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Embedded System Design

ol 23l Al sldob >
Actual design flows and tools

Design steps can be used in different combinations.
In the following, we will present some examples ...

1. SpecC [Gajski, DOmer, Gerstlauer]
Focus on intellectual property (IP) components
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SpecC

Comprises allocation -

(selecting
components from a
library), partitioning
(mapping of parts of
the system
specification onto the
components) &
scheduling
(serialization of
execution).
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S pec C | Validation flow
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File Edit View Project Synthesis WValidation Windows Help
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Browsing the specification

dation  Windows Help
K EEE=] B s ®
—{| Window Eiewl I - | [
i - testhench - testhench.sir [read-only]
_D Connectivity i =
1
| Zoam in Cirl++ - Narme 1\ Tvpe
Bin o db_mode in bool
) (! e '3"31'3" o nesw_frame in event
Add level Clrl+ & 1 pre_process o setial out unsigned hitjzs
Remove level Cirl+R _;ziglder hormi o+ serialhits_ready out event
L ¥ itter and_ sta d«"speech_samples in bit[12:0] [160]
I coder 12kZ o tecits_ctrl out unsigned hit]s:
L seq @ prm shart int [57]
B & lp_analysis @ reset_flag_1 boal
A init reset_flag_z bioal
@ g
Il seql & speech_frame short int [160]
A az_lsp_1 @35yn shatt int [160]
Waz lsp 2 s e ke
=
y [Benavios < | | _]




An actual example

on by simulation -

o
Q)
':!'.

El Help

_| frame=147 encoding delay = 0,00 ms

i frame=148 encoding delay = 0,00 ms

— frame=149 encoding delay = 0,00 ms

(] frame=150 encoding delay = 0,00 ms Type

T frame=151 encoding delay = 0,00 ms -
frame=152 encoding delay = 0,00 ne in bool
frame=153 encoding delay = 0,00 ms in event
frame=154 encoding delay = 0,00 ms ) )
frame=155 encoding delay = 0,00 ms out unsigned hit[z«
frame=156 encoding delay = 0,00 ms out event
frame=157 encoding delay = 0,00 ms PR
frame=15% encoding delay = 0,00 ms n hlt“?'ul HBD.]
frame=159 encoding delay = 0,00 ms out unsigned bit[a:
frama=1F0 encoding delay = 0,00 ms short int [57]
frame=161 encoding delay = 0,00 ms
frame=162 encoding delay = 0,00 ms hoal
frame=163 encoding delay = 0,00 ms hoal
done, 163 frames encoded short int [160]

shnrt int [160]

Files zpeechfiles/nodtx_good,bit and nodtx,.bit are identical S R T~
Simulation exited with status O
Press return to continue ..,

x Refne | shell |
i e fhinfsh -c MYocoderSpec speechfilesfspoh_unxing nodbcbit nodt< && diff -z speechfiles/nodt<_good.hi
t nodt<.bit; & exited with status $7" ;echo "Press return to cantinue .." ;read canfirm
Ready y
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Analyze profiling results

F Help w|~| x|
e ; | @
—| Window Miew Arrange i
T = =B Mame Type B [Cstc
m Hel.;:femtinns Window Customize siiLlpdate o
Com i o ana out short int
[ in shart int [11]
M= - — - . ) _njain in ghort int
Window Customize ) ) 0]
|QIEIEt [40]
M= - — -+ Window Customize
Int ALU
1H-— - [operations] 10]
10]
Raw:
o B it Avitn .
Eud . Int Comp 4]|:I]
& []mtsnn ||
— e 5 ) Lire.m
=l . Int Logic
{ —
| compile |
Compliing stafistics 1g
Computing statistics f
Computing statistics
Annotating statistics t
End: Behavior profiling codebook_cn
[Ready A
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PE selection

==
X

ArD_KE
andD_kT
hem ARRT0Z0
Custom Hardware ARBTZ0
Cantraller ARMIZD
IOT_32300
Intel_P1
Intel_FPz
Intel_P3
MIPS3E
MAIF S i
hotorola_BS000
hotorala_GG010
hotorola_Coldfire
Ultrasparcll
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The top level behavior is mapped to the DSP

