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Review on Memory Subsystems in High Level Synthesis for FPGA

ZHANG Zhan-peng ZHANG Zhi-guo
(School of Information Science and Technology,Sun Yat-Sen University, Guangzhou 510006, China)

Abstract In order to accelerate the systems, High Level Synthesis(HLS) aims to map the computation of the system to
the reconfigurable hardware, based on the behavioral description of the system in high level programming language. In
HLS, the generation of efficient memory subsystem is critically important, especially for data-intensive computation. In
this paper, the existing HLS technologies for FPGA and their memory subsystems were analyzed. The generated memo-
ry subsystems’ architectures were divided into three categories; DSP-like architecture, CPU-control architecture and ar-
chitecture based on the reconfigurable memory functional units. These architectures were discussed with examples. Af-
ter that,the front end and back end optimization techniques for memory subsystems in HL.S were discussed respective-
ly. In addition, the aforementioned architectures and techniques were analyzed and evaluated, Finally, the mapping be-
tween the off-chip and on-chip memories and the efficient modeling for the programs were listed as the remained prob-
lems. In HLS, syntheses for multi-module and automatic generation of the memory organization can be future research
directions.

Keywords High level synthesis, FPGA, Memory subsystems, Reconfigurable architecture
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HAF SR BIE NSNS, EEEE N NARP G
EZANREBE R TFHRBE>, WE 738 7(0) fEE
#erp I8 img 4324 imgOdd, imgEven WA~ T4, BER AT
BooH M BIAR B9 P AESL, B ACHS H 7T DLFRAT #357 [7] im-
g0dd, imgEven, &3 N EERTFHATHAT, BEAREME KRB
RErERERNE, B 70 FHTRERRRASER
+aER. R, XFEAREEF PR D 5 3 T
HEIRISY, F BB F N IERH; 2) R A E NN A
IR, LHER R, RetEb R ERFEER. BRrE
BHET oh ol o T — e PR AR A A4 SR e LA VR, I INE A
ERFERIN R, R, TREFEES N FERINE
&), BRE T MR & e m B, BB BT E LI
HiFetHE .,
int imgNJ[NJ;

for(i = 0;i<N;it++){
for( = O;j<N;j++){

int imgOdd[N][N/2],imgEven[N][N/2];
for(i = 0;1<N;i++){
for(j = 03<Nyj = }+2){

-+ = img[i}[jl; -+ = imgOdd(i][j/2];
} -+ = imgEven][i][j/2];
} }
}
(a) ®)
int imgA[N]{N],imgB[N][N]; int foo(int *ptr, int X, int y, int 2){
for(i = 0;i<N;i++){ intxy=x*vy;
for(j = 0;j+1<Njj = j+2){ intxy plus_ z=xy+z;
-« = imgA[i][j]; int data = *ptr;
o+« = imgB[i}[j+1]; int prod = data * xy_plus_z;
} return prod;

} }
(©) [6)]

unsigned char narrow_array[N];
chara,b, ¢, d;
for(i = 0; i < N; i+=4){
a = narrow_array[i];
b = narrow_array[i+1];
¢ = narrow_array[i+2];
d = narrow_array[i+3];
}
(e) ®

