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Facts & Conclusion
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Core Proposition

ASIP_ based Platforms

Results (heterogenousMPSoC)
(Design Productivity) /7 ——~

1994 Register-transfer level
Cadence, Synopsys

- 1584 Gate-level design — Daisy, Mentor, Valid
o

millm
1974 Transistor-level design — Calma, Computervision

S-Curve

Effort (EDA tools investment)
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= Heterogeneous MPSoC
» Energy Efficiency vs.Flexibility
» How to explore the Design Space?



Heterogeneous MPSoC

Trade-off between Flexibility and
Energy -Efficiency
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Architectural Objectives

Need more MOPS/Watt and MOPS/mm? to minimize the
global performance measure for battery driven devices

Energy / decoded Bit = (Joule/Bit)
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Computational Effiency vs. Flexibility

»
G

Architectures:
Pentium MWK
(C-programming-language)

Pentium MWMX
(MMX-inztructions)

1

Celeron {C-program.-language)
Celeron (MM</SSE-instructions)
DSP (TMS320CET11)

DEP (TMI000)

T DSP-Coprocessor (TM1000)

ASIP
(ICORE, DVE-T Syne. & Track.)

8§ FPGA(EPF10K2D)
9 Standard cell design
0 Physically Optimized
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Enabling MP-SoC Design
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System Level Tools |: Application & IP Creation

@ ™
aégorlthm algorithmic exploration : gﬂs\t/bﬁb
omain
» System Studio
O system application design/

(Architectu re
Description
Language

block specification

micro
architecture
domain

\_

block implementation

g xporton
*
" ki

» LISATek Processor Synthesis
» ConvergenSC Buscompiler

High-level IP block design

* RTL Synthesis
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System Level Tools |: Application & IP Creation

~
» Matlab
algorithm algorithmic exploration « SPW System
domain -System Studio application design |
N
* MP-SoC Intermediate Representation
SystemC abstract architecture oC Int diate Rep tat
Transaction :
Level MP-SoC platform design
Modeling virtual prototype » ConvergenSC Platform Creator
& )
( Architect 2
fEINEEIEIE I « LISATek Processor Synthesis
Description el epprealiE e « ConvergenSC Buscompiler
Language
e High-level IP block design
clfeWliCle sl block implementation * RTL Synthesis
domain
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ASIP Design
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Processor Design Space

- Instruction-Set Design
- Compiler Design

‘ - MESCAL 2:
_ _ Inclusively identify the
Optimal design requ

P architectural space

Micro Architecture Design

~ e ~—

-System Integration
- Embedded Software
Simulation

-RTL Design
- RTL ISS Co-verification
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Architecture Description Language based Processor Design

= The purpose of an architecture description language (e.g
LISA) is:

» To allow for an iterative design to efficiently explore
architecture alterngdl

» To jointly design ‘TN/I=S1O72Y MECH
SepinBhle:Ull [ fficiently describe

» To automatically the ASIP
implementation)

» To automatically generate tools

» Assembler ,Linker, Compiler, Simulator, co-simulation
interfaces

* From a single model at various level of temporal and spatial
abstraction
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LISA 2.0 - Abstraction Levels

+ |IRQ, etc.

accurate

+ Pipelines accurate
model

Functional units, instruction
Registers, seetiale
Memories

Pseudo
Resources
(e.g. c-variables)

|
Pseudo Processor Cycles Phases
o Instructions Instructions
A~
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Describe/Adopt Generate Application
Empty Model Processor Model Tools _

VLIW Sample

Custom

Processor | M ESCAL 3:

Model

(LISA 2.0 O\ Efficiently describe

LISATek IP language)
and evaluate the
Rapid modeling and re-targetable simulatic AS|P

DSP Sample

FFT Processor

joint optimization of applicatic

! = 7 - -
; Function and instruction level

. profiling reveals hot-spots
MESCAL 3: -> special purpose instructions
L Sucessfully deploy
i the ASIP

Int




eInstruction Set Current Work
Synthesis
Memory architecture
*Verification

C-Compiler

Optimization

MESCAL 3:

.....evaluate the ASIP
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Introduction

Architecture Description Languages (ADL)

e Automatic generation of Software Toolkit
(Compiler, Assembler, Linker, IS-Simulator)

e Architecture Exploration

e SystemC models, RTL code, verification tools, ...