= [vocodersce - 50C Environment - [Coder - VocoderSpec - Vocoderspec.sir] [EEX
[5] Eile Edit ¥iew Project Synthesis Validation Windows Help  »|=] =|
Ne @ & oa kbl X BEE| Ba |0
i ITFF'E IPE | T Mame
o &5 Coder
bHE HDOESS Fre_ Frocess e dt+_moade
seq ¥ Fre_Frocess Seg’t o new_frame
eircoder froiningTiame_hest Eheoder Homingivane_rest | e serial
miter_and_scale Fitter_And Scaie I
= - == — Ihit
oder_ 122 Coder_ 1252 gse”a AS-,'
seq? Coder 124E Seq? [ SREBCh_s
o analsis {P Anaiyisis 5 ool
L ropen loop S Loop — @prm
L P sibiiames SHEIae s — ¢ reset_flag_
M o SwbiFaimes_frt — ¢ reset_flag_
M o pody Swiifames_ Sody T | @ speech_fr:
£hcivseq ioop Cipsad Loog L @ syn
MW o poay? Subiames  Bode 2 | et ctrl
o codebonk ok Cotboal_ G 3‘: deor 12K
k- B wpainte Lingiate B E’CD ‘er_
N T= = =
A | Canpile | Simuste | Analyze | Refine | Shell |
COMmMPUTNG S1a05C s 107 Operations
Computing statistics for traffic
Computing statistics for storage
Annotating statistics to SIR file
End: Behavior profiling
[Ready v
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Estimate the performance (too slow)

[EIEE

[C] Eile Edit Miew Project Synthesis Validation ‘#indows Help =|=] x|
NDe @ S o XbB K EE| B3| ®
...................................................................... ﬂ[ F— [ _[J Mame ITE.I'F:'E I " I Code I Cp ml Q I HEE[|E

' || =2 tain & Coder 003994.7 us 17596 B
& vocoderSpe L 5 dtw_made in boal

L nenw_frame in event

¢ serial out unsigned bitf24:5:0]

L+ serialbits_ready out event

- speech_samples in bit[12:0] [160]

o teclte_ctrl out unsigned bit[5:0]

— & prm shart int [37] 114 B

— @ reset_flag_1 hool 2B

— @reset_flag_2 hool B

— ¢ speech_frame  shortint [160] 20 B
— @ s¥n shart int [160] 3z0 B

— i tedt<_ctrl_tval unsigned bit[5:0] 0e
= — & coder_12k2 Coder_12kZ 1635 £4z2504 us 16265 B
—sipnst_prncess Fost_Process 163 00us S322B E

RO _ = || = =

P—— T =
bocels I-SLL'I Hierarchy |IL|AI - DsP
- SN IS Anslze | Refine | snei |

: retargetable profiling
Generating internal data structure for profiling
Deriving raw statistics from SIR file
Computing weighted statistics
annotating weighted stafistics to SIR file

End: retargetable profiling

=

-

[Ready

N
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=TS

Dk HW_Harvard . Z400 1.0
Processor HW_Standard 00,0 1000 1.0
rAem

Custom Hardwarg

Caontraller
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Binding “codebook” to the custom datapath

= [=I[Bix]
{] Eile Edit ¥iew Project Synthesis Walidation Windows Help =|=| x|
Do XbB K EFEE|Be| @
[
|T5ape |PE IH Al Mame
T eceer ey 5P & Codebook
Bl § pre_process Fre_Frocess i ana
O B coaer TERE Coder 12RE L code
W seqt Coder TARE Seql LoD exc
1 jo_analais LP_Araivsis :
- - — d
£ apern_ioop Open_ Loop ggaf”—cﬁ &
EHE D subtames SubFRmes [~ gain_pi
L o it Subframes_init —7h
L o oyt Subiaimes Bodv T —CF res2
B oioses ioop Cigsed Lo —cTa
— M o Boaps SubFames Boay e
b cogebook_cn Cotelook_ O oy
: o 2
oK
Codeboos,_Seq T @ E?EEb
Code THI4G 5560t @
Cogehock Seqs — @reszh
FU— =] =
X conps | sinse | analyes | e | stel |
[Ready A
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Execution time of the DSP

