCO indexbyte2 | nargs 0

offsetbyte2

olele
7|7 |7

offsetbyte2 | nargs 0

4. Performance Study

In this section, we first introduce our
devel opment
Spartan-3 Developing Board, and then we
state the Java benchmark used in this
research. Finally, the experiment results are
shown and discussed. We anayze the
performance on both execution time and
power consumption.

4.1 Xilinx Spartan-3 Development
Board

environment —  Xilinx

The Xilinx Spartan-3 Developing
Board is used for the development of the
proposed Java VM accelerating algorithm.
The detail spec. of the board isin [21]. The
equivalent gate counts of the target
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Spantan-3 device are 200,000 gates, and the
logic utilization of JOP on the FPGA is 64
percent. The data path of Spartan-3is 32 bits
with an 8-bit memory interface. Shift
instruction can be computed in exactly one
single cycle. The externa memory devices
of JOP on Spartan-3 is a 32-bit SRAM blcok
of 1M bytes and an 8-bit flash of 2M bits.
Java program is compacted by JCC to *.jop
file which is loaded into SRAM.
Configuration data is stored in flash. Finaly,
the maximum working frequency of this
processor is 194.621 MHz, according to the
synthesizer.

4.2 Java Benchmark Programs

In this research, we use three small Java
benchmark programs, which contan a
synthetic benchmark (Sieve of Eratosthenes)
and two application benchmarks, Kfl and
UDPF/IP. [14] We describe them in the
following subsection.

i. Sieveof Eratosthenes

This program will produce a list of
prime numbers. The algorithm is proposed
by Erastosthenes. His method is as following.
First, write down a list of integers. Then
mark al multiples of 2. The next step is,
move to the next unmarked number, in here
is 3, and mark all its multiples. Continue to
mark all multiples of the next unmarked
number until there are no new unmarked
numbers. The numbers which survive from
this marking process (the Sieve of
Eratosthenses) are primes.

i, Kfl

Kfl is adopted from a rea-time
application which is taken from one of the
nodes of a distributed motor control system.
The motor control system is a solution to rail



cargo. During loading and unloading goods
from wagons, a large amount of time is
spent due to the obstacle of contact wires.
Bafour Beatty Austria developed and
patented a technical solution called
Kippfahrleitung to tilt up the contact wire.
An asynchrony motor on each mast is used
for this titling. However, it has to be done
synchronously on the whole line. [23]

Each motor is controlled by an
embedded system. This system aso
measures the position and communications
with a base station [14]. The base station
need to control the deviation of individual
positions during the tilt. It also includes the
user interface for the operator. In technical
term, this is a distributed, embedded
real-time control system, communication
over an RS 485 network.

A simulation of both the environment
(sensors and actors) and the communication
system (commands from the master station)
forms part of the benchmark, so as to
simulate the real-time workl oad.

iii. UDP/IP

UDP/IP benchmark is composed of a
tiny TCP/IP stack (Ejip) for embedded Java.
This benchmark contains two UDP
server/clients, exchanging message via a
loopback device.

4.3 Experiment Results

We smulated our dynamic code
optimization scheme on Spartan-3. The
percentage of logic utilization increment is
less than 1%, but we have made a hig
improvement in both execution time and
power consumption. Now we are going to
discuss in these two aspects.
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i. Execution Time

We synthesize our JDCO system with
comparisons to DCO (no frequency check)
and the origina JOP system. The execution
timeis listed in Table Il and shown in Fig.
41. In the table, we can see that the average
speedup of our system is 13.8%, and
compare to DCO system, we aso have 7.1%
execution time speedup.

Let us focus on the results of UDP/IP
benchmark. In our JDCO system, it has
9.7% speedup compared to DCO system,
while other two benchmarks only have 6.0%
and 5.6% speedup. The reason is that the
UDP/IP benchmark has many initialization
and executed-only-once code, so our JDCO
system can make a big improvement by
avoid that cases. Actualy, the performance
of this system is dependent on the Java
program behavior.