Challenges:

e Different tools need different information

e Unambiguous, redundancy-free architecture model
(rather than tools description)

e Multiple abstraction levels (instruction-accurate
and/or cycle-accurate)




Tool Requirements: Compiler

C // ____________ \\
A / mul rd = rs, rt [drd = @ \

C Compiler }4_ —_——
E /add rd =rs, rt\ st@=rs

S I

\ /
addc=a,b \ Assembly S e e e e e e e = -~




Tool Requirements: Simulator
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mul rd = rs, rt

MUL_read (rs, rt);
MUL_add ();

Update_flags ();
writeback (rd);

e

S

~_—_—_—_—_—_’

add rd =rs, rt

ALU_read (rs, rt);
ALU_add ();

Update_flags ();
writeback (rd);

~

%

drd = @

LSU_addrgen();
data_bus.req();

data_bus.read();
writeback (rd);

st@=rs

LSU_addrgen();
LSU_read(rs);
data_bus.req();
data_bus.write(rs);

\YETelal[a[cN®fele[cM add 5 = r2, r1

~
\

— = = - Simulator
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ALU_read (r2, r1);
. . ALU_add ();
Simulation Code (C) Updatgfﬂagg 0:
writeback (r5);




ADL Model

!

C Compiler

|

addc=a,b \

ADL Model

SYNTAX {
“ADD* dst, src1, src2

}

CODING {
0Ob0010 dst src1 src2

}

BEHAVIOR {
ALU read (src1, src2);
ALU_add ();
Update flags ();
writeback (dst);

}

SEMANTICS {
src1 + src2 - dst;

add r5 =r2, r1 \




Problem Statement

Compiler and Simulator need different information:

Compiler: C operation to instruction(s)
- WHAT is the instruction good for? Purpose?

Simulator: instructions to sequence of operations
- HOW is the instruction executed? What actions to perform?

Architecture Designer‘s Perspective:

ALU_read (src1, src2);
ALU_add ();
Update_flags ();

write
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ASDSP FPGA Implementation

Myjung Sunwoo, Ajiou University,

ASDSP Core Design

v'SEC 0.18um Synthesis

e Gate : 77,000
* Program Memory : 4 Kbyte, Data Memory : 8 Kbyte

* Frequency : 290MHz
» Power consumption : 0.87W (3mW/MHz)

FPGA Implementation

v iProve Xilinx xc2v6000

Support the Special Instruction Set for FFT Operation and the BMU Instruction

Improve the Performance for OFDM Communication

i11ss



E |,,"ﬁ,,eo... | The ICORE

A low-power ASIP for Infineon DVB-T 2nd
generation Single-Chip Receiver:

« ASIP for DVB-T acquisition and tracking algorithms
(sampling-clock-synchronization, interpolation / decimation,
carrier frequency offset estimation)

e Harvard Architecture

* 60 mostly RISC-like Instructions &
Special Instructions for CORDIC-Algorithm

» 8x32-Bit General Purpose Registers, 4x9-Bit Address Registers
» 2048x20-Bit Instruction ROM, 512x32-Bit Data Memory
* 12C Registers and dedicated interfaces for external communication

. S
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The Motorola M68B8HC11 Architecture

The Motorola M68HC11
Architecture
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Architecture Overview

= M68HC11 CPU Architecture : Hot spots

-
ISS

» 8-bit micro-controller.
» Harvard Architecture

» 7 CPU Registers.

» 6 different Addressing Modes.