ISl=1ES

[7] File Edit ¥iew Project Synthesis Validation Windows Help =|=] x|
N 8@ Sl (oa K@ K| EE| 8ea e
—ﬂ[ Matne 1 e |Type ILI Cnde/iﬂputatin [

1 ]

Design | o4 rain Eehavior_DSP ?BEI435.0
M- {3 ocoderSper o+ I coger Lo 8R_CC_ch_ana HW to DSP _IR_shortint_10_
r ¥OCoders 7 M| o AR_CC_code HW_to DSP _IR_shor_int__40_
. i; | 8R_CC_exc_i_DSP_ta HW  _IS_shortint_40_
: 20 Lo AR_CC_gain_code_HW_to_DSP _IR_short_int
[ ]
Al Lo BR_CC_gain_pit_DEP_to_HW  _I5_shor_int
B & oull P eR_CC_h1_DSP_to_Hw (1S shor_int__40_
4 monitor Lo BR_CC_rese DSP_to HW _IS_short_int_40_
L 4F stimulus LR AR CCTO DSP_to HW _I5_short_int
H _CC_=n_| _to_| _I5_short_int__40_
G BR_CC_xn_DSP_to_ HW I5_short_int__40
i _ 0 _o_ _la_snor_int__ 40
G BR_CC_y1_DSP_to_HW IS_short_int__40
H _CC_y? _to_ _I5_short_int__40_
o BR_CC_yZ_DSP_to_HW I5_short_int__40
i _ _Me _to_ _IR_snor_int__40_
¥ AR_CC_yZ_HW_to_DSP IR_short_int__40
Lo db_mode in bool
Lo new_frame in evant
— e | p— ] -

hodels |.\I Hierarchy [IL|A1 -ﬂl-
| [\Cample | Siulate | Analyze | Refine: || Shell|

Camputing stalistics Tar framic
Computing Instance to Instance traffic
Annotating statistics to SIR file
2

Computing statistics for storage
End:  Profiling and retargetable profiling

[Ready
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Execution time for hardware

= Vouster 50 - 50€ Enviranment - [Codehok_CN_FW - VocoderArch - vacoderarensr] P
B File Edit ¥iew Project Synthesis Walidation Windows Help == x|
SR 8| &
I hMame ! |Type | |Code |9&nm|~12
Diesign | hain i
- hook_CH_HW | 5437034 us JhE72 Assum|ng
o3 .VDCDdEFSPBI Ligd | Pezriog R_CC_ch_ana_Hw_to_DSP  _IS_short_int__10_
W el R_CC_code_HW_to_D5F _I5_short_int__40_ th at
R_CC_exc_i_DSP_to_HW _IR_short_int__40_
F_CC_gain_code_HW_to_DSP _I5_short_int
F_CC_gain_pit DSP_to_HW  _IR_short_int O . 54+ 2 . 6 6
R_CC_h1_DSP_to_HW _IR_short_int__40_ -
— manitor F_CC_rese_DSP_to_HW _IR_short_int__40_ SeC IS
L stimulus R_CC_TO_DSP_to_HW _IR_short_int
R_CC_=n_DSP_to_Hw _IR_short_int__40_ acce ptab I e
R_CC_y1_DSP_to_HW _IR_short_int__40_
R_CC_yz_DSP_to_HW _IR_short_int__40_
R_CC_yz_HW_to_DSP _15_short_int__40_
_ana short int [10] 4L
he short int [40] 16C
ASOm— = 1] | — =
vasels [ || Heraoty [T, | || Trew [mse ] v |
M | conpile || Sinuisle | Analyze | Refie | Shell |
COompuiing stansics 1ar raic
Computing Instance to Instance traffic
Computing statistics for storage
annaotating statistics to SIR file
End: Profiling and retargetable profiling
[Ready A
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2. IMEC tool flow

