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Abstract early system verification and pre-silicon software develop-

ment. Conversely, the growing complexity of the system ar-
We proposed an exploration methodology for the heterogehitecture has a huge impact on the simulation performance
neous multi-core embedded System-On-Chip(SOC) desigrspecially in the multi-core architecture.

Our key features are to define/implement an Target Archi- yUsually the simulators of the core, the DSP , accelera-
tecture Descriptio{TAD) language which can describe the tion IP, and etc. which are close source software. If the
target embedded microprocessors’ structural and instructiogystem designer needs to eliminate the target architecture
behaviors, automatically generate a retagetable instructioficores, DSP and IP etc. ) during the early design, the de-
set simulator(ISS) which has multiple accurate, two-stagesigner has to follow the spec and hand code the simulators.
simulator acceleration functions, and establish a heterott's time consuming. Once the degree of the complicated of
geneous multi-core estimation framework which can plugthe system is increasing, the designer may take more time
in the heterogeneous simulators generated by our simulgo implement the related simulators and make them co work
tor generator. Instruction-set simulators are an importantyell. Recently, the heterogeneous multi-core system is get-
part of a today’s processor and software development. Thelhg more and more popular and important. Besides the sys-
are playing an important role within the architecture explo-tem’s been more complicated than the single core system, we
ration, early system verification and pre-silicon software deneed a forward design stage such as the Electronic System
velopment. We can use the TAD to describe the ARM archievel (ESL) design. If we can use a executable speculation
tecture. The compiled simulator which automatic generatiOﬂocument in ESL Stage which can automatic generation re-
is faster then the hand coded C simulator sixteen times, angted estimation tools (naive simulator, compiled simulator,
the binary translate simulator is faster then the hand code@inary translate simulator, instrumentor and etc.), the system

C simulator 27.2 times. designer can concentrate on the system design but the con-
struction of the simulation environment.
1. Introduction A function accurate simulator takes 2.5 hours to simulate

740x576x60frames MPEG4 decoding program. If we want

Recent work has shown that the instruction-set simulatot§ use the same case to simulate the heterogeneous multi-
have become an essential development tool for the design@#e environment, the performance may take longer simu-
new programmable architectures. As the multi-core appear@tion time. The simulator speedup methodology is nec-
there needs more time on the pre-silicon software develo§Ssary. We propose a speedup methodology which based
ment, and the simulation speed is limited by the synchrg? the compiled simulation technique also support dynamic
nization overhead between the cores. In this thesis, we prBlulti-scale speedup mechanism.
pose a top-down workflow for the programmable architec- Recently, the deep sub-micron manufactory is beginning
ture HW/SW co-design. By scripting the target architecturéhe dynasty of the high performance SOC; we can put more
with the Target Architecture DescriptioTAD) language, transistors into a single chip than before. For this reason,
which generates the corresponding instruction-set simulatorany magnificent embedded systems which are getting more
rapidly by the TAD compiler, through the speedup processeand more complicated appear. In addition, the Multi-Core
eliminate the redundant execution part of the simulator, an@nvironment, for instance the Multi-Processor SoC (MP-
finally plug the simulator into the Heterogeneous Multi-coreSoC), can improve the system throughput by increasing the
Simulation Framework. number of the cores on a single chip.

Instruction-set simulators are an important part of a to- Furthermore, the system designer needs to exploration
day’s processor and software development. They are plathe performance with the different kinds of the components
ing an important role within the architecture exploration,combination. It's very important to evaluate the performance
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of the system. With the software content in embedded sys3. System Overview
tems is growing. How to make the software development

sooner is always an issue. A rellablllty multi-core SimU|a-Figure 1 is the system flow of this paper. We integrate
tion framework means the software develop can ahead of thge TAD compiler, the compiled simulation, and the binary
SChedUle; and the verification with the RTL will be faVOfably.trans|ated workflow with this framework. Figure 2 isthe sys-
tem architecture diagram, users describe the target architec-
ture with TAD script, through the TAD compiler to generate
the target architecture simulator (so-called “raw simulator”),
2. Related work and in this stage the users can debug the simulator and the
TAD script, until the simulator is robust. Then the users can
Today’s instruction-set simulation techniques include thgqfile the target applications which will be simulated on the
most flexible but slowest interpretive simulation and faSteheterogeneous multi-core environment, and insert the instru-
compiled simulation. Recent research addresses retargetalilant in the target application, finally, through the speedup