» Shared data and program bus. : stalled data access
» Instruction width : 8,16, 24, 32, 40 : multi-cycle fetch

» 8-bit opcode : 181 instructions

» Clock speed : ~200 MHz

» Performance : : non-pipelined

» Area : 15K to 30K (DesignWare® Library)



Architecture Development with LISA

+ pipelined architecture
+ separate program and data bus

512Bytes int. RAM ACCU
Accu A | AccuB
64Bytes Conf. Reg.
Index X

| 35Kext. RAM index ¥

_ Stack Fointer
61K ext. RAM
0x10000 Condition

16




*Area
< 23k gates

*Clock speed
~ 200 MHz

Execution time speed up
62 % for spanning tree application

Mapped onto Xilinx FPGA
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Architecture Development with LISA

-Studying the architecture 4 days
*Basic architecture modifications 2 days
*Grouping and coding of the instructions 1 day

*Writing the LISA model

-basic syntax and coding 4 days
-behavior section 6 days
*Validation 4 days
‘HDL Generation 2 days
Total 23 days
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Design of Application Specific
Processor Architectures

Rainer Leupers
RWTH Aachen University
Software for Systems on Silicon
leupers@iss.rwth-aachen.de

A7
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1. Introduction

2. ASIP design methodologies
3. Software tools

4. ASIP architecture design

5. Case study

6. Advanced research topics

A7
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1. Introduction
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Embedded system design automation

» Embedded systems
" Special-purpose electronic devices
" Very different from desktop computers

» Strength of European IT market
" Telecom, consumer, automotive, medical, ...
" Siemens, Nokia, Bosch, Infineon, ...

» New design requirements
" Low NRE cost, high efficiency requirements
" Real-time operation, dependability
= Keep pace with Moore’s Law

A7
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What to do with chip area ?
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Example: wireless multimedia terminals

» Multistandard radio
= UMTS

GSM/GPRS/EDGE

= WLAN

" Bluetooth

= UWB

» Multimedia standards

= MPEG-4 Key issues:

" MP3 « Time to market (= 12 months)
= AAC

= GPS » Flexibility (ongoing standard
= DVB.H updates)

" » Efficiency (battery operation)

A7

W ! 2005 © R. Leupers 8




Application specific processors (ASIPs)

,AS the performance of conventional microprocessors improves, they
first meet and then exceed the requirements of most computing
applications. Initially, performance is key. But eventually, other factors,
like customization, become more important to the customer...”

[M.J. Bass, C.M. Christensen: The Future of the Microprocessor Business, IEEE Spectrum 2002]

design budget = (semiconductor revenue) x (% for R&D)
growth = 15% =~ 10%

# IC designs = (design budget) / (design cost per IC)
growth = 15% growth = 50-100%

[KeutzerQ3]

— Customizable application specific processors as
reusable, programmable platforms

A=
{ ISS 2005 © R. Leupers 9



Efficiency and flexibility

of applications
* I[P protection
» Cost reduction (no royalties)

ICs

 Product differentiation
e

General Digital 4
Purpose S'Igltal T
Processors Procl,gzzors Application >
Specific Instruction @)
> Set Processors -
= <
o SW 2 g
" Why use ASIPs? @
S8 ° Higher efficiency for given range Application Y
LLJ Specific —
3 o'
LL L
=
S o
— o
(@]
(@)
-

<
<

Log PERFORMANCE

v

10%...10% >
Source: T.Noll, RWTH Aachen
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2. ASIP design
methodologies

A7
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ASIP architecture exploration

Application

Initial processor
architecture

Assembler

optimized
processor
architecture

<<

-
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Expression (UC Irvine)

Architecture Specification -

1
i
i
i
i
i

(English Document)

Generic
VHDL
Models

Generic

HDL Compiler Simulator
Generator Generator Generator

[‘azfg apng a::rumumyad} Jfﬂeqpaa:;

Hardware ASM

Model

Compiler Simulator SRk EEE |

uonesiddy

—p Automatic

. = =P Manual
Synthesis = 9 Feedback

Feedback (Area, Power, Clock Frequency)

A7
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Tensilica Xtensa/XPRES

From an ANSI C/ C++ application the XPRE S Compiler generates an
optimitid sl of proces sof exensions ..,

