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Structure of this course
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The need to support heterogeneous architectures

Energy efficiency a key constraint, e.g. for

mobile systems @0
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Practical problem in automotive design
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O Evaluate alternatives (,what if ?*) Which
O Mapping . processor
0 Scheduling Early should run the
* Quickly software?

0 Communication o
= Cost-efficient

Zeit ist Geld — Echizeit ist viel Geld

SYMTA VISION Marek Jersak, 08.-09.05 2007

& Symtavizion GmbH, Germany



A Simple Classification

Architecture fixed/

Fixed Architecture

Architecture to be

Qiang XU (HK)
Simunic (UCSD)

Auto-parallelizing designed
Starting from Map to CELL, CO tool;
given task graph | Hopes, XPO/SPEA?2

ystemCodesigner
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Auto-parallelizing

Mnemee (Dortmund)
Franke (Edinburgh)
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Daedalus
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Example: System Synthesis

Given:

mappings architectures
Goal:
schedplq_ mapping architecture

Objectives: cost, latency, power consumption

technische universitat S fakultat fur © p. marwedel,
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Basic Model — Problem Graph

Problem graph Gp(Vp,Ep):
(1 2
(5) (6)
(32

o

©

Interpretation:
* Vp consists of functional

nodes fo (task, proce-
dure) and communication
nodes Vp© .

* Ep represent data depend-
encies
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Basic Model: Specification Graph

4 N o
Definition: A specifica-

tion graph is a graph
Gg=(Vg,Eg) consisting
of a problem graph Gp,

an architecture graph
Gpa, and edges Eyy. In

particular, Vg=VpuVy,
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Design Space

Communication Templates

-~

B &

e

AN

Computation Templates
Cipher FPGA
DSP
RISC
SDRAM
Look
ME .

/

Scheduling/Arbitration

-

=

o

/

Which architecture is better suited for our application?

Architecture # 1

Cipher

~

/

Architecture # 2
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Evolutionary Algorithms for Design Space
Exploration (DSE)

individual

decode allocation
0 selection !
® recombination decode binding
€ mutation ,
scheduling
design point
(implementation) \ /
fitness evaluation
fitness \
user constraints
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Challenges

* Encoding of (allocation+hinding)

* simple encoding
* 2g. one bit per resource, one variable per binding
+ gasy to implement
« many infeasible partitionings
* encoding + repair
* 9. simple encoding and modify such that for each v, € V, there
exists at leastone v, € V', witha fv,) =v,
« reduces number of infeasible partitionings

« Generation of the initial population, mutation
* Recombination

technische universitat s fakultat fur © p. marwedel, : ) )
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EXPO — Tool architecture (1)

MOSES
system architecture
EXPO performance values SPEA 2
©
task graph, lorati %
scenario graph,

ycle
flows & resources

A

selection

of “good” architectures
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EXPO — Tool architecture (2)

"Moses 1.00+ (31-8-2001)

Simple_NP (SPI_RES)

ProcessIP
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EXPO - Tool (3)

& EXPO, Institute TIK, ETH Zurich

& Implementation Nr. 60641 (EXPO, Institute TIK, ETH Zurich)

‘ Save SVG || Save JPG H Save PNG || close |Scenarius:‘ Scen2 H

rrent popll Scenario: Scen2

Initial population constructed.
Initial population written to file. 20
Fopulation written to file.

Ta[

oy

# EXPO - A Tool for Design Space Expl [EElJ

File Help el
55
5.0
stopqy |

- Reset | pres)
i 4.0
Initialization sequence started. ; R
Static parameters read. a0k

Froblem specification read.