IMEC = Interuniversitair Micro-Electronica Centrum,
Leuven, Belgium
(Large research facility)
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Imec tool flow
- Global view -
Considers the system at
UML/Java/Concurrent C++-abstraction the concurrent process
! level as a set of
. _ concurrent and dynamic
DMM/Matisse project B 'processes, whose
: specification consists of
TCM/Matador project algorithms, abstract data
y types, communication
Data Transfer and Storage Exploration (DTSE) primitives, and real-time
v requirements. Tools can
ADOPT project perform source code
I transformations on the
OCAPI-XL project dynamic data types &
provide also a memory
pool organization in the
virtual memory space.
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Imec tool flow
_Natadnr/TCNA _
IVICALCAUAVUVUILI /T 1 VI

Again considering a

_ system of concurrent
UML/Java/Concurrent C++—abstraction processes. For these
y tools, the emphasis is on
DMM/Matisse project mapping tasks to
processors. Different
TCM/Matador project . -configurations of multi-
4, processor systems are
Data Transfer and Storage Exploration (DTSE) evaluated and curves of

designs that are non-
‘l' inferior to others are
generated. These curves
y provide a view of the
OCAPI-XL project design space, and are
the basis for final design
decisions.

ADOPT project
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Matador/Task Concurrency Management (TCM)

Wong et al. [Wong et al., 2001]: configurations for a personal MPEG-4
player: combination of StrongArm processors and custom
accelerators.

Found 4 configurations satisfying timing constraint of 30 ms.

Processor combination 1 2 3 4
Number of high speed processors 6 5 4 3
Number of low speed processors 0 3 5 7
Total number of processors 6 8 9 10

For combinations 1 and 4, only one allocation of tasks to processors
meets the timing constraints. For combinations 2 and 3, different time
budgets lead to different task to processor mappings and different
energy consumptions.
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Pareto points

Multiobjective optimization:
— several conflicting criteria
— eg. performance vs. cost vs. power consumption

Definition: A (design) point Jis dominated by point
J. If J,Is equal or better than Jin each criterion (J.<J).

Definition: A (design) point is Pareto-optimal or a
Pareto point, if it is not dominated by any other point.
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Pareto curves

490 - W= =,
6 X ....... .!

480 — 5 4R 2

470 K-y
= 4007 ———e configuration 2
£, 450+ - - - - configuration 3
> 440 - — global Pareto curve
2 430+ _+inferior design point
W 420 6¢ .

. better to use these points

410 - =

400 —

390 | | | | | | =

24 25 26 27 28 29 30 Time Imsl
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Data Transfer and Storage Exploration (DTSE)

Reduction of the data transfers between processing
components and at a reduction of the storage
requirements.

DTSE has proven to be highly effective in minimizing the
energy cost related to data memory hierarchies.

For several typical embedded applications, reductions of
main memory accesses, cache accesses and energy
consumption between 50% and 80% have been reported.

© Falk, 2004
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Data Transfer and Exploration (DTSE)

ANSI-C _” GlobalData | [  Memory | -y | Optimized
Specification Flow Optimization Data Layout ANSI-C Spec.
e T
Data Reuse faisk- / Dais

] | Parallelism

Storage Cycle N Memory Allocation
Budget Distr. & Assignment

« A memory oriented data flow analysis is performed

followed by global data flow and loop transformati

reduce the amount of background memories;

« data reuse transformations exploit a distributed memories;

» storage cycle budget distribution determines the bandwidth
requirements and the balancing of the available cycle budget

over the different memory accesses.

1
"~

~ ~ +~
1UI11S vV
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Data Transfer and Exploration (DTSE)

ANSI-C | [ GlobalData | [ Memory |_| Optimizec
Specification [Flow Optimization| | Data Layout | ANSI-C Spec.
Data Reuse fask-/ Dai8
| | | Parallelism |
[ Storage Cycle | — rMemory Allocatior;
| Budget Distr. | | &Assignment |

 The memory hierarchy layer assignment produces a netlist of
memory units & an assignment of variables to memories.

