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RWTH Aachen University background

RWTH Aachen (established in 1870) is
the leading technical university in 
Germany w.r.t. 3rd party funding
9 departments

Approx. 30,000 students
Engineering (electrical and mechanical) 
is top-ranked in virtually all recent
surveys

EE/IT department:

27 professors

Approx. 3,000 students

In 2007, RWTH Aachen has been
officially granted „Elite University“ status
in Germany´s Excellence Initiative 
competition
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ISS background

ISS institute
Part of RWTH Aachen EE+IT 
faculty
Jointly managed by 3 professors
(Meyr, Ascheid, Leupers)
~25 Ph.D. students, ~20 M.Sc. 
students + staff

Focus on wireless
communication + multimedia
system design

Interdisciplinary approach
Basic research + tight industry
cooperations
Several EDA spin-off companies
(e.g. LISATek)
UMIC excellence cluster
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The „Excellence Initiative“

German government program
1,9 Bio. € total
Funding period: 5 years
Structure : 3 Funding lines

Graduate schools (1 M€ / year / topic)
Research cluster (6,5 M€ / year / cluster)
Strategy to develop top research (12.5 M€ / year / University)

Thorough evaluation by renowned international researchers

RWTH Aachen
1 Graduate school

Aachen Institute for Advanced Studies 
in Computational Engineering Sciences

3 Research clusters
Integrated Production Technology for High-Wage Countries
Chairman: Christian Brecher (WZL)
Ultra high-speed Mobile Information and Communication (UMIC)

Chairman: Gerd Ascheid (ISS)
Tailor-Made Fuels from Biomass
Chairman: Stefan Pischinger (VKA)
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MPSoC ESL tool challenges

CPU DSP ASIPMem

I/O

DSP ASIPMem I/O

CPU DSP Mem

NoC

NoC

C compilers
• retargeting
• code optimization

Design tools
• profiling
• ISA extensions
• reconf. ASIP

Virtual platforms
• MPSoC modeling
• Fast hybrid simulation

MPSoC programming
• C code partitioning
• Task-to-PE mapping
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Overview

ASIP design methodologies

C compiler generation for ASIPs

Automated processor customization 

Design flow for reconfigurable ASIPs

MPSoC virtual platforms

MPSoC programming

Summary 
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Customizable platforms

„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]

→ Customizable programmable platforms
• application specific processors (ASIPs)
• multi-processor system on chip (MPSoC)

design budget = (semiconductor revenue) × (% for R&D)
growth ≈ 15% ≈ 10%

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

[Keutzer]
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Source: T.Noll, RWTH Aachen

Efficiency and flexibility 
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ASIP architecture exploration

Linker

Assembler

Compiler

Simulator

Profiler

Application

Linker

Assembler

Compiler

Simulator

Profiler

Application

initial processor
architecture

Linker

Assembler

Compiler

Simulator

Profiler

Application

optimized
processor

architecture
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LISATek ASIP architecture exploration

Unified processor model in 
LISA 2.0 architecture 
description language (ADL)
Integrated processor 
development environment
Automatic generation of:

SW tools
HW models

Now available as CoWare
Processor Designer



6

11© 2008 R. Leupers

LISA 2.0

Processor Description Language
Formalized Description of

Processor Resources
Instruction Set
Abstracted Hardware Behavior
Timing

Organized in Operations
Modularity
Reusability

C/C++ based
easy to learn
integrate existing IP

Multiple abstraction levels

LISA 2.0LISA 2.0
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LISA 2.0 Language Structure

LISA processor description consists of two parts:

OPERATIONSOPERATIONS

RESOURCESRESOURCES

Storage objects which
• are registers, memories, pipelines
• capture the state of the processor

Designer’s view of the architecture
• instruction-set
• hardware behavior
• timing

In both domains: flexible abstraction level
(choice of temporal and structural accuracy)
In both domains: flexible abstraction level
(choice of temporal and structural accuracy)
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Simplified Processor Overview