ptr z Xy
[l fl

kg 5
data = *ptr | xy =x*y state 0

Xy_plus_z = xy+z state 1
&

¥
prod = xy_plus_z*data state 2

unsigned int *wide_array = (unsigned int *) narrow_array;
unsigned int temp;
for(i = 0; i < N/4; i++){
temp = wide_array[i];
a = (char)( temp and 0x000000FF);
b = (char)( (temp and 0x0000FF(0) >> 8);
¢ = (char)( (temp and 0x00FF0000) >> 16);
d = (char)( (temp and 0xFF000000) >> 24);
}
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BB, A PRI RG] b PR Ui [E E B, 7T L
AR EHHS, U MABEH R IHTE. FNE 7D
P JER RS AT » ptr MEES AR RERF
BRBE ST, T LUIESE = AT RIS AR B S h 5E—17, R
JEHEIER * ptr M RRHTE xy & xy_plus_z, 35 PATRE
RE (e, BaXFHr, HmTRBMIGH, BOTE
KGR Gt 60 5 . 404 40 (data packing) L &% T
Vila g oA . Wl 70, BE VIR L A 8 A7#Y) char R
TR, BIREZRKWNEFRR, AT, TF 32 (L8 7EE,
LR 7 (@) B MARES, —RIEBR & T 4 4 char
BB XFEFT ATESF K AR TR B0 B8 » B 1 )
W, 75, DRAM 5 [8] ) TTAE K (page mode) T] LA 24> 4B
IRt B9 A R ], A M FRE A R R, CER37,
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WREE— P WHEBRS XE . RS GAUT BE R FBE
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LPMa&AFH R bk, FK UL RKE. 845
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Bl FE —#FET 8 LPM KRB BL 44 15— PI7ES, 18 LPM i)
YR R — A~ B 3B 0 1) R, 3 5 R A X A TR B — O T R
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BOMR, C2H B A4 NG AR Avalon MM 3
5 0L AR LA B B AR H RT L i DMA iR b N 7
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DMEBANFRERTT. FRESE AT T AR
HIZhBBELTT, BIANTT B HIL R TGS TFIE I8 5. B
S AR, TR EAR IR AT RL T 5 R AR I BUE , XX e Ty
R SELEE .. I ROCCC v 4t X5 S 4b B
LR “ 8] N #:4E (windows operations) ™ " LB R fF. HiF
BHEE XTI SBI BN , EgEL R P ARFEAR
IR AT Ik B O AONES B RS B L N A
VilaldE O B AE soTl Botb A BT

XFRAIELE P BRIIE I T FPGA AT M B TE
GENBENFREERERLH TR, XM FREETREEN
R, B E RObR RN L BB ERE S RBENE
BRI,

#£ 2 WETFARSERMASAREERE AT B8 PS8

Hok/ K BRITEER FPGA TEHH& &
HEAH
A&
HEHLA
T35 W RG R K
#-F DRAM R X # k4
HHHA
AR A
EEREAHBET
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AHEHNBEEAEFHET RENRMUMEAR, LR85
MEMAEST TR, B, 78R E A E R RN HhF
FTELBARANR ANBREA. ¥ TANEERES
APXER ARG RERE A EXEEREEATEL S8
FPGA FTEMF & PRIEREM T3, B2 2.

MNTERAHEER, B TRFRRREHEN, R EH
B, T A RSE 238, f1 CPUS—2 R K, Bk
BESH ITRRE R BRENFERRFERER. %
B AR 4R IR AR AR AR 4, DR B T ) B AR
HREARER. TUBH, X TRESZS HMAETRSE
BB ARG LUT R R D AT E HlE, R B R ShRE BT A K
TR R TTERIE; O BAHH R, AR FTEATEYE,
ERFTERHRER, A A B P A ERERBNRE, L8
FETEARBER. SHOBEGAYSRBAZEGTR.
ZETBRPARERX IR RAE TR, XA
RIRGE £ BAE R BiR S RBME T (R B Re, 8t
Z3 [A] (design space) BIY KL AL & B & B BTAHE R T R,
ZE BT EHSET Z 2 F BRI H R T HE T
i EEREERITR. BHiL, BRIRHFR S, RERH T B
BNFF RGO R SRR U B B iR, R R AR IR R
SIATIEE R, BRI B IR R E R E SR BUR RSB b
WHETRE.
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RMFFEM T . £ 3 I E-F-R7U K %
Xt 3 FMA R IEAT A LS B A RR

3 3FERRBFRERS
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WEH AR & 1& #
EBRFEAHTHIE & & F
BREAKY -1 1 F
BEKE SR % & L
CEL:L & 15 i

WHESEKITE. DSP RAR P, 41 BARE— D
ST SR, A £ R ERMERERZ . SR
SERHTUI S . HIE, AN P HARA R R XA AR
THASENEHERK. WESRRERNFRERGENKS
A AERE . T CPU AR RIER R, HFFBCRE 2
FHRSRBNFZRENEE. B, FFRATL2RIHS
TR, MERANFNRTRRER. b TRERENFEIHR,
AT DAY R AR AT 2 B BB R A R (R B
. R, B FH EWFE FPGA EARE SRR LU TE
HAAETFAL B R . T AU AT B R 733k, 72 1T i i
135y ERIR IR B —TJ5 1, HET B 31b i RB B RBIRE &
LB, 5B —T7 E R A G &R —E R IR, H I,
CPU RM#Z.LHE R, AT S R &, HARESFA R EX
WA ESIRBRF R, BT EMK NIRRT
AR B E TN S50, AT s X — WX, Ed iR