* For multi-processor systems, task- / data-parallelism exploitation
minimizes communication & storage overhead caused by the
parallel execution of subsystems;

« Data layout transformations map variables with non-overlapping

lifetimes in the same physical memory location.
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Address optimization (ADOPT)

Addressing is simplified in address optimization (ADOPT) tools.

DTSE steps increase the addressing complexity of transformed
applications, by introducing more complex index expressions,
conditions ..

This overhead is neglected by the DTSE methodology.
The optimized memory system, will be power efficient but slow.

Parts of the additional complexity can be removed by source code
optimizations for address optimization (ADOPT):

« algebraic cost minimization first minimizes operation instances.
The goal is to find factorizations of addressing expressions in
order to be able to reuse computations as much as possible.
The reuse of expressions is based on common subexpression
elimination techniques.
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Address optimization (ADOPT)

High penalty by DTSE addressing using modulo (%) & /.
Optimization of this addressing is a major goal in ADOPT.

[ and % can be replaced by variables as follows:
for (j=0; j<n; j++) int jdiv6=0, jmod6=0;
a[j/6][j%6] = ...; for (j=0; j<n; j++, jmod6 ++) {
if (jmod6 >= 6) {
jmod6 -= 6; jdive ++; }

a[jdive] [jmod6] = ...; }

% addressing only consists of ++ and -- operators.
In many examples, ADOPT reduces runtimes by about 3.
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Backend

e Compilers
« Mapping to configurable hardware using OCAPI-XL
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Cosynthesis for embedded micro-architectures
(COSYMA)

Ernst et al., Univ. Braunschweig
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Cosynthesis for embedded micro-architectures

(COVIMAN
\w Vo T Ivimy)
C + process header ...................................... CX processes constraints, user directives %
o
o
£
Basedon SUIF | (compiler ) c
; ; ; ~{8
Simulation + analytical | . (profiling )= . > <
£
: ; R £
1 Process or mtegrated N part. ----------------- ' hschedulingd;}*: ------------ - Ve 8
\ oo
Granularity=basic block |- (HW/SW partitioning '
(7]
C-code generation & HDL-code generation ij
communication synthesis | | & communication synthesis @
_ =
@
[
(HL synthesis (BSS) )< g
C
compilation o
object code( Synopsys design compiler}%
VHDL netlist
(run—time analysis) HW/SW target model [=-{ peripheral models
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Ptolemy I

Ptolemy Il supports specifications using different models of
computation. In particular, it supports:

1. Communicating sequential processes (CSP).

2. Continuous time (CT): appropriate for ME, analog circuits.
Supported by extensible differential equation solvers.
Discrete event model (DE): model used by many (e.g. VHDL)
simulators.

Distributed discrete events (DDE).

Finite state machines (FSM).

Process networks (PN), using Kahn process networks
Synchronous dataflow (SDF)

Synchronous/reactive (SR) MoC. Discrete time, signals do not need
to have a value at every clock tick. Esterel used.

oo

© N O A
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Ptolemy I

Source ...
http://ptolemy.eecs.berkeley.edu/ptolemyll/ptll13.0/ptll3.0.2/doc/index.htm
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Datei  Bearbeiten  Ansicht  Gehe  Lesezeichen Tools  Eenster  Hilfe

& - i - a “§§ I\_&. htkp:fiptoleny eecs. berkeley . edufptolemy I ptITE.0fptITE.0. 2 fdocfindex. htm j é_ﬁuchenl Dt:il;e -
rucken

Zuriick Yar Meu laden  Stopp

“!Lesezeichen ‘mozilla.urg lLatest Eiuilds ‘Mozilla deutsch

Ptolemy 11

T _/ﬁStartseite |

heterogenous
modeling and design

| Go || Pause || Resume || Stop | ;l

Model parameters:
CT Home
Documentation stickiness: |-1 0

Help
Acknowledgements @E@@

Demos . . . . slticky I:ﬂassels
Nl ]

BouncingBall
CarTracking 25k i
ComparedClocks '
Helicopter i )
Level Crossing 20
Lorenz

SampledClocks 1.5
Accelerometer
SquareWave 1.0 7

StickyMasses
Thermostat 0sr .