TABLE I1l. Execution Time

system

JOP | DCO | JDCO | DCO/JOP | JDCO/JOP| JDCO/DCO

benchmark

Sieve 11813 | 11043 | 10382 0.935 0.879 0.940

Kifl 2719 2419 2284 0.890 0.840 0.944

UDP/IP 4813 | 4627 4179 0.961 0.868 0.903

average 6448.3 | 6029.7 | 5615.0 0.929 0.862 0.929

Unit: millisecond

@ jop
DCO
E1JDCO

UDP/P

Java Benchmark

0 5000 10000

Execution Time (milisecond)

15000

Fig. 41. Execution Time

ii. Power consumption

To estimate the power consumption
savings, we can analyze the microcode



execution cycles and the external memory
access times. We discuss the two aspects in
the following subsections.

iii. Microcode Execution Cycles

As we know that the less microcode

execution cycles, the less power
consumption will be. We anayze the
microcode execution cycles of each

bytecode and separate them by the number
OCCUrTences.

Because we have different microcode
execution cycles in different number of
occurrences, we should know the total
execution times of the modified bytecodes of
each benchmark separating by the number of
occurrences, which islisted in Table IV. But
these are the sum of the four modified
bytecodes (putfield, getfield, invokevirtual,
and invokeinterface), we should know the
percentages of each of them. By analyzing
the benchmark programs, we assume the
percentages of the bytecodes as following:

180:181:182:185= 40:20:20:1

TABLE V. Microcode Execution Cycles
of Each Bytecode

For JDCO For DCO

bytecodes first second

third and later first second and later

getfield 20
putfield 23 36 10 36 10
invokevirtual 106 119 98 119 98

invokeinterface 118 131 110 131 110
Unit: cycles

We can cdculate the microcode
execution cycles by the following
formulation:

2

# occurrence

(T *( D (cycles

bytecode

T is the execution times in Table V,
and P is the percentage of bytecodes. For
example, P of getfield is 40/ (40+20+20+1).
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The principle of this formulation is to
calculate the sum of the execution cycles
multiply the execution times. The execution
cycles are calculated according to the
percentage of each bytecode. Note that the
microcode execution cycles of origina JOP
are aways the same as the first time of
JDCO.

TABLE V. Execution Times of Bytecodes

180. 181. 182. 185

ccccccccccc For JDCO For DCO For JOP

bytecodes first second third and later first second and later all

Sieve 1874 1592 17462 1874 19054 20928

Kfl 1129 1001 12384 1129 13385 14514

UDP/IP 1342 1128 14287 1342 15415 16757

We still calculate the execution cycles
of our JDCO system with comparison to
DCO and origina JOP system. The
experimental results are listed in Table VI
and shown in Fig. 42. Because we only
caculate on the modified bytecodes, we
need to know the percentage of them of all
bytecodes. By anayzing the benchmark
programs, we get that the roughly percentage

is 1/2. That is,

(180 + 181 + 182 +185) + Al =;

Asshown in Table VI, our IDCO has
average 20.8% less execution cycles for the
modified bytecodes, so for the all bytecodes,
we have 10.4% less execution cycles than
the original system. However, our JDCO has
a little more microcode execution cycles
than DCO system. This can be easly
explained. By comparing between our JIDCO
apd Iy}: system, we have less execution
cycles for the executed-only-once bytecodes,
but the needless first time overhead is
happened to al the other bytecodes.

TABLE VI. Microcode Execution Cycles
of Bytecodes 180. 181. 182. 185



benchmark22e™|  JoP DCO JDCO DCO/JOP | JDCO/OP | JDCO/DCO

Sieve 903779.6 705139.2 720105.5 0.780 0.797 1.021

Kfl 626789.8 484812.7 494864.1 0.773 0.790 1.021

UDP/IP 723654.1 560687.6 571107.3 0.775 0.789 1.019

average 751407.8 583546.5 595359.0 0.776 0.792 1.020

Unit: cycles

UDP/IP

Kfl

Java Benchmark

Sieve [

0 200000 400000

600000
Microcode Execution Cycles of Bytecodes 180. 181. 182. 185

800000 1000000

Fig. 42. Microcode Execution Cycles of

Bytecodes 180. 181. 182. 185

iv. External Access

Times

Memory

In addition to the microcode execution
cycles, there is another important factor of
power consumption. That is the external
memory access times. Like the microcode
execution cycles, the less external memory
accesses, the more power saving.