JRERAECE E TR FLEAE, BTE T HATsh 2 AU BRET, AT SE
T WA NE. Fe, AT DR A R
B AR, RS YEIR Y R R FEHRAE T TR R T

WV E . L 3 FARYEE R DMA 7R #T
INFEDE] ., HIX B, DSP R M%F A EH AN FIIRERITH
KRR T 3T E N A ERENEY BT, XFEH L
HZE T UL LU A i B R A, A B R A A, S R
RN .
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E T M A DAL T AR 2R L 385 S B AR R, FT LA 3
AT T 8], 3 PO AR 38 PO A7 I S AR R 3R N A I T
R FR RGN, X S ER IR T BRI B AT AT . X F
B CPU A0 R , BB U 6 B BT AT MR BRAE I 5 =)
WA,

B3 FMARPESA BIFEM . NEFRNARE,
AIBIER ATy R E,DSP MR, R FEHNEIIRE
BITHERRKRZ, M CPU ML MBI, XEHEG DSP &
HIRGEN, RE BB, IR RS P A REER AR
T (EEER AT A EMNF R E T H AN EA
BRIEHBEHERXMER. BE . XMETUBERS P
AR R E R B8, Bk, XBMMER
BRI, WL CPU BB MR R 7T LI NFRE
IR IR AF B0, (HX A B ST B A, A 4B N FH
Tl

BHEFEFESAFE. BT DSPRMERSP . 05 TEA
RENFVIR BT QB 5, Fri e nt, 088 BN gE g 3k
EEAEXMEMONEFTREZERBESARES. MU
CPU RBL MR R, FE TG0 — W PIFA 1500 B8, 20 37 e A B it
RE|ERAAEHEZHE, SHEBRESD. M TFETFITE
MR TR R , L N A R I 28 (B BT R Bk At , 1R
AEGERBRRTE , FE L E M N R ST
W SRE ARN TR TT,

HRIE FPGAREGAPHMNETREERRTSHN 3
2. DSP &A R | LU CPU ML BIE R BT W EHHNAESE
HITHIERR, 2P, DSP RMEAR SHNFHBERRERE, &
BEBRRIFPERE  (BARSANR B RAE E S TR T
TERIETE , B UL — S FANB N TEF R EW T B8R
KERIBARXRG B, L CPU NBL AR, g mt
FREREMEBREED, GA R B R e R3]
R4 THTHREADFE THEEE . BAES BRISRF
BB EATHHEEERAE AFELSHERFT LENRS.
HETAEMNADRERITHIRR, ERE SR EAL T HM
BIRRRZ A, EA T HRE SR TR, B et btk 2]
FART BT R HERE

X FHEFREMWRABAR, —F W, TUSSERITE
FEHHRFRAER. B—FH,. BEESEER MR
DR JRRE AR T 8 1 5 2) B 4035 B8, T St BAR R GE
W5 BT .

43t FPGA BEGE A TR T RE, IRFERE R
B BB R R IT 16 -

DRSN B ERTERE IR, Xt F FPGA, LCBEE
BEH £ U R K B BB BRI A R RS A LA
AlRE, EFTEHAFIEETHRARBR TR ES
A5 Pt sh A AT BB, SRR BRI T LAGE A B A4S 2
RArgemfE . B B B R NATEE P T,

DR, WEGE X T EA R G, iR
EX R 2 E LEBRATE AR BERARRERE
8, WA AB TR ZE S A BER % . B LK DFG #
B, A Bl E ], R B RS B A Bhik,
Hilt, BEL—HBE RN RBHETERE. SHERE
R RR T .

