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/ Motivation for Many-Core HdS Synthesis \

e Multi-core and many-core HW platforms
» Technology scaling is limited
» Better throughput, lower power with parallel execution
» Heterogeneous systems required for efficient execution

e Automatic HdS synthesis
» Multipurpose, complex applications
» Flexible HW platforms that vary across application domains
» Short time to market

 Approach: Model based synthesis
> Executable models at various abstraction levels
» Formalized model semantics

» Layered HdS structure
N ~_/
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/ Model Based Synthesis \

 Benefits
» Faster design/simulation/validation at higher abstraction
» Early application development
» Rapid design space exploration

» Automatic synthesis
* reduces probability of error vs. manual implementation
* Increases designer productivity

 Challenges
» ldentifying the “right” abstraction levels
» Formal model semantics at each abstraction level

» Methods and tools for
* Application development
«  SW/HW synthesis

 Model debugging and analysis
\ C /
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/ Front End Design Flow \
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/ Application Model \
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 Application Spec Model: set of communicating processes

» Executes on a simulation kernel (eg: SystemC) — No HdS
» Process functionality defined using C/C++

\> Blocking channels and non-blocking variables 6/
S
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/ Communication Timing Estimation \

oE1 Write() {
Get_Bus(); Write( ) {
Transfer(); m Get_Bus();
Release Bus();= & wait (t1);
> } 3 Transfer();
Q .
= wait (t2);
. o =
T A Untimed Bus1 ) = Re|ease_Bus( )’
Tx3 r — \ [Tl wait (t3);
1 | o) }
PE3 - ;)Di )0 S
e _ﬂ e ;{x (D
PE4 S — —N
- DO | \ N V]
wppllcatlon + Platforru | Protocol Model | | Timed Busl

 Protocol model used to estimate synchronization,
arbitration and transfer

k Timing is annotated In bus channel and HdS modeI(i/
S
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o

P3 * Application code - sc_thread
* Processing element = sc_module

TLM Semantics

« OS Model = sc_module

™

e Bus = sc_channel

« Memory > Array inside sc_module CPU?2

 Transducer-> FIFO channel+sc_process

Copyright ©2009, CECS

©

15



/

CPU1 Model

r

.

I I ‘ I Memory
Model

~N

a &

\

CPU2
Model

5

3

\_

)

P Bimulation Kernel P2

Routing and packeting layers of HdS generated In TLI\/I/

C
Copyright ©2009, CECS (S : 16



/ HdS Layers in TLM \

SW Core

™ E-) i_SyncTransfer (D,S) { Bus Channel
/B = Rt—>FirstBusi); Methods
/it (Rt->HasTx()) {

ITX=Rt->FirstTx(); v

> i_Send (data, size) {
' sent = 0; '

Write (Addr, DataPtr);

/Rt=Route(Chy: i|| B write | . _
JIpktSz=MinBuf(Rt); i || | (Req[Tx, Ch], &S); REER] ((~elelh, DriElE)
do { LD Prs .
: : ync (Channel_ID);
Sender |_SyncTransfer : Whlle (IB SynC(Ch)), ----

Process

B Write(Addr[B,Ch], D, S);

(data[sent], pktSz);
sent+=PktSz;

while (sent<size); -
}} ( ) Synchronization and Transfer
Model
Routing and Packeting

}

i_Send (D,S);t4-*

\
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N s
\ /
N ’
\ ’

N ’

\ 7

\
\ e
\ s
\ ’
\ /
\ ,

9

Bus B

Req I/1O

k
« Bus channel model provides basic transaction services

K Synchronization and transfer is modeled in SW cor
C
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ISM: Instruction Set Model

AcCcu racy PCAM: Pin/Cycle Accurate Model
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/ Back End Synthesis Flow \
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Cycle-Accurate Hardware Synthesis \
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CPUL MO?;(App. Binary ) PCAM
; z
_ Channel API
T Routing, CPU2
Packetin Model
System|| Thread IPC S nchron?zation
S Lib. | Lib. |2 Memory
stack Data transfer
Mem.
Al IH | 1H |- Access Transducer .
Instruction Set O>O»0O § RTL §
¢ ¢ | | ¢