Bpplic stion iBcation
Source Code PRES Compiber  TIE Dscription) hl-n-:f
NEY SGOE] N

wﬂu
- 1‘ P
= g —
;.ﬁﬁ-l:?sz..m » *

e

- 1@%

Ehat is reusable over a range of similar application software code,

| 1ot mazer 3
| r=t mazai s
|E|-:-l-|-|:|n

| eoe muing
| 10t matad 3

. S/ 3p faal
]

T P
maort of38] 5 ==

[oF AR=d g Ralf 3 yLash
I

sEoak o[58
CSE [ Lely LaBiGph4 b

Related Application Scarce Coden

Apshcation Binaries
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MIPS CorXtend/CoWare CorXpert

_hilo.cpf

i

~C @

lan i hen-

ediate | Opcode | Drescription

. |:-:.-¢ - ;.-.;..-l ffar & Ouf 20 0 Cau
’ 10 5 |Rea

bit instru|
umulal

A [ pooon  |[Mow
|l poood (o
_ Replace

Profile critical code
~and with special
identify instruction

custom .

instructions : 0

0

0

0

0

0

0

=]

sions 4 Design Info

o Instruction SWPRMFR: Macm UDI_LC does not appear in behayior.
i) Instruction SWPMFL: Macro UDI_RS does nat appear in behaviar.
) Instruction SWPMFL: Macro UDI_HI does not appear in behavior.
) Instruction SWPMT: Macro UDI_HI does not appear in hehaviaor.
% Instruction SWPMT: Macro UDI LO does not appear in hehaviar.

Yotatus A Search Results A Messages A Quickhelp f

[Mo Build Process [Properties Dialog: Instruction SWPACC

for ( i len > 0 ; len—— ) { H
/* Btep 1 - get the delta value */ SyntheS|Ze
if ( bufferstep ) {
delta = inputbuffer & 0=f; HW and
}oelse |
inputbuffer = *inpt++; 1
delta = (inputbuffer >> 4) & Oxf; prOflle

y .
bufferstep = !bufferstep; Wlth

/* Btep 2 - Find new index walue (for later MIPSSIm

index += indexTable[deltal]:;
if ( index < 0 ) index = 0;
if ( index > B8 ) index = 88; and

extensions

e e L

CorExtend Module

- User Defined Instruction

i 4pr 22, 2005

t CoWare, Inc

¢ and confidential
and may be used
irized in a license
use and disclosure

e

i i ¥

Jare.cam

== Available Personality Kits
MIPS3Z 24K personality kit

2005 © R. Leupers
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CoWare LISATek ASIP architecture exploration

» Integrated embedded
processor development
environment

» Unified processor
model in LISA 2.0
architecture description
language (ADL)

» Automatic generation
of:

= SW tools
" HW models

Aﬁ

Coliare’

LIZATzk is an automated embadded procesor
deign and cptimization emarcnmant that
elmhios monthe From procossor hardware
deign time and mgineer-yeans Fom the
cration of procamarspacific software
dmelopment toaks. LISATak high degrae
ofautomation enablreaven thome dmign
txame with no procesor deel qpmeant
expertis bo craate adwanced processams,
Bloramir, it generates software dmelopmant
boecds foor procossors that benve niot baon
demignil using LISATeks sutomated hand-
wara design copability

LI 54Tk dramatically accelerates the dasign
ofboth cistom and standard processors,
induding the application specific instmction
et procrsnrs (ASIPe) that ame incresingdy
emential to mmergent system-on-chip (SoC)
firnctional iy, LISATek is used to develop
any of a wide range of processor anchitec-
ture. induding SR RISC, SMOL VLW

and supersakar.

LISATek's generat sl software devecpment
emaronment anahlos the noament of
application software devalopmant prior to
silicon mailabiliy this madicting a common
bottknack in embalded system devdopmant.