DNFHLERTH. HAIMRESERNHRBETRE
Wit EEEHNFESRRIT, MANFERH DN R R
KEHEHEN . AT, XEHENESREM LB
FBRITEFTAERN . T4EXTATEH A FPGA, 1T LI i 4 %
A B RS, ATARR LAFNHLGER. RERES,
XM BEANER ETTUKHEMRANFRR, BE5a
BT Bt — PR, DR E LT RE XK PR

OEBERMF TN, BRINBESGEAREES B
B GE, AT, 2T Z MR U R TAE gL A 75 5F
FE, B SR RORE R — B AR T
— %R, REGZSPHNETRE, TEH N SERNE
&, BUE A R R B BT 00, BN, B B R 2
A LB FKLRIESGN, 7T A% B S MR P
BRI

2 EF XK

[1] Corporation A, Altera Product Catalog[ R/OL]. http://www.
altera. com, 2011

(2] RB¥.ZTEF BEL L ETELEHRNESAENRSR
070, HEPLBIE, 2009, 36(7): 267-269

[3] Ze#, B E. &F SystemC KR AR RG ST HORRER[T].
HE LR, 2005,32(8) :209-212

[4] Coussy P, Gajski D D, Meredith M, et al. An Introduction to
High-Level Synthesis[J]. Design & Test of Computers, 2009,
26(4):8-17

[5] Cardoso ] M P, Diniz P C. Compilation Techniques for Recon-
figurable Architectures [ M/OL]. http://www. springerlink.
com, 2008

[6] Graphics M. Catapult C Synthesis] EB/OL]. http://www. men-
tor. com/ esl/catapult, 2011

[7] Coussy P,Morawiec A. High-Level Synthesis-From Algorith to
Digital Circuit{ M/OL], http: //www. springerlink. com, 2008

[8] Martin G,Smith G. High-Level Synthesis; past, present,and fu-
ture[J]. Design & Test of Computers, 2009,26(4).18-25

[9] Nishimura M, Nishiguchi K, Ishiura N, et al. High-Level Syn-
thesis of Variable Accesses and Function Calls in Software Com-
patible Hardware Synthesizer CCAP{ C] // The 13th Workshop
on Synthesis and System Integration of Mixed Information
Technologies. 2006

+ 355 o



[10] Canis A, Choi J, Aldham M, et al. LegUp: high-level synthesis
for FPGA-based processor/accelerator systems [ C] // Procee
dings of the 19th ACM/SIGDA international symposium on
Field programmable gate arrays(FPGA ’11). 2011.33-36

[11] The Stanford SUIF Compiler Group [EB/OL]. http://suif. stan-
ford. edu,2011

[12] The LLVM Compiler Infrastructure Project{ EB/OL]. http://
www. llvm, org, 2010

[13] Liu Q,Constantinides G A,Masselos K, et al, Data-reuse explo-
ration under an on-chip memory constraint for low-power FP-
GA-based systems{JJ. IET Computers & Digital Techniques,
2009,3(4) ;235-246

[14] Kumar T S R. On-Chip Memory Architecture Exploration of
Embedded System on Chip[ D]. Bangalore; Indian Institute of
Science, 2008

[15] 8K, HRTE. B FAREER MR B AR R BITT 5 X3
[T SHHEHLEEHR L 2007, 30(5) ; 831-837

[16] Ozturk O,Kandemir M, Irwin M J, et al. Multi-Level On-Chip
Memory Hierarchy Design for Embedded Chip Multiprocessors
[C1// Proceedings of the 12th International Conference on Pa-
rallel and Distributed Systems. 2006 383-390

[17] Tembe W,Pande S. Loop restructuring for data I/O minimiza-
tion on limited on-chip memory embedded processors(]]. IEEE
Transactions on Computers, 2002,51(10):1269-1280

(18] Udayakumaran S, Barua R. Compiler-decided dynamic memory
allocation for scratch-pad based embedded systems{ CJ // Pro-
ceedings of the 2003 International Conference on Compilers, Ar-
chitecture and Synthesis for Embedded Systems, 2003 276-286

[19] Corre G E, Senn E, Bomel P, et al. Memory accesses manage-
ment during high level synthesis[C] // International Conference
on Hardware/Software Codesign and System Synthesis. 2004:
42-47

(207 Lange H, Koch A. Memory Access Schemes for Configurable
Processors{ C] // Proceedings of the The Roadmap to Reconfigu-
rable Computing, 10th International Workshop on Field-Pro-
grammable Logic and Applications, 2000;615-625

[21] Lange H, Thielmann B, Koch A. A Flexible Compute and Memo-
ry Infrastructure for High-level Language to Hardware Compil-
ation[C]// 2010 International Conference on Field Programma-
ble Logic and Applications, 2010:475-482