ity of instruction set simulators using a machine descriptiorr‘nethodologies to speedup the simulator then put them into

language. the multi-core simulation framework.
Embra project [1] provides the highest flexibility with

maximum performance but is not retargetable: it is restricted
to the simulation of the MIPS R3000/R4000 architecture. A
fast and retargetable simulation technique is presented in [2].
It improves typical static compiled simulation by aggressive

utilization of the host machine resources. Such utilization
is achieved by defining a low level code generation interface
specialized for ISA simulation, rather than the traditional ap-

proaches that use C as a code generation interface. But the ‘ W
aggressive utilization of the host machine resources is time

TAD Simulation level System Simulation level
ELF File
(jpeg.elf)

1st phase Simulator

TAD Compiler (compiled simulator)

2nd phase Simulator

consum | ng . (Native simulator)
As more applications are implemented in software that in
turn is growing larger and more complex, a global analysis Heterogeneous Multicore

simulation framework

of such heterogeneous system is a big challenge. A high-

level, layered software-on-hardware performance modelings

for multi-threaded multiprocessor systems is presented [4] Figure 1: system architecture diagram

. However, there is a lack of complete methodologies and

tools that cover all the connecting to the modelings of het-

erogeneous systems in a satisfactory manner. Several ap-

proaches have been devised that tend to provide the design-

ers with suitable modelings tools. :

TAD (Target Architecture Simulator

Another approach is the Trace-driven simulation [7] [8] REiuEERE=EEs

which stores memory traces from the cycle accurate simuli o ¥

tor without considering any resources dependency. It's e

tremely fast to the memory tracing for the communicatior

architectures. However the memory traces need huge ext

nal storages, so most of the memory traces data have to ¢ —

cess from the external storages. Obviously the performan: Corel  Core2  Core3

of this method is strongly influence by the 1/0. Furthermore

this is static analysis the simulation data, and the simule REEEZVGIT

tion needs to dynamic analysis will not consider to use thi Coherence

System C model
C model

Native model

] I Resources

method. i B
Retargetable compiled simulators based on an archite ] i
ture description languages have been developed within t

Sim-nML (FSim) [9], ISDL (XSSIM) [10] and MIMOLA Multi-Core Simulation Framework
[11] projects.
In summary, none of the above approaches combines rEj.gUre 2: Heterogeneous Multi-core Simulation Framework
targetability, flexibility, and heterogeneous multi-core auto-
matically simulation performance at the same time.
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3.1. Target Architecture Description Language 3.1.1 TAD validation

We proposed a target architecture description larfhe TAD compiler also support some validations to the TAD
guage(TAD) to make the architecture design automaticallgcripts. Including instruction coding space validation, in-
TAD’s syntax is easy to understand. It's designed fostruction behavior validation, architecture validation. In tra-
describe the instruction sets, register set, pipeline structurditional instruction set design, the designer have to count-
and memory architecture, so there is no complicated syntaig the coding space by hand. It's boring and ease to make
and it supports single inheritance and bit operations, angiistakes. The TAD compiler will report the conflict coding
users indicate cycle counts of the instruction. In order not tgpace and indicate the rest space which can use to insert ad-
burden the users with too complicated syntax, TAD supporigitional new instructions. The instruction validation verify
a special instruction "LAZY”, so that users can use C codgome instruction execution properties under the pipeline ar-
to write operations about the instruction themselves, anchitecture, such as to verify the instructions need how many
link with the simulator which is generated by the TAD cycles to finish the execution under the finite state machine.
compiler. This validation also can estimate the static execution cycles
TAD has a characteristic of single hierarchical, so it's arand find out the data hazard between the instructions. In or-
advantage to instructing the reusable sets. The same kiddr to make the validation successful, user have to define a
of instruction has the same definition of instructing columngonstrain file, such like a configure file for the architecture.
and developing instruction sets mostly go from the wide to
the narrow and have a number of overlaps of defining metls 1 2 A TAD Example
ods. Therefore, without focusing on C/C++ details, using
TAD helps the developer take advantage of the codes out dhe benefits of the TAD language are the flexibility and in-
TAD to possess the characteristics of complete interface, bigjrability. Figure 4 is an example to illustrate the ARM “load
free, architecture, easy to maintain. Moreover, with TAD, wednd store multiple increment after” instructions. The pro-
can have the current waterfall design flow become iteratioR€Ssor’s instructions always have the class property. We can
design flow, and when the developer set up the instructioglassify the instructions into several classes, such as data pro-
sets, they can take advantage TAD to describe instructiongessing instruction class, load/store instruction class, branch
As long as deciding the instruction’s prototype, simulatordnstruction class and misc class. First, we describe the fa-

are coming out very soon to progress evaluating. When ther class “Load / store multiple”, this class include all of
needs trade off, the deve|0per just go back to modrfy TAD éhe properties of the Load/Store Multlple type Instructions.