240

Optimal Scaling Factor: 0.530
Total Memory: 8.295

DsP

Utilization: 79%

CheckSum

Utilization: 4%

LookUp

Utilization: 7%

Flow: RTSend

RTPtx
VoiceEnc
LinkTx
Schedule

Priarity: 5

Generation counter setto 1. 146 Flow: NRTDecrypt Priority: 4
e Ganaration 1 T 1af Ei$:$p5
Al active gene IDs read. 05 IPModify
Fopulation before cleaning: 101 elements) » 3 1'0 LinkTx
Population after cleaning: 101 elements. o \ o g‘;’;‘r’;ﬂ‘;‘e
Clean of population finished. * axs AHVerify
FPopulation written to file. Classify
Genes for variation read. LinkRx
ariation finished. Flow: RTRecy Priority: 1
T Generation 2 R Dejitter
All active gene IDs read. - gmcel::nelf:|
rocess
RTPrx
Classify
LinkRx
Flow: NRTForward Priority: 3

UDPtx
CaleCheck
BuildiP

VerifylP
CaleCheck

VerifylP
UDPrx

Acc. Waiting Time in Queue: 0.000

Routel L1
ARPLU

Acc. Waiting Time in Queue: 0.000

ARPLU
RouteLU2

Acc. Waiting Time in Queue: 0.000

Acc. Waiting Time in Queue: 23.088
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Application Model

Example of a simple stream processing task structure:

ESP AH
Encaps Calc Encrypt
NN e . Bnistypticn/Dactyption
Flow NRT Encrypt O Voice Processing

IP header Calc Check Flow NRT IP Forward
Modify Sum \

LinkRx  Verify IP Process IP (Jassi = ARP Schedule Link
Header Header Look Up Tx
4 . EFEEEEEN . EEEEmER . lllllllll . N

Voice RTP Tx / UDPTx  BuldIP Route UDPRx  RTPRx \.\ Dejitter Voice

Encoder / Header  Look Up \ Decoder
Flow RT Send Flow RT Recv

technische universitat s fakultat fir © p. marwedel, _ ) )
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Exploration — Case Study (1)

behavioral specification of a video codec
for video compression

current (rame -~ prediction emer T -
L .‘-I.:_ _:-P - DCT . Q | . _ ELE _
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Exploration — Case Study (2)

problem graph of the video coder
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Exploration — Case Study (3)

frame memory dual ported frame memory block matching module input module

h261 urchﬂech.?‘plaie /
{15 Iy l[ i [ﬂﬂ'} 'ii'I' {u}.
TM'-‘]

o) () e (o)

BT
, i ] ' f

| ' ' | ERM 13 (20
. ' * ' ! i * ‘ | SBF 1430
L l 1 (LA L l 1 T l I T f 1‘
[RISH: [ SAM ] [Dr:m IIC

| ]
l'lﬁlll'_l/ (50 (100 |50

| autput module
subtract/add module

DCT/IDCT module Huffman encoder

technische universitat S fakultat fur © p. marwedel,
dortmund informatik informatik 12, 2014

© L. Thiele, ETHZ

- 18 -



More
Results

Performance for

encryption/decryption 08 Performance for
P / yp RT voice processing
DSP Cipher DSP
NRT: &4%||NRT: 71% NRT: 35%
RT: 3% | | RT: 0% RT: 39 %
LookUp || Classifier LookUp || Classifier
NET: 15% || NET: 27 % MRET: 1% [| NET: 1%
RT: 6% || RT: 11 % RT: 6% || RT: 11 %
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Extension:
considering memory characteristics with MAMOT

Exam ple CPUo 500 MHz CPU1 400 MHz
—»| L1 Instruction 16 KB 3| | 1 Instruction 32 KB
[ [ 1 Data 16 KB {1 Data 64 KB
Private % %, Private % 2
Memory 16 MB £ 2 Memory 8 MB £ 2

AMBA BUS
)]
Private £ T @ Private
Memory 16 MB Z 2 Shared = o Memory 8 MB
o Memory
512 MB . N
=»| L1 Instruction 8 KB —»] L1 Instruction 32 KB
—>»| L1 Data 8 KB —>»| L1 Data 8 KB
CPU2 500 MHz CPU3 400 MHz
; technische universitat f  fakultat fur © p. marwedel, . 20 -
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Gains
resulting from the use of memory information

40
Runtime
35
M Energy
30
25
X
= 20
.g
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AR SRS R N
Olivera Jovanovic, Peter Marwedel, luliana Bacivarov, Lothar Thiele: MAMOT: Memory-Aware
Mapping Tool for MPSoC, 15th Euromicro Conference on Digital System Design (DSD 2012) 2012
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Design Space Exploration with
System Co Designer (Teich et al., Erlangen)