ALUALU

OperandsOperands

Instruction
Decoder

Instruction
DecoderIRIR

Instruction
Fetch

Instruction
Fetch

Program
Counter

Program
Counter

BUSBUS

Data Memory
&

Registers

Data Memory
&

Registers

Program
Memory

Program
Memory

BUSBUS

14© 2008 R. Leupers

addraddr condcond opcodeopcode opndsopnds

immimm linearlinear cyclcycl controlcontrol arithmarithm movemove shortshort longlong

addadd subsub mulmul andand oror

mainmain

decodedecode

LISA 2.0 operation hierarchy

Reflects hierarchical
organization of ISAs
Reflects hierarchical
organization of ISAs
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OPERATION ADD
{

DECLARE
{ 

GROUP src1, src2, dest = { Register } 
}
CODING { 0b1011 src1 src2 dest }

SYNTAX { “ADD” dest “,” src1 “,” src2 }

BEHAVIOR { dest = src1 + src2; }
}

OPERATION Register
{

DECLARE
{ 

LABEL index; 
}

CODING { index }

SYNTAX { “R” index }

EXPRESSION{ R[index] }

}

OPERATION ADD
{

DECLARE
{ 

GROUP src1, src2, dest = { Register } 
}
CODING { 0b1011 src1 src2 dest }

SYNTAX { “ADD” dest “,” src1 “,” src2 }

BEHAVIOR { dest = src1 + src2; }
}

OPERATION Register
{

DECLARE
{ 

LABEL index; 
}

CODING { index }

SYNTAX { “R” index }

EXPRESSION{ R[index] }

}

ADDADD

RegisterRegister RegisterRegister RegisterRegister

src1src1 src2src2 destdest

C/C++ Code

LISA 2.0 operation example
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Exploration/debugger GUI

• Application simulation
• Debugging
• Profiling
• Resource utilization analysis
• Pipeline analysis
• Processor model debugging
• Memory hierarchy exploration
• Code coverage analysis
• ...

• Application simulation
• Debugging
• Profiling
• Resource utilization analysis
• Pipeline analysis
• Processor model debugging
• Memory hierarchy exploration
• Code coverage analysis
• ...
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Overview

ASIP design methodologies

C compiler generation for ASIPs

Automated processor customization 

Design flow for reconfigurable ASIPs

MPSoC virtual platforms

MPSoC programming

Summary 
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Why care about C 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?

ASICASIC CPUCPU

MemMem

ASICASIC CPUCPU ASIPASIP

CPUCPUASIPASIP ASIPASIP

MemoryMemory MemoryMemory MemoryMemory
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Retargetable compilers

source 
code

source 
code

asm
code
asm
code

CompilerCompiler

processor
model

processor
model

Retargetable compiler

source 
code

source 
code

asm
code
asm
code

Classical compiler

CompilerCompiler
processor

model
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Compiler flexibility/code quality trade-off

variety of
embedded
processors

variety of
embedded
processors

specialization
specialization

DSP NPU VLIW

dedicated
optimization
techniques

dedicated
optimization
techniques

retargetable
compilation
retargetable
compilation

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

Application
Software

ApplicationApplication
SoftwareSoftware CompilerCompiler ProcessorProcessor ResultsResultsResults

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

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

„Compiler/Architecture Co-Design“

C compiler in the exploration loop
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CoSy compiler system (ACE)

© ACE - Associated 
Compiler Experts

Universal retargetable 
C/C++ compiler 
Extensible intermediate 
representation (IR)

Modular compiler 
organization

Generator (BEG) for code 
selector, register allocator, 
scheduler
Permits building working 
compilers quickly

Facilities for adding target 
specific optimizations
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LISATek C compiler generation

SYNTAX    {
“ADD“ dst, src1, src2 

}

CODING    {
0b0010 dst src1 src2

}

BEHAVIOR { 
ALU_read (src1, src2);
ALU_add ();
Update_flags ();
writeback (dst);

}

SEMANTICS {
src1 + src2 dst;

}

…

SYNTAX    {
“ADD“ dst, src1, src2 

}

CODING    {
0b0010 dst src1 src2

}

BEHAVIOR { 
ALU_read (src1, src2);
ALU_add ();
Update_flags ();
writeback (dst);