Bitstream @ Download

Prototyping Board

« Sync. and transfer layers of HdS generated in PCAM
« Application, System libs and HdS Is cross-compile /
C
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~p WrMem (A,D,S) {
SW Core i_SyncTransfer (D,S) { ; Written=0:
P //B = Rt->FirstBus(); i || while (Written<S) {
/if (Rt->HasTx()) { i move (D+Written),
: HTx=Rt->FirstTx(); ' (A+Written);
> i_Send (data, size) {}|| MrMem : Written+= WordSize:
i | sent=0; § (SendRB[Tx, Ch], S, WordSize); }
/IRt = GSRT(Ch); | In }
//pktSZ:MlnBUf(Rt), E Whlle ('SynCFlag_Ch) L Memol’y Access
do { : SuspendProc(); }
Sender - '
Process i_SyncTransfer . SyncFlag_Ch=0;
i || (data[sent], pktSz); IISA=low(AR(B,Ch));
i_Send (D,S);t4-* c
i_Send (D,S) Sent+=PKiSz: WrMem(SA, D, S); IH Ch 01
} while (sent<size), } S_yncFIag_Ch:1;
} Synchronization and Transfer }
Routing and Packeting AInterrupt Handler
%
Bus B S I Interupt

===l
e Synchronization and transfer models are replaced with
\ core, platform and application-specific HdS 6/
S
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Summary of HdS Layers

Routing
» Statically decided for each channel
» Transducer request code is generated if necessary

Packeting

» packet size is minimum buffer size in route

» Message is divided into synchronized packet transactions
Synchronization

» Interrupt handlers and flags are generated per channel

» Polling addresses and frequencies are selected per channel
Data transfer

» Addressing is defined per channel-per bus-segment
» Core-specific read-write methods are created

C
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Outline \

Motivation for many-core HdS synthesis

Model based approach to system synthesis
HdS synthesis for TLM (Front-End)

HdS synthesis for PCAM (Back-End)
Embedded System Environment (ESE)
Experimental results for MP3 decoder example

Conclusion
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/ Embedded System Environment \

System Definition

« C/C++, Graphical Capt
|@ollcat®<atfor> 4' raphital Lapture

Component
Models

< TLM >4 ------- SystemC executable

EComponent
Libraries
< PCAM > €rnnnnas C+RTL, FPGA Bitstream

\Available for download at http://www.cecs.uci.edu/~ese /

( C
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/ MP3 Decoder Application \

 Functional block diagram (major blocks only)

2 granules

—»{Alias Red HIMDCT%H DCT32 ]—
mp3 pcm
Huffman
b i |_ ft Ch | »
— " Decoder © anne i PCM |
—rEAIias Red }—-[IMDCT%]——[ DCT32 ]~

Right Channel

 Application features
« 12K lines of C code

« IMDCT and DCT are compute intensive
 Candidates for HW implementation

« Left channel and right channel are data independent

\ « Concurrent execution possible /
C
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ESE System Specification

mp3_platform.eds - ESE Environment

File Edit View §ynﬁ1e5;'5|\fg!idation Windows Help

=& 3| 8 Generate Functional TLM...

Generate Timed TLM... ]
| LPCM | RPCM LPCM RFIL RPCM

Select Board... - IMDCT36 DCT32 IMDCT36
Name Proces... Memor...Chann... Eirlc-cjeé?... Memor...Chann... Proces.. Memor..Chann...

Synthesize to Board... Ipcm_i... Tpem_i...
=-Pr
Bl detaz @ Stop
Process Ports Channel Assi
L [{fi2m CH_CPU_LF
Source Files
L [@fil_dct32.c
—Memories Size
—Channels

DH
DHB

OPB

I (| oPB

Unmapped | DH | OPB | Tx1

Channel | Source A a _ 4 %

CPU Tx1 LFIL
t-Process'Channels MICROBLAZE ESETX DCT32
| ©CH CPU LFIL B Hfil_dct3:

F'rpges... Memor...Chann... Qp'ann... ,?_?:-@le?g. Memor...Chann...
| ©0CH_CPU_LFIL_F mp3_m: mp3_m... %H il_det3...

FoOCH_CPU_RFIL_B  rfil_dct3:
FoCH_CPU_RFIL_LF  mp3_m:
o CH_CPU_RPCM_B rpcm_im
FoCH_CPU_RPCM_F mp3_m:
o CH_CPU_LPCM_B lpcm_im

o CH_CPU_LPCM_F mp3_m:!

i Compile |Simu!ate IVen‘fy |Anaiyze |Reﬁne |Synthesize |Shell |
Processing Icommunicaﬁon |Mer1l I % xterm -title wp3_platform —e /bin/sh —¢ sim func TLM /data/users/vjahn/work/esedeno/esedenc/ap3_platform, eds; diff