The key to LIS ATk autnmation i its
Language for Iestruction Set Anchitact s,
LI54 20, LIS 2.0enables the creation of a

The LISATek" Solution

Automated Embedded Processor Design and Software Develapment Tool Generation

single “golden” processor model as the soure
For the automatic generation of the instrue-
tion st simulator {[155], the completesuite
oFsaftware developmert tods, and sytha-
sizabk RTL mce. The deelopment tooks,
togethar with the oxt ensive profiling capabil-

itias of the sofbware simubitor and dabugger
emabk mpid seploration of the procescs
architerture imstruction set to determing
the optimal architecture for the targat appli-
cation domain, LEEATek ansbles the designer
b optimize imstruction set design, processar
micro-architecture and memaory systeme,
induding caches.

L154Tek's uze ofa single processor model
souroe emsunes the compatibility of the IS5,
snftware toods and ATL implemant ation,
dimimatingthe verfication and debngeffort
niassitatad by multiple independently
crmtad models with differant levals of
abstraction.

Adjust

Design goals
met?

LISATek
Pracessar
Designer

HIGHLIGHTS

W |t ra b o sl g en i ren RN o un e
o o o chss g s T e vk praent
s | g m o — ek th s pr cesser deslgn
orpearts # g niresd

W Slashes pocesar aniwam design Hne
by mantte

' Elminates ong e e s o s e sl
g & R HA T Tt —erva Tor i ces sofs st
desigued with LISATak

W Erenrcs oompat By oF 155, s afbwaraboo
ard FIL Impiamantatn

L} p anabls
appRertin softwara devsbopment prisrts
shkmn alabay

Operating at a high kevd ofabstraction,
L154Tek nct only diminates the time and
et inherent in HOL-hased processor design
and manual ool deselopment, but ko
emhks processor design by non-experts

Generate

CLompiler
Assembler

ConvergenSC  Software  RTL

Systemi
EH

Toals Implemertation
(Werilog, YHOL Systemi)

Analyze

-
! ! ISS 2005 © R. Leupers
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LISA operation hierarchy

Reflects hierarchical
organization of ISAs decode

A7
’! ISS 2005 © R. Leupers 18




LISA operations structure

LISA ration S .
=) QIpSEe References to other operations
DECLARE
- | Binary coding
CODING B
/ Assembly syntax
SYNTAX u |
/ Resource access, e.g. registers
EXPRESSION
/_ Initiate “downstream” operations in pipe
ACTIVATION -
/ Computation and processor state
update
BEHAVIOR L
/ C compiler generation
SEMANTICS

;i*! ISS 2005 © R. Leupers 19



LISA operation example

OPERATION ADD

1
DECLARE

GROUP srcl, src2, dest = { Register }
by
CODING { Ob1011 srcl src2 dest }
SYNTAX { “ADD” dest ““,” srcl ““,” src2 }

BEHAVIOR { dest = srcl + src2; } C/C++ Code

}
OPEEATION Register

DECLARE

i LABEL i1ndex;

CODING { index }

SYNTAX { “R” index }
EXPRESSION{ R[index] }

o2

A7
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Exploration/debugger GUI

“» LISAT ek RIM(TM) Processor Debugger:
File Taiget Options ‘windows Breakpoints Help Appl Source Files