}

SEMANTICS {
src1 + src2 dst;

}

…

LISA
processor model

LISA
processor model

GUIGUI

CoSy systemCoSy system

C CompilerC Compiler

Autom. analyses

Manual refinement
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LISATek compiler generation

FrontendFrontend OptOpt BackendBackend

ASM-Code
LD R1, [R2]
ADD R1, #1
SHL R1, #3
…

C-Code
int a,b,c;
a = b+1;
c = a<<3;
…

Code-
Selector

Register-
Allocator Scheduler

Instruction-
Fetch

Mem

ALU
FE DE EX

WB
Write-
Back

Pipeline Control

Decoder

Registers

Decoder

Jump

Data
RAM

Prog
RAM

ADD …

…R[i] …

…#1

R[0..31]

JMPADDSUB

32ADD

12JMP

MULSUB
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Adding processor-specific code optimizations

High-level (compiler IR)
Enabled by CoSy´s engine concept

Low-level (ASM):

.C.C LISA C
Compiler
LISA C

Compiler Unscheduled
.asm

Unscheduled
.asm

Binary Code Generation

AssemblerAssembler LinkerLinker .out

Assembly API

Optimization 3Optimization 3Optimization 2Optimization 2Optimization 1Optimization 1Scheduled &
Optimized

.asm

Scheduled &
Optimized

.asm
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Retargetable code optimization engines

SIMD instructions
conditional instructions,
predicated execution

[v1]
[v2]

[v3]

[v4]

[v5]

1 2 3 4 5 6 7

linear scan
register allocation
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Overview

ASIP design methodologies

C compiler generation for ASIPs

Automated processor customization 

Design flow for reconfigurable ASIPs

MPSoC virtual platforms

MPSoC programming

Summary 
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Generalized ASIP architecture design flow

Algorithm design
(Matlab, SPW, ...)

C code generation
or implementation

initial
architecture

architecture
optimization

P
rofiling

14%

27%

1%

3%

0%

1%

4%20%
1%

0%

26%

3%
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A closer look at profilers: ASM level

Algorithm design
(Matlab, SPW, ...)

C code generation
or implementation

initial
architecture

architecture
optimization

ASM le
ve

l

– requires full architecture description
– slow (~1000x native C)

30© 2008 R. Leupers

A closer look at profilers: source level

Algorithm design
(Matlab, SPW, ...)

C code generation
or implementation

initial
architecture

architecture
optimization

sample app: image corner detection

gprof

hot spot

Which instructions implement
this code efficiently?
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Do not neglect compiler optimizations

Algorithm design
(Matlab, SPW, ...)

C code generation
or implementation

initial
architecture

architecture
optimization

gcovexec
count

• 5x ADD
• 2x SUB
• 3x MUL
• 2x LOAD
• ...

• 5x ADD
• 2x SUB
• 1x MUL
• 2x LOAD
• ...

real code (optimized)

p = in + (corner_list[n].y-1)*x_size + corner_list[n].x - 1;

Wrong ISA decisions may result!
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µ-profiling approach

compile &
execute

generate
low-level C code

perform
compiler

optimizations

instrument
code

count ADD

count MUL

count LOAD
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Profiler features summary

finefinecoarseProfiling
granularity

MediumLowHighspeed

needs
architectural

details

primary
application

NoYesNo

ISA and 
architecture 
optimization

ISA and 
architecture 
optimization

Source code
optimization

Micro-profilerassembly level
(e.g. LISATek)

C source level
(e.g. gprof)
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ASIP design technologies revisited

ADL based (ASIP-from-scratch)

E.g. LISATek, Target, Expression
Max. flexibility + efficiency, but significant
design effort

Configurable processor cores
E.g. Tensilica Xtensa, MIPS CorExtend, 
ARC Tangent
Pre-designed + pre-verified core
Efficiency via custom instruction set
extensions (ISE)
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Processor customization tasks

(1) Application code analysis
At C source level
Execution characteristics + hot 
spots

(2) Custom instruction (CI) identification
Optimal set of CIs to speed up 
hot spot under area and machine
constraints
Huge design space

(3) CI implementation
Interfacing with the configurable
processor core
Meet area and latency
constraints *

CI 1 +
+

<<
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Processor customization tasks (cont.)