Transmission
Units 0oL |

This applet models two (sticky) masses on a flat fictionless table, as shown m the figure below. Each of the masses is attached to a spring
E E E with distinct spring constant. Ifthe balls are not stuck together, they will ndependently swing back and forth. I they collide, they stick
together, and swang together depending on their momentum when they collided. The stickiness 15 assumed to exponentially decay with rate

|-;<§&, il A Ea] @ | execution finished. | I@E 4
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[ prolemy II Documentation - Mozilla

| Datei Bearbeiten Ansicht  Gehe Lesezeichen  Tools  Fenster  Hife

ﬁ - @' - a w%% htkp: fiptol . berkeley, edu/ptol ILpkIIS,0/ptIl3, 0.2 fdoc)index. ht - 5uchen| L:i' -
Zuriick, Wor Meuladen  Skopp I\'& piliptalemy eecs.berkeley . edujptolemyIL/p Ip fdocfindex.hitm J 2. Drucken .

_’&Startseite| ‘,,!Lesezeichen tmozilla.org tLatest Builds ‘Mozilla dewtsch

het
Pt 0[6'}}!_]/ I eterogenous

modeling and design

=13l

CT each state refines to a continuous-time model of the dynamics in that mode.

CT Home Sticky Mass model Plot Positions vs Time

E::menlaliun @ > N

Acknowledgementis

Thiz top-level model contains only two components. The source, labeled "Hybrid Syetem”, outputs the positions of the two point masses.

The sink plots the positions vs. tune. The source is itself a modal model, mplemented using the finite state machine (F340) shown below:
%% W* The sticky masses system has two modes of operation,
ComparedClocke Separate” and "Together," corresponding to whether

Helicopter the point masses are stuck together. The "init" state

Level Crossing vz has a transition that is used to initialize the "Separate”

Lorenz - model (double click on that transition to see its actions). o

SampledClocks
Accelerometer

Demos

SquareWave F;
StickyMasses

abs(Force) = Stickiness
Thermostat Separate.p1 = P1; Separate p2 = P1; Separate.v1 = V1; Separate v2 = V1

msmiﬁiun F; /—\
p\_//

tauched true
P1=p1; P2=p2

touched_isPresent && (W1-W2) > 0.0

|E| |I| |E| The refinement for the Separate state models the situation where the point masses are separate, and 15 shown below:
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CT The refinement for the Separate state models the situation where the point masses are separate, and 15 shown below:
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This model gives two separate ordinary differential
equations, one for each point mass attached to a Spring.
The ZeroCrossingDetector actor detects the collision

of the point masses and emits the "touched" event.

Demos

Vi
. V1 integrator P1 integrator
BouncingBall Expression ; ;

CarTracking | j j -

ComparedClocks

k.

Helicopter

Level Crossing
Lorenz L

we

SampledClocks ) V2 integratar W2 P2 integrator
Accelerometer Expression2 ; 1—. ;
SquareWave | .
StickyMasses v ']
Thermostat +
Transmission P2
Units _.
AddSubtract ZeroCrossingDetector W1 and V2 are velocities, o
8 S -" touched and P1 and P2 are positions
— i — '_I_- of the two masses.
|E| |I| |E| The refinement for the Together state models the situation where the point masses are together, and 13 shown belowr
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Octopus

Addressing the poor match between the focus of object-

oriented design technigues on the software object structure
and the need to allocate operations to tasks.

This poor match was the main concern that was addressed
In the design of OCTOPUS.

Totally software-oriented flow used at Nokia
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1. In the systems requirement phase, behavior is described by use
case diagrams and use cases. The structure of the environment is
described by a so-called context diagram.

2 In the system architecture phase, the structure is broken down into
subsystems. Major interfaces between the subsystems are
identified, but their behavior is not.

3 The subsystem analysis phase is done V subsystems. Class
diagrams for the subsystems are generated.

Behaviors of subsystems can be defined in various ways, including
StateCharts, so-called event lists and event sheets.

4 The subsystem design phase generates outlines for
processes/threads, classes and interprocess messages.

5 The subsystem implementation phase generates actual code of
the selected programming language.
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