bit, and then simulators can keep going on evaluating.

‘ Symbol

‘ Description

‘ Example

In this case is the instruction fields’ definition. And then,
we describe the child class of the “Load/Store Multiple”
class which named ‘Increment after’. This class means the

Jependent ointer of the stack will increment automatically after each
[ P
rog[indexcindex] gﬁfﬁjiﬁ;&iﬂigﬁ:jjzﬁ el ) load/store operation. The single inherent is a characteristic
RL, R, ST, SR | RotateShift LofeRight | RL 5; of the TAD. It is quite straightforward. In order to make
bit[index:index] bit field definition bit[3:0] = 1011b; . . .
endian endian definition endian = 1 //big endian the TAD Syntax Slmple bUt |OSt the expreSS|on pOWGI‘ FI_
LAZY post implementation | TAZY: nally, the load instruction with the “Load/Store multiple” and
const constant definition const ZERO = 0; w ” . . .
o axithmatic expression |A =B+ Ci !ncrement after propertle_s was defended just mherer_lt the
R Loy, She megsier | SRS “increment after” class which has the ‘Load/store multiple’
for init, invariant, forrloop definition for i=0, i<5, i++ properties. The other characteristic of the TAD command
inci t H I ” “ ”
7 commet JJcommmert begins hers is the “LAZY ” keyword. “LAZY” means that the user can
(-_\-‘4»:-1@ # Fjwle.l)e[ instruction (-}'4:-%9 5.;/~'/'thj>s jnstrucfion costs 5 cycles descrlbe the |nstruct|0n behaVIOI’S |n C Ianguage and I|nk |t
this identify a anonymous | bit[29:27] this = 010b . . )
instruction instruction later. This command has 2 benefits. First, the TAD syntax
while Boolean ex- fiel}?le loop while TRUE ... Can keep InSImpIe One Ofthe deSIQn goal Of the TAD IS
ire»-‘m S simple. In slightly speaking, it can not be more complicated
F nmmediate value N
than the C language. Sometimes use the C language may
reg[4:0] sourcel; .
reg[8:5] source2; have more expression power than the TAD language. And
fﬁgng] dest; the C language is a well-known and popular language. So,
dest = #sourcel << 2+ #sourcel; it is good for TAD language to compatible with the C lan-
guage. Second, the user can reuse their prior behavior model
e post order - incre- | i+ written in C language which just only need to do is wrapped
ment/ decrement . .
one the C model into the interfaces generate from the TAD com-

Figure 3: Syntax of the TAD Language

piler. The namespace of the fields name definition of the
TAD syntax is also an issue. TAD has the “this” command
which identified the field name in anonymous. For example,
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the definition in above example of the “Load/Store Multiple” def[egistir{z S s o
H . fo GG . - R : rorlrz ,ro ,ra ,ro ,yo ,r/ \ro 19,
mstructlon is b|t[27..2§] this = 100b;” which means thatthe 101111121314 115116117 r18 119 Define the register set, identified all
field 25 to 27 are bit fields the default value is 100 and the  r20,r21,r22,r23,r24,r25,r26,r27,r28,r29, of the registers in the architecture

variable name in C language is LSR¥_25. The inherent r30,r31,r32];