(4) SW adaptation and tools
generation

Rewrite application C 
code to utilize CIs
Adapt C compiler, 
ISS to support CIs

(5) HW architecture 
implementation

Generate RTL HDL 
code for CIs
Synthesize
coprocessor for CIs
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Custom instruction identification

Primary goal: maximum application speedup under set of constraints
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Custom instruction identification approach

Complex optimization problem, huge design space, 
back annotation required
Optimal solution cannot be found within reasonable
computation times
Practical approach:

Interactive CI identification
Tools generate AT curve
For each point: use mix of ILP and               
heuristics to synthesize close-to-
optimal CIs
User reviews and selects design points of interest
for further fine-grained exploration
RTL generation and synthesis

Short turnaround times
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Custom instruction synthesis

Strategy: identify CIs locally optimally (ILP), but one after another
(greedy)
Library based speedup and cost estimation

&

+

*
*

ld

<<
+

*

+
-

+

Original DFG 1st CI selected

&

+

*
*

ld

<<
+

*

+
-

+

CI  1

2nd CI selected

&

+

*
*

ld

<<
+

*

+
-

+

CI  1

CI  2
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Custom instruction synthesis

Optimal (ILP) GPR and IR assignment to DFG edges for core-to-CI
and CI-to-CI communication
Heuristic sharing of IRs via lifetime analysis

2nd CI selected

&

+

*
*

ld

<<
+

*

+
-

+

CI  1

CI  2
&

+

*
*

ld

<<
+

*

+
-

+

CI  1

CI  2

Int Reg

GPR
GPR

Int Reg
Int Reg

GPR

GPR
GPR

GPR

Int Reg

Int Reg

Int Reg

Int Reg

After register assignment
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Micro-profiler

ISE design tools

area

speedup

Workbench approach

LISA or CorXpert
description

of ISEs

LISA or CorXpert
description

of ISEs
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Overview

ASIP design methodologies

C compiler generation for ASIPs

Automated processor customization 

Design flow for reconfigurable ASIPs

MPSoC virtual platforms

MPSoC programming

Summary 
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GPP
DSP

ASIP

FPGA

ASIC
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Source: T.Noll, RWTH Aachen

How to find the right architecture ?

Future trends: Flexibility is the key
Increasing mask cost
Fast-evolving applications

Programmability

Configurability

Partially re-configurable

ASIP (rASIP)

Reconfigurable ASIPs (rASIP)

Exploration

Implementation

44

st
or

ag
e

MAC

step 1: capturing the Instruction-Set
Architecture (ISA)

step 2: structuring the ISA

local
storage

Starting Point: Architecture Description Language (ADL) LISA

instruction

LoadStore

Store

Writeback

Arithmetic

Add

MemAccess

Load

interface

pipeline stages

re-configurable
block

Writeback

instruction

LoadStore

Store

Arithmetic

Add

MemAccess

Load
MAC• Interface: Result of Partition

Modelling Partition in LISA
• Interface: Result of Partition

Modelling Partition in LISA
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Modelling rASIP Partition in LISA

stage 1 stage 2 stage 3 stage 4 stage 5

Partitioning Data flow
Explicitly specified in the language
Can be the data-path in a pipeline stage, across stages
and/or an entire pipeline

storage base processor

interface

FU

46

Modelling rASIP Partition in LISA

Partitioning Data flow
Partitioning Control flow, Storage

Implicitly derived from the data flow partition

stage 1 stage 2 stage 3 stage 4 stage 5

storage base processor

interface

FU
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<<
>>

+
register

configuration

z
a
b

y
<<

>>
+

register

configuration

z
a
b

y

Modelling Coarse-Grained Re-configurable Architecture (CGRA)

Organized in 
Element

C code as behavior
Topology

2-dimensional structure
Connectivity

Arbitrary connection
Guided by styles

ELEMENT alu {
BEHAVIOR {            

OPERATOR_LIST op = {<<,>>,+};
y = a op b;
z = a; }    

}
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rASIP Design Flow

benchmarking

modelling and evaluating
architectures

implementation

Pre-fabrication Phase: Phase when
the complete design space is open.