‘ Application j |

R Al K2

2

C:/EDGE2002_3/models/Ch4x/app/adpcmiadpcm. out

EIES

[y |
5 Y =
& Resource [Value | izme Calls Calls/Total | Callsiax_ [CallsiMax_ [St:[0x00000ace . bss Zlp-Filterin) -]
_ Lol 0 | address |\nstruc|Disassembly |Lnnp |Cnntml|Relative|RL‘|
| |REA oooooooa 0 [0000155a] 7102 MVDE _outp:0x0002, Ox001 1856 0.70
=f|[rEa oooooooa [0000155¢] 4811 DM O0x0011, & kA 0.35
o](|BRC e fofue ooy o [00001554] £000 ADD # 1flagsO:0x0001, O 1858  0.70
EE oopopoono [E [0000155€] 8002 STL A,_iuutp:DxDDDZ 529 0.35
RETC nooooooo [00001560] 1006 LD valpredd:0x0006&, & L] 0.35
=]l| 32 BODDSED BF Fe e aC AD Ex [00001561] 8081 STL &, *aRl 523 0.35
ART oooooooa [00001562] éb0es ADDM #0xffff, 0x000e 1858  0.70
ARG nnonannn Sl i i 929 0.35
ARS 00000000
O || 2.2 00000000 A 7 7 . ) 3640 ;';é
Sk © Application simulation o
ARZ 00000af0 0 0.00
ARl = i 0.00
ARD 00000000 Deb u g g I n g 0 0.00
TRH 00000000 0 0.00
T 00000000 . i 0.00 I
IFR ooooooo0 Profl | I n g i} 0.00
THMR 00000000 0 0.00
EMST 0000f£e0
aT1 00006900 = | A 7 I 1 ; E.EE
Resource utilization analysis -
EL 00000001 z 0.00
BH 00000000 . . = 2 0.00
fama ik - Pipeline analysis R
h 2 0.00
aH 00000000 . 2 0.00
S E © Processor model debugging el
- o
X Resource|alue = M . 7 Mame |In |Out =
o tosssns emory hierarchy exploration &
db IR
ek - BC
Code coverage analysis
cak 00000000 IR
dahk B
sah IR/
par PC
dar i
ear IR
Ei= EeE= = b
el ] 40 0000 0000/ 0000 0000, 0000 0000, 0000, 0000 'F LIJ
S ] | | 48 0000 0000 0000 0000, 0000 0000, 0000, 0000 e
pmst_ff? B 20 0000/ 0000 0000 0000 0000 0000) 0000 0000, . . ..o eeee .. .. |~ pips

o8 g By

FLE B & =

3 el

=

=

Sro-nfo: adpom.c 243 Cycle : 266427 | Simulation Mode : Interpretive | [c) LISAT ek, Inc. RIM Yersion 200203 b - Jan 22, 2003

2005 © R. Leupers
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Some available LISA 2.0 models

» DSP: « VLIW:
" Texas Instruments — Texas Instruments
TMS320C54x TMS320C6x
" Analog Devices — STMicroelectronics
ADSP21xx ST220
" Motorola 56000 « MC:
> RISC: — MHS80C51
= MIPS32 4K * ASIP:
= ESA LEON SPARC 8 — Infineon PP32 NPU
= ARM7100 — Infineon ICore
_. " ARM926 — MorphlCs DSP

A~
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3. Software tools

A7
’! ISS 2005 © R. Leupers 23




Tools generated from processor ADL model

Application

Assembler

A7
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Instruction set simulation

Interpretive:
 flexible
* slow (~ 100 KIPS)

Compiled:
« fast (> 10 MIPS)
* inflexible

* high memory
consumption

JIT-CCS™:

e just-in-time”
compiled

« SW simulation cache

« fast and flexible

Al"

Decode Execute

Instruction

|» Simulation
Application Compiler

Compile-Time

Run-Time |

Instruction Behavior

. Execute
Compiled

Simulation

Program
Memory

4
\\

Run-Time |

Instruction

Instruction Behavior
Compiled \— Execute

Simulation

Decode

Program

Memory Cache

Run-Time |

-
’ ! ISS 2005 © R. Leupers
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JIT-CC simulation performance

 Dependent on simulation cache size

* 95% of compiled simulation performance @ 4096 cache
blocks (10% memory consumption of compiled sim.)

 Example: ST200 VLIW DSP

9 - 100
8 sHERERIREEE R
%) ] 80 O
g 7 g
= 60 o
S 5 <
= . 50
© 4 -
£ 40 T
o 3 &
= 30 =
()] 2 —
o 20 X
1 _| 10
0 0
O @ D O A X © NV A% © % >
N A NY % @ (], N N "1/ &) ©
o‘(\Q\&@ YO S NS ‘bq/’\
- O Cache size [records]

A~
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Why care about C compilers?