-, /mp3_platform_functional TLM/classicl, out . /mp3_platform_functional TLM/classicl pem, gold; echo "Simulation exite

mHardware IPs ¢ [d with gtatus $%” ;echo "Press return to contime ...” ;read confirm
timocms o[ [P1mulation exited, exit status: 0

DCT32
- Custom Hardware

tNasc
Forte
= SW Processor

A‘RMQ m

Generate Timed TLM
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ESE TLM Simulation

i mp3_hsd_platform.eds - ESE Environment -5 *
File Edit View Synthesis Validation Windows Help
DeE> o
| &
LPCM | RPCM | RFIL | LFIL Hﬂ LPCM RFIL RPCM
| | | | IMDCT36 DCT32 IMDCT36
| [ mp3_hsd_platform 1. Proces. Memor Chann Proces. Memor. Chann
A [Communication time;23580326 Gnuplot =ACLLH:
Idle time;1230588031
*HIniversal Bus Channel: DH** el
Program/Datazl
Data transfer bine:B4395776 A 7 : 7 ’ g :
Idle time;1264041248 -
*HIniversal Bus Channel; OPB** 15000 |
Program/Datazl
Data transfer timeiE4995636
Idle time;1264041388 10000 F
**Transducery Txl**
Fifo check time:2471759 sann b
| i Fifo read write time:B0Z86
B
— 2 [**END TIME;1329037024 ns o
SystemC: simulation stopped by user.
Timed TLH simulation is successful
4 Files test/classicl.out and test/classicl_pem,gold are identical
—{ & {Sinulation exited with status O =500 F
q Press return to continue ... |-
Frrroccos ormmeTs | MICROBLAZE 10000 |
—CH_CPU_LFIL B Hil_dct3: Proges.. Memor...Chann...
o CH_CPU_LFIL_F mp3_m: mp2_m.. ~15000 b
L @ CH_CPU_RFIL B rfil_dct3;
L ©CH CPU_RFIL F mp3_m: ~20000 . . " " . .
o CH_CPU_RPCM_B rpem_in 0 2e+08 4e+08 Ee+08 Se+03 1e+03 1,2e+03 1,4e+09
FoCH_CPU_RPCM_F mp3_m: time [ns]
FoCH_CPU_LPCM_B  lpcm_im
—oCH_CPU_LPCM_F mp3_m: i i
= =

[l
Processing ICommunication |Mer4

m-Hardware IPs

m-Custom Hardware
NISC

Forte

= SW Processor
ARM9

[N R ——

|:IMDCT36

_A Compile |Simu|ate IVen'fy |Ana|yze |Reﬁne |Synthesize |She|l |

5

TlE

;read confirm

¥ xterm —title mp3_hsd_platform -e /bin/sh - sim_perf TLH /data/users/yJahn/work/esedemo/esedemo/mpS had_platform, ed
5, /test/classicl, mp3 L, Stest; diff -5 test/classicl, out test/classicl_peom gold; echo "Simulation exited with status
;echo "Press return to contimue ..."

|Reald),nr
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ESE Generated PCAM

% Platform Studio - P3_PLATFORMZ_SYNTHESIZED/system.xmp - [System Assembly Yiew1] = IE Iil
[th Flle Edit View Project Hardware Software Device Configuration Debug Simulation ‘window Help — || x|
D2 EE[apEeocl PEMAIREEBR R L |Zc=ARe (mE|@XEB Rl 2||>8 008
= OLL gyfiter
Project I Applications | IF Catalog I ; I\BN |\':| ®|;;' Buz Interface { Ports & Addiesses %Ennnectlnn Filters |
Plattorm Mame I Buz Connection | Direction I IP Type I IP erzion I
- Project Files < CPU_microblaze microblaze 400.a
- MHS File: system.mhs < 0P_mb_opb opb_v20 110
M35 File: system.mss <> CPU_ilmb Imb_w10 1.00.a
-~ ICF File: data/system.ucf <& CPU_dlmb Imb_»10 1.00.a
~iMPACT Command File: ete/download.cmd PRE232 opb_uartlite 1.00b
- |mplementation Options File: etc/fast_untim <»LEDs_2Bit opb_gpio 20k
- Bitgen Options File: ete/bitgenut <& oph_timer_0 opb_timer 1.00b
- Project Dptions < opb_deltasigma_dac_0 opb_deltasigma_dac1.01.a
- Dievice: xc2v2000/896-4 >Ta1_0 T« 1.00.a
- Netlist: TopLevel <> CPU_ilmb_crtlr Irnb_bram_if_cntlr  1.00.b
- |mplementatior: =XPS5 <»CPU_dmb_cntlr Irb_brar_if_cntlr  1.00.b
~HOL: wHDL < CPU_debug_maodule opb_mdm 200.a
- im Model: BEHAYIORAL <PLCPU_ZBT_B12Kaa2 opb_emc 200.a
- Reference Files «#dem_0 dem_module 1.00.a
: -Log Files ; < CPU_Imb_brarn bram_black, 1.00.a
- Report Files <2 CPU_ZBT_512Kk32_util_bus_split_0 util_bus_split 1.00.a
Legend
[ Master O slave Master/Slave Target < Initiator () Connected () Unconnected |
-ﬂ—l ﬁ.l [Flatform Studi.. [T Spstem Assembly...
x| (Console Log) ;I