The cdculation is similar to the
microcode execution cycles. We also list the
external memory access times of each
bytecode and separate them by the number
occurrences as in Table VI, in which we
caculate the sum of memory read and
memory write. The times 3 or 5 is based on
the number of address we modified because
an address is of 32 bits. For example, if the
address of modified bytecode is “42 1 2
1817, we should modify the next address
because it contains the operand of bytecode
181. For calculating, we use the average 4.
Use this information and the total execution
times of the modified bytecodes of each
benchmark separating by the number
occurrencesin Table V, we can calculate the
externa memory access times by the
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following formulation:
> (T*( ) (tmes *P)))

# occurrence bytecode

TABLE VII. External Memory Access
Times of Each Bytecode

# occurences

For JDCO For DCO

Gpjizeatts first second third and later first second and later

getfield 2+3/5 1 243/5 1

putfield 2 2+3/5 243/5

1 1
invokevirtual 4 4+3/5 3 4+3/5 3
5 5

invokeinterface 6 6+3/5 6+3/5

Unit: times

The experiment results are listed in 0
and showed in Fig. 43. Our JDCO system
has 22.2% less externa memory access
times of the modified bytecodes, so for the
system of total bytecodes, we have 11.1 %
less external memory access. If comparing to
DCO system, we still have a little more
external memory access times. The reason is
as we mentioned in the previous subsection.

TABLE VIII. External Memory Access
Times of Bytecodes 180. 181. 182. 185

system

benchmark el

DCO JDCO DCO/JOP | JDCOMNOP | JDCO/DCO

Sieve 532243 41666.3 42130.3 0.783 0.792

Kfl 36912.2 28043.1 28532.1 0.760 0.773

UDP/IP 42616.6 32569.6 32841.6 0.764 0.771

average 44251.0 34093.0 34501.3 0.769 0.778

Unit: times
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0 10000 20000 30000 40000
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60000

Fig. 43. External Memory Access Times
of Bytecodes 180. 181. 182. 185

5. Conclusion and Future Work

In this thesis, we propose a dynamic
code optimization scheme which can



significantly improve the efficiency of Java
program execution and cut down on the
power consumption for a hardware/software
co-designed Java VM. As we mentioned
above, typica dynamic code optimization
can save method lookup and constant pool
searching time using the runtime
information at the first time a bytecode is
executed. However, in the embedded system
such as DVB-MHP termina, code
modification and saving of the runtime
information is very expensive due to the
overhead of external memory accesses. By
analyzing the execution frequency of Java
code segment, we can dynamically decide if
the dynamic code optimization is needed.
This JDCO architecture can make Java
execution more efficient and more suitable
to the DVB-MHP terminal due to less power
consumption.

We implement this architecture based
on the Java Optimized Processor (JOP) and
verified the design on a Xilinx Spartan-3
development board. It is shown by our
experimental results that the proposed
dynamic code optimization scheme for Java
VM hardware/software co-design has 13.8%
average speedup of execution time.
Furthermore, the power consumption of the
proposed system can be reduced due to
10.4% less microcode execution cycles and
11.1% less externa memory accesses
compared to the original system.

Future researches can improve on
recognizing the pattern of the relationship
between frequency code and non-frequency
code (maybe can learn from HotSpot). By
doing this, the overhead of needless first
time searching as describe in subsection 4.3
ii can be avoided. It may give a great
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improvement in power consumption. And
then if other target systems do not use JCC,
the format of other bytecodes will be
designed and implemented. In the future, the
proposed system will be port to other more
powerful developing board, such as the
Xilinx ML 310. It can be expected to have

better performance for the Java VM.
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