» Embedded SW design becoming predominant manpower
factor in system design

» Cannot develop/maintain millions of code lines in assembly

language

» Move to high-level programming languages

250%

200%

150%

Semiconductor Co. Relative Effort by Designer Role

Source: IBS, November 2002

10086 1

50%

0% -

250nm 180nm

/

B Software
O Validation
O Physical

B Verification

Software effort
overtakes

hardware effort at
130 nm

O Architecture

Architecture
effort
overtakes
physical design
at 90 nm

;! ISS 2005 © R. Leupers
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Why care about compilers?

» Trend towards heterogeneous multiprocessor systems-on-
chip (MPSoC)

» Customized application specific instruction set processors
(ASIPs) are key MPSoC components

» How to achieve efficient compiler support for ASIPs?

—
—
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C compiler in the exploration loop

,compiler/Architecture Co-Design®

» Efficient C-compilers cannot be
designed for ARBITRARY architectures!

I
APRIIEEILD Y Compiler Processor Results
Software :

» Compiler and processor form a UNIT that needs to be
optimized!

» “Compiler-friendliness” needs to be taken into account
during the architecture exploration!

A7
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Retargetable compilers

Classical compiler Retargetable compiler

source
code

source processor
code model

Compiler

processor
model
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GNU C compiler (gcc)

* Probably the most widespread retargetable compiler

» Mostly used as a native Unix/Linux compiler, but may
operate as a cross-compiler, too

« Support for C/C++, Java, and other languages

« Comes with comprehensive support software, e.g. runtime
and standard libraries, debug support

 Portable to new architectures by means of machine
description file and C support routines

“The main goal of GCC was to make a good, fast compiler for
machines in the class that the GNU system aims to run on: 32-bit
machines that address 8-bit bytes and have several general registers.

7

Elegance, theoretical power and simplicity are only secondary.

A7
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CoSy compiler system (ACE)

* Universal retargetable C/C++
compiler

« Extensible intermediate
representation (IR)

* Modular compiler
organization

« Generator (BEG) for code
selector, register allocator,

© ACE - Associated
scheduler Compiler Experts

A7
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LISATek C compiler generation

LISA
processor model

GUI
SYNTAX { X A
“ADD" dst, srcl, src2 [Ele puie tep
} [ Fogisters | Dnimimoul | Stacklmr 2 Lot e e L
CODING { (Dearion | s |
0b0010 dst srcl src2 “Dn Producer- ;
} x 7 ol
[ Xon B
BEHAVIOR  { ; g o
ALU read (srcl, src2); 7 ﬂ
ALU_add (); Lo -
Update_flags (); C ‘
SEMANTICS {
srcl + src2 > dst;
}
4 tem

C Compiler

A7
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LISATek compiler generation

C-Code ASM-Code

Code-

Register-

rsrieton N ADD ... )y || 1
r SUB | MUL Wi
a< Back

= IMP | 2 1

 S—

vv ||Prog|/Data
S > RAM|RAM

t - ADD | 2 3

)

HL‘ " Decoder
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Compiled code quality: MIPS example

»LISATek generated C-Compiler
» Out-of-the-box C-Compiler
»No manual optimizations

»Development time of model
approx. 2 weeks

gcc C-Compiler
»gcc with MIPS32 4kc backend
»Used by most MIPS users

»Large group of developers,
several man-years of optimization

Cycles

140.000.000

120.000.000

100.000.000

Size

80.000

70.000

4 Overhead of 10% in c;cle count and 17% in code density

60.000.000 —

40.000.000 —

20.000.000 —

0

gcc,-04 gcc,-02 cosy,-04 cosy,-02

30.000 H

20.000 H

10.000

gcc,-04 gcc,-02 cosy,-04 cosy,-02

A~
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Demands on code quality

» Compilers for embedded processors have to generate
extremely efficient code

" Code size:
» system-on-chip
» on-chip RAM/ROM

® Performance:
» real-time constraints

" Power/energy consumption:
» heat dissipation
» battery lifetime

A7
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Compiler flexibility/code quality trade-off

variety of
embedded
pProcessors

retargetable
compilation

dedicated
optimization
techniques

A7
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Adding processor-specific code optimizations