e
4| | Ll_l
Output IW’amings I Erraors I

File: fffC: JEDK /doc fusenglish{help/platform_studiofhtml{ps_p_dld_downloading_bitstreams_fpga.htm | |—§

distart| | @ B W] 2] 5O B2 | [ xiir Piatform studio... s xps a.1i | D snsem \
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ESE Generated

HdS Code

inx Platform Studio P3_PLATFORMZ_SYNTHESIZEDsystem.xmp drv¥GenOuts’ CPU fil_dct32.h] —|= |1|
[5] Fle Edit View Project Hardware Softwars Device Configuration Debug Simulation Window Help =& =
I L EE =G EER =Rl
—LciARRALNBEE DON
| A B
Project | Applications I |P Catalog I 2 Date: Tue May 15 11:53:32 ZOO7
3 Fenerated by drvien 3ynthesis Tool
Software Projects 4 *f
e 4dd Software Application Project.. 5 #include <xparameters.h>
- mDeFaull: CPU_microblaze_bootioop 6 #Hinclude <xutil.hs
= mDeFaull: CPU_microblaze_smdstub 7  #include "Txl.h"
=k umiecl: mp3_main g8
- Processar, CPU_microblaze =
- Evecutable: H:\esehexamples\MP3_PLAT FORM2_SYNTHESK 10 wvoid send P_ID mp3_main P_ID rfil detdZ (const vold *data, unsigned int 1)
Compiler Options N
N Cllces 1z unsigned int Data:
[=-Headers 13 RS ey Sl
hestoasesimpd_platform2bbit b i X X
- Mhestoases\mpd_platform2heonfig.h iz LA E R O e A S (W
- Vesteases\mpd platfomZ\decodsr h 16 TX1_Req SEND rfil dec3z (XFAR TX1_O_ARO_BASELDDR, (l<<8)]:
Mestoasesimpd_platform2\fised.h 17 wl.ule [T l_:.Lfl_mpSfmaln] ;
- Mesteasestmpd_platform2iframe. b g LN R L S S A )
- \testeazesimpd_platform2\global b 1 Gt e SR
- \lestcazestmpd_platform2huffman.h 20 o X
- Mesteasestmpd_platform2\layer1 2 h 2 Eoi : E’ ie L/4; 144 {T
- Mlestoases\mpd_platform2hlayerd.h 22 e e e )
- \esteases\mpd_platform2\mpdinput h 23 TX1_Wrive_Data (XPAR_TX1 0_ARO_BASEADDR, Data):
Mestoaseshmpd_platform2\stream h 24 b
Mestoaseshmpd_platform2iaynth b 5
‘estcazesimpd_platform2\timer. b D ¥
- hlestcases'mpd_platform2\version.h 27
- Mesteasestmpd_platform2iclassicl.mp3 28
- Mesteases\mpa_platform2\sf_table, dat 29 wvoid reev P_ID mp3_main P_ID rfil det32 (const vold *data, unsigned int 1)
- \lestcazesimpd_platform2hgc_table.dat 30 ¢ X X
Mestoaseshmpd_platform2irg_table dat 31 ‘_‘“Sl%mfd int Data;
- Westoazeshmpd_platform2himdct_s.dat o b L Sl
- htestcazes\mpd_platformZAD. dat 33
v enDuts\CPUST 1k 34 microblaze_enable_interrupts ();
"'.\dWGenUuts\CPU\mpj main_pem_imdet3s h 35 TX1l Req RECV rfil det3Z (XPAR TX1 0O ARD BASEADDER, (1l<<8)):
- SdrvGenDuts\CPUAmp3_main_rpem_imdct36.h R wr.lile (i¥sd 1_::Lf1_mp3fmain] g
- \divGenDuts\CPLAmp3_main_i_dct32 h 7 microblaze diseble interrupts (i
- \divGenQuts\CPUATp3_main_ il det32 h g L Rt DR TR AR (U
- AdrvGenuts\CPL it h & ) )
= @F’miect: dreTest 40 for (i = 0; i< 1/4; i++H) |
- Pracessor CPU_microhiaze 41 Data = (unsigned int) TX1 Read Data (XPAR_TX1 0_ARO BASEADDR); —
i o 42 i d t *jdatal+i) = Datar
Enccutable: HiiesetexamplestP3 PLATFORMZ SYNTHESE(| % X ftiunsigned int *)dacal+i) = Daca
: gz:ﬂz Hptions 14 return; -
[+-Headers 4 | L4
'—I—I' é, [Platform Studi... I [ Spstem Aszsembly... I rnp3_main_rfil_d...