(227 Guo Z, Buyukkurt B, Najjar W. Input data reuse in compiling
window operations onto reconfigurable hardware[C] // Procee-
ding of the 2004 ACM SIGPLAN/SIGBED Conference on Lan-
guages, Compilers, and Tools for Embedded Systems. 2004 : 249-
256

[23] Villarreal J, Park A, Najjar W, et al. Designing Modular Hard-
ware Accelerators in C with ROCCC 2, 0[C]/ 18th IEEE An-
nual International Symposium on Field-Programmable Custom
Comp-uting Machines, 2010,127-134

[24] Corporation A. Automated Generation of Hardware Accelera-
tors With Direct Memory Access From ANSI/ISO Standard C
Functions| R/OL]. http;//www. altera. com, 2006

[25] Sima V,Bertels K. Runtime Memory Allocation in a Heteroge--

neous Reconfigurable Platform[ C] // International Conference

+ 356 -

on Reconfigurable Computing and FPGAs, 2009:71-76

[26] Séméria L,Sato K, De Micheli G. Synthesis of hardware models
in C with pointers and complex data structures[J]. IEEE Tran-
sactions on Very Large Scale Integration Systems, 2001,9(6);
743-756

[27] FTHE, BB FE—, 5. ARNBUSRE 7 EA LR S 5 4
BRI MR, BF 3R, 2009,37(5) :1136-1140

(28] Liu Q,Constantinides G A, Masselos K, et al. Compiling C-like
Languages to FPGA Hardware: Some Novel Approaches Targe-
ting Data Memory Organization [J]. The Computer Journal,
2011,54(1);1-10

[29] Huang C, Ravi S, Raghunathan A, Generation of distributed lo-
gic-memory architectures through high-level synthesis[ ], IEEE
Transactions on Computer-Aided Design of Integrated Circuits
and Systems,2005,4(11):1694-1711

[30] Gupta S,Dutt N,Gupta R, et al. SPARK: A High-Level Synthe-
sis Framework For Applying Parallelizing Compiler Transfor-
mations[ C] // 16th International Conference on VLSI Design.
2003.461-466

[31] Seo J,Kim T,Panda P R. An integrated algorithm for memory
allocation and assignment in high-level synthesis[ C] // Procee-
dings of 39th Design Automation Conference, 2002;608-611

[32] IRISA. MMAlpha project{EB/OL]. http: //www. irisa. fr, 2010

[33] The CLooG Code Generator in the Polyhedral Model [EB/OL].
http: //www. cloog. org,2011

[34] BP# . FkRI L, 3R38, 6. EHARRREARRERFHRLD
8RR, HEAL TR 584, 2008,30(9) : 137-140

[35] GAUTLEB/OL]. http://Web. univ-ubs. fr/gaut, 2011

[36] Putnam A, Bennett D, Dellinger E, et al. CHiMPS; A C-level
compilation flow for hybrid CPU-FPGA architectures [C] //
2008 International Conference on Field Programmable Logic and
Applications(FPL 2008), 2008.173-178

[37] Panda P R,Dutt N D, Nicolau A. Exploiting off-chip memory ac-
cess modes in high-level synthesis[C]// Proceedings of the 1997
IEEE/ACM International Conference on Computer-aided De-
sign, 1997:333-340

[38] Asher Y B, Rotem N. Automatic memory partitioning: increa-
sing memory parallelism via data structure partitioning[ C] /
Proceedings of the Eighth IEEE/ACM/IFIP International Con-
ference on Hardware/Software Codesign and System Synthesis.
2010:156-162

[39] Edwards S A. The Challenges of Synthesizing Hardware from C-
Like Languages[J]. Design & Test of Computers, 2006,23(5) ;
375-386

[407] Christophe A, Alain D, Alexandra P, Optimizing DDR-SDRAM
communications at C-level for automatically-generated hardware
accelerators an experience with the Altera C2H HLS tool[C]//
21st IEEE International Conference on Application-specific Sys-
tems Architectures and Processors(ASAP). 2010:329-332

[41] Wikipedia. Frameworks supporting the polyhedral model [EB/
OL]. http://en. wikipedia. org/wiki/Frameworks_ supporting_
the_polyhedral_model, 2011

[42] Breijer S D. Memory organization of the Molen prototype[ D].
Delft University of Technology, 2007