» High-level (compiler IR)
" Enabled by CoSy’s engine concept
» Low-level (ASM):

C LISA C
' Compiler

Assembly API

[
[
Scheduled &

Optimized
.asm

Optimization 1

Binary Code Generation

AZ
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4. ASIP architecture
design

A7
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ASIP implementation after exploration

Application

Adjust Generate

LI5A 2.0 Descnption

LISATek
Processor (-Compiler
Designer

Assembler
Linker

Simulator

Design goals
met?

RTL Generation

Analyze

ConvergenSC  Software  RTL
System( Tools Implementation
Models {Verilog, VHDL, System()
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Unified Description Layer

oooooooooooooooooooooooooooooooooooooo

HDL Generation

...................................... Reg |Ste r_Tra nsfe r:Level

Gate—LeveI Synthesis :
(e g. SYNOPSYS design compiler)

..................................... Gate—-Level
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Challenges in Automated ASIP Implementation

ADL: HDL:

Instructions

Arithmetic Control

1:1
Mapping
Multiplier
(MAC)
Independent description of Independent mapping to
instruction behavior: hardware blocks:
+ Efficient Design Space Exploration - Insufficient architectural efficiency

by 1:1 mapping
A7
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Unified Description Layer

Structure & Mapping
(incl. JTAG/DEBUG)

Backend (VHDL,
Verilog, SystemC) -
...................................... Reglster_TranSfer_Level

Gate—Level Synthesis :
(e.g. SYNOPSYS design compiler)

..................................... Gate—-Level
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Optimization strategies

LISA: separate descriptions Instruction A Instruction B

for separate instructions D D

Goal: share hardware for

separate instructions LISA LISA
Operation A Operation B
Mutual

Exclusiveness
a b c d

Possible Optimizations @ @

« ALU Sharing X y

— _/

@

AZ =
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Optimization strategies

LISA: separate descriptions

Instruction A Instruction B

for separate instructions D D

Goal: same hardware for
separate instructions LISA LISA

Operation A Operation B
Mutual
Exclusiveness
A Address
— [ Tpanp, 2o
: » Data,
Possible Optimizations <
« ALU Sharing Resource : A » Datag
: - Register Array > ( Path P
« Path Sharing Sharing 28 . " Addressg
° — _/
L 7 V
: ] Data,, Datag
T Address,

Register Array Add
ressg
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5. Case study

A7
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Motorola 6811

Project Goals:
* Performance (MIPS) must be increased
« Compatibility on the assembly level
for reuse of legacy code
(Integration into existing tool flow)
* Royalty free design

=» compatible architecture developed with LISA
using RTL processor synthesis

A7
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Motorola 6811

legacy code

compiler

assembly

assembler

0100101010011010
1110010110101111
0000110110110100
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Motorola 6811

Bluetooth app.

assembly level

. assembler
compatible

0100101010011010
1110010110101111
0000110110110100

Synthesized

Architecture
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Architecture Development

original 6811 Processor

. 8 bit instructions

- 24 bit instructions
_ 32 bit instructions
_ 40 bit Instructions

16 bit instructions

LISA 6811 Processor

- 16 bit instructions
_ 32 bit instructions

Instruction is fetched by 8 bit blocks:

=>» up to 5 cycles for fetching! \

A"

16 bit are fetched simultaneously:

= max 2 cycles for fetching!

+ pipelined architecture

+ possibility for special instructions

-~
’ ! ISS 2005 © R. Leupers
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Tools Flow and RTL Processor Synthesis

6811 compiler
LISA tools

LISA
model

6811 compatible architecture :
Y generated completely in VHDL :
1) VLSI Implementation: :
Area: <17kGates :

Clock Speed: ~154 MHz:

2) Mapped onto XILINX FPGA :
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