| (Console Log)

2 |

Output IW’amings I Ernors I

File: 1 JEDK doc Jusenglish/help/platform_studiofhtmlps_p_did_downloading_bitstreams_fpga.htm |

Bistart| | @ = W] (=] 3 © =& | & xpsa.ii ||@xi|inx Platform Studio...

caps | num| scrL [tnt ol t [c] )
« (g 5:10 PM
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s

[h File Edit ‘iew Project Hardware Software Device Configuration Debua  Simulation  Window  Helo

D3HL SR wayE nkntband. | BEE

=t A el fe 1= 1= R 1 2 1. Multiplier support............

Project | &pplications | P Catalog

TAG MDM Connected to MicroBlaze 1

Connected to "mb" target. id = 8

tarting GDB server for '"mb" target (id = B> at TCP port no 1234
Mz dow mp3_mainsexecutable.elf

section, .vectors.reset: BxBODBBBAB-BxBHABEOG
section, .vectors.su_exception: Bx B8 —Bx 18

section, .vectors.interrupt: BxB08 —AxHBH

section, .vectors.hu_exception: Bx B2A—Bx a28

section,. .text: Bx201PAAPAA-Ax20119
20809_MP3_Platfarm_D_vitexd_+<PSmp3_main‘executa Sﬁﬁt 122 . i = 3:23119334_3:23119-):3

section, BAx20119218-8x20119238
section, .ctors: Ax2B0119930-Bx20119938
section, .dtors: Ax20119938-Ax28119948
section, .rodata: Bx20119940-Bx20125718
section, .data: Bx281257f8-Bx20125f24
section, .jcor: Bx20125f24-0x20125f28
| section, .bhss: Bx20125F28-0x20135f78
(U= W e i U R =R B e RN P Bl I Do i Lo aded Program mp3_mainsexecutahle.elf
etting PC with program start addr = Bx0080080H8
MIx: run
Processor started. Type "stop'" to stop processor
RUNNING> Started decoding
Initializing stream

losing stream
Decoding complete
tart time = LH64
nd timed@ = 58398496
End timel = 583984%6
xecution time = S8397932

< RUNMING> stop

b 4 4/ **F% BATCH CHD : guit

rn-:;essur stopped at PC: Bx20100824
——————————————————————————————— M x

£
Output | Wamnings | Errors

Cons oledindow
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/ Manual vs synthesized HdS \

Design Code size (in lines)|Development Time
(% diff.) (% diff.)
SW+IDCT 162 Sh+2h
SW+2DCT 192 Sh+25h
SW+2IMDCT 192 Sh+25h

SW+2DCT+2IMDCT||252 Sh+35h

SW+IDCT (+3.70%) |Sh+0.14 5 (-28%)
SW+2DCT (+8.33%) |Sh+0.14 5 (-33%)
SW+2IMDCT (+8.33%) [Sh+0.14s (-33%)
SW2DCT+2IMDCT 288 (+13.83%) [Sh+0.14 5 (-37%)

« Synthesized HAS is marginally larger than manual code, with
identical performance
 Manual development time

» Platform design (5 hours), HdS implementation (2-4 hours vs. <1 sec)
» Overall development time savings of 33% on average

K Higher productivity gain for more complex examples = /
( S :
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/ Conclusion \

We presented a model based design methodology which:
» supports HAS synthesis for heterogeneous many-core platforms
» contains well defined system models at 3 abstraction levels

» Supported by ESE toolset , available for free download

Results of HAS synthesis for MP3 decoder example:
» Over 30% reduction in overall design time
» Code quality comparable to manual implementation

Future work:

» Extend design framework with to security oriented application models
» Provide support for platform templates for real-time architectures
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Thank You

Visit http://www.cecs.ucl.edu/~ese
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