Pre-fabrication Phase: Phase when
the complete design space is open.

Post-fabrication Phase: Phase when the 
design space is restricted by pre-fabrication
design decisions.

Post-fabrication Phase: Phase when the 
design space is restricted by pre-fabrication
design decisions.

stage 1 stage 2 stage 3

storage base processor

FU FU

stage 4

• ISA: Programmability

• Interface

• Operators, Connectivity: Configurability

• ISA: Programmability

• Interface

• Operators, Connectivity: Configurability
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Instruction-set
Simulator

application
(C)

Software
Tool suite

Generation
Linker

Assembler

Compiler
Profiling

High Level rASIP Description CGRA Description

PRE-fabrication rASIP Design Flow

Application runtime performanceApplication runtime performance

Coding Leakage
Explorer

Determining
free coding space

in the ISA
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Instruction-set
Simulator

application
(C)

Software
Tool suite

Generation

Coding Leakage
Explorer

Linker

Assembler

Compiler
Profiling

High Level rASIP Description CGRA Description

PRE-fabrication rASIP Design Flow

Application runtime performance
Base processor area-timing-power
Re-configurable block simulation

Application runtime performance
Base processor area-timing-power
Re-configurable block simulation

RTL
Synthesis

Base
Processor (RTL)

interface 
config.

xml

CGRA (RTL)

RTL
Synthesis

Mapping,
Placement,

Routing

Configuration
Bitstream

Partitioning CGRA
Synthesis

Cycle-accurate simulation 
with re-configurable part
running at slower clock

Generating RTL 
representation

of specified partition
Synthesizing specified

partition
on the CGRA description
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Profiling

application
(C)

Software
Tool suite

Generation
High Level rASIP Description CGRA Description

POST-fabrication rASIP Design Flow

Application runtime performance
Base processor area-timing-power
Re-configurable block simulation

Application runtime performance
Base processor area-timing-power
Re-configurable block simulation

RTL
Synthesis

Base
Processor (RTL)

interface 
config.

xml

CGRA (RTL)

RTL
Synthesis

Configuration
Bitstream

Partitioning

Custom Instruction 
Synthesis

Instruction-set
Simulator

Linker

Assembler

Compiler

modified
application

Coding Leakage
Explorer

CGRA
Synthesis
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rASIP Design Flow

Instruction-set
Simulator

application
(C)

Software
Tool suite

Generation

Coding Leakage
Explorer

Linker

Assembler

Compiler

Custom Instruction 
Synthesis

High Level rASIP Description CGRA Description

Application runtime performance
Base processor area-timing-power
Re-configurable block simulation

Application runtime performance
Base processor area-timing-power
Re-configurable block simulation

RTL
Synthesis

Base
Processor (RTL)

interface 
config.

xml

CGRA (RTL)

RTL
Synthesis

Mapping,
Placement,

Routing

Configuration
Bitstream

Partitioning

modified
application

Tasks in Pre-fabrication Phase

• Exploration and Implementation of
- base processor micro-architecture
- CGRA micro-architecture
- overall data/control flow, partitioning

Tasks in Pre-fabrication Phase

• Exploration and Implementation of
- base processor micro-architecture
- CGRA micro-architecture
- overall data/control flow, partitioning

Tasks in Post-fabrication Phase

• Exploration and Implementation of
- custom instruction/feature

• Enforcing pre-fabrication constraints

Tasks in Post-fabrication Phase

• Exploration and Implementation of
- custom instruction/feature

• Enforcing pre-fabrication constraints
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Overview

ASIP design methodologies

C compiler generation for ASIPs

Automated processor customization 

Design flow for reconfigurable ASIPs

MPSoC virtual platforms

MPSoC programming

Summary 

54© 2008 R. Leupers

What is a virtual platform?