System Synthesis

comprises:
Resource allocation
Actor binding
Channel mapping
Transaction modeling

ldea:
Formulate synthesis problem
as 0-1 ILP
Use Pseudo-Boolean (PB)
solver to find feasible
solution
Use multi-objective
Evolutionary algorithm
(MOEA) to optimize Decision
Strategy of the PB solver

technische universitat
dortmund
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System Synthesis (Actor Binding)

» A denotes the set of actors

» Actor binding activation a-: Ax R - {0, 1}

» «afa,r) = 7binds actor a onto resource r

» Vac<A: Y a(a,r) = 7 (Each actor is bound exactly once)

pd é’ “- Eg >
L =

Hardwars-Software-Co-Design

© J. Teich, U. Erlangen-Nurnberg

© p. marwedel, 29
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A 3rd approach based on evolutionary
algorithms: SYMTA/S:

@ dynamic selection via GUI
& automatic update

System Parameters Mutable

Parameter Set

Immutable
Parameter Set

Chromosome
Classes

—3 —

Scheduling 1. Apply [;h:pn;%’;
NN
£ 1
% 1 7. Deletion/Variation
78
s o & 5. Individuals +
& Fitness
i 052;”257,'1’;" s titoess| Optimization Evolutionary
En
s 2 0000 Controller Optimizer

' [R. Ernst et al.: A framework for modular
’ analysis and exploration of
13 Xp/Of ation L oop heteterogenous embedded systems,

Real-time Systems, 2006, p. 124]
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A Simple Classification

Architecture fixed/ | Fixed Architecture | Architecture to be
Auto-parallelizing designed

Starting from Map to CELL,
given task graph \_| Hopes

COOL codesign tool;
EXPO/SPEA?2

SystemCodesigner

Simunic (UCSD)

Auto-parallelizing | Mnemee (Dortmund) | Daedalus
Franke (Edinburgh)

MAPS
|

; T technische universitat e fakultat fur © p. marwedel,
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A fixed architecture approach: Map —» CELL

O The problem of allocating and scheduling task graphs on processors in a
distributed real-time system is NP-hard.

Martino Ruggiero, Luca Benini: Mapping task graphs to
the CELL BE processor, 1st Workshop on Mapping of

Applications to MPSoCs, Rheinfels Castle, 2008

technische universitat S fakultat fur © p. marwedel,
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Partitioning into Allocation and Scheduling

Master problem (MP)

Obj. Function
-—
INTEGER PROGRAMMING

%

No good: unfeasible SP
Optimality cut: SP solution
is optimal UNLESS a hettel
one exists with a different
allocation

All+Sch
UB for cost

Allocation
LB for cost

Timing constraint

— Dh'l Functlon

CONSTRAINT PROGRAMMING

Subproblem (SP)

Iterations stop when MP becomes unfeasible!

technische universitat S fakultat fur © p. marwedel, © Ruggiero, Benini, 2008 _ 26 -
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)

PO HOPES Proposal HOPES
KPN
Model-based
Programming UML
(PeaCE model)
| l .,
[ Common Intermediate Code (CIC)
{ Generic APL
CIC API) t lator
Static C code analysis (w/ ) franslator
t | " APT lib.
[ . Per-processor code ] W
Perf. & power estimation ¢ Platform 1 2
[ L Virtual Target HW platform
Processor ISS —’_‘ "|_profotyping
|
Jan. 24, Eﬂﬂ?l Soonhoi Ha, SNU
—';f-j;—ﬂ | technische universitat . fakultat fur © P. mamedel, - 27 -
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A Simple Classification

: T technische universitat
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Architecture fixed/
Auto-parallelizing

Fixed Architecture

Architecture to be
designed

Starting from
given task graph

Map to CELL,
Hopes,

Qiang XU (HK)
Simunic (UCSD)

COOL codesign tool;
EXPO/SPEA?2

SystemCodesigner

Auto-parallelizing

Mnemee (Dortmund)
Franke (Edinburgh)

MAPS
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Daedalus Design-flow

Sequential application

S.yst e m- Le.ve I ........................................................................................................................................................................................