alias 129 = sp: TAD support alias, user can use the
e B fp_’ alias in the TAD script to gain the
ARM Load and Store Muliple - ncrement Afer nsiuction alias r30 = fp; script’ s readability.
_ alias r32 = CPSR;
Start_address = Rn
End_add =Rn + ( Number_Of_Set_Bits_lI list)*4)-4
I comditionpasec condy and W s an oo 4D ) )
Rn =Rn + (Number_Of_Set_Bits_In(registr_list) *4) alias [r1,r2,r3,r4,r5,r6,r7,r8]=intReg; } TAD can alias a set of the registers
Def LSM{ . o
bit[31:28] d; i = - -
MO o 122I22II222231111010 00070505210 alias r32[31] = N; Even can name the single bit-field in
- A SO ONEY /=N AN R RN ARRNNRRNAE alias r32[30] = Z; the register with alas. The naming
e e ot Loome | LslulL alias 32[29] = C: method in the TAD script is register-
} ! alias_field-alias

alias r32[28] = V;
r0=0; //assign the register default value

Inherent
}

Def Increment_After:LSM{
bit[24] this = 0b;
bit[23] this = 0b;
reg19:16]  Rn;
reg[15:0] reg_list;

Figure 5: TAD Script Example, the Register Set Definition

start_addr <Rn>;
end_addr = <Rn>+COUNT_BIT_1(reg_list)*4-4;

if(W==1){
) <Rn> = <Rn>+ COUNT_BIT_1(reg_listy*4;
: def [1024]Memory_name[32];
Inherent Inherent B
depth width
Def LD:Increment_After{ ( p ) ( )
L=1; 3322222222221111111111gg, 00,3,
se=s [TTTTTTTTR[ [ TTTTIITIT I ) i -
y tsluis Figure 6: TAD Script Example, the Memory Definition

LAZY; [T
Slwic

Def ST:Inc: it_After{
5%1,72 1056 res433100576843310°878543210
o=z [ \ o [TTITTITT]

design is sitting on the root position of the top down design
flow. In this stage, the system designer needs to know the es-
Figure 4: TAD Script Example, a ARM's Load/Store Multi- tima@ed _information, such as functiongl accura_te, bus com-
ple Increment After mun|cat|on, event the cycle or power information. System
designer needs lots of combinations of the system compo-
nents, putting them together and analyzing the simulation

and post implement (LAZY) are two main characteristics of €Sult. This is time consuming and challenge. Itis a big is-
TAD. The first one makes the TAD's expression clear andU€ to make the simulator faster. In the next section, during
the second one makes the TAD more flexible. Figure 5 i§€ multi-core simulation, the concurrent execution and the
an example of the TAD to describe the register configuratioﬁvent'd”ve” kernel will drop the simulation performanc_:e. It
in the architecture. User needs to define the register set fir&, worth to speed up the simulators to make the multi-core
and then he can name the register with specific alias. In ordéfmulation faster. In addition, the TAD simulator genera-

to support the CISC (Complex Instruction Set ) instructiondlOn Progress makes the simulator robust and easy generated.
in the future, TAD support the variable length instruction.This can short the time to build up a simulator. There are two

User do not need to define the instruction’s bit length in th&inds of simulation speedup methodologies. One is the com-
define register block. piled simulation which performs compile time decoding of
Figure 6 shows the memory definition in the TAD Script.application program to improve the simulation performance.

After the keyword “def”, the first argument is the memoryThe other is the binary translation which translates the ap-

depth, the second argument is the memory name, and finam}cation’s binary code into the host machine code. This is

the last argument is the width of the memory. The depth anigflexible anq unretargetable, but this method can produce
the width are byte addressable. User can identify the diffefh® fastest simulator.

ent memory components as he want, some embedded mem-

ory system have the split “instruction memory” and “data.2.1 1st phase speedup

memory” and the TAD script can handle this well.

Compiled simulator moves the target instruction decode
. . stage to the preprocessing stage. Typical C simulator is
3.2. Simulation speedup “Fetch-Decode-Execution” model which wastes time on the
As the embedded system is getting more complex and thieecode stage. The decode component in the simulator is a
growing of the embedded software. Each stage of the So@ige combinations of “if-then-else” or “switch-case” blocks.
design will take more time than before. The System leveThe procedure of the instruction decode need to go through
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many if-then-else conditions. If the instruction’s “signature”
is in the deepest if-then-else blocks, and a huge amount
erations are occurred. This is definitely time-consuming. line of the code
Because the same instructions appear in each iteration, and TAD script 1087
the simulator just decode it mechanic. In addition, after de- typical C simulator 10345
code stage, to correspond behavior function should be in-
voke, but the function call need to add the prolog/epilog code
in front/tail of the function. ] o ] o ) )
We move the instruction decode stage to the static timé’,et instruction into the host instruction is a kind of semantic

before we really execute the simulation. The benefit of thganslation. It needs the man’s mind to determine what kinds

compiled simulation is obviously, the 10,000 iterations |Oop_0fthe code block should be translates to and what kind of the

ing program needs to decode extremely 9,999 times for ea@pSt code block s placed, although the mapping job could be
instruction in the loop in the “Fetch—Decode—Execution"done automatically. Binary translation is always the inflexi-

model. This is exclusive the time to invoke the correspond?ility and headwork, but has higher performance.
ing instruction behavior function in the execution stage.