A SW model of a HW SoC
platform

Enables...
HW platform architecture 
exploration and optimization
SW development, debugging, 
and optimization
Concurrent HW/SW design
(„HW/SW codesign“)

Requirements
High simulation speed
Speed/accuracy trade-off
Flexibility
Usability for non-HW-experts
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Need for speed

Instruction set simulator (ISS) is at the heart of virtual platforms

ISS speed evolution
Early interpretive: few KIPS
Fast interpretive: ~100 KIPS
Compiled: ~10 MIPS
SW Sim. Cache: ~10 MIPS
Binary translation: 50-100 MIPS

Challenge:
Instruction-accurate ISS technology has been pushed to its limits
How to handle future many-core MPSoC?

Compiled 
Simulation
Compiled 
SimulationApplicationApplication

Compile-TimeCompile-Time Run-TimeRun-Time

Program 
Memory
Program 
Memory

Simulation
Compiler Execute

Instruction Behavior
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Example: SHAPES platform
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Virtual SHAPES platform snapshot

Register/memory
inspection
Breakpoints, 
watchpoints
Program counter
traces
Log files
Example snapshot: 
Linux OS booting on 
ARM with DDD 
debugger frontend 
inside VPA
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What is left for accelerating simulation?

Experiment with DES application
and MIPS core
Baseline 1: traditional IA ISS

Relatively slow

Baseline 2: native C code
execution

No target-specific information

~1000x speedup between ISS 
and native code theoretically
available
~100x may be realistic
Goal: hybrid simulator, toggling
between

Fast native execution
Accurate target ASM simulation
Debugging enabled
Much faster than ISS

See also [Marques, Buels, et al., HPCA04]
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HySim approach

Target ISS and C virtual co-
processor (VCP) co-exist in 
simulation environment
User has single graphical debug
interface
Use scenario 1:

User sets breakpoint at program
point of interest
HySim fast-forwards to that
breakpoint
ISS continues as usual

Use scenario 2:
FF breakpoint at end of program
Fast SW performance estimation

Major challenge:
Synchronisation of processor state
between ISS and VCP
Requires C code instrumentation

Target Memory
Space

C SourceCode

Target Binary Native Binary

VCP

Target
Compiler

Instrumenter&
Host Compiler

ISS

PartitionerSync logic

Set FF Breakpoint

Native Memory
Space

CFG

[MPSoC2007,ISSS/CODES2007]
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Preliminary results (HySim for MIPS core)

72x

7.1x

22.34x
32.4x

FF breakpoint at end of program

Overhead due to non-partitionable
functions and code instrumentation

FF breakpoint at end of program

Overhead due to non-partitionable
functions and code instrumentation

Upper bound
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Overview

ASIP design methodologies

C compiler generation for ASIPs

Automated processor customization 

Design flow for reconfigurable ASIPs

MPSoC virtual platforms

MPSoC programming

Summary 

62© 2008 R. Leupers

MPSoC programming challenge

Rabbah, IBM, ESWeek 2007

MPSoC is here 
today. But do we 

have the 
software?
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The von Neumann inheritance

Sequential programming of sequential machines
Pascal, Modula-2, C, C++, Java, ...

Sequential programming of parallel machines?
VLIW: handled by sophisticated compilers
SIMD: will be accomplished by compilers
HW multithreading: handled by OS and/or
programmer
Does not scale to heterogeneous MPSoC with
distributed control paths!

Parallel programming of parallel machines!
„We need to move ... to parallel thinking and 
programming...We are standing at the very
beginning...It´s a huge area.“ (J. Gutknecht, ETH 
Zurich)

What to do in the meantime?

64© 2008 R. Leupers

New programming models

E.g. OpenMP for Intel multi-core programming

Enhancing standard languages (C/C++) 
with parallel programming pragmas

Problems:
Need OpenMP enabled compiler
Tedious manual identification of potential 
parallelism
Not safe (e.g. thread race conditions, critical
regions), need thread checker etc.
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Problem Statement

New parallel languages? C is hopeless?

Who takes Complexity of 
Parallelism?