Specification - f
atform Mapping
Kahn Process Network

Explore, modify, select instances

RTL-Level Synthesizable C/C++ code for
Specification VHDL processors

Ed Deprettere et al.: Toward

Composable Multimedia MP-SoC
Design, st Workshop on Mapping of Xilinx Platform Studio (XPS)
Applications to MPSoCs, Rheinfels

Castle, 2008

technische universitéat S fakultat fur © p. marwedel, © E. Deprettere, . 29.-
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JPEG/JPEG2000 case study

Example architecture instances for a single-tile
JPEG encoder:

16KB

Vin,DCT|

32KB

2KB

- Q,VLE,Vout

2 MicroBlaze processors (50KB)

32KB

4KB

Vin,Q,VLE,Vout

ﬁ

< —

DCT

1 MicroBlaze, 1HW DCT (36KB)

DCT, Q

4x2KB

8KB

DCT, Q

32KB

Vin

VLE, Vout

DCT, Q

4x2KB

PAANN

7

DCT, Q

___4x16KB

6 MicroBlaze processors (120KB)

2& 2KB
DCT [

4 MicroBlaze, 2HW DCT (68KB)

2KB
DCT —> Q

2KB

/ 8KB

Vin | 8KB 32KB

8KB

%B

VLE, Vout

Q

AB
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Sesame DSE results:
Single JPEG encoder DSE

Millions of clock cycles / tile

W
(&)

W
o

N
w

N
o

-
(&)}

-
o

(&)

)

Performance-memory trade-off DSE

< implementable

© M implementable pareto front|
A non-implementable

O homogeneous

©

m D

L N
AS Bo 28 S @ ©
Ié T I [ [ I T ]
25 50 75 100 125 150 175 200 225
Memory utilization (KB)
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A Simple Classification

: T technische universitat
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Architecture fixed/
Auto-parallelizing

Fixed Architecture

Architecture to be
designed

Starting from Map to CELL, COOL codesign tool;

given task graph | Hopes, EXPO/SPEA2
Qiang XU (HK) SystemCodesigner
Simunie (JESD)

Auto-parallelizing

Mnemee (Dortmund)
Franke (Edinburgh)

MAP

Daedalus
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Auto-Parallelizing Compilers

Discipline “High Performance Computing”:
Research on vectorizing compilers for more than 25 years.
Traditionally: Fortran compilers.

Such vectorizing compilers usually inappropriate for Multi-
DSPs, since assumptions on memory model unrealistic:

Communication between processors via shared
memory

Memory has only one single common address space

% De Facto no auto-parallelizing compiler for Multi-DSPs!
< Work of Franke, O'Boyle (Edinburgh)
<= Work of Daniel Cordes, Olaf Neugebauer (TU Dortmund)

technische universitat S fakultat fur © p. marwedel, . 33
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Example:
Edge detection
benchmark

D. Cordes: Automatic Parallelization for
Embedded Multi-Core Systems using High-

Level Cost Models, PhD thesis, TU Dortmund,

2013, https://eldorado.tu-dortmund.de/
bitstream/2003/31796/1/Dissertation.pdf

(5)

(6)

technische universitat
dortmund

1. |int main() {
// Initialize temporary image buffers
3. for(i=0;i<N;i++){
for(j=0;j < N; ++j) {
5. image buffer2[i][j] = 0;
image_buffer3[i][j] = 0;
7. }
}
9. // Initialize filter[]
convolve2d(image_bufferl, filter, image_buffer3);
11.
// Initialize filter2[]
13. | convolve2d(image buffer3, filter2, image bufferl);
15. | // Initialize filter3([]
convolve2d(image_buffer3, filter3, image buffer2);
17.
// Combine gradiants and apply threshold
19. | for(i=0;i<N;i++){
for (j=0;j<N; ++j) {
21. templ = abs(image bufferl[i][j]);
temp2 = abs(image_buffer2[i][j]);
23. temp3 = (templ > temp2) ? templ : temp2;
image_buffer3[i][j] = (temp3 >T) ? 255:0;
25. }
}
27. [}
T fakultat fur © p. marwedel,

informatik informatik 12, 2014
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Task Parallelism

11.

13.

15.

17.

18.

21.

23.

25.