Jable 1: Comparison of the Program Code Size between
AD Script and C Simulator

3.3. Multi-core simulation framework

Heterogeneous Multi-Core has been the trend of the embed-
ded processor development [12]. It's significant and nec-
Just In Time (JIT) technique is a well-known for dynamicessary for the embedded system designer to have a rapid
translation skill. The Simulator interprets the target instrucprototyping platform which can evaluate the possibilities
tions and translates it into the host machine code and stoperformance of the heterogeneous multi-core combinations,
the mapping relation into a cache table during the run timdhe traffic of the communication and early software de-
as the same target instruction is met, and the host maching@lop/debugging platform. Debugging multi-core systems is
code will execute directly. JIT methodology has to com-more complex than debugging single-processor systems and
pile/interpret the target instruction in the runtime, and thignay influence the application.
is an overhead to the dynamic translate simulator. If the tar- The Heterogeneous multi-core simulation framework
get application is long term execution, JIT is an efficiencys event-driven oriented and component based simulation
method. framework.

Basically, there are four kinds of binary code translations.
Figure 7 illustrates the translation patterns. Type (a) is thg. Experiment result
simplest one, and it transfers a single target instruction into
the host machine code, and then rearranges the position\d¢& evaluate our simulator generate by the TAD script us-
the operands. We use a parser to finish this task. Type ()g jpeg decoder been the target application and the ARM
transfers the target condition instruction into the host codé been the target core, to demonstrate the usefulness of the
block. Type (c) merges the target instructions into a singl#AD. And we evaluate the heterogeneous multi-core simula-
host instruction, and this is similar to the peephole phase ition framework using the UniRISC simulator and X86 host
the optimization. Precisely speaking, this method needs @de been the executor. Table 1 shows the code size compar-
clear strategy to identify the target instruction block. Beison between the TAD script and the hand-coded C simulator
cause merging different block instructions may obtain difin descibe an ARM9 core. Obviously, TAD can reduce the
ferent host instructions generated. Type (d) is similar to typeverhead on the simulator construction. Through the TAD
(c), but (d) with a host code block. To static translate the tacompiler to generate the simulator also can control the code
quality of the simulator and make it robust.

3.2.2 2nd phase speedup

S 2L ] —» (a0 edcten ] [ ML | — - | [ veixviea: | We used unicore-linux-gcc for generating target binaries
wn @ (xee) (ARM) for the UniCore. The experiment obtained using Intel Xeon
o ? 3.3QH2 with 4 GB RAM runnir_19 on D(_abign linux. In th!s
| | | | section we show the results using application program: jpeg
, | | decoder. We have used this benchmark to be able to compare
— | || ) our simulator which is generated by the TAD compiler per-
% — |:I (x86) formance with the typical ‘Fetch-Decode-Execution’ model
AR © AR @ C simulator. Figure 8 shows the simulation performance us-

ing our approach. The results were generated by the hand-
Figure 7: Four Kinds of the Mapping Methods in BinaryCOdEd ARM9 C simulator, compiled simulator which is gen-
Translation erated by the TAD compiler, the binary translation simulator

improved from the compiled simulator. As we can see the
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compiled simulator is faster then the hand coded C simula-
tor sixteen times, and the binary translate simulator is fast

then the hand coded C simulator 27.2 times.

1

C Simulator Compiled Native Translate
Simulator Simulator

The Rate of Speed Up

Figure 8: Rate of Speed Up

ble 2: Demonstrate Result of the Benchmark on the Het-
erogeneous Multi-Core Simulation Environment
[ core combinatfion original [ speedup]

UniRISC X 2 041281 1.718
UniRISC + X86 0.882 1.883

This is because the multi-core system is a share memory ar-
chitecture, the bottleneck is lay on the concurrent memory
access.
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