Push-button MPSoC
programming framework?

“85% of all embedded developers use C/C++. Any other 
language is a non-starter… I don’t have much hope a new 
parallel language will get a foothold” (EETimes, 27.9.07)

D. Kleidermacher, CTO, Green Hills Software

Hidden from programmers 
as far as possible

Workbench style preferred
Hwu et al, DAC 2007
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MAPS Work-flow

NPCB GraphNPCB GraphNPCB GraphNPCB GraphCBsCBs

Sequential
C Code

Sequential
C Code

C Front-endC Front-end Trace Gen.Trace Gen.

IRIR TraceTrace

WSCDFGWSCDFG

Static/Dynamic AnalysisStatic/Dynamic Analysis

CB Gen.CB Gen.

Task Gen.Task Gen.

Architecture
Description

Architecture
Description

TasksTasks

Code Gen.Code Gen.

Parallelized
C Code

Parallelized
C Code

AnalysisAnalysis

PartitioningPartitioning

CodeCode
EmissionEmission

MAPS Eclipse IDE

TCT-MPSoC
(@TIT)

MPSoC 
platform 2

...

Parallelized
C Code
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Parallelism Discovery – CB

Coarse-grained Task Parallelism in C
Based on Compiler IR (Intermediate Representation)
Suitable Granularity of Codes as Atomic code blocks

CB (Coupled Block)
CB Design Criteria

Tightly coupled by data-dependence
Schedulable

Weighted Statement Control/Data-flow Graph (WSCDFG)
CB Example in WSCDFG

68© 2008 R. Leupers

CB-to-task clustering

CAHC: Constrained Agglomerative Hierarchical Clustering
(inspired by Agglomerative Clustering in Data Mining)
Enabled by advanced data flow analysis
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MAPS IDE snapshot

70© 2008 R. Leupers

TCT MPSoC

TCT MPSoC

TCT Co-Processor

Host
Interface

LCD
Ctrl

RISC
uP

DMA
Ctrl

Mem
Ctrl

AHB
Arbiter

APB
Bridge

UART SPI GPIO
PE PE PE PE

PE PE

Interconnect

Interrupt
Ctrl

AHB Bus

APB Bus

© Tokyo Institute of Technology
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TCT – Parallel Programming Model (Isshiki, TokyoTech)

Drastically simple programming model
Syntax:

THREAD(name)  { statements }

Thread scope header introduces a new thread labeled “name”
in the program
Thread scope can have any compound statements in C, and 
also other thread scopes (thread scopes can be nested)

thread scope header thread scope

Very simple coding style: seamless transition from sequential C 
codes
Compiler support for automatic communication insertion

72© 2008 R. Leupers

TCT – JPEG Encoder Example

void JPEGtop(FILE *fp){
int i, ii, j;
short DCy=0, DCcb=0, DCcr=0; // DC values
buf_state state; // for bitstream buffer state
state.put_bits = 0; state.put_buffer = 0;
for(i = 0; i < imageSizeYPadding;){

for(ii = 0; ii < 8; ii ++){
ReadOneLine(fp, i ++); // row 0: RGB => Y0/Y1,Cb0,Cr0
ReadOneLine(fp, i ++); // row 1: RGB => Y0/Y1,Cb0,Cr0
THREAD(Dsamp) { DownsampleCbCr(i);} // Cb0,Cr0 => Cb,Cr

}
THREAD(BLKcore) { // call the core functions

int nR = (i - 8 >= imageSizeY); // 2nd row is dummy
for(j = 0; j < imageSizeX; j += 16){

int nC = (j + 8 >= imageSizeX); // 2nd col is dummy
THREAD(Y0) { // process Y components

BLK8x8(&Y0[j],0,&DCy,&state,0);
BLK8x8(&Y0[j+8],0,&DCy,&state,nC);

}
THREAD(Y1) { // process Y components

BLK8x8(&Y1[j],0,&DCy,&state,nR);
BLK8x8(&Y1[j+8],0,&DCy,&state,nC+nR);