27.

int main() {
// Initialize temporary image buffers
for (i=0;i<N;i++){
for(j=0;j<N; ++){
image_buffer2[i][j] = 0;
image_buffer3[i][j] = 0;
}
}
// Initialize filter([]
convolve2d(image_bufferl, filter, image_buffer3);

// Initialize filter2[]
convolve2d(image_buffer3, filter2, image_bufferl);

// Initialize filter3[]
convolve2d(image_buffer3, filter3, image_buffer2);

// Combine gradiants and apply threshold
for (i=0;i<N;i++){
for(j=0;j<N; ++){
templ = abs(image_buffer1[i][j]);
temp2 = abs(image_buffer2[i][j]);
temp3 = (templ > temp2) ? templ : temp2;
image_buffer3[i][j] = (temp3 >T) ? 255: 0;
1
}
}

(5)
(6)

Tasks

Phase 2: convolve2d_4tasks

Phase 3: convolve2d_2tasks

Phase 5+6: for (...)

Phase 2: convolve2d_4tasks

Phase 3: convolve2d_2tasks

Phase 5+6: for (...)

Phase 2: convolve2d_4tasks

Phase 4: convolve2d_2tasks

Phase 5+6: for (...)

Phase 1: for (...)

Phase 2: convolve2d_4tasks

Phase 4: convolve2d_2tasks

Phase 5+6: for (...)

>

Time

technische universitat
dortmund

fakultat fU D. cordes: Automatic Parallelization for Embedded Multi-Core Systems using High-Level Cost Models, PhD
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Energy [mJ]

MaCC Application:
Multi-Objective Task-Level Parallelization

Restrictions of embedded architecture

S

Low computational power, small memories, battery-driven, ...

120

4 Cores

100
3 Core/
80
5 Core/
60

Speedup vs Energy

Consumption for Matrix
Multiplication on MPARM

with MEMSIM
1 Core
40 g

20 Time [Cycles] | Energy [mJ] | Speedup
1 Core 125,256,949 36.433 1.00
2 Cores 74,172,007 58.095 1.69
0 T T T J 3 Cores 53,804,696 79.607 2.33
1 15 2 2.5 3 4 Cores | 44,389,652 103.655 2.82

Speedup (Based on CPU Cycles)

Good trade-off between different objectives must be found
= As fast as necessary instead of as fast as possible

technische universitat S fakultat fur © p. marwedel, © D. Cordes,
dortmund _ informatik informatik 12, 2014 2013
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Multi-Objective Task-Level Approach (2)

g 20x - Dominated
S o Pareto-Optimal ()
S 2 12x - ’
- CT) .
E 8 8x °
Q 4x @
O ° IR
w/’—"_‘vi’rfﬁ___f—_#
340 % T . ]
280 O/OYY B
220 %

%
2) 160 % -
L 100 % 4 1.2x 14X 16)( 1.8x% 2X 22)(
Speedup of Execution Time

Edge detect benchmark from UTDSP benchmark suite
Target architecture: MPARM with MEMSIM energy model (1-4 cores)

technische universitéat S fakultat fur © p. marwedel, © D. Cordes, . 37-
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Pipeline Parallelization

1. Extract pipeline stages (horizontal splits)

T1 Tz
1 N Wt 1 1. | for(i=0; i< NUMAV; ++i){ i
Nl Tl N1 L Xrt)11 =1, i float sample_real[SLICE]; 14
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Heterogeneous Pipeline Parallelization

Heterogeneous MPSo0Cs can be more efficient than homogeneous
= Cores behave differently on same parts of application
= Efficient balancing of tasks very difficult
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=>Use ILP as clear mathematical model integrating cost models
= Combine mapping with task extraction
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Heterogeneous pipeline parallelization results
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Cycle accurate simulator: COMET (Vast) = Average speedup: 8.9x
100, 250, 500, 500 MHz ARM1176 cores . Max.Speedup: 11.9x
Baseline: Sequential on 100 MHz core
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MAPS-TCT Framework
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Summary

Clear trend toward multi-processor systems
for embedded systems, there exists a large design space

Using architecture crucially depends on mapping tools

Mapping applications onto heterogeneous MP systems
needs allocation (if hardware is not fixed), binding of tasks
to resources, scheduling

Two criteria for classification

Fixed / flexible architecture

Auto parallelizing / non-parallelizing
Introduction to proposed Mnemee tool chain

Evolutionary algorithms currently the best choice
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