}
THREAD(C) { // process Cb/Cr components

BLK8x8(&Cb[j>>1],1,&DCcb,&state,0);
BLK8x8(&Cr[j>>1],1,&DCcr,&state,0);

}
}

}
}}

Cb Cr

Y0

Y1

color components

8 pixels

thread scopes
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MAPS-TCT backend

RISC

PLL RAM
4KB
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RAM
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RAM
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RAM
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RAM
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RAM
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RAM
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TCT
Co-Processor
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+
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void JPEGtop(FILE *fp){
int i, ii, j;
short DCy=0, DCcb=0, DCcr=0; // DC values
buf_state state; // for bitstream buffer state
state.put_bits = 0; state.put_buffer = 0;
for(i = 0; i < imageSizeYPadding;){

for(ii = 0; ii < 8; ii ++){
ReadOneLine(fp, i ++); // row 0: RGB => Y0/Y1,Cb0,Cr0
ReadOneLine(fp, i ++); // row 1: RGB => Y0/Y1,Cb0,Cr0
THREAD(Dsamp) { DownsampleCbCr(i);} // Cb0,Cr0 => Cb,Cr

}
THREAD(BLKcore) { // call the core functions

int nR = (i - 8 >= imageSizeY); // 2nd row is dummy
for(j = 0; j < imageSizeX; j += 16){

int nC = (j + 8 >= imageSizeX); // 2nd col is dummy
THREAD(Y0) { // process Y components
BLK8x8(&Y0[j],0,&DCy,&state,0);
BLK8x8(&Y0[j+8],0,&DCy,&state,nC);

}
THREAD(Y1) { // process Y components
BLK8x8(&Y1[j],0,&DCy,&state,nR);
BLK8x8(&Y1[j+8],0,&DCy,&state,nC+nR);

}
THREAD(C) { // process Cb/Cr components
BLK8x8(&Cb[j>>1],1,&DCcb,&state,0);
BLK8x8(&Cr[j>>1],1,&DCcr,&state,0);

}
}

}
}}

void JPEGtop(FILE *fp){
int i, ii, j;
short DCy=0, DCcb=0, DCcr=0; // DC values
buf_state state; // for bitstream buffer state
state.put_bits = 0; state.put_buffer = 0;
for(i = 0; i < imageSizeYPadding;){

for(ii = 0; ii < 8; ii ++){
ReadOneLine(fp, i ++); // row 0: RGB => Y0/Y1,Cb0,Cr0
ReadOneLine(fp, i ++); // row 1: RGB => Y0/Y1,Cb0,Cr0
THREAD(Dsamp) { DownsampleCbCr(i);} // Cb0,Cr0 => Cb,Cr

}
THREAD(BLKcore) { // call the core functions

int nR = (i - 8 >= imageSizeY); // 2nd row is dummy
for(j = 0; j < imageSizeX; j += 16){

int nC = (j + 8 >= imageSizeX); // 2nd col is dummy
THREAD(Y0) { // process Y components
BLK8x8(&Y0[j],0,&DCy,&state,0);
BLK8x8(&Y0[j+8],0,&DCy,&state,nC);

}
THREAD(Y1) { // process Y components
BLK8x8(&Y1[j],0,&DCy,&state,nR);
BLK8x8(&Y1[j+8],0,&DCy,&state,nC+nR);

}
THREAD(C) { // process Cb/Cr components
BLK8x8(&Cb[j>>1],1,&DCcb,&state,0);
BLK8x8(&Cr[j>>1],1,&DCcr,&state,0);

}
}

}
}}

Threaded code

From MAPSFrom MAPS mappingmapping
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Towards HW supported MPSoC multiprocessing

Tasks need to be synchronized 
and need to communicate

In general-purpose computing 
platforms: OS/RTOS supported

Embedded MPSoC: OS overhead 
(performance/energy) is huge

Research on supporting OS 
functionality with special HW 
block

Must be configurable, 
programmable

ASIP implementation ideal!

Memory
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RISC

DSP

DSP

S
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OS HW
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OS HW 
Proxy 
Client

Modem

Security 
Device

Keypad

3D 
Graphics